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APPENDICES
A. ANALYTICAL TECHNIQUES

A.1 Sample preparation
Sample preparation has been different for each set of samples in this diamond collection 
depending on the aim of the study. The collection is subdivided into two groups according 
to the aim of the sample selection: (1) Thin polished plates for detailed in-situ study and 
(2) Rough crystals, thick plates or off-cuts for Re-Os isotope dating of sulphide inclusions.

Thin polished diamond plates
The first group of samples consists of eleven thin plates of ~1 mm thick that were sawn 
from the centre of rough octahedral diamonds and then polished on both sides. The plates 
fully expose the growth centres of the diamonds. The planes of the plates are parallel to 
{110} surfaces and this orientation provides the best section to study their internal growth 
structures (Bulanova et al. 2005). Additionally, the thin plates also expose mineral inclusions. 

Thin plates are ideal for in-situ studies such as the growth structure by CL imaging, 
crystallographic orientation analyses by EBSD, carbon isotope analyses by SIMS, nitrogen 
content analyses by SIMS and FTIR, slicing of mineral inclusions by FIB-SEM and major 
element composition analyses of mineral inclusions by EMP. 

Rough diamond crystals
The second group of twenty-one rough diamond crystals was selected for Re-Os isotope 
dating and contains large or multiple sulphide inclusions. In some cases, the crystals were 
polished along dodecahedral planes to form plates or off-cuts of >2 mm thickness without 
exposing the sulphide inclusions. The rough and unconventionally prepared crystals 
were cracked to extract whole sulphide inclusions for high quality Re-Os isotope analysis 
of sulphide inclusions, as the study of whole, non-exposed sulphide inclusions avoids 
analytical problems arising from heating induced volatile loss of Os caused by polishing or 
laser cutting. In addition, cracking avoids contamination and the study of entire sulphides 
ensures that the heterogeneous Re-Os content found within individual sulphides do not 
cause any geochemical fractionation that may influence Re-Os ages.

This type of unconventionally prepared samples restricts the study of the diamond’s 
internal structure with cathodoluminescence (CL) imaging, as internal structures are 
incompletely exposed on non-central sections (Bulanova et al. 2005). Consequently, these 
thick plates and off-cuts are not ideal for in-situ studies, but allow study of carbon isotopes 
by SIMS and major element composition of the exposed silicates by EMP.

After sulphide extraction the fragments of the diamonds were subjected to bulk nitrogen 
content analyses by FTIR and carbon isotope analyses by combustion techniques (SIRMS). The 
sulphides were not analysed before digestion to avoid contamination or damage due to handling 
and preparation. The sulphides were analysed for Os isotope compositions by N-TIMS, Re isotope 
compositions by HR-ICP-MS, and their major- and trace element compositions by Q-ICP-MS.
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A.2 Cathodoluminescence imaging (CL)
CL imaging of diamonds can be performed on different instruments ranging from optical 
CL microscopes to electron microprobes (EMP), scanning electron microscopes (SEM) 
and transmission electron microscopes (TEM). In theory there is no difference amongst the 
images produced by the different instruments apart from the effect of the amount of energy of 
the electron beam (depth of interaction) and the field of magnification (sensitivity). Optical 
microscopes reveal true visual colour features, while electron microscopes equipped with a CL 
detector only produce greyscale scans of the emitted light (although false colour recordings are 
also possible by applying an energy filter). Consequently there is often a mismatch between the 
images obtained with these two different methods, as colours and different shades of colour 
are not simply related to wavelength (see appendix B). The advantage of electron microscopes 
is that CL imaging can be performed at much higher magnifications.  

Optical microscope
Coloured CL imaging of diamond plates is performed at 10 kV on an optical microscope 
equipped with a cold cathode instrument (Citl Cold Cathode Luminescence 8200 mk3) at 
the VU University Amsterdam. The diamond surfaces were left uncoated during CL imaging.

Scanning electron microscope
For high quality CL scans of the diamond plates, black and white cathodoluminescence imaging 
was performed on a FEI XL30SFEG and Philips XL30CP Scanning Electron Microscopes 
(SEM) with attached CL detectors at Utrecht University and Edinburgh University, respectively, 
to characterise the internal growth structures of the diamonds. CL imaging was undertaken at 
10 kV for best contrast and the diamond surfaces remained uncoated.

A.3 Fourier transform infrared analysis (FTIR)
Infrared spectra of thin- and thick diamond plates were collected using a Nicolet Nexus Fourier 
Transform Infra Red (FTIR) Spectrometer equipped with a Continuum Microscope at The 
Diamond High Council, Gem Defense Initiative (HRD-GDI) Department in Lier, Belgium. 
Transmission spectra were recorded over the range 7000–400 cm-1 with a resolution of 4 cm-1 
and 200 scans were collected per spectrum. The aperture size was set to 19 μm. The 19 μm spot 
size used for the IR technique averages information of several growth layers, nonetheless, the 
thinner the diamond plate, the smaller the volume integrated by the measurement. 

Infrared absorption spectra of the diamond fragments that were associated with the sulphide 
inclusions were also collected using a Nicolet Nexus Fourier Transform Infra Red (FTIR) 
Spectrometer at The Diamond High Council, Gem Defence Initiative (HRD-GDI) Department 
in Lier, Belgium. In this case, bulk absorption spectra of diamond fragments were recorded over 
the range 7000–400 cm-1 with a resolution of 4 cm-1 and 200 scans were collected per spectrum. 

After baseline correction, the spectra were scaled to type IIa diamond without defect-
induced absorption in the single phonon region. This approach allows subtraction of 
diamond lattice absorption and normalisation of the spectra to a diamond thickness of 1 cm 
using the decomposition spreadsheet cabxd97 (provided by D. Fisher, DTC Research Centre, 
UK). Nitrogen abundances (atomic ppm) and IaB aggregation states (%) were estimated by 
further deconvolution of the infra-red spectra into A- and B-defect components using the 
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IaA and IaB nitrogen absorption coefficients of Boyd et al. (1994a; 1995). Based on repeat 
analyses, the analytical precision was 20% for the total nitrogen concentration and 5% for 
the degree of nitrogen aggregation. 

A.4 Secondary ion mass spectrometry (SIMS)
Carbon isotope compositions and nitrogen abundances within the diamond plates were 
determined on a CAMECA ims-1270 ion microprobe at the NERC Facility at the Department 
of Geology and Geophysics, University of Edinburgh following the procedures that were 
established on the CAMECA ims-4f by Harte et al. (1999) and Fitzsimons et al. (1999; 2000) 
but with modifications as outlined below. The SIMS 1270 provides improved sensitivity and a 
higher precision compared to the SIMS 4f. A ~3 nA focused primary Cs+ beam current with 
10 kV extraction voltage and ~2900 mass resolution was used for carbon isotope analyses 
(~20 μm spot diameter). The carbon isotope compositions were determined by analysing the 
secondary ions 12C- and 13C- ions simultaneously on dual Faraday cups in two blocks of 5 
cycles with a 4 s counting time each. The sample was pre-sputtered for 60 s to remove the 
gold coating and to automatically centre secondary ions and entrance slits. The measurement 
for nitrogen abundances (and nitrogen isotopes) requires a higher primary beam current (~8 
nA) and a higher mass resolution (~9200) to distinguish 12C14N- ions from the interfering 
13C13C-. The secondary 12C14N- and 12C15N- ions were sputtered with a defocussed Cs+ ion beam 
with 10 kV extraction voltage after a 120 s pre-sputter (~100 um spot diameter). Only the 
central portion of the sputtered ion beam was measured by reducing the field aperture. The 
secondary ions were analysed in three blocks of 10 cycles with a 2 s counting time for 12C14N-, 
1 s for 13C13C- and 5 s for 12C15N- and ions were counted on electron multipliers. The internal 
precision for δ13C analyses is 0.05-0.2‰ (Table 2 in chapter 4) and the 2SD reproducibility of 
standard δ13C measurements based upon repeat analyses within the samples and standards is 
± 0.2‰ (Appendix C.1), while the errors for nitrogen analyses are better than 5% (J. Craven, 
personal communication, 2007). Synthetic standards, which were mounted together with the 
samples in a single sample holder, were analysed at regular intervals during the analytical 
sessions to correct for fractionation due to instrumental drift over time (every 5 to 10 analyses; 
Fitzsimons et al. 2000). The standards synAL, synAT and Scrap, which are sections from the 
‘synthetic A’ standard described by Harte et al. (1999), were used to determine carbon isotope 
compositions and nitrogen concentrations (δ13CPDB = -23.924‰ and N = 230.4 ppm). Sections 
of the JWH standard, i.e., the ‘old standard’ (Harte et al. 1999) with 77.8 ppm nitrogen, were 
also used to determine nitrogen abundances. SIMS nitrogen abundances are reported in ppm 
by weight. This is in contrast to the FTIR nitrogen concentrations that are reported in atomic 
ppm. The conversion factor between the two different metric unit systems is 0.8572. 

A.5 Isotope ratio mass spectrometry (SIRMS)
Carbon isotope composition of diamond fragments was determined using a Carlo Erba 
NC 2500 elemental analyser coupled to a Thermo Finnigan Delta Plus isotope ratio mass 
spectrometer at VU University Amsterdam, The Netherlands. The fragments that were 
previously studied with FTIR were cracked to approximate weights of 150 μg for best precision. 
Similar-weight standard powders were analysed after every five analyses and at the beginning 
and the end of the analytical session to monitor drift. The reproducibility of standard carbon 
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isotope compositions is within ±0.2‰. Measured standards are NBS19 (+1.95±0.2‰), 
USGS24 (-16.05±0.2‰) and an in-house synthetic diamond powder WK (-7.16±0.2‰) that 
was cross-calibrated with a natural diamond powder (-8.22±0.2‰) provided by P. Cartigny 
from IPGP, France where measurements yielded between -8.241‰ and -8.192‰.

A.6 Electron backscatter diffraction (EBSD)
While previous studies of diamond inclusions mainly used X-ray diffraction techniques to 
determine the inclusions’ orientations (e.g. Mitchell and Giardini 1953; Futergendler and 
Frank-Kamenetsky 1961) the advantage of Electron backscatter diffraction (EBSD) is that 
it quantitatively identifies crystal directions at individual points (Fliervoet et al. 1999; Prior 
et al. 1999). 

EBSD in the current study was performed on the diamond plate surface and the exposed 
inclusions. EBSD patterns, formed by secondary diffraction of the elastically scattered 
electrons, were generated on a combined FIB-SEM instrument (FEI Nova Nanolab 600 at 
Utrecht University, The Netherlands) by interaction of the electron beam with the sample 
and recorded with a phosphor screen (Nordlys II detector, Oxford Instruments). For EBSD 
in the FIB-SEM a pre-tilted holder (62°) is used and an extra tilt results in a 70° angle that 
is ideal for EBSD. Patterns are recorded at 20 kV electron beam acceleration voltage and 9.5 
nA beam current. Under these conditions the spatial resolution is better than 0.5 μm. The 
crystallographic orientations were determined from the EBSD patterns using specialised 
software (CHANNEL 5, Oxford Instruments).

A.7 Focused ion beam micron-slicing (FIB)
A new technique that leads to 3D-CL was used to study the origin of diamond inclusions. This 
technique involves sequential milling of micron-scale slices with a Focused Ion Beam (FIB) 
followed by CL imaging on each newly created surface on a scanning electron microscope 
(SEM) instrument. These consecutive CL images allow a 3D reconstruction of the shape of 
the inclusion and the geometry of the diamond zonation around the inclusion because the 
diamond-inclusion interface and diamond zonation patterns are well preserved during slicing. 

Slices with a thickness of 2 µm were milled using a Ga+ ion beam at 30 kV and 7 nA on 
a FEI Nova Nanolab 600 at Utrecht University, The Netherlands. The ions have an incident 
angle of 38˚ in the FIB-SEM and to obtain a better CL signal, the diamond surface was tilted 
10˚ away from the ion beam during milling. Milling therefore results in surfaces with a 28˚ 
angle with respect to the diamond surface. Before sequential milling a trench was created 
with the ion beam in the horizontal surface of the diamond plate. Subsequent step-wise 
milling produces a widening of the trench while the angles of the new surfaces remain 28˚. 

Secondary electron- and CL imaging was performed perpendicular to the diamond 
surface and required a backward rotation of 10˚ towards zero stage tilt. The imaging was 
undertaken at 10 kV for best contrast. 

A.8 Electron microprobe analysis (EMP)
Analyses of the elemental impurity concentration in the diamond crystal structure were 
determined by a Jeol JXA-8800M electron microprobe (EMP) at the VU University 
Amsterdam. Analyses of Cr, Fe, Mg and Al were performed at 15 kV and 20 nA with a 
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2 μm spot size and 400 s peak count times. For mineral inclusion analyses conditions were 
similar except for shorter count times, 25 s. The EMP detection limits (3σ) are 31 ppm 
for Cr, 42 ppm for Fe, 16 ppm for Mg and 11 ppm for Al. The standards used are olivine, 
corundum, ilmenite, Cr2O3, quartz, diopside and NiO and data is corrected following 
standard procedures outlined in Reed (2005).

The major element composition of exposed silicate inclusions, and therefore the 
inclusion paragenesis of the diamonds (Meyer and Boyd 1972; Sobolev 1977; Meyer 1987; 
Stachel and Harris 2008), was also determined with a Jeol JXA-8800M microprobe at VU 
University Amsterdam, The Netherlands. Analyses were performed at 15 kV and 20 nA 
with a 2 μm spot size and 25 s peak count times. The standards used are olivine, corundum, 
ilmenite, Cr2O3, quartz, diopside, NiO and ilmenite and data is corrected following standard 
procedures outlined in Reed (2005).

A.9 Negative thermal ionisation mass spectrometry (N-TIMS)
Extracted sulphides were spiked and digested by micro-distillation at Durham University, 
UK, following the technique of Pearson et al. (1998). The Os fractions recovered after 
micro-distillation were analysed with a Thermo Finnigan Triton thermal ionisation 
mass spectrometer operated in negative ion mode (N-TIMS). The average total Os blank 
(including Pt filament blank) from seven determinations is 5.0 ± 1 fg and the 187Os/188Os 
blank isotopic composition is 0.2398 ± 0.0080. 

A.10 High resolution inductively coupled plasma mass spectrometry (HR-ICP-MS)
After micro-distillation of the extracted sulphide inclusions (see previous paragraph), the 
Re fractions were separated with micro-column anion-exchange chemistry that requires 
minimal volumes of reagents and results in very pure separation (Pearson et al. 1998). 
Re was analysed with a Thermo Finnigan Element2 high resolution mass spectrometer 
(HR-ICP-MS). A Re standard solution was analysed every five analyses to correct for 
fractionation due to instrumental drift. The total procedural Re blank is 57.2±5 fg (average 
of 3 determinations) for three samples and 133.2 ± 26 fg (average of 9 determinations) 
for the other samples because different reagents were used during micro-distillation (see 
details in chapter 5). No Re was detected in the column blanks, which were analysed at 
the beginning of each analytical session, and the HNO3 washing solution, indicating very 
high purity of the chemical reagents used during Re separation and analyses. Quoted 
uncertainties for Re and Os data include full propagation of blank uncertainties (2σ).

A.11 Quadrupole inductively coupled plasma mass spectrometry (Q-ICP-MS)
The sulphide matrix that was directly washed-off the micro-columns used for Re separation 
(see previous paragraph), was analysed for its major element (Fe, Ni and Cu) and trace element 
compositions (Co, Mo, Pb and Zn) with a Quadrupole Thermo X-Series II mass spectrometer 
(Q-ICP-MS) at VU University Amsterdam, The Netherlands, using a collision cell to reduce 
Ar-based interferences. A mixed standard solution was analysed after every ten analyses 
during the analytical session to monitor drift. Sulphur was not analysed and the sulphide 
composition was estimated by normalising the concentrations of the three main cations Fe, Ni 
and Cu to a total of 100 atom % following the method of Richardson et al. (2001).
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B. CATHODOLUMINESCENCE IMAGING BACKGROUND 

Process
Cathodoluminescence (CL) is a process whereby electrons produced by cathode rays hit 
the surface of a material such as diamond and cause the emission of light that is mainly in 
the visible region (Pagel et al. 2000). CL occurs as a result of the promotion of electrons 
from the valence band into the conduction band and this process leaves behind a void in a 
valence band, i.e., a hole. When an electron and a hole recombine, it is possible for a photon 
to be emitted and this causes luminescence.

Various combinations of defect related vacancies together with impurities, such as 
nitrogen, hydrogen and boron, form radiative emission centres in diamond. The type and 
amount of these emission centres defines the CL spectrum. The B-centre and N3-centre 
are examples of types of radiative centres in diamond. The B-centre is formed by four 
nitrogen atoms surrounding a vacancy, and the N3-centre consists of three nitrogen atoms 
surrounding a vacancy. The emitted photons have a different energy depending on the type 
of emission centre, and thus have a well-defined range of wavelengths in the CL spectrum. 
High energy photons in diamonds mainly result in blue luminescence and photons with 
lower energy in green to red CL colours. The size and width of the peaks depends on the 
temperature and excitation energy.  

Lifetime
Cathodoluminescence is an optical phenomenon with a very short lifetime (nanoseconds). 
It will immediately stop when electrons no longer hit and excite the surface. This behaviour 
is in contrast to phosphorescence whereby the luminescent process will continue for an 
extended period of time up to minutes after the termination of the activation source.

Instruments
CL imaging can be performed on different instruments ranging from optical CL microscopes 
to electron microprobes (EMP), scanning electron microscopes (SEM) and transmission 
electron microscopes (TEM). In theory there is no difference amongst them in the images 
produced apart from the effect of the amount of energy of the electron beam (depth of 
interaction) and the field of magnification (sensitivity). Optical microscopes reveal true 
visual colour features, while electron microscopes equipped with a CL detector only 
produce black and white scans of the emitted light (although false colour recordings are 
also possible by applying an energy filter). Consequently there is often a mismatch between 
the images obtained with these two different methods, as colours and different shades of 
colour are not simply related to wavelength. The advantage of electron microscopes is that 
CL imaging can be performed at much higher magnifications.  

Interaction volume
The theoretical interaction depth for CL in a diamond has a maximum of 1.4 μm at 10 kV 
(Davies 1979). The intensity of luminosity as well as the depth of the interaction volume is 
related to the density of radiative centres (i.e., the amount of lattice defects and impurities 
as these provide holes or acceptor centres). In a diamond with ~300 ppm N the interaction 
volume at 10 kV will be about 650 nm (Monte Carlo simulation by De Winter et al. 2011). 
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Semi-conductor
Most natural diamonds contain significant amounts of impurities. The presence of impurities 
causes the diamond to act as a semi-conductor despite the fact that diamonds are insulators. 
Hence, natural diamonds in general do not need a conductive coating during experiments 
as the diamond will conduct the electrons. Poor conduction causes local charging of the 
surface which deflects the electron beam.

Deflected light
Most of the emitted light cannot directly escape from the diamond (because of the high 
refractive index), and is deflected. As a result it can bounce on cracks, mineral inclusions or 
the edges of the diamond specimen. These regions might in turn appear brighter in the CL 
images although they do not luminesce themselves. Hence, deflected light might interfere 
with the CL images obtained. 

Colour and internal growth structures
Natural diamonds mainly display blue luminescence colours. These are generally broad 
emission bands that are related to A-centres in the diamond (A-centres are paired nitrogen 
atoms in the crystal lattice). CL imaging on polished, central sections of diamond reveals 
internal zonation that is caused by the non-uniform distribution of impurities between 
the individual growth layers. Different growth or resorption stages as well as plastic 
deformation, cracks or healed cracks and radiation damage are made visible by CL and can 
be investigated with this method. CL imaging is therefore a very important tool to study the 
growth history of diamonds.

Central diamond plates
The best results for studying the internal growth structures of diamonds can be obtained by 
CL imaging of central diamond sections and plates polished along one of the dodecahedral 
planes with growth centres that are exposed to the surface (Bulanova et al. 2005). CL images 
of non-central sections of diamonds with complicated internal structures can give misleading 
information and could be mistakenly interpreted as a peculiar mechanism of growth. Illusional 
growth structures such as filling up of space that was interpreted as inward growth, i.e. growth 
from the edge of diamond crystals towards the centre, are such an artefact (Zezin et al. 1992). 
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C.  REPRODUCIBILITY OF STANDARDS FOR CARBON- AND NITROGEN 
ISOTOPE SIMS ANALYSES

C.1 Reproducibility of standards for carbon isotope SIMS analyses

Fig. C.1.1. Reproducibility of standards for carbon isotope SIMS analyses during sessions in March 2005.

Fig. C.1.2. Reproducibility of standards for carbon isotope SIMS analyses during sessions in Feb 2006.
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Fig. C.1.3. Reproducibility of standards for carbon isotope SIMS analyses during sessions in Feb-March 2007.

Fig. C.1.4. Reproducibility of standards for carbon isotope SIMS analyses during sessions in May 2007.
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C.2 Reproducibility of standards for nitrogen isotope SIMS analyses
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D.  CATHODOLUMINESCENCE IMAGING AND INTERNAL GROWTH 
STRUCTURES OF OTHER INTENSIVELY STUDIED DIAMONDS

Diamond #?-670 (Mir)

The paragenesis of this diamond is unidentified because of the absence of mineral inclusions. 
The core area reveals perfect cubic growth (Fig. D.1). The inner part of the core (IC) has mainly 
yellow CL growth layers and the outer core (OC) has blue-green CL layers. The intermediate 
area of the crystal is characterised by blue-green CL and defined by a change in growth shape. 
The central part of the intermediate area (int-1) starts off with cubic growth layers that gradually 
change into layers that have a mixed cubic-rounded growth form. The proportion of octahedral 
zones increases further outward as more layers with a pronounced octahedral habit appear. 
The outer part of the diamond intermediate area (int-2) has blue luminescence and octahedral 
growth layers. The blue luminescent rim area of the diamond is also characterised by tangential 
octahedral growth. Three zones are distinguished within the rim area based mainly on CL colour; 
a broad inner zone with blue CL, a middle zone with a lighter shade of blue luminescence, and 
a peripheral zone that has a darker shade of blue luminescence.

Diamond #E-1011 (Mir) 

Cathodoluminescence imaging of the central plate reveals a complex growth history (Fig. D.2). 
The core area with octahedral growth layers has light-blue luminescence and reveals two different 
subzones. The inner core zone (IC) has an elongated shape with straight octahedral boundaries. 

Fig. C.2. Reproducibility of standards for nitrogen isotope SIMS analyses during sessions in Feb-March 2007. 
Note: Reason for variability in the δ15N standard analyses (and sample analyses appendix F) is unclear.
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Fig. D.1. CL image (a) and growth zones (b) of the central plate of diamond #?-670 (Mir). It has a yellow 
cubic core-, a blue-green mixed cubic-rounded intermediate- and a blue octahedral rim area. In the core 
zone multiple minute cracks occur. IC = inner core, OC = outer core, int = intermediate.

The outer core (OC) has an octahedral shape and mainly encloses the inner core zone on its 
long edges (i.e., on its north- and south side). Yellow luminescent growth layers are present at 
the north- and east side of the inner core at the contact with the outer core zone (Fig. D.2). The 
diamond’s intermediate area, which is separated by a dark luminescent layer from the outer 
core, is characterised by rounded-octahedral growth and reddish blue CL. Three subzones are 
distinguished within the intermediate area based on CL characteristics, i.e., intermediate-1, -2 
and -3 (Fig. D.2b). The CL colour of the growth layers in each subsequent zone is more abundant 
in the blue- and less in the red component. The contacts between the zones are defined by dark 
luminescent layers, which are probably nitrogen free type II diamond. The diamond’s ‘rim area’ 
is characterised by tangential octahedral growth and is subdivided into two zones based on CL 
colour, i.e. a rim and a periphery. The rim subzone has light-blue CL and the peripheral subzone 
is mainly characterised by darker blue CL. Resorption has affected the corners of the rim 
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Fig. D.2. CL image (a) and growth zones (b) of the central plate of diamond #E-1011 (Mir). A micro-
inclusion is exposed in the growth centre of this crystal. The octahedral core area has blue CL with some 
yellow CL growth layers. The mixed rounded-octahedral intermediate area has reddish-blue CL, and the 
octahedral rim zone and peripheral zone are characterised by blue CL. IC = inner core, OC = outer core, 
int = intermediate, per = periphery.

subzone, as shown by the roundness of the growth layers (Fig. D.2). The octahedral peripheral 
zone consists of two subzones, i.e., periphery-1 and periphery-2. Periphery-1 is a yellow CL 
growth layer and periphery-2 is composed of growth layers with blue CL. 

Diamond #E-1168 (Mir)

The diamond has a complex internal structure (Fig. D.3). The core area is characterised 
by mixed octahedral-rounded growth. Its octahedral inner part reveals octahedral growth 
layers with light-blue CL colours. This growth form changes into mixed octahedral-rounded 
growth that is recorded by alternating blue and light-blue growth layers in the middle 
part of the core area. Octahedral growth layers that luminescence in blue-greenish colour 
characterise the outer part of the core area. There are slip lines across the growth layers in 
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the core area, and some diamond growth layers contain large platelets. The intermediate 
area of the diamond starts off with rounded growth layers that gradually become octahedral 
towards the rim area. Features of resorption are present at the intermediate-inner rim 
interface since the corners of the peripheral part of the intermediate area are rounded 
(Fig. D.3). The rim area is subdivided into two zones: an inner- and outer rim zone. The two 
subzones demonstrate tangential octahedral growth with blue CL colours. The shade of CL 
colour is different between the two subzones. The inner rim has light-blue CL and the outer 
rim zone has growth layers that are characterised by darker blue CL.

Diamond #P-4167 (23rd Party Congress)

The core area is cubic. It consists of an inner core (IC) and an outer core (OC) zone (Fig. D.4). 
The IC zone has yellow luminescence. The OC area consists of two thin layers (~50 micron 

Fig. D.3. CL image (a) and growth zones (b) of the central plate of diamond #E-1168 (Mir). This crystal 
has blue CL. The diamond’s core zone has mixed octahedral-rounded growth, the intermediate zone 
rounded growth that becomes octahedral outward and the rim zone has octahedral growth. Features of 
resorption are present at the corners of the intermediate-inner rim interface.

248



APPENDICES  

&

thick) that surround the IC zone and have green-blue and blue luminescence, respectively. 
The intermediate area is sector-zoned, i.e. cubic- and octahedral growth lobes exist side by 
side and form a so-called ‘central cross’ structure (e.g., Seal 1965; Frank 1967; Suzuki and Lang 
1976; Lang 1979; Bulanova et al. 2002; Zedgenizov and Harte 2004). The cubic lobes extend 
from the four cubic margins of the core area and are bounded by octahedral lobes at their 
sides. All cubic and octahedral lobes grew simultaneously as individual growth layers within 
the lobes continue across their boundaries. The lobes with cubic growth have alternating 
yellow and green-blue CL growth layers. The octahedral lobes have blue CL colours. The 
growth form of the cubic lobes changes to cubic-rounded growth near the rim area. The rim 
area of the diamond is characterised by blue CL and reveals tangential octahedral growth. 

Fig. D.4. CL image (a) and growth zones (b) of the central plate of diamond #P-4167 (23rd Party 
Congress). Light reflections result from cracks associated with inclusions in the intermediate area. The 
cubic core has yellow CL, the blue-green intermediate area is sector-zoned with cubic- and octahedral 
growth lobes and the octahedral rim area has blue CL. IC = inner core, OC = outer core.
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E. ANALYTICAL DATA OF OTHER INTENSIVELY STUDIED DIAMONDS

E.1  CL images of the diamonds with core-rim traverses with carbon isotope 
(SIMS), nitrogen abundance (SIMS and FTIR) and nitrogen aggregation 
(FTIR) spot analyses 

Fig. E.1.1. CL image of diamond #?-670 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).

Fig. E.1.2. CL images of diamond #E-1011 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).
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Fig. E.1.3. CL images of diamond #E-1168 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).

Fig. E.1.4. CL images of diamond #E-1703 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3).
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Fig. E.1.5. (a) Blow-up from Fig. E.1.4 and (b) carbon isotope data along the traverse in (a).
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Fig. E.1.6. CL images of diamond #P-4167 with core-rim traverses with carbon isotope (SIMS), nitrogen 
abundance (SIMS and FTIR) and nitrogen aggregation (FTIR) spot analyses (spot symbols as in Fig. 1e 
in chapter 4). Analytical data is presented in Appendices E.2 and E.3). Blow-up is shown in Fig. E.1.7.

Fig. E.1.7. Blow-up from Fig. E.1.6.
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E.2  Carbon isotope (SIMS), nitrogen abundance (SIMS and FTIR) and nitrogen 
aggregation (FTIR) analyses along the core-rim traverses in the diamonds

Sample/position

SIMS FTIR 
δ13C
(‰)

Std. Err.
(‰)

N content
(wt. ppm)

Std. Err.
(wt. ppm)

N content
(at. ppm)

N content
(at. ppm)

Err.
(at. ppm)

IaB
(%)

Err.
(%)

Mir

#?-670
inner core -6,3 0,1 1164,4 15,9 998 n.d. n.d. n.d. n.d.
inner core -5,9 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
inner core -6,7 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
inner core -6,3 0,1 n.d. n.d. n.d. 739,2 147,8 15,4 0,8
inner core -6,0 0,1 n.d. n.d. n.d. 769,1 153,8 13,0 0,6
outer core -5,1 0,1 n.d. n.d. n.d. 755,0 151,0 13,1 0,7
outer core -5,3 0,1 n.d. n.d. n.d. 769,4 153,9 11,9 0,6
outer core -5,4 0,1 n.d. n.d. n.d. 747,4 149,5 13,0 0,6
intermediate-1 -6,0 0,1 n.d. n.d. n.d. 734,8 147,0 13,3 0,7
intermediate-1 -6,3 0,2 1077,9 10,1 924 727,9 145,6 10,0 0,5
intermediate-1 -6,7 0,1 n.d. n.d. n.d. 742,0 148,4 10,4 0,5
intermediate-1 -6,3 0,1 901,3 12,8 773 790,0 158,0 12,2 0,6
intermediate-2 -5,3 0,1 n.d. n.d. n.d. 788,9 157,8 11,1 0,6
intermediate-2 -5,4 0,1 n.d. n.d. n.d. 764,3 152,9 12,3 0,6
intermediate-2 -5,4 0,2 1148,6 8,9 985 746,3 149,3 10,0 0,5
intermediate-2 -5,1 0,3 n.d. n.d. n.d. 787,5 157,5 12,2 0,6
intermediate-2 -5,3 0,1 n.d. n.d. n.d. 807,5 161,5 12,0 0,6
intermediate-2 -5,7 0,1 n.d. n.d. n.d. 790,2 158,0 11,5 0,6
inner rim -5,4 0,1 868,9 7,8 745 655,5 131,1 9,0 0,4
inner rim -5,6 0,2 n.d. n.d. n.d. 602,0 120,4 8,5 0,4
inner rim -5,5 0,1 n.d. n.d. n.d. 551,0 110,2 4,4 0,2
inner rim -5,7 0,1 n.d. n.d. n.d. 559,3 111,9 4,3 0,2
inner rim -5,6 0,1 n.d. n.d. n.d. 541,8 108,4 3,7 0,2
inner rim -5,7 0,1 n.d. n.d. n.d. 561,5 112,3 6,3 0,3
inner rim -5,7 0,1 n.d. n.d. n.d. 565,5 113,1 5,1 0,3
outer rim -6,3 0,1 n.d. n.d. n.d. 534,9 107,0 7,8 0,4
outer rim -6,2 0,2 675,1 4,5 579 458,0 91,6 0,7 0,0
outer rim -6,7 0,1 n.d. n.d. n.d. 450,8 90,2 3,6 0,2

#E-1011
inner core -4,9 0,1 539,5 5,9 462 380,7 76,1 18,3 0,9
inner core -4,8 0,1 n.d. n.d. n.d. 351,2 70,2 17,6 0,9
outer core -4,4 0,1 n.d. n.d. n.d. 421,7 84,3 22,6 1,1
outer core -4,4 0,1 627,0 9,8 537 769,3 153,9 34,0 1,7
outer core -4,9 0,1 n.d. n.d. n.d. 954,4 190,9 38,6 1,9
boundary layer -2,5 0,2 n.d. n.d. n.d. 1170,2 234,0 40,5 2,0
intermediate-1 -5,6 0,1 n.d. n.d. n.d. 1002,2 200,4 37,3 1,9
intermediate-2 -5,0 0,2 n.d. n.d. n.d. 921,2 184,2 37,5 1,9
intermediate-3 -5,7 0,1 n.d. n.d. n.d. 1077,9 215,6 38,7 1,9
intermediate-3 -6,1 0,1 1648,8 16,5 1413 1006,4 201,3 38,0 1,9
rim -5,5 0,1 n.d. n.d. n.d. 679,1 135,8 32,6 1,6
rim -5,3 0,1 n.d. n.d. n.d. 605,5 121,1 32,9 1,6
rim -4,6 0,1 726,8 131,5 623 623,1 124,6 33,1 1,7
rim -4,1 0,1 n.d. n.d. n.d. 611,6 122,3 30,0 1,5
rim -3,7 0,1 730,9 8,9 627 519,4 103,9 25,7 1,3
rim -3,6 0,1 n.d. n.d. n.d. 439,9 88,0 19,6 1,0
boundary layer -2,8 0,1 n.d. n.d. n.d. 504,2 100,8 10,7 0,5
periphery-2 -4,2 0,1 1072,6 8,6 919 892,3 178,5 8,0 0,4
periphery-2 -4,2 0,1 n.d. n.d. n.d. 1015,5 203,1 21,1 1,1
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Sample/position

SIMS FTIR 
δ13C
(‰)

Std. Err.
(‰)

N content
(wt. ppm)

Std. Err.
(wt. ppm)

N content
(at. ppm)

N content
(at. ppm)

Err.
(at. ppm)

IaB
(%)

Err.
(%)

#E-1168
core -5,3 0,1 n.d. n.d. n.d. 437,4 87,5 97,9 4,9
core -6,7 0,1 n.d. n.d. n.d. 109,9 22,0 62,5 3,1
intermediate -5,4 0,0 n.d. n.d. n.d. 683,7 136,7 11,3 0,6
intermediate -5,7 0,1 n.d. n.d. n.d. 601,5 120,3 12,2 0,6
inner rim -5,3 0,1 n.d. n.d. n.d. 513,7 102,7 13,8 0,7
outer rim -4,7 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

#E-1703
core -15,8 0,1 117,3 2,3 101 134,1 26,8 3,9 0,2
core -15,8 0,2 n.d. n.d. n.d. 39,7 7,9 0,0 0,0
core -16,0 0,1 42,0 0,7 36 39,2 7,8 9,9 0,5
intermediate -6,2 0,2 598,8 18,9 513 493,0 98,6 7,1 0,4
intermediate -6,8 0,1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
intermediate -6,8 0,1 n.d. n.d. n.d. 397,3 79,5 3,3 0,2
rim -7,3 0,2 n.d. n.d. n.d. 348,8 69,8 1,7 0,1
rim -7,7 0,2 n.d. n.d. n.d. 305,1 61,0 4,0 0,2
rim -7,6 0,1 367,2 6,2 315 307,1 61,4 1,8 0,1

23rd Party Congress

#P-4167
core -4,1 0,1 n.d. n.d. n.d. 463,8 92,8 13,8 0,7
core -3,5 0,1 n.d. n.d. n.d. 531,3 106,3 7,2 0,4
core -3,9 0,1 n.d. n.d. n.d. 577,5 115,5 9,4 0,5
intermediate (cubic) -3,8 0,2 n.d. n.d. n.d. 594,8 119,0 10,4 0,5
intermediate (cubic) -4,0 0,1 n.d. n.d. n.d. 625,1 125,0 11,2 0,6
intermediate (cubic) -3,7 0,1 n.d. n.d. n.d. 633,7 126,7 6,7 0,3
intermediate (cubic) -3,2 0,1 n.d. n.d. n.d. 606,5 121,3 8,0 0,4
intermediate (cubic) -3,2 0,1 n.d. n.d. n.d. 520,4 104,1 6,8 0,3
intermediate (cubic) -3,4 0,1 n.d. n.d. n.d. 503,1 100,6 7,3 0,4
intermediate (octahedral) -3,8 0,1 n.d. n.d. n.d. 554,3 110,9 9,0 0,5
intermediate (octahedral) -3,4 0,2 n.d. n.d. n.d. 629,2 125,8 9,3 0,5
rim -5,1 0,1 n.d. n.d. n.d. 659,1 131,8 9,9 0,5
rim -5,3 0,1 n.d. n.d. n.d. 562,7 112,5 10,7 0,5

Note: Locations of SIMS and FTIR spot analyses are shown in Appendix E.1. n.d. = not determined
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E.3  Carbon isotope (SIMS) analyses for detailed profiles in diamonds #E-1703 
and #P-4167

Sample
Profile/position

(‰)
δ13C
(‰)

Std. Err.
(‰) Sample

Profile/position
(‰)

δ13C
(‰)

Std. Err.
(‰)

Mir 23rd Party Congress

#E-1703 AA’ -15,8 0,1 #P-4167 AA’ -4,1 0,1

-16,0 0,1 -3,6 0,2

-16,3 0,1 -3,4 0,2

-16,2 0,1 -3,4 0,1

-15,9 0,1 -2,8 0,2

-16,1 0,0 -2,9 0,2

-15,6 0,0 -3,1 0,3

-5,9 0,1 -2,8 0,2

-5,0 0,1 -3,0 0,1

-4,7 0,1 -2,7 0,1

-5,1 0,1 #P-4167 BB’ -3,1 0,1

-6,1 0,1 -3,1 0,2

#E-1703 BB’ -16,2 0,2 -2,8 0,1

-16,2 0,2 -2,8 0,1

-16,4 0,2 -2,6 0,1

-16,2 0,2 -2,7 0,1

-16,5 0,3 -3,1 0,1

-16,3 0,2 -2,9 0,2

-16,2 0,3 #P-4167 CC’ -3,1 0,1

-16,6 0,2 -2,9 0,1

-16,2 0,2 -3,0 0,1

-13,1 0,2 -2,7 0,1

-7,5 0,2 -3,0 0,1

-6,7 0,3 -2,9 0,1

-6,4 0,1 -2,8 0,1

-6,2 0,2 -3,1 0,1

-6,3 0,3 -2,9 0,2

-5,5 0,1

Note: Locations of detailed profiles are shown in Appendix E.1. 
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E.4  Graphs of co-variation of carbon isotope, nitrogen abundance and 
nitrogen aggregation state

Fig. E.4.1. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #?-670

Fig. E.4.2. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #E-1011
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& Fig. E.4.3. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #E-1168

Fig. E.4.4. Co-variation of δ13C, nitrogen 
abundance and nitrogen aggregation state 
across the core–rim profile in diamond #E-1703
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abundance and nitrogen aggregation state 
across the core–rim profile in diamond #P-4167

E.5 FTIR theoretical isotherm diagrams 
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Fig. E.5.1. FTIR theoretical isotherm diagram across the core–rim profile in diamond #?-670

259



APPENDICES

& 0

10

20

30

40

50

60

70

80

90

100

1 10 100 1000 10000

N
as

Ia
B

 (%
)

N (at. ppm)

FTIR Isotherms for a mantle residence time of 0.7 Ga

1000
1020
1040
1060
1080
1100
1120
1140
1160
1180
1200
core
intermediate
rim
periphery

T (ºC)

Fig. E.5.2. FTIR theoretical isotherm diagram across the core–rim profile in diamond #E-1011
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Fig. E.5.3. FTIR theoretical isotherm diagram across the core–rim profile in diamond #E-1168
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Fig. E.5.4. FTIR theoretical isotherm diagram across the core–rim profile in diamond #E-1703

0

10

20

30

40

50

60

70

80

90

100

1 10 100 1000 10000

N
as

Ia
B

 (%
)

N (at. ppm)

FTIR Isotherms for a mantle residence time of 0.7 Ga

1000
1020
1040
1060
1080
1100
1120
1140
1160
1180
1200
core
intermediate
rim

T (ºC)

Fig. E.5.5. FTIR theoretical isotherm diagram across the core–rim profile in diamond #P-4167
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F. NITROGEN ISOTOPE SIMS ANALYSES 

Sample/position
δ15N 
(‰)

Std. Err.  
(‰) Sample/position

δ15N 
(‰)

Std. Err.  
(‰)

Mir Udachnaya
#?-670 #E-3009

inner core -24,5 0,8 core -17,9 0,7
intermediate-1 -20,2 0,9 core -18,0 0,8
intermediate-1 -21,0 0,7 intermediate-1 -7,1 0,7
intermediate-2 -29,8 1,1 intermediate-2 -5,4 0,4
inner rim -23,4 0,7 intermediate-2 -6,6 0,6
outer rim -25,2 1,1 rim -1,9 1,6

#E-1011 #P-3615
inner core -11,0 0,7 core-1 -19,1 4,8
outer core -9,7 0,8 core-2 -0,2 2,2
intermediate-3 -24,7 0,5 intermediate -13,2 1,1
rim -10,6 0,5 rim -71,7 5,4
rim -16,8 0,6 #E-3708
periphery-2 -18,1 0,7 core 14,4 4,5

#P-1142 core -9,1 0,8
core 9,5 1,0 core -24,2 1,2
core 11,7 1,0 intermediate-1 8,1 3,9
intermediate 1,5 0,9 intermediate-1 -5,1 1,3
rim 4,6 0,9 intermediate-2 -5,3 1,6
rim 9,7 0,8 intermediate-2 -12,9 1,3

#E-1168 rim -2,5 7,9
n.d. n.d. n.d. rim 5,2 1,0

#P-1525
core n.d. n.d. 23rd Party Congress
core n.d. n.d. #P-4167
intermediate-1 10,0 3,5 n.d. n.d. n.d.
intermediate-1 0,1 1,9
intermediate-2 5,0 0,6
rim -8,6 0,4

#E-1703
core 20,6 2,3
core 8,2 3,7
intermediate 11,7 1,2
rim 0,1 1,0

#P-1706
core -9,6 0,8
core -6,7 0,5
intermediate 1,3 0,7
rim -6,2 0,6
rim 4,4 0,5

Note1: Location of spot analyses (i.e., same spot as for SIMS nitrogen concentration as indicated in Figure 1c in chapter 
4) from core-to-rim along the traverses are indicated in the diamond CL images in Figure 1 in chapter 4 (i.e., diamonds 
#P-1142, #P-1525, #P-1706, #P-3615, #E-3009 and #E-3708) and in Appendix E.1 (i.e., diamonds #?- 670, #E-1011 and 
#E-1703)
Note2: Reason for variability in the nitrogen isotope standard and sample analyses is unclear
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G. SUPPLEMENTARY DATA ASSOCIATED WITH CHAPTER 3

G.1 The complete set of SE images from figure 8* 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html 

G.2 The complete set of CL images from figure 8** 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html

G.3 Rotating movies of the 3D models of SE images from figure 9*** 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html

G.4 Rotating movies of the 3D models of SE images from figure 9**** 
follow link: http://link.springer.com/article/10.1007/s00410-010-0550-y/fulltext.html

H. SUPPLEMENTARY DATA ASSOCIATED WITH CHAPTER 4

H.1    Detailed descriptions of the internal growth structures of the diamonds*
Diamond #P-1142 (Mir)

The core and intermediate zone of the diamond dominantly have pale-blue CL (Fig. 1a). 
The central region of the core has yellow CL and the margin of the core has alternating 
yellow and blue CL layers. The contact between the core and intermediate zone is marked 
by a dark-blue CL growth layer (probably nitrogen free type II; i.e., the black growth layer 
in Fig. 1a). One group of growth layers in the middle of the intermediate zone has yellow-
green CL, i.e., the darkest-grey layer in the greyscale image. In contrast, the growth layers 
in the rim have a more uniform CL appearance. 

Diamond #P-1525 (Mir)

Each zone or subzone in this diamond is characterised by groups of growth layers with 
similar shades (Fig. 1c). The zones and subzones are bounded by resorption contacts 
and surrounded by dark CL growth layers of nitrogen-free type II diamond. Notably, the 
resorption contact between the intermediate-2 and the rim zone is jagged. The pale-blue 
CL core has a marked octahedral central region with paler blue CL colours. The dark-blue 
CL intermediate-1 has a yellow tone due to the presence of slip lines and platelets (Taylor 
et al. 1995). Intermediate-2 has pale-blue CL and the rim has blue CL. Dark-spotted linear 
tracks induced by proton microprobe analysis occur across the plate, especially in the 
intermediate-2 and rim zones.

Diamond #P-1706 (Mir)

The central area of the core zone has a homogeneous CL appearance, while the rest of the 
diamond records alternating growth layering. The pale-blue CL core and intermediate zone 
of the diamond are resorbed at the corners in contact with the rim area and are surrounded 

* i.e., electronic supplementary material 1 in chapter 3
** i.e., electronic supplementary material 2 in chapter 3
*** i.e., electronic supplementary material 3 in chapter 3
**** i.e., electronic supplementary material 4 in chapter 3
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at this juncture by a local, apparently non-continuous, type II diamond region (Fig. 1e). The 
blue CL growth layers of the rim have little CL contrast. The reflections of light in the CL 
image are caused by mineral inclusions and cracks. 

Diamond #P-3615 (Udachnaya)

This diamond is a rare example of a crystal with two nucleation centres (Fig. 1g). The two 
cores, which are cubo-octahedral and have yellow CL, give the diamond an elongated 
external octahedral morphology. Each core is surrounded by two ~10 µm thick growth 
layers that are pale-blue luminescent and nitrogen-free type II, respectively. The octahedral 
intermediate area that encloses both cores generally has a homogeneous pale-blue CL 
colour comparable to the inner growth layers that surround each core. The inner part of 
the intermediate zone appears homogenous, while the outer part reveals tangential growth 
(layer-by-layer). Blue and dark-blue CL layers alternate in the rim, especially near the crystal 
margin. Natural slip lines with yellow CL occur across the whole plate and are especially 
visible in the rim zone. Proton microprobe traces are visible north of the cores. 

Diamond #E-3009 (Udachnaya)

The core of diamond #E-3009, which is not located in the geometric centre of the diamond, has 
blue luminescent growth layers that alternate with non-luminescent type II layers (Fig. 1i). The 
growth layers in the core are slightly resorbed, especially at the corners, and a resorbed layer 
also marks the contact with the intermediate zone. The geometry of the growth layers in the 
core is not isometric and the octahedral zones are developed mainly in one direction resulting 
in an elongated core. The intermediate-1 has a complex shape with rough layered octahedral 
zonation (onset of numerous small octahedral faces). The inner part of the intermediate-2 is 
relatively homogeneous with uniform areas that have blue CL, while dark-blue luminescent 
growth layers alternate with blue CL layers near the contact with the rim. Octahedral sets of 
slip planes are present in the intermediate-2 and locally colour the dark-blue CL layers yellow. 
The rim zone appears to be a uniform layer that is non-luminescent. 

Diamond #E-3708 (Udachnaya)

The central area of the diamond core zone that hosts an unexposed sulphide inclusion is 
non-luminescent, while the diamond region adjacent the central zone has blue CL with 
little contrast (Fig. 1k). The intermediate zone has tangential growth layers with alternating 
blue, dark-blue and yellow CL colours. Resorption interfaces mark the two contacts 
between intermediate-1, intermediate-2 and the rim zone. The inner part of the rim appears 
homogeneous and is plastically deformed producing slip lines, while growth layers were 
identified at the crystal margins where slip planes are absent.
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H.2 Coloured CL images of the diamonds**

Fig. H.2. Coloured CL images of diamonds #P-1142, #P-1525, #P-1706, #P-3615, #E-3009 and #E-3708 
(i.e., EA-2 in chapter 4)

H.3  Detailed description of coupled co-variation between carbon isotope 
composition and nitrogen concentration for the diamonds***

Diamond #P-1142 (Mir)

Overall, there is no coherent coupled variation in δ13C value and nitrogen abundance 
throughout diamond #P-1142 (Fig. 1b). There is, however, coherent co-variation in the 
intermediate and rim zones. After increasing values over the first 0.2 mm of the intermediate 
zone (i.e., up to a δ13C value of -4.7‰ and nitrogen content of 1044 at. ppm), there is a 
decrease to generally homogeneous values in the rim zone (i.e., within error of -7.0‰ and 
600 at. ppm). The outermost rim has higher nitrogen. Overall these parts of the diamond 
record a positive correlation between δ13C values and nitrogen abundances. 

Diamond #P-1525 (Mir)

The core-to-rim profile of diamond #P-1525 demonstrates coupled δ13C value - nitrogen 
abundance variation in which sections of the profile are mirror images (Fig. 1d). The core 
has increasing δ13C values (starting at -5.6‰) and decreasing nitrogen contents (starting 
at 1338 at. ppm nitrogen). Intermediate-1 has low nitrogen contents (type IaA), but 
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intermediate-2 has decreasing δ13C values and increasing nitrogen contents. The rim zone 
has increasing δ13C values (starting at -6.1‰) and apparent decreasing nitrogen contents 
(starting at 770 at. ppm) although the errors in nitrogen abundances overlap in the rim 
zone. Overall these sections of the diamond record a negative correlation between δ13C 
values and nitrogen abundance.

Diamond #P-1706 (Mir)

There is a general positive co-variation in δ13C value and nitrogen abundance in the core 
and intermediate zones of diamond #P-1706 (Fig. 1f). There are relatively constant δ13C 
values and N contents in the core (i.e., within error of -5.0‰ and 960 at. ppm nitrogen) 
that decrease to relatively low δ13C values and nitrogen contents in the intermediate zone 
(i.e., -5.3‰ and 490 at. ppm nitrogen). The rim zones reveal marked shifts in δ13C values 
(starting at -5.8‰) and smoothly increasing nitrogen contents (starting at 448 at. ppm 
nitrogen). It is perhaps important to note again that the FTIR method averages nitrogen 
content determinations, potentially obscuring shifts in nitrogen content. 

Diamond #P-3615 (Udachnaya)

The core-to-rim profile of diamond #P-3615 reveals that there is negative co-variation 
between δ13C values and nitrogen concentrations, except for the rim zone that lacks a clear 
nitrogen concentration trend because it is type IaA (Fig. 1h). The core zone has increasing 
δ13C values and decreasing nitrogen concentrations (starting at -5.8‰ and 395 at. ppm 
nitrogen, respectively), while the intermediate has a homogeneous composition within 
error of -5.0‰ and 265 at. ppm nitrogen, respectively.

Diamond #E-3009 (Udachnaya)

Core-to-rim profiles reveal that there is negative co-variation between δ13C values and 
nitrogen concentrations in diamond #E-3009, excluding the rim zone for which only one 
nitrogen analysis is available (Fig. 1j). The δ13C values and nitrogen concentrations in 
the core and intermediate-1 are generally constant (within error of -5‰ and 610 at .ppm 
nitrogen, and -7‰ and 940 at. ppm nitrogen, respectively), however, the δ13C values shift to 
lower values in intermediate-1 while the nitrogen concentration increases. The δ13C values 
in intermediate-2 increase (starting at -7.1‰), while nitrogen concentrations decrease 
(starting at 934 at. ppm nitrogen).

Diamond #E-3708 (Udachnaya)

There appears to be no coupled δ13C value-nitrogen abundance trend in diamond #E-3708, 
which is characterised by low but variable nitrogen concentrations (Fig. 1l). The core-rim 
profile in the diamond records an outward decreasing carbon isotope composition from 
–4.0‰ to –5.0‰ at the plate margin, while, on average, the nitrogen concentrations appear 
to decrease from intermediate-1 towards the rim (i.e., 40 to 0 at. ppm nitrogen). This 
coupled decrease may suggest a tendency towards positive co-variation between δ13C values 
and nitrogen concentrations here. 
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H.4 Copy of figure 1****
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* i.e., EA-1 in chapter 4
** i.e., EA-2 in chapter 4
*** i.e., EA-3 in chapter 4
**** i.e.,  a bigger, higher resolution copy of figure 1 in chapter 4
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I. SUPPLEMENTARY DATA ASSOCIATED WITH CHAPTER 5

I.1  Detailed descriptions of the variation in nitrogen content and 
aggregation state in the diamonds

In general diamond cores are more aggregated than the rims (Fig. 6) and this implies that 
the rims likely grew at a later stage than the cores, from potentially different fluids. The 
within-sample variation in nitrogen aggregation state and nitrogen content, especially of 
the larger diamonds (#E-1603, #E-1610, #E-1612, #E-1701, #P-3805 and #E-4239), forms 
vertical arrays. This data is at least partly explained by FTIR analysis integrating entire 
diamond fragments that may contain mixtures of core and rim zones (Table 4).

Mir

Mir diamonds with light δ13C values record no significant internal variability in nitrogen 
content and aggregation state. These diamonds generally contain far less than 200 at. 
ppm nitrogen, which is effectively non-aggregated into the B-form (Fig. 6a, Table 4). The 
exception is diamond #E-1237 that records ~65% IaB aggregation in its core zone and has a 
non-aggregated (zero IaB) rim zone. 

The majority of Mir diamonds, i.e., those with mantle-like δ13C values, have significant 
differences in nitrogen aggregation between core and intermediate zones (~60% IaB) and rim 
zones (~30-50% IaB), translating into differences in integrated residence temperatures of >20 
ºC (assuming tMR is 0.7 Ga; Fig. 6a). These differences suggest that the rim zones may have 
formed potentially by up to 0.7 Ga later than the core and intermediate zones, something that is 
investigated in the Os isotope study. The intermediate zones of diamonds #E-1701 and #E-1603 
approximate to an isotherm of 1170 ºC (Fig. 6a), while the rims have nitrogen aggregation 
temperatures of 1150ºC. Mir diamonds #E-1610 and #E-1612 also demonstrate a two-stage 
growth history, but appear to also record data with intermediate IaB aggregation (~45%; Table 
4) that most likely results from large fragments containing sections of both core and rim zones. 

23rd Party Congress

In-situ analysis of thick plates from these E- and P-type diamonds establishes variations in 
δ13C values (0.1-1.6‰) and variations in integrated mantle residence temperatures (0-40 ºC; 
assuming tMR is 1.7 Ga; Fig. 6b). However, because the majority of the diamond samples are 
thick plates, some nitrogen absorption data integrates core and rim zones and consequently 
the data that groups around an isotherm of 1070 ºC may actually be a mix of data from two 
or more growth zones. The rims of diamonds #P-4195 and #E?-4123 are up to 15% more 
IaB aggregated than the core zones, most likely due to higher nitrogen concentration in 
the rims (Table 4; Taylor et al., 1990). The fragments of diamond #E-4239 show extreme 
zonation, with differences in nitrogen aggregation between zones up to 50% IaB. A two-
stage growth history is indicated by the intermediate and rim zones that have integrated 
nitrogen aggregation temperatures of 1120 ºC (i.e., ~10-20% IaB aggregation) and 1150 ºC 
(i.e., ~50-60% IaB aggregation), respectively. The two intermediary points with ~30-40% 
IaB aggregation are mixed fragments of diamond #E-4239. These different aggregation 
states suggest that the rims of the 23rd Party Congress diamonds formed by up to 1.6 Ga 
later than the cores and this possibility is further investigated in the Os isotope study. 
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Udachnaya

Variation in nitrogen aggregation systematics within the individual P-type diamonds from 
Udachnaya is clearly evident, with cores displaying moderate to high levels of aggregation 
(20-60% IaB) and rims with low or no (quantifiable) IaB aggregation due to the low nitrogen 
contents (Fig. 6c). The cores approximate to nitrogen aggregation temperatures of 1160 ºC 
(assuming tMR is 1.7 Ga), while the  poorly aggregated rims imply significantly shorter 
and possibly cooler residence in the mantle. The two data points with relatively elevated 
nitrogen aggregation levels (i.e., ~40% IaB aggregation that approximate to an integrated 
residence temperature of 1200 ºC) in diamond #P-3805 cannot be explained in this manner. 

I.2 Plots of Os isotope ratio versus reciprocal common Os concentration

Fig. I.1. Plots of Os isotope ratio versus reciprocal common Os concentration
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