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7. SYNTHESIS 
In this chapter I will summarise the results from the research carried out in this thesis (i.e., 
in chapters 3-6) and further assess the implications of my work by placing constraints on 
the fluid/melt sources responsible for diamond formation in relation to the thermo-tectonic 
evolution of the SCLM. At the end I will also provide suggestions for future research subjects.

7.1 Genetic origin of inclusions in diamonds 

Chapter 3 presents the application and outcome of a new micron-scale technique that was 
developed to provide quantitative criteria to help resolve the ongoing discussion about the 
formation of mineral inclusions in diamonds, i.e., are inclusions protogenetic or syngenetic 
with respect to diamond growth? The presented technique to study the genetic origin of 
diamond inclusions combines 3D-CL micron-scale imaging and EBSD.

The octahedral diamond #P-3615 from the Udachnaya kimberlite pipe was selected for 
study because of the distinct growth patterns and presence of multiple mineral inclusions. 

The study establishes that the Slice and View technique on the combined FIB–SEM 
instrument is capable of revealing the internal structure of diamonds by imaging individual 
diamond growth layers and the diamond–inclusion interface in great detail; 

 ■ CL imaging establishes that there are no healed cracks in the diamond ruling out that the 
inclusions were formed or modified after diamond formation. The inclusions therefore 
have a primary nature, and an epigenetic origin is excluded. 

 ■ The similar crystallographic orientation of the host diamond and the three chromite 
inclusions implies that the diamond host controlled the orientations of the inclusions, 
and hence, a random protogenetic origin for the inclusions seems unlikely. This implies 
that the chromites and diamond crystallised simultaneously.

 ■ The systematic change in Mg# and Cr# in the chromite inclusions from diamond core to rim 
suggests that the inclusions crystallised from a chemically evolving melt during diamond 
growth. A syngenetic origin of the inclusions with the diamond host is therefore implied.

 ■ Stepwise milling of one of the chromites in diamond #P-3615 illustrates that it has a 
complex crystallographic shape with numerous small faces that predominantly define 
octahedral and cubic orientations. This multi-faceted morphology is not a natural form 
of chromite crystals. This morphology implies that the chromite did not crystallise in an 
unrestricted environment but in the presence of other solids that hindered or controlled 
its morphology. It therefore seems most likely that the diamond host imposed the 
complex morphology upon the chromite during simultaneous growth.

 ■ A detailed study of one of the chromites in diamond #P-3615 reveals that the 3D geometry 
of diamond growth layers adjacent to the chromite is complex and layers grow around 
and intersect the inclusion. This geometry of the growth layers implies both protogenetic 
and syngenetic relationships (see chapter 3 for more details on the growth structure) 
and is interpreted to indicate a change in the relative growth rates of diamond and 
chromite at the diamond–chromite interface. It is suggested that in the ongoing process 
of crystallisation, apparent protogenetic features develop in the diamond adjacent to the 
chromite inclusion when diamond crystallises on chromite crystal faces. 
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Based on EBSD and 3D-CL micron-scale imaging, I thus concluded that the studied 
chromite is a syngenetic inclusion. 

Worldwide, most studies of diamond inclusions assume simultaneous formation 
of diamond and inclusion, although this syngenetic origin remains unverified in many 
cases and can be subject of fierce debate (Taylor et al. 2003). Understanding the timing of 
growth of mineral inclusions within diamonds is therefore critical to our understanding 
of inclusion-based studies of the environment of diamond growth and geochronology as 
mineral inclusions are often used to place constraints on the evolution of the SCLM.

Based on the study, I conclude that EBSD and 3D-CL micron-scale imaging can 
contribute to a better understanding of the complex growth histories of diamond and the 
inter-relations between host diamond and inclusions. Knowledge of the inter-relations will 
place better constrains on the timing of growth of mineral inclusions in diamonds and 
lead to meaningful inclusion-based studies if, but only if, inclusions can be shown to be 
syngenetic with their hosts.

7.2 Sources of carbon in the mantle 

Cathodoluminescence imaging of polished diamond plates reveals internal growth 
structures and typically demonstrates zonation patterns in the form of successive individual 
growth layers that reflect chemical variability in the source melt/fluid. Detailed investigation 
of the variability in growth patterns provides geochemical and physical information on the 
changing conditions of diamond growth, particularly when coupled to studies of carbon 
isotope compositions and nitrogen concentrations in diamond.

Previous ion microprobe studies examined complex diamond growth structures and 
focussed on carbon isotope and nitrogen variations in crystals with complex internal 
morphologies. Most of the zones of natural diamonds are, however, characterised by 
tangential octahedral growth. In order to begin to understand the chemical variability at 
the micron-scale the focus here is on diamonds where such ‘simple’ tangential octahedral 
growth structures prevail.

Six octahedral diamonds with layer-by-layer growth at the {111} faces were selected for 
study. The samples from the Mir and Udachnaya kimberlite are both from the peridotitic 
and eclogitic paragenesis.

In Chapter 4 the internal structure and growth history of six diamonds were investigated 
with CL imaging and coupled carbon isotope and nitrogen abundance analyses at the 
micron-scale along detailed core to rim traverses, to determine the scale and magnitude of 
carbon isotope composition and nitrogen content variation at the micron scale to constrain 
the nature of the processes involved in diamond formation, including the influence of 
different fluid/melt sources on isotope fractionation during diamond formation;

 ■ The diamonds (E- and P-type) have a limited range in carbon isotope compositions, 
–5.3 ± 2‰, and their nitrogen contents range between 0–1334 at. ppm; both typical of 
diamond populations worldwide.

 ■ Variations in δ13C value across diamond growth zones are primary with no evidence of 
diffusive relaxation at the 5 µm scale.
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 ■ There are markedly different CL characteristics and nitrogen contents and aggregation states 
(>100 at. ppm and >20% IaB aggregation) between major growth zones within individual 
diamonds that demonstrate Yakutian diamonds grew in multiple growth events. 

 ■ Growth intervals were punctuated by stages of dissolution. Across these resorption 
interfaces carbon isotope ratios and nitrogen contents record shifts between 0.5–2.3‰ 
and up to 407 at. ppm, respectively. The first growth layer after the dissolution interface 
is marked by local (<10 µm) lowering in δ13C value and nitrogen abundance (i.e., type II 
diamond), while the carbon isotope and nitrogen characteristics of subsequent growth 
zones are variable. These characteristics suggest growth of the type II layers from fluids/
melts that lost carbon and nitrogen due to extensive interaction and dilution with the 
ambient SCLM over potentially extended periods of time. Further work is needed to 
better constrain the origin and character of these type II growth layers associated with 
resorption.

 ■ Rayleigh fractionation processes alone cannot explain the magnitude or the variability in 
δ13C values in the growth zones that formed after dissolution as there are no predictable 
isotopic shifts in the starting compositions. These data imply markedly different carbon-
bearing fluids/melts pre- and post- the resorption event.

 ■ Coherent mineral- and nitrogen geothermobarometry establishes that the core zones of 
the diamonds resided in the mantle at formation temperatures of ~1130–1160 ºC (i.e., 
thermometry on non-touching inclusions). The rim zones record evidence of cooling 
of ~50–170 ºC. Without discrete age estimates, it is difficult to qualitatively relate any 
temperature decreases to time, but regional cooling of the SCLM requires 100’s of millions 
of years and  implicates significant time differences between growth of cores and rims.

 ■ Modelling the co-variation of δ13C – nitrogen abundance indicates that the growth zones 
of the Yakutian diamonds that demonstrate equilibrium Rayleigh type growth, formed 
from both oxidised- and reduced carbon-bearing fluid/melt sources. Moreover, growth 
was from limited volumes of diamond-forming fluid/melt that underwent 10–20% 
diamond crystallisation. Two single diamonds show evidence for involvement of both 
oxidised- and reduced fluid types; i.e., diamonds #P-1142 and #P-3615 with increasing 
values in the core zone and decreasing values in the rim zone. In contrast, the growth 
zones with relatively homogeneous δ13C – nitrogen variations formed in what was 
effectively a quasi-open system dominated by fluid/melt, i.e., the diamond-forming fluid/
melt is abundant enough to control the composition of the growing diamond without 
its growth changing the isotopic composition of the residual fluid (<5% of the reservoir 
was consumed). Most zones of the Yakutian diamonds in the current study, however, 
do not show the coherent δ13C – nitrogen abundance variations predicted for fractional 
crystallisation or open-system equilibrium growth. Consequently, the distinct episodes 
of growth of the diamonds effectively demonstrate a multitude of crystallisation intervals 
in open- and closed systems from variable sized volumes of fluid/melt. Therefore, the 
growth media responsible for diamond growth appear to have been highly heterogeneous 
and given the evidence for multiple episodes of growth, it is concluded that the diamond-
forming fluids/melts in the SCLM beneath the Siberian Craton were highly transient.
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 ■ Modelling the co-variation of the δ13C – nitrogen abundance also establishes that 
nitrogen is a compatible element in  diamond relative to its growth medium and 
that the nitrogen partition coefficient (Kd) for oxidising diamond-forming media is 
indistinguishable from reducing media; i.e., 2–4.1  versus 3, respectively. 

 ■ There is no relation between the redox state of the fluid and inclusion paragenesis of the 
diamond, nor between redox state and geographical origin. But there is a relationship 
between the redox state of the diamond-forming fluid/melt and the carbon isotope 
composition of the diamonds. The reducing sources have δ13C values that range between 
–7.3‰ and –4.6‰. In contrast, the oxidising sources have slightly higher δ13C values 
that range between –5.8‰ and –1.8‰ (if carbonatitic media) or between –3.8‰ and 
+0.2‰ (if CO2-rich media). However, we cannot distinguish between these two oxidised 
sources with the data available in the current study.

 ■ The total range in δ13C values inferred for the fluids/melts is up to –7.5‰ (i.e., –7.3‰ to 
+0.2‰, see previous point), whereby the δ13C value of oxidised fluids/melts is generally 
higher than primitive mantle (>–5‰) and the δ13C value of reduced fluids/melts is generally 
lower (<–5‰). Given the range in δ13C values in inferred diamond source fluids/melts, 
multiple fluids/melts must have played a role in diamond formation. Additionally, given the 
high abundance of diamonds recovered from Yakutia, diamond precipitation may have had 
some effect in changing the carbon isotope composition in the residual fluid to explain part 
of the range of initial fluid compositions observed in the diamonds studied here.

 ■ The δ13C values of the reducing melts/fluids are indistinguishable from mantle-derived 
magmas worldwide with δ13C values of ~ –5‰. The δ13C values of the oxidising melts/
fluids are indistinguishable from subducted carbonates with δ13C values of ~0‰. The 
presence of both oxidising and reducing media, however, requires two different carbon 
sources, of which at least one could potentially be related to subduction, but further 
data are required to substantiate such speculation.

 ■ The introduction of asthenosphere-derived reduced fluids/melts into the lithosphere 
will change the oxygen fugacity of the SCLM that locally is buffered by equilibrium 
with diamond. The multi-stage growth-dissolution history recorded by the Yakutian 
diamonds appears to be clear evidence that the influx of new reduced fluids/melts causes 
a temporary change in the stability of diamonds resulting in diamond dissolution.

Overall, the total magnitude of carbon isotope variations in diamonds from two different 
locations, 400 km apart, spanning both E- and P-type parageneses, and with nitrogen 
abundance variations of over 1000 at. ppm, is small (4‰). This indicates that, for Yakutian 
SCLM at least, the various processes and subtle source differences that were documented, 
have a minor effect on diamond carbon isotope compositions. The simple nature of the 
growth textures, characteristic of the diamonds studied, makes it possible to suggest that 
the majority of diamonds from Yakutia will show correspondingly minor internal isotopic 
variations, with extreme compositions being scarce. Consequently, I speculate that some of 
the extreme isotopic compositions previously documented in some diamond suites (Swart 
et al. 1983; Javoy et al. 1984; Otter et al. 1991; Boyd et al. 1992; Fitzsimons et al. 1999; 
Schulze et al. 2004; Zedgenizov et al. 2006; Wiggers de Vries et al. 2007; Smart et al. 2011; 
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Bulanova et al. 2012) might be over-represented in carbon isotope databases due to intense 
study of these fascinating occurrences. 

Given that the total scale and magnitude of carbon isotope variations in the diamonds 
is small, I conclude that, for the majority of diamonds, intra-mantle variations and 
Rayleigh type fractionation processes impose relatively small variations in carbon isotope 
compositions. But, notwithstanding this conclusion, the individual diamonds clearly 
precipitated during multistage growth, and the small, but marked variations between 
growth zones in individual diamonds can be attributed to precipitation from fluids/
melts with variable compositions over time. To explain the observed isotopic variations I 
propose that; (i) the high abundance of diamonds precipitating may have had some effect 
in changing the carbon isotope composition in the residual fluid to explain part of the 
range of initial fluid compositions observed in the diamonds studied here, (ii) repetitive 
introduction of asthenosphere-derived reduced fluids/melts into the lithosphere may have 
lead to the various stages of diamond resorption and act as an alternate source fluid/melt 
at the expense of oxidised fluids/melts (e.g., subducted carbonates) and (iii) the protracted 
timescale of diamond formation is the most important control, as both results from mineral 
inclusion geothermobarometry and nitrogen aggregation estimates suggest time differences 
between distinct diamond growth zones in the order of 100’s of millions of years.

7.3 Timescale of diamond growth

The ability to obtain Re-Os isotope data from single sulphides included in diamonds 
has provided important constraints on the timing of diamond formation worldwide. 
Additionally, recent detailed studies of Siberian macro-diamonds record multi-stage 
growth (for details see chapter 4) suggesting protracted timescales of growth, but there is 
no quantification of the timescale of diamond growth.

In Chapter 5 the timing of diamond formation in Yakutia was investigated by Re-Os 
isotope dating of sulphide inclusions from eclogitic and lherzolitic diamonds from the Mir, 
23rd Party Congress and Udachnaya kimberlite pipes. The diamonds contained multiple 
sulphides distributed over their core-to-rim zones. 

Cathodoluminescence, carbon isotope and nitrogen aggregation studies demonstrate 
that the diamonds are zoned and that different diamond populations contain distinct 
growth-zones. There are coherent relationships between carbon isotope composition, 
nitrogen concentration and aggregation state of the diamond hosts, and major and trace 
element compositions, Re-Os compositions and initial Os isotope ratios of the included 
sulphides. This suggests that the different diamond and sulphide populations formed at 
different times from fluids/melts with different chemical compositions. Based on the Re-Os 
isochron ages and the nitrogen aggregation states I conclude that the sulphides are co-
genetic with their diamond hosts. Six different diamond populations were recognised;

GROUP 1
E-type Mir diamonds that have light δ13C values (<-10‰) and low nitrogen abundances and 
aggregation states (<200 at. ppm and <25% IaB aggregation). The sulphides extracted from this 
group are pyrrhotites (<1 wt.% Ni) and yield a Re-Os  isotope isochron age of 2116 ± 210 Ma.
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GROUP 2
E-type Mir diamonds with mantle-like δ13C values (mean -5.2 ± 2‰ (2σ)). The rim 
compositions of these Mir diamonds have a mean δ13C value of -4.8‰ ± 0.2‰, while the 
carbon isotope compositions of the cores span a wider range of compositions (-5.8 ± 0.2 
to -3.4 ± 0.2‰). Group 2 diamonds have varying nitrogen contents (200-750 at. ppm), 
but there are significant differences in nitrogen aggregation between core and intermediate 
zones (~60% IaB) and rim zones (~30-50% IaB). The extracted sulphides are mss (5-8 
wt.% Ni). Additionally, the majority of the sulphides extracted from the diamond core 
zones demonstrate increased Mo contents (250-700 ppm). The sulphides formed in the 
Mesoproterozoic around ~1.0 Ga in two distinct events, and although the ages of these 
events, 1015 ± 190 Ma and 913 ± 140 Ma, are within error, the detailed petrological and 
geochemical study justifies the two regressions.

GROUP 3
The diamonds have mantle-like δ13C values (mean -5.1 ± 1‰ (2σ)) and varying nitrogen 
contents and aggregation states (<60% and 250-600 at. ppm, respectively). Despite clear 
textural differences revealed by CL imaging with evidence of resorption during their 
multistage growth histories, the diamonds demonstrate minor variation in carbon isotope 
composition between core and rim zones (1‰). A closer examination after Re-Os isotope 
dating (see ages at the end of this paragraph), however, reveals that the older diamond 
core zones (~2 Ga) have δ13C values with a mean of ~ -4.9‰, while their rim zones and 
the cores of younger diamonds have compositions that can be up to 1‰ lighter. Most of 
these diamonds have <30% IaB nitrogen aggregation. But the fragments of one diamond 
(#E-4239) show extreme zonation, with differences in nitrogen aggregation between the 
intermediate (i.e., ~10-20% IaB aggregation) and rim zones (i.e., ~50-60% IaB aggregation). 
Group 3 diamonds are characterised by pyrrhotite inclusions (4-5 wt.% Ni) and demonstrate 
Re-Os isotope regression ages of 2069 ± 210 Ma and 969 ± 310 Ma for the two different 
diamond populations. To date these are the first dated diamonds from 23rd Party Congress.

GROUP 4
There is only one E-type diamond (#E-3807) from the Udachnaya kimberlite studied here 
and its δ13C value, nitrogen content and aggregation state were not determined. The extracted 
sulphide, the first eclogitic sulphide dated from Udachnaya, is a pyrrhotite (1.8 wt.% Ni) and 
its Re-Os isotope data appear to correlate with ~2.1-1.8 Ga ages from P-type sulphides from 
Udachnaya and E-type sulphides from 23rd Party Congress kimberlites studied here.

GROUP 5
Group 5 diamonds are characterised by mantle-like δ13C values (mean -4.7 ± 3‰ (2σ)). 
The diamonds contain 150-700 at. ppm nitrogen and are characterised by relatively low 
nitrogen aggregation states (<30%). They host P-type mss inclusions (20-23 wt.% Ni). 
Remarkably, despite their high Ni contents, the mss inclusions have Os and 187Re/188Os 
levels that are comparable to E-type sulphides from the other Yakutian pipes studied here 
(Os < 300 ppb and 187Re/188Os up to 44.1). The elevated Mg number of the olivine inclusion 
favours classification as of lherzolitic affinity, while the high Ni content of the sulphides 
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excludes classification as websterites. Additionally, despite the limited number of sulphides 
extracted, their ages appear identical to the E-type diamonds from the same pipe, i.e., ~2 
and ~1 Ga for the two different diamond populations. 

GROUP 6
P-type (lherzolitic) diamonds from Udachnaya have mantle-like δ13C values (mean -4.0 ± 1‰ 
(2σ)). The cores zones have a mean δ13C value of -4.0‰ ± 0.2‰, while their rims have 
carbon isotope compositions up to 1‰ heavier. The nitrogen contents of group 6 diamonds 
are relatively low (<300 at. ppm), nonetheless, there is significant variation in nitrogen 
aggregation states with cores displaying moderate to high levels of aggregation (20-60% 
IaB) and rims generally show low or no IaB aggregation. The lherzolitic paragenesis of this 
group is confirmed by the presence of a lherzolitic garnet inclusion (diamond #P-3645). The 
sulphides, all extracted from the core zones, are mss (15-27 wt.% Ni) and define an isochron 
age of 1832 ± 530 Ma. In contrast, the unaggregated rims of the Udachnaya diamonds 
appear younger but currently there are no Os isotope age constraints. Based on a single 
FTIR observation, the low IaB nitrogen aggregation state of the rim zone of one diamond 
(#P-3805) suggests a ~1 Ga shorter integrated mantle residence time.

Based on the my extensive petrological and geochemical study of these six different 
diamond populations I conclude;

 ■ The ages obtained for the different diamond populations demonstrate two major 
periods of Yakutian diamond formation for both eclogitic and lherzolitic suites; the first 
period is around 2.1-1.8 Ga (i.e., in the Palaeoproterozoic at Mir, 23rd Party Congress 
and Udachnaya) and the second is circa 1.0-0.9 Ga (i.e., in the Mesoproterozoic at Mir 
and 23rd Party Congress). 

 ■ These two episodes correspond to major tectono-magmatic events; collision of the 
Siberian Craton with other cratons ~1.9-2.0 Ga and accretion leading to formation 
of the supercontinent Rodinia ~1.1 Ga. This observation indicates that eclogitic and 
lherzolitic diamond formation beneath the Siberian Craton was triggered by major 
tectonic events in the Palaeo- and Mesoproterozoic, similar to observations made for 
the Kaapvaal and Slave Cratons (Kramers 1979; Richardson 1986; Burgess et al. 1989; 
Phillips et al. 1989; Richardson et al. 1993; Pearson et al. 1998; Richardson and Shirey 
2008; Aulbach et al. 2009a, b).

 ■ A fundamental conclusion is that Re-Os isotope dating demonstrates that individual 
single diamonds may have protracted timescales of growth with different ages associated 
with core and rim zones. I demonstrate that at least seven zoned single crystals from 
Mir and 23rd Party Congress (#E-1603, #E-1612, #E-1701, #E-1594, #E-1703, #E-4239 
and #P-4193) crystallised over intervals that ranged from irresolvable to 432 Ma 
(Group 2 diamonds) and intervals up to ~1 Ga (diamonds #E-1703 and #E-4239) apart. 
Additionally, FTIR geochronology on the unaggregated rim zones of the lherzolitic 
Udachnaya diamonds (group 6), suggest ~1 Ga shorter integrated residence times 
compared to their core zones. 

 ■ Evaluation of the lower nitrogen aggregation states in the diamond rim zones, 
demonstrates that time rather than temperature caused major nitrogen aggregation 
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differences between core and rim zones. Seven zoned diamonds from Mir and 23rd Party 
Congress experienced insignificant to minor (<5ºC to ~20ºC) differences in integrated 
mantle residence temperatures during their storage in the mantle over time periods in 
the order of 100’s of millions of years. The diamonds were sampled from lithosphere 
with integrated mantle residence temperatures between 1080 and 1180 ºC.

 ■ The very radiogenic initial Os isotope ratios of the eclogitic and lherzolitic sulphides (187Os/188Os 
= 0.14 to 2.22) imply incorporation of radiogenic Os from subducted oceanic lithosphere, a 
conclusion that is also supported by the anomalously light carbon isotope compositions of 
some diamonds. Subducted lithosphere, possibly of Archaean to Early Proterozoic age, is 
therefore considered a significant component in Proterozoic diamond formation beneath the 
Siberian Craton, especially for E-type diamonds at Mir in the Palaeoproterozoic. 

It is important to note that multistage growth of the diamonds has important implications 
for dating multiple diamond inclusions. Care must therefore be taken establish that 
inclusions are genetically and spatially related in order for the isochron approach to provide 
geologically meaningful ages.

7.4  Implications: Constraints on origin, evolution and timing  
of different diamond-forming fluids/melts in the SCLM beneath  
the Siberian Craton 

This section considers implications of the thesis in the context of craton evolution and the 
evolution of the fluid/melt sources that lead to Yakutian diamond formation in the Siberian 
SCLM. 

Worldwide, there is considerable debate as to the mechanisms for formation of the SCLM, 
the depleted Paleoarchaean cratonic roots and the melts that led to diamond formation, 
particularly the importance of subduction related processes in melt generation (Pearson 
and Wittig 2008; Aulbach et al. 2009b; Klein-BenDavid and Pearson 2009; Richardson et al. 
2009; Gurney et al. 2010; Aulbach 2012). Information about the formation and subsequent 
evolution of the SCLM comes from (i) field observations and geochemical investigation of 
actual cratonic mantle samples (xenoliths), (ii) geophysical observations and (iii) experiments 
and numerical modelling. Mantle xenoliths are often the only available samples of cratonic 
lithospheric mantle. Xenoliths, such as mantle peridotites, eclogites and pyroxenites have been 
subjected to metasomatism in the SCLM and interaction with the host melts that transported 
them to the surface. Numerous lithospheric thermo-tectonic events lead to depletion of 
the xenoliths and changes in their mineralogy. In contrast, mineral inclusions in diamond 
xenoliths retain information about specific events during the evolution of the SCLM as (i) they 
sample the cratonic lithosphere and (ii) they were protected from any metasomatic activity in 
the SCLM after encapsulation by their diamond hosts. If established that mineral inclusions 
are syngenetic with their host diamond (see chapter 3), their petrological and geochemical 
data can provide valuable information about the origin and evolution of the SCLM.

To date, there is consensus about the large thickness, anomalously low heat flow, severe 
melt depletion and high buoyancy of the cratonic roots beneath Archaean cratons, and it is 
within these cratonic roots that the majority of diamond formation occurs from metasomatic 
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melts or fluids (see chapter 1). In contrast, controversy remains about the origin of the 
metasomatising diamond-forming melts (e.g., Klein-BenDavid and Pearson 2009) and about 
the model for craton nucleation and formation of thick, depleted lithospheric roots within 
the Palaeoarchaean. Two main mechanisms, both involving shallow plate tectonics, have 
been proposed (see review by Aulbach 2012): (i) stacking of oceanic lithospheres by accretion 
versus (ii) subcretion of residual plume mantle. It appears that modern-style Wilson cycle 
of plate tectonics did not take place in the Early Earth. This conclusion is supported for 
example by the absence of E-type inclusions in diamonds that are linked to deep subduction 
via continental collision in Palaeoarchaean diamond populations (Shirey and Richarson 
2011). But shallow plate tectonics established itself towards the Mid- to Late Archaean, and 
predates Wilson cycle plate tectonics (e.g., Davies 1992, 1993). This shallow type of tectonics 
entails the ‘subduction’ of Archaean oceanic crust and results in a ‘flat’ geometry due to 
the shallow angle of subduction as Archaean oceanic crust has a more buoyant character 
compared to average modern oceanic crust. Additionally, coherent compositional layered 
structures inferred from studies of xenoliths and xenocrysts from kimberlite pipes across 
the Siberian Craton, implies formation of the Siberian cratonic lithosphere by shallow 
subduction (e.g., Ashchepkov et al. 2013). Based on (i) oxide relationships from olivine 
inclusions in diamonds from various cratons worldwide and (ii) their high initial pressures 
of melt extractionthat require their formation in upwelling plumes, Aulbach (2012) proposed 
formation of cratonic crust through a ‘plume tectonics’ model (i.e., subcretion of residual 
plume mantle). This ‘plume tectonics’ model involves shallow plate interactions, leading 
to generation of TTGs (tonalite-trondhjemite-granodiorite greenstones) and greenstone 
belts, followed by subcretion and penetration of the cratonic nuclei by plume-derived melts. 
After delamination of dense eclogites and komatiites, buoyant plume residues trapped and 
stabilised these cratonic nuclei. This model, however, implies that the formation of cratonic 
crust and SCLM are not entirely cogenetic (Aulbach 2012).

Within the current thesis, I focus on diamonds and diamond inclusions, which sample the 
SCLM, so I will mainly draw conclusions on the evolution of the Siberian lithospheric mantle, 
and not the crust, although some relationships with major tectonic craton forming events 
are evident (as further explained below). The majority of diamond inclusions studied in this 
work are of eclogitic origin. Hence there are few constraints that can be placed on the origin 
of peridotitic residues that comprise the majority of the SCLM. Based on the geochemical and 
isotopic data of eclogitic and lherzolitic Yakutian diamonds and their mineral inclusions, I 
made two significant conclusions about sources and timing of Proterozoic diamond formation. 
Intra-mantle variations and Rayleigh type fractionation processes impose relatively small 
variations in carbon isotope compositions, while the diamonds clearly demonstrate multistage 
growth intermittent by stages of dissolution (chapter 4). Furthermore, the diamond nitrogen 
aggregation characteristics of the different diamond growth zones (chapters 4 and 5) and 
the different Re-Os isotope isochron ages of sulphide inclusions in such zoned diamonds 
(chapter 5) yield time differences of 100’s of millions of years up to 1 Ga. Consequently, it is 
possible to place constraints on the fluid/melt sources responsible for diamond formation in 
relation to the thermo-tectonic evolution of the SCLM.
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Most notably such inferences are made for diamond #E-1703 in chapter 6. This single 
diamond from the Mir kimberlite provides evidence for two growth events separated by a 
billion year hiatus, from two distinct reservoirs with ~10‰ different δ13C values. The complex 
growth history of this diamond typifies the main observations made in this thesis, i.e., growth 
of a single diamond from different C-bearing reservoirs, at different times. The oldest source 
that formed the diamond core zone demonstrates the incorporation of recycled crustal material 
(diamond characteristics: δ13C = <-10‰, N = <200 at. ppm and sulphide characteristics: 
Ni = <1 wt. %, 187Os/188Osi = 2.22). These characteristics are compatible with subduction-
related melting circa 2 Ga during accretion of the Siberian Craton with other cratons. The other 
source forming the diamond’s intermediate and rim zones suggests the involvement of “typical” 
mantle-derived magmas, (diamond characteristics: δ13C = ~-5‰, N = 200-500 at. ppm and 
sulphide characteristics: Ni = 5-8 wt. %, 187Os/188Osi = 0.65), possibly reflecting rifting-induced 
fluid/melt interaction associated with formation of the supercontinent Rodinia circa 1 Ga (for 
more details see chapters 5 and 6). The initial 187Os/188Os ratio of the sulphide melts associated 
with the second source, although lower than the first diamond forming fluid, is still markedly 
more radiogenic than predicted asthenospheric sources (~ 0.12). This observation suggests: 

 ■ mixing of a radiogenic source, either a new Mesoproterozoic subduction-related source 
or material left over from the first Palaeoproterozoic diamond forming event, with the 
ambient mantle below Mir at ~1 Ga.

Furthermore, besides (i) sourcing diamond formation and (ii) instigating resorption under 
different redox conditions, metasomatic fluids/melts also play another significant role in 
the history of this diamond. Intriguingly, the omphacite and pyrrhotite inclusions appear 
to have survived interaction with hydrous metasomatic fluids/melts that caused diamond 
dissolution (for more details see chapters 5 and 6). The fact that the mineral inclusions 
(partly) remained suggests that:

 ■ resorption occurred relatively shortly before the onset of diamond crystallisation in the 
second growth event.

I propose that resorption occurred in the Mesoproterozoic and not 1 Ga earlier during diamond 
core crystallisation because rapid recapture of the inclusions by the diamond host is needed to 
(partly) shield them from reaction with the ambient mantle mineralogy and the second diamond 
forming melt/fluid. It is concluded that the second growth event began with unstable growth 
conditions as the youngest growth layers in the intermediate zone are marked by alternations of 
growth and dissolution events (see chapter 6). I propose that the metasomatic fluids/melts that 
caused diamond resorption were triggered by the upwelling of asthenosphere-derived reduced 
fluids/melts into the lithosphere that caused a local change in the oxygen fugacity of the SCLM 
and a temporary change in the stability of diamonds resulting in diamond dissolution. These 
fluids/melts are inferred to have mixed with an existing carbon-bearing reservoir produced 
previously by Palaeoproterozoic subduction and this lead to the second diamond crystallisation 
event that formed the intermediate and rim zones.

The sequence of events for the other studied diamonds is not as clear because 
these diamonds were not studied in as great detail as diamond #E-1703. All diamonds, 
however, clearly show evidence of multistage growth interrupted by stages of dissolution, 
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demonstrating growth from different fluid sources at different times (chapters 4 and 5). An 
interesting aspect is the redox character of the diamond-forming fluids/melts. Two single 
diamonds show evidence for the involvement of both oxidised and reduced carbon-bearing 
fluids/melts; i.e., diamonds #P-1142 and #P-3615 with increasing δ13C values in the core 
zone and decreasing δ13C values in the rim zone (chapter 5). These data establish that: 

 ■ the redox state of the diamond-forming fluids/melts in the SCLM changed from 
oxidising to reducing, below both Mir and Udachnaya, 

implying that highly different fluid/melt sources lead to diamond formation. Further work 
is required to investigate this issue and to establish if such temporal changes in oxygen 
fugacity are recorded in diamond populations worldwide. It seems probable that the influx 
and/or formation of large volumes of melt may result in changes in the oxygen fugacity in a 
diamond-forming reservoir. In the Yakutian case the different redox state is not associated 
with a significant effect on the δ13C values and nitrogen contents as the rims and cores of 
these two diamonds areas are comparable. Significantly, however, there is a marked range 
in δ13C values inferred for the fluids/melts that sourced Yakutian diamonds (–7.5‰; i.e., 
–7.3‰ to +0.2‰, see chapter 4), whereby the δ13C value of oxidised fluids/melts is generally 
higher than primitive mantle (>–5‰) and the δ13C value of reduced fluids/melts is generally 
lower (<–5‰). Hence, previously I proposed two different sources for these different fluids/
melts, i.e., the δ13C values of the reducing melts/fluids are indistinguishable from mantle-
derived magmas (~ –5‰) worldwide, whereas the δ13C values of the oxidising melts/fluids 
are indistinguishable from subducted carbonates (~ 0‰; chapter 4). There is no relation 
between the redox state of the fluid and inclusion paragenesis of the diamond, nor between 
redox state and geographical origin (chapter 4). The available data, however, suggest that:

 ■ there may be a general relationship between the redox state of the diamond-forming 
fluid and their age. 

The Mir diamonds in the current study and Cullinan diamonds studied by Thomassot et al. 
(2007) generally crystallised from a reducing source and are Palaeozoic-Mesoproterozoic in 
age. In contrast, the older Proterozoic-Archaean diamonds from the Udachnaya kimberlite 
(Richardson and Harris 1997; Pearson et al. 1999a,b) formed from an oxidised source 
(including diamond #E-3708 that may have formed during open-system crystallisation 
with CO2 escape). The possible exceptions to this relationship are the P-type Mir diamonds 
#P-1142 and #P-1525 and Udachnaya diamond #P-3615 (see chapter 4). However, a 
detailed examination of the age relationships of these diamonds suggests they conform 
to the proposed model. Diamonds #P-1142 and #P-3615 show evidence for involvement 
of both oxidised- or reduced carbon-bearing fluid/melt sources; i.e., formation of the 
core zone from an oxidised source and formation of the rim zone from a reduced source, 
implying that reduced sources postdate oxidised. Similarly, diamond #P-1525 shows 
evidence of crystallisation from an oxidised source, but based on a core zone with complete 
aggregation of nitrogen into B defects (type IaB), this diamond appears to have formed 
before the Palaeozoic-Mesoproterozoic, unlike most Mir diamonds. However, to date there 
is insufficient data to confirm a relationship between age and redox state of worldwide 
diamond-forming fluids and more work is required to evaluate the proposition.
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Worldwide there is a general relationship between the ages of diamond inclusions 
and inclusion paragenesis. The oldest diamonds range in age between 3.5 and 3.1 Ga and 
are harzburgitic (Gurney et al. 2010; Shirey and Richardson 2011). Lherzolitic diamond 
inclusions appear younger, ~ 2.0 Ga, and E-type diamonds were reported mainly to have 
formed during the Proterozoic, with ages ranging between 2900 and 582 Ma (Gurney et al. 
2010; Shirey and Richardson 2011). Diamond formation in the Archaean, i.e., essentially 
harzburgitic diamonds, occurred shortly after the formation of depleted Paleoarchaean 
cratonic roots and is associated with high degrees of partial melting of mantle peridotite. 
Lherzolitic and harzburgitic diamonds can occur in the same pipes and the former are 
believed to have formed due to addition of a basaltic component to the Archaean SCLM 
(Richardson and Shirey 2008; Richardson et al. 2009). E-type inclusions in Palaeoarchaean 
diamond populations have been linked to deep subduction associated with continental 
collision (Shirey and Richarson 2011). Hence, different processes and source fluids/melts 
are behind diamond-formation and this general relationship between inclusion paragenesis 
and ages of diamond inclusion suggests that these processes, associated with different source 
fluids/melts, took place sequentially. Consequently, an interesting aspect to be unravelled 
would be the relative timing of the formation of the eclogitic, lherzolitic (both paragenesis 
in this thesis) and harzburgitic (Richardson and Harris 1997) diamonds at Udachnaya at 
circa 2 Ga. The current age data cannot resolve if the three diamond populations at a single 
locality were formed synchronously in the Siberian SCLM. The potential sequential order of 
events for worldwide diamond formation outlined above, would suggest that:

 ■ around 2 Ga, the harzburgitic diamonds predate the lherzolitic and that the lherzolitic 
predate the eclogitic diamonds at Udachnaya. 

However, given that the timescale of large scale processes operating in the lithosphere 
associated with continent-continent collision (e.g., subduction, extension and delamination) 
is so short (50-100 Ma), we do not have the resolution to distinguish the exact chronology 
of events after accretion between the Siberian Craton and other cratons. Nonetheless, if 
assuming a ‘sequential’ scenario for diamond formation, the following order of events may 
have lead to crystallisation of harzburgitic, lherzolitic and eclogitic diamond populations 
around 2 Ga in the SCLM beneath Udachnaya. Continent-continent collision may have 
triggered harzburgitic diamond formation and subsequent melting of subducted material 
may have lead to the addition of a basaltic component to the harzburgitic source rock in 
the cratonic roots leading to lherzolitic diamond formation. Further melting of delaminated 
crustal material, potentially accompanied by rising thermal gradients as a result of either 
lithospheric rifting or plume interaction, may have caused the formation and movement of 
significant volumes of new basaltic carbon-bearing fluids/melts in the SCLM that lead to 
eclogitic diamond formation. Alternatively, these three paragenetically different diamond 
populations crystallised at the same time but at different depths, if one assumes that the 
SCLM is not well-mixed beneath Udachnaya as is implied by the recent study of Ashchepkov 
et al. (2013). Nonetheless, this latter scenario assuming heterogeneity in the SCLM, may 
still involve non-coeval formation of these different C-bearing reservoirs. Knowledge of the 
petrogenetic characteristics of these three ~2 Ga diamond populations may help to further 
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determine the origin of their source fluid/melts, as their petrogenetics is not well constrained, 
except for the lherzolitic diamonds (e.g., mantle-like δ13C values and <300 at. ppm nitrogen) 
and their mineral inclusions (e.g., Ni content of sulphides is >15 wt. % with radiogenic 
initial Os isotope ratios, and Mg# of olivines is 92.6) studied in this thesis (chapters 1, 5). 
Hence, detailed petrogenetic studies and better age resolution is required to determine how 
the petrogenesis of diamond forming melts/fluids changed with time during specific major 
tectono-magmatic events; i.e. variable input from subduction and asthenospheric sources.

7.5 Summary of main conclusions

As the diamonds crystallised in the SCLM, the origin and evolution of the lithosphere are 
clearly critical factors in the formation of diamonds. The formation or introduction of 
metasomatic fluids/melts, both triggered by major tectono-magmatic events, lead to diamond 
formation in the cratonic roots beneath the Siberian Craton. The data presented here suggest 
that episodes of diamond formation in Siberia (Fig. 7.1) are comparable to diamond forming 
events beneath the Slave and Kaapvaal Cratons, as the isochron ages obtained for the diamond 
populations at Mir, 23rd Party Congress and Udachnaya demonstrate two major periods of 
Yakutian diamond formation; i.e., ~ 2.1-1.8 Ga (lherzolitic and eclogitic suites) and ~ 1.0-0.9 
Ga (eclogitic suites). Both periods are associated with accretion of the Siberian Craton and 
subsequent melting and upwelling of metasomatic fluids/melts within its cratonic lithosphere 
(Fig. 7.1). The Yakutian sulphide inclusion ages complement the currently limited number of 
age constraints for the different Yakutian diamond populations and highlight the dominance 
of Proterozoic ages for diamond formation beneath the Siberian Craton. Importantly, Re-Os 
isotope dating demonstrates that seven single diamonds have protracted timescales of growth 
with significantly different ages associated with core and rim zones. Zoned single crystals 
from Mir and 23rd Party Congress crystallised over intervals that were irresolvable (< 200 Ma) 
up to ~1 Ga apart (Fig. 7.1). Consequently, the diamonds crystallised from different fluids, 
at different times. I conclude that for the majority of diamonds, intra-mantle variations and 
Rayleigh type fractionation processes impose relatively small variations in carbon isotope 
compositions (-5±2‰), an exception here is the 2 Ga source at Mir from which diamonds 
with ‘light’ δ13C values (<-10‰) precipitated. The very radiogenic initial Os isotope ratios 
of the eclogitic and lherzolitic sulphides (187Os/188Os = 0.14 to 2.22) imply incorporation of 
radiogenic Os from subducted oceanic lithosphere, a conclusion that is also supported by the 
anomalously light carbon isotope compositions of some diamonds. Subducted Archaean to 
Early Proterozoic lithosphere is therefore considered a significant component in Proterozoic 
diamond formation beneath the Siberian Craton. 

7.6 Recommendations for future research

This thesis has successfully answered fundamental questions about Yakutian diamond formation, 
however, several questions remain and should be the subject for future diamond studies;
 ■ Origin and character of the so far scarcely studied diamond CL haloes by using 

transmission electron microscopy to unravel their detailed element distribution and by 
exploring the nature and function of any potential structural defects in the diamond CL 
halo crystal lattice (see chapter 3)
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 ■ Origin and character of the type II layers that are associated with resorption to better 
understand the processes and physical parameters involved in their formation, as they 
appear associated with formation after long periods of time and may give insight into the 
evolution of the SCLM and the onset of new periods of diamond growth (see chapter 4) 

 ■ Origin of the atypical paragenesis of the group 5 sulphides; i.e., P-type sulphides 
(lherzolitic) with anomalously low Os contents (see chapter 5)

 ■ Verify the involvement of both oxidised- or reduced carbon-bearing fluids/melts 
in single diamond-formation and the influence of a change in oxygen fugacity upon 
diamond and mineral inclusion petrogenesis (see chapter 4 and paragraph 7.4)

 ■ Verify if there is a relationship between age and redox state of the diamond-forming 
fluids worldwide; i.e., if reduced sources postdate oxidised (with oxidised carbon-
sources generally being Proterozoic-Archaean and reduced sources generally being 
Palaeozoic-Mesoproterozoic) (see paragraph 7.4) 

 ■ Perform Re-Os isotope dating of sulphide inclusions (or any other relevant isotope 
mineral inclusion dating) in P-type Mir diamonds, as to date the age of this paragenetic 
suite at Mir is highly uncertain with only one diamond dated so far (Pearson et al. 
1999a). Additionally, the zonation patterns in P-type diamonds #P-1706 and #P-1525 
demonstrate complex, protracted growth histories (see chapter 4) and further study of 
this suite may further unravel the origin of these diamonds.

 ■ Re-Os isotope dating of the sulphide inclusion in diamond #E-3708. This would 
complement the currently limited number of age constraints for E-type diamonds 
from Udachnaya, as only one E-type diamond from the Udachnaya kimberlite was 
dated (#E-3807, see chapter 5). Additionally, dating of this specific paragenetic suite 
would potentially help to unravel the relative timing of the formation of the eclogitic, 
lherzolitic and harzburgitic diamonds at Udachnaya at circa 2 Ga (see paragraph 7.4). 

 ■ Better age resolution is required to determine how the petrogenesis of diamond forming 
melt/fluid changed with time during specific major tectono-magmatic events; i.e. potentially 
variable input from subduction and asthenospheric sources for eclogitic, lherzolitic and 
harzburgitic diamonds at Udachnaya at circa 2 Ga (see chapter 5 and paragraph 7.4)

Figure 7.1. Schematic sketch of the evolution of Yakutian macro-diamonds portraying growth layers 
in CL. Six distinct diamond populations are recognised, at least five of which record multiple growth and 
dissolution events. The diamonds used in the sketch are E#1594, #E-1701, #E-1703, #E-4142, #P-4193 and 
#P-3645, respectively, and their group classification is further specified in the text. Diamond #E-1703 is a 
rare example of a diamond that is associated with two different group classifications. The initial diamond 
crystals formed at circa 2.1, 1.8 and 1.0 Ga. The arrows indicate periods of dissolution that occurred before 
the formation of octahedral rims, in some cases representing the bulk of the crystals, at circa 1.0 and 0.9 
Ma. The studied diamond populations at Mir, 23rd Party Congress and Udachnaya demonstrate two major 
periods of diamond formation; i.e., ~ 2.1-1.8 Ga (lherzolitic and eclogitic suites) and ~ 1.0-0.9 Ga (eclogitic 
suites). Both periods are associated with accretion of the Siberian Craton and subsequent melting and 
upwelling of metasomatic fluids/melts within its cratonic lithosphere. The very radiogenic initial Os isotope 
ratios of the eclogitic and lherzolitic sulphides imply incorporation of radiogenic Os from subducted oceanic 
lithosphere. Zoned crystals from Mir and 23rd Party Congress crystallised over intervals that were irresolv-
able (< 200 Ma) up to ~1 Ga apart. Consequently, the distinct populations of Yakutian macro-diamonds 
have protracted timescales of growth and crystallised from different fluids, at different times.
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