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Previous pages. Sample mount for secondary ion mass spectrometry (SIMS) at the Centre de Recherches 
Pétrographiques et Géochimiques, Université de Lorraine, Vandoeuvre-lès-Nancy, France (09/2016). The 
diamond plates are embedded in indium and coated with gold to enable electrical conductivity and to avoid 
charging effects from the ion beam.   
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1. Constraints on diamond formation beneath Botswana

This research presents an integrated geochemical dataset on Botswanan diamonds and 

incorporated inclusions of different paragenesis. In total, 101 complete Re-Os or Sm-Nd isotope 

datasets for sulphide (36) and silicate (65) inclusions, respectively, together with their major and 

trace element contents were generated from 47 well-characterised Botswanan diamonds 

(Jwaneng – 19; Letlhakane – 15; Orapa – 8; Damtshaa – 5). After thorough assessment to 

determine co-genetic relationships, 87 inclusions were successfully assigned to one of the seven 

established age arrays at ≥ 2.9 Ga for harzburgitic diamonds, for eclogitic diamonds at ≥ 2.7 Ga 

and 0.89 – 0.74 Ga, and for eclogitic and websteritic diamonds at 2.34 – 2.20 Ga, at 1.98 – 1.69 

Ga, at 1.28 – 1.11 Ga, and one or more events since the mid-Phanerozoic (< 0.34 Ga).  

One eclogitic diamond (JW336) provides the first ever reported coupled and synchronous 

Re-Os (786 ± 250 Ma) and Sm-Nd (853 ± 55 Ma) age for co-genetic sulphide and silicate 

inclusions from the same growth zone. These data demonstrate that at the time of encapsulation, 

both the Re-Os and the Sm-Nd system of corresponding inclusions were in equilibrium with the 

diamond-forming fluid. Overall, 75% of the dated inclusions are of eclogitic paragenesis, 20% 

are websteritic and 5% are peridotitic.  

FTIR traverses were collected on > 150 Letlhakane and Jwaneng diamonds from which ~ 

500 individual C and ~ 50 individual N isotope analyses from distinct growth zones were 

successfully acquired. In addition, undated silicate inclusions from these diamonds were also 

analysed for major (~ 75) and trace (~ 15) elements to further evaluate the number of potentially 

discrete populations and to determine the crystallographic relationship between diamonds and 

their inclusions (see Chapter 2).  

In the present chapter, I will examine the significance of the data from the entire research 

project and subsequently assess which of the overall objectives (see Chapter 1) of my thesis were 

achieved and provide further constraints on diamond formation beneath Botswana.  

1.1 Botswanan diamonds 

The comprehensive data set of > 370,000 Botswanan diamonds from run-of-mine production 

allows robust conclusions to be drawn on the relative abundance of inclusion-bearing macro (> 

1 mm) diamonds and nature and regional variation in diamond paragenesis (Fig. 1). Inclusion 

abundance varies from ~ 5% at Jwaneng and Orapa to 4.2% at Damtshaa and 3.4% at 

Letlhakane. A possible explanation for the elevated abundances in comparison to the commonly 

reported ~ 1% in literature is seen in context with different sampling criteria e.g., inclusion 

abundance increasing with diamond size. When individual locations are examined, inclusion 

abundances range from 0.6% – 4.4% (Stachel & Harris, 2008) and the data are in good 

agreement with this study.  
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Figure 1. Average inclusion abundance and paragenesis at Jwaneng, Damtshaa, Orapa and Letlhakane 
diamond mines for > 370,000 diamonds (~ 194,000 carats) ranging in size from 0.1 to 0.8 carat.  

In comparison to the worldwide predominance of P-type diamonds (~ 65%; Stachel & 

Harris, 2008), the new inclusion abundance data confirms previous observations for the presence 

of a largely eclogitic diamond paragenesis in Botswanan mines (53% – 90%; Gurney et al., 1984; 

Motsamai et al., 2018). A similar predominance of E-type diamonds is also reflected in the 

paragenesis of the dated inclusions in this study. Based on observations of associated silicate and 

oxide inclusions (~ 75% eclogitic) in the studied locations, the majority of sulphide inclusions at 

Jwaneng, Orapa and Letlhakane are thus thought to be of eclogitic paragenesis. In contrast, 

Damtshaa has a notably lower eclogitic silicate inclusion abundance (~ 20%) and hence 

represents diamonds transported from a distinct mantle source compared to the rest of the 

present sample set. A general prevalence of P-type diamonds was initially reported at Letlhakane 

(Deines & Harris, 2004; Ickert et al., 2013) but is not verified in this systematic study. 



SYNOPSIS | DATING INDIVIDUAL DIAMOND GROWTH ZONES 

 185 

 

Figure 2. Histograms of carbon isotope values for eclogitic diamonds from Letlhakane (top) and Jwaneng 
(bottom) compared to literature data from the same location (Deines et al., 1997; Cartigny et al., 1998; 
Deines & Harris, 2004; Deines et al., 2009; Thomassot et al., 2009; Timmerman et al., 2017). 

 

Carbon isotope data (Fig. 2) of eclogitic diamonds from Jwaneng and Letlhakane (i.e., the 

main study areas in this research) extend the reported literature data towards both lighter and 

heavier δ13C. Carbon isotope ratios of websteritic diamonds from Letlhakane overlap with 
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published data (see Gress et al. (Chapter 5)). In addition, major and trace elements of E- and W-

type inclusions from Jwaneng and the studied mines in the Orapa cluster cover the entire 

compositional range reported in the literature (see Chapter 3 to 6) and hence, are representative 

for the entirety of E- and W-type macro-diamond suites at these locations. Although isotope data 

of the P-type diamonds reveal the first ever reported Sm-Nd ages for harzburgitic diamond 

formation in the Orapa cluster, they are statistically underrepresented in the sample set (n = 2) 

and thus, the results only have an indicative character, especially as no lherzolitic diamonds were 

dated.  

 

2. Genetic origin of inclusions in diamonds 

Evidence from the geochemistry of mineral inclusions (δ18O, Eu anomalies and mass-

independently fractionated sulphur isotope anomalies) and diamond isotopic compositions (light 

organic-rich δ13C down to -38.0‰, heavy crustal δ15N up to +9.0‰) of the studied samples 

confirm the involvement of recycled surficial material in eclogitic and websteritic diamond 

formation, consistent with the literature (see reviews in Cartigny et al. (2014); Shirey et al. (2019)). 

The new data for websteritic diamonds presented in this research provide additional information 

on potential mixing of such distinct recycled and mantle components and highlight the 

metasomatic character of diamonds and their inclusions (e.g., Chapters 4 to 6).  

In order to correctly interpret diamond inclusion ages, the first objective of this research 

was to further establish at what time mineral inclusions formed with respect to the diamond host 

i.e., before (proto-) or during (syn-chronous) diamond crystallisation. Detailed examination of 

Jwaneng diamond and inclusion growth structures (see Chapter 2) reveal that only one of the 24 

studied inclusions (< 5%) records an orientation along the diamond lattice that implies that there 

was crystallographic control by the diamond in influencing the inclusion orientation (i.e., epitaxy). 

Of the remaining inclusions, 19 inclusions (80%) have some well-developed crystal faces, but of 

these only 6 (25%) show (partial) imposed cubo-octahedral morphology (Fig. 3).  

High-resolution CL imaging showed poorly defined growth layers immediately around 

inclusions, some of which seemed to influence surrounding diamond growth layers and vice versa 

(Fig. 6 in Chapter 2) arguing for a syngenetic relationship. The CL-imaging further revealed 

evidence of both syn- and protogenetic relationships between inclusions with a diamond host 

growth zone in individual diamonds. Therefore, a major conclusion from this work is that the 

internal diamond growth structure and relative location of inclusions need to be carefully 

assessed for assignment to the correct host growth zone for geochronology (e.g., Fig. 2 in 

Chapter 6). This is not always straight forward, given the heterogeneous nature of many 

diamonds and their complex growth history. Moreover, unequivocally determining the genetic 

origin of most inclusions prior to extraction will generally be impossible. The majority (80%) of 

the Botswanan diamonds show complex growth histories in their CL images, FTIR data and C-N 

isotopes confirming multi-stage growth, while the remaining diamonds seem to have formed in 
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single events. Chemical diffusive equilibration modelling demonstrated that under diamond-

forming conditions (900°C – 1400°C, 4.5 GPa – 6 GPa), silicate and sulphide inclusions (re-

)equilibrate with the diamond-forming media within geologically insignificant time (≤ 0.5 Myr; 

Brenan et al., 2000; Koornneef et al., 2017; Nestola et al., 2019). These processes occur far above 

closure temperatures for the Sm-Nd system in e.g., garnet (750°C – 900°C; Ganguly & Tirone, 

1999; van Orman et al., 2002) and the Re-Os system in e.g., pyrrhotite (300°C – 400°C; Brenan 

et al., 2000). This conclusion is especially strong when the inclusions have euhedral crystal faces 

and/or octahedral surface growth features imposed by the host diamond (Fig. 3).   

 

 

Figure 3. Secondary electron image of the imposed octahedral morphology of clinopyroxene (top) and 
sulphide (bottom) inclusions. Note the pyramids on the upper crystal face of the clinopyroxene that suggest 
synchronous formation of the inclusion and the encapsulating diamond from a supercritical fluid.  
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When multiple inclusions were present in one zone, it proved possible to validate their co-

genetic relationship based on REE mineral distribution coefficients ()*++,-./012). In contrast, the 

comparison of inclusions of different ages from adjacent growth zones in the studied diamonds 

demonstrated disequilibrium in ()*++,-./012) due to large temporal hiatuses (> 100’s of Myr) and 

established that the zones formed at distinctly different times (see Chapters 4 to 6). Furthermore, 

highly radiogenic 187Os/188Osi ratios in combination with low Re/Os in some sulphides indicate that 

at least the siderophile component of the diamond-forming matrix experienced a multi-stage 

evolution before sulphide entrapment (see Gress et al. (Chapter 6)) and thus establishes that 

these elements have a protogenetic character, in line with inherited Eu anomalies and reported 

S isotope signatures derived from Earth’s surface (Thomassot et al., 2009).  

From these findings it can be concluded that despite the imposition of (cubo-) octahedral 

faces on inclusions, they rarely develop preferential crystallographic orientations. The genetic 

term ‘synchronous growth’ (Nestola et al., 2017) is useful to describe the relationship between a 

diamond host growth zone and incorporated inclusion because both syn- and protogenetic 

relationships between inclusions and diamond have been recognised in a single diamond (Fig. 3d 

in Chapter 2). For example, protogenetic inclusions can have (surface) textures that indicate their 

co-crystallisation with diamond (Fig. 3a) in which case they are per definition also synchronous 

inclusions (see Nestola et al., 2017). Overall, the textural location of the inclusion in relation to 

the diamond growth structure is crucial because any subsequent interpretation (diamond C-N 

isotope/mineral composition or age) is based on this interpretation. Such data are then often 

extrapolated to place constraints on the structure and evolution of the SCLM and the deep carbon 

cycle. 

 

3. The number, timing and spatial scale of diamond-forming events 

Ideally, isochrons should be constructed from multiple inclusions (garnet and cpx or sulphide) 

recovered from the same growth zone of an individual diamond because as discussed above, 

they reached isotopic equilibrium during diamond growth. Such occurrences of multiple 

inclusions in the same growth zone are rare (Smit et al., 2016b; Chapters 4, 6) but general 

evidence for pre-existing eclogitic inclusions being isotopically re-equilibrated has been provided 

for e.g., Klipspringer on the Kaapvaal Craton (Westerlund et al., 2004) or Victor on the Superior 

Craton (Aulbach et al., 2018). Therefore, co-genetic relationships of inclusions from different 

diamonds were established by assessing diamond properties, δ13C or N content and aggregation 

state and inclusion compositions, 87Sr/86Sr and major and trace elements, including inferred 

parental fluid trace element enrichment (La/Gd)N (see Chapters 4 to 6).  

Mineral model ages for Sm-Nd (referenced to Depleted Mantle, TDM, or Chondritic Uniform 

Reservoir, TCHUR) and Re-Os (referenced to Primitive Upper Mantle, TMA) that conventionally record 

a minimum time of extraction from such theoretical reservoir, were found to be yield indicative 

ages in the studied eclogitic and websteritic diamond populations due to the evidence of recycled 
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(crustal) material that disturbed the parent-daughter isotope relationships. In contrast, 

harzburgitic garnets appear to have direct age significance because they carry > 90% of the REE 

and can be used to constrain the minimum time of LREE enrichment (see Chapter 5). Insight from 

nitrogen aggregation mantle residence temperatures from diamond formed/stored at variable 

depths is limited in this dataset because 80% of the diamonds record complex growth in which 

subsequent growth events potentially disturbed the N aggregation of previously formed inner 

zones (see Kohn et al. (2016)). 

Overall, twenty diamonds carried multiple inclusions in the same growth zone that allowed 

definition of isochron arrays. Notably, inclusions from several other diamonds confirmed these 

ages and refined the uncertainty without changing the age. In total, this research established 

seven discrete diamond-forming events (Fig. 4), one in harzburgitic diamonds at ≥ 2.9 Ga, two 

in eclogitic diamonds at ≥ 2.7 Ga and at 0.89 – 0.74 Ga, and four contemporaneous events 

recorded in eclogitic and websteritic diamonds beneath Botswana at 2.34 – 2.20 Ga, at 1.98 – 

1.69 Ga, at 1.28 – 1.11 Ga, and since the mid-Phanerozoic < 0.34 Ga (Table 1). 

One of the most significant outcomes of this thesis is establishing, for the first time, 

indistinguishable ages (e.g., in JW336) for co-genetic silicate (853 ± 55 Ma) and sulphide (786 ± 

250 Ma) inclusions from the same diamond growth zone using two isotopic systems with 

markedly different geochemical behaviour, Sm-Nd and Re-Os. These data demonstrate that at 

the time of encapsulation, inclusions reached a state of full isotopic equilibrium with the 

diamond-forming fluid from which the corresponding growth zone precipitated.  

The ages determined in this work and in the literature are consistent with ages determined 

from diamond mines across 100’s of km of the Kalahari Craton. The textural constraints obtained 

from diamonds with zoned growth indicates that the isochron ages have geological significance 

because core growth zones are always older than the rim growth zones. The ages determined in 

this study cover episodic periods during the evolution of the Kalahari Craton and importantly, 

they can be directly related to major tectono-magmatic events suggesting that large-scale 

geological processes ultimately produce diamonds: 

1) in the Archaean, during initial craton assembly and stabilisation of the SCLM. Two sub-

calcic harzburgitic diamonds provide the first ever reported Sm-Nd ages (≥ 2.9 Ga) for 

Letlhakane and supply evidence that the SCLM was already very thick (~ 220 km) at the 

time of their formation. Preliminary Sm-Nd data (henceforth denoted with an *asterisk) 

on the first ever dated harzburgitic inclusions from Jwaneng were conducted by a VU 

MSc student, A.S.M. Pals, under my supervision. The preliminary data yield Nd model 

ages (≥ 2.9 Ga) and support these findings. A less well-constrained, eclogitic diamond-

forming event (≥ 2.7 Ga) is tentatively interpreted to be related to the subsequent 

amalgamation of the Kaapvaal with the Zimbabwe Craton that is also recorded in 

eclogitic sulphide inclusions (Richardson et al., 2004; Shirey et al., 2008). 
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2) in the Proterozoic, E-/W-type diamonds formed (at 2.34 – 2.20 Ga, at 1.98 – 1.69 Ga,

at 1.28 – 1.11 Ga, at 0.89 – 0.74 Ga) during apparent major modifications in the SCLM

associated with continental growth initiated by magmatic and accretionary processes.

Recent preliminary* findings from lherzolitic inclusions (~ 1.75 ± 0.16 Ga; n = 6) at

Jwaneng appear in line with the ‘old’ (1791 ± 100 Ma) Jwaneng E-type suite diamonds

dated in this research (see Gress et al. (Chapter 4)) and provide further evidence for

contemporaneous formation of diamonds of different paragenesis.

3) since the mid-Phanerozoic (< 0.34 Ga), diamond formation appears to be more

significant than previously recognised, consistent with relatively abundant fluid-rich,

cuboid diamonds at Jwaneng and Orapa with low N aggregation. The increasingly

robust evidence for young diamond forming events in southern Africa and elsewhere

(Pearson et al., 1998; Griffin et al., 2000; Aulbach et al., 2009a) seem closely linked

with the effects of the widespread kimberlite-/lamproite related magmatism that

affected these regions (Honda et al., 2004; Jablon & Navon, 2016;  Krebs et al., 2019;

Timmerman et al., 2019) and transported the diamonds to the surface. In the case of

the younger Orapa cluster, diamond formation can also be linked to the Karoo Large

Igneous Province (LIP).

In addition, several E- and W-type diamonds carried inclusions in at least two discrete zones 

allowing measurement of the time between distinct diamond growth events yielding age 

differences of ~ 0.5 Ga (LK170), ~ 1 Ga (DM012, LK113, LK362, OR086, JW147), ~ 1.5 Ga 

(LK040, OR080) and ~ 2.1 Ga (LK338). Thus, the new data are rare examples that quantify the 

episodic character of diamond growth and confirm the extended timescales of diamond growth 

that have been indicated previously (Pearson et al., 1999; Richardson et al., 2004; Wiggers 

deVries et al., 2013; Timmerman et al., 2017).  

Moreover, these inclusions reveal that E- and W-type diamond formation occurred 

simultaneously beneath the entire Orapa cluster on an area of ~ 200 km2 over the course of > 

2.1 Ga. Websterites are commonly considered to be transitional between peridotites and 

eclogites, representing the result of fluid-rock interactions (e.g., Aulbach et al., 2002). In line with 

previous observations from the Orapa cluster (Deines et al., 2009; Timmerman et al., 2017), the 

geochemical systems involved in diamond petrogenesis can therefore be considered to involve a 

minimum of three components (see Chapter 5) that, are mixed in different proportions:  

Component A) Peridotitic mantle 

Component B) Eclogites dominated by mafic material  

Component C) Eclogites that include recycled sedimentary material. 
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3.1 Mechanisms of diamond formation beneath Botswana 

The new data also constrain the nature of diamond-forming processes and how they vary. The 

significant outcome of this research suggests metasomatic diamond growth occurs in different 

styles (see Chapter 4) varying from:  

1) Small-scale dispersed diamond formation where the system is locally buffered by the 

protolith. Simultaneous formation of E- and W-type diamonds (beneath the same and 

different mines) with markedly different and heterogeneous characteristics suggests 

that low-volume fluids were (re-)mobilised locally (on a scale of meters to kilometres) 

but this process occurred contemporaneously on a regional scale (10’s to 100’s of km) 

in different parts of the SCLM. Under such a scenario, regional tectonics appears to 

have caused (re-)mobilisation of small amounts of fluid/melt due to, for example, small 

thermal anomalies or local decompression melting. Migration of small volumes of fluid 

through a protolith would be subsequently modified by local fluid-rock interaction. 

Based on e.g., carbon isotope heterogeneity, the E-/W- type diamond assemblages with 

Paleo- (2.34 – 2.20 Ga)/Neo- (1.28 – 1.11 Ga; 0.89 – 0.74 Ga) Proterozoic and mid-

Phanerozoic (< 0.34 Ga) ages provide evidence for such a model. Depending on the 

prevailing buffering capacity (e.g., ƒO2) of the protoliths (eclogite >> websterite >> 

peridotite) at specific times and depth, the diamond and inclusions record compositional 

modification of metasomatic fluid(s) by the heterogeneous protoliths. 

2) Large-scale metasomatism with a high effective fluid/rock ratio to form diamonds. 

Coeval suites with homogeneous diamond and inclusion characteristics (e.g., the mid-

Proterozoic 2.0 – 1.7 Ga) beneath the Orapa cluster and Jwaneng (but also at 

Jagersfontein and Cullinan, formerly known as Premier), suggest formation on a large-

scale (100’s of km), in a fluid-dominated, more pervasive system. Under such a scenario, 

large amounts of asthenosphere-derived fluids infiltrated the SLCM and diluted existing 

geochemical signals (preferentially incompatible elements) from the protolith. 

Further support for different styles of diamond formation has also been reported for P-type 

inclusions from Venetia namely localised, relatively cool fluid-dominated metasomatism during 

rifting of the southern shelf of the Zimbabwe Craton at 2.95 Ga and fluid-dominated pervasive 

metasomatism related to plume magmatism at 1.15 Ga (Koornneef et al., 2017 in Appendix A.3). 

Related concepts of different styles of mantle metasomatism were previously suggested for 

diamond inclusions (and mantle xenoliths) of harzburgitic (fluid metasomatism, characterised by 

highly fractionated trace elements) and lherzolitic paragenesis (melt metasomatism, characterised 

by less fractionated major and trace element compositions) from worldwide deposits (Griffin et 

al., 1999; Stachel et al., 2004b).  

With these insights on different styles of diamond formation, it becomes apparent that the 

nature and scale of specific diamond-forming events must be known before attempts can be 

made to constrain the nature of the carbon exchange between the deep and surficial reservoirs. 
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Table 1. Compilation of Sm-Nd and Re-Os ages from Letlhakane (LK), Orapa (OR), Damtshaa (DM) and 
Jwaneng (JW) with their paragenesis (E – eclogitic; W – websteritic; P – peridotitic) and number (n) of dated 
inclusions. Note: age in ( ) is due to different combination of inclusions; * denotes preliminary data. 

 

 

Figure 4. (right) Synthesis of the PhD research. The evolution of eclogitic (E-type), websteritic (W-type) and 
peridotitic (P-type) diamonds from Letlhakane, Orapa, Damtshaa and Jwaneng, in relation to the carbon 
isotope composition of the corresponding diamond growth zones; the general geodynamic setting in 
southern Africa and diamond inclusion ages from other African mines e.g., Zimmi, West African Craton. 
Note: the figure is not to scale; individual colours (introduced throughout Chapters 4 to 6) represent the 
seven established age arrays in harzburgitic diamonds at ≥ 2.9 Ga (purple), in eclogitic diamonds at ≥ 2.7 
Ga (grey) and at 0.89 – 0.74 Ga (green), and in four contemporaneous E-/W-type events at 2.34 – 2.20 Ga 
(orange), at 1.98 – 1.69 Ga (red), at 1.28 – 1.11 Ga (blue), and since the mid-Phanerozoic < 0.34 Ga (yellow). 
Age uncertainty (see Table 1) is only shown when it exceeds the symbol size (i.e., > 100 Ma). Literature data: 
see compilation in Appendix F.1. Symbols explained in the figure legend along with the names of the diamond 
mines; * denotes preliminary data. 

Age [Ma] System Type Location n

≤ 140 Sm-Nd E+W LK, OR, DM 8

≤ 190 Re-Os E DM, OR 2

212 ± 19 Re-Os E DM 2

220 ± 80 Sm-Nd E+W LK, OR 10

345 ± 100 Re-Os E+W JW 3

746 ± 100 Sm-Nd E LK, OR 4

786 ± 250 Re-Os E JW 3

853 ± 55 Sm-Nd E JW 11

(896 ± 250) Re-Os E OR 2

1110 ± 64 Sm-Nd E+W LK, OR, DM 11

1285 ± 170 Re-Os E LK 2

1698 ± 280 Sm-Nd E OR 4

1700 ± 430 Re-Os W LK 2

1751 ± 160 Sm-Nd P JW* 6

1791 ± 89 Sm-Nd E JW 16

1887 ± 210 Re-Os E JW 2

1982 ± 310 Re-Os E OR 5

2208 ± 770 Re-Os W LK 3

2341 ± 21 Sm-Nd E+W LK 6

≥ 2700 Sm-Nd E LK 1

≥ 2900 Sm-Nd P LK, JW* 4
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4. Implications for the temporal evolution of the deep carbon cycle 

The present dataset provides no evidence for primordial carbon heterogeneity in the mantle as 

suggested by Deines (1980; 2002) because corresponding diamonds with light carbon (δ13C 

< -24‰) also record heavy nitrogen signatures (δ15N  > +5) typical for subducted sedimentary 

sources. The inclusion dating revealed that a subducted sedimentary component with light 

carbon was transferred into the SCLM before 2.34 Ga (i.e., the age of corresponding diamond 

suite). Few older eclogitic diamonds have been dated (e.g., Klipspringer, De Beers Pool, Orapa, 

Jwaneng, Koffiefontein) but at present, no older diamonds have such a signature in their cores.  

Although a large amount of C isotope data (> 500 analyses) are presented, few diamonds 

in this study were systematically analysed with high-resolution SIMS traverses, hampering 

thorough assessment of the role of high-temperature volatile fractionation in diamond formation 

as suggested by Deines (1980), Cartigny et al. (1998) and others. Thus, the observations on 

potentially different styles of diamond formation provide only a first step towards quantifying the 

temporal evolution of the mantle carbon cycle.  

It is apparent that diamond-formation dominated by local buffering by the protolith will 

not provide quantitative insight into the temporal evolution of the deep carbon cycle because 

such diamonds and inclusions provide only snapshots of the heterogeneous nature of a small 

part of the mantle at a specific time. It appears that the observed variability in δ13C and inclusion 

composition in these diamonds has no systematic control and is controlled by a combination of 

time and protolith variability. 

In contrast, the homogeneous compositions of diamond/inclusion suites formed by 

pervasive processes in a fluid-dominated environment imply major addition of carbon from the 

asthenospheric mantle and allow constraints to be placed on more widespread processes involved 

in the deep cycling of volatiles. A total of 35 inclusions (nearly 40% of the entire dated collection 

in this study, including the 6 unpublished P-type inclusions from Jwaneng*) record the mid-

Proterozoic (2.0 – 1.7 Ga) diamond-forming event. Notably, these diamonds record the least 

variation in δ13C (-7.8 ± 2.5‰) and show little evidence for recycled sedimentary material (δ13C < 

-24‰; δ15N  > +5‰). This is in marked contrast to the preceding 2.3 Ga Paleoproterozoic or 

succeeding diamond suites (Fig. 4). The overlap with the canonical mantle δ13C composition (-5.0 

± 1.0‰; Cartigny et al., 2014) in the mid-Proterozoic diamonds supports the involvement of a 

large-scale event such as the Bushveld Large Igneous Province (Richardson & Shirey, 2008), the 

basement formation and subsequent rifting in the Kheis-Okwa-Magondi Mobile Belts (McCourt 

et al., 2001), the Waterburg Lavas (Hanson, 2004b) or influence from crustal accretionary 

processes associated with the attachment of the Rehoboth Subprovince (Aulbach et al., 2009a) 

along the western margin of the Kaapvaal Craton. The event must have been capable of 

modifying major parts of the SCLM leading to addition of fluid and volatile elements (from the 

asthenosphere). This regional event overprinted/diluted (preferentially incompatible elements) 
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and likely redistributed any existing signal previously inherited from the surface e.g., the recycled 

sedimentary material with MIF sulphur or Eu anomalies.   

On a global scale, however, significant changes in δ13C values within individual diamonds 

(4% has > 3‰) are rare and δ13C values of diamond hosts show no systematic variation with 

absolute inclusion age (Howell et al., 2020), consistent with observations from the diamond 

populations in this research. A question for future research will be identifying which diamond-

forming events can be extrapolated to study the volatile evolution of regional mantle domains. 

 

5. Summary of main conclusions 

Study of a large suite of representative Botswanan diamonds has provided new insights into the 

formation of diamonds: 

• Diamond inclusions record time of metasomatic diamond growth because they are in 

equilibrium with the diamond-forming medium at the time of entrapment.  

• Diamond growth occurs simultaneously in different parageneses beneath a mine and 

contemporaneously in several locations across the Kalahari Craton on a scale of 100’s 

of km illustrating the significance of diamond inclusions as tracers of continental 

tectono-magmatic processes. 

• Individual growth zones within a diamond can form hundreds to millions of years apart 

illustrating the importance for detailed characterisation of growth relationships before 

assessing diamond inclusion ages to avoid geologically meaningless (mixing) ages. 

• Diamond formation occurs in different styles i.e., protolith-dominated where local 

buffering of (re-)mobilised low-volume fluids provides no information on the workings 

of the deep mantle carbon cycle or fluid-dominated more pervasive metasomatism that 

overprints parts of the SCLM on a large-scale allowing study of deep cycling of volatiles. 

• Young diamond formation (< 0.34 Ga) seems closely linked with the effects of the 

widespread kimberlite-related magmatism that also produced a relatively abundant 

suite of fluid-rich diamonds in these locations. 
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6. Recommendations for future research

This study successfully established episodic diamond growth events beneath the Kalahari Craton 

over the past > 3 Ga. Several questions remain, however, and research in several topics should 

be extended:  

Diamond ages: 

• Future research objectives need to verify and refine the established ages that in parts

are currently represented by a limited number of inclusions (e.g., also at Damtshaa or

Karowe).

• To address the difficulties in Re-Os dating, corresponding inclusions could be

homogenised (McDonald et al., 2017) prior to extraction to avoid potential loss of any

high-Re phase and thus potentially reduce scatter in the Re-Os data due to incomplete

sampling.

• Future assessment of the Jwaneng P-type samples might better resolve the exact origin

of the websteritic diamond suite documented at Jwaneng and establish if they are

related to the 1.75 Ga isochron, which would indicate extensive metasomatic

overprinting in line with the strong LREE enrichment of the eclogitic diamonds (see

Chapter 4). If true, such contemporaneous diamond formation in different paragenesis

would reinforce the concept of websterites/W-type diamond formation as a result of

mixing P- and E-type components.

• With respect to pioneering work that obtained Sm-Nd ages on pooled diamond

inclusion, new dating studies using an integrated approach as presented here should

be used to re-assess diamond formation ages e.g., Finsch. Richardson et al. (1999)

already recognised potential problems in their pooled dating studies. In this context,

studies from Jwaneng (see Chapter 4) and Venetia (see Appendix A.3) have confirmed

that pooled ages can now be further refined given the improvements in analytical

sensitivity over the last three decades since the first pooled ages were determined.

Mechanisms of diamond formation: 

• Although it seems that diamond formation occurs in different styles, clear distinction

between locally buffered and large-scale more pervasive processes is difficult to fully

constrain for the established age arrays, especially with limited information on

formation depth of the dated diamond inclusions in this study. Therefore, dating of

additional inclusion-bearing diamonds with co-genetic garnet and cpx in the same

growth zone is required to provide thermobarometric constraints. Findings will also

allow investigation of any depth relation with respect to δ13C from corresponding

growth zones.
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• Due to technical improvement and the deployment of latest generation highly sensitive 

detectors (FCs attached to amplifiers with 1013 Ohm resistors; Koornneef et al. (2013); 

(2014)) Pb isotope measurements of single sulphide inclusions are now possible in order 

to provide further information about the subduction environment in which E-type 

diamonds crystallise (Welke et al., 1974; Kramers, 1979).  

• In addition, extended study of sulphur and oxygen isotopes of inclusions in combination 

with their age will allow a more quantitative assessment of the contribution from 

subducted material at the studied locations through time. More detailed C-N isotope 

traverses will place further constraints on diamond-forming processes in light of high 

temperature fractionation of volatiles and also establish the redox state of involved 

fluids (Stachel et al., 2017). 
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