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Abstract 

Diamond inclusions and their ages provide an opportunity to unravel the structure and evolution 

of the sub-continental lithospheric mantle (SCLM). Re-Os isotope systematics are reported from 

a suite of eclogitic and websteritic sulphide inclusions extracted from well-characterised diamond 

growth zones from the Orapa and Jwaneng kimberlite clusters. For the first time, Re-Os and Sm-

Nd isotope ages of cogenetic sulphide (786 ± 250 Ma) and silicate (853 ± 55 Ma) inclusions, 

recovered from the same growth zone of a single diamond, verify isotopic equilibrium conditions 

between minerals and the diamond-forming fluid at the time of encapsulation. These data 

confirm the concept that inclusions ages, when used with detailed textural/growth zone control, 

reflect the timing of diamond crystallisation. New ages substantiate previous Re-Os and Sm-Nd 

inclusion ages of diamonds from Orapa and Jwaneng, indicating that major tectono-magmatic 

events formed discrete diamond populations of Paleo- (~ 2.0 to 1.7 Ga), Meso- (~ 1.2 to 1.1 Ga) 

and Neoproterozoic (~ 0.9 to 0.75 Ga) age. Some of these processes occurred simultaneously in 

several locations across the Kalahari Craton and can be traced over 100’s of km illustrating the 

significance of diamond inclusions for monitoring continental tectonics.  

Young inclusion ages (< 300 Ma) appear to be more common than previously recognised, 

consistent with evidence of relatively abundant, young, fluid-rich “fibrous” and polycrystalline 

diamonds at Jwaneng and Orapa. The increasingly widespread evidence for Mesozoic diamond-

forming events in southern Africa and elsewhere appears closely linked with the kimberlite-

related magmatism that affected these regions and subsequently transported diamonds to the 

surface. The reported inclusion ages highlight that diamond formation is a multi-stage, episodic 

and contemporaneous process in disparate substrates that produces multiple diamond 

populations in the SCLM from the Archaean to the Phanerozoic Era.    
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1. Introduction

Mineral inclusions within diamonds provide powerful insights into the physical and compositional 

conditions of the sub-continental lithospheric mantle (SCLM; see Stachel & Harris (2008); Shirey 

et al. (2013) and references therein). There has, however, been significant recent debate as to 

whether mineral inclusions are formed simultaneously with diamond (syn-genesis), or are pre-

existing minerals (proto-genesis) incorporated during diamond growth (Bulanova, 1995; Spetsius 

et al., 2002; Nestola et al., 2014; Agrosì et al., 2016; Bruno et al., 2016; Davies et al., 2018). In 

addition, the term ‘synchronous’ has been proposed, describing proto-genetic inclusions that, 

owing to chemical equilibrium with the diamond-forming medium, record the time of diamond 

growth (Nestola et al., 2017). Experimental and theoretical data suggest that at mantle 

temperatures > 1000°C, elemental diffusion is sufficiently fast (≤ 0.5 Ma) that any proto-genetic 

minerals trapped during diamond growth will have equilibrated with the diamond-forming fluid 

such that some state of isotopic equilibrium is reached (Brenan et al., 2000; Koornneef et al., 

2017; Nestola et al., 2019) and consequently isotopic ratios of mineral inclusions have direct age 

significance(Westerlund et al., 2004; Smit et al., 2016; Timmerman et al., 2017; Aulbach et al., 

2018).  

Concerns have been raised about assumed common inclusion parentage and the validity of 

Sm-Nd isochron and model ages obtained from composites (a pool of 10’s to 100’s of inclusions 

for a single measurement e.g., Richardson et al. (1984); Richardson (1986); (1990)) as the correct 

records of diamond growth events (Navon, 1999; Pearson & Shirey, 1999). Due to technical 

improvements and sample availability, recent diamond dating has involved the use of individual 

inclusions (Pearson et al., 1998; Richardson et al., 2001; Aulbach et al., 2009a; Smit et al., 2016; 

Koornneef et al., 2017; Timmerman et al., 2017). Knowledge of the timing of diamond growth 

is important to constrain the unique information on mantle outgassing and recycling of surface 

volatiles (e.g., carbon or nitrogen) into the SCLM and beyond (Chaussidon et al., 1987; Sobolev 

et al., 1998; Farquhar et al., 2002; Jacob, 2004; Sobolev et al., 2009; Howell et al., 2020). In this 

context, sulphur isotopes of sulphide inclusions provide a good tracer for the presence of 

Archaean surficial components with characteristic mass-independently fractionated (MIF) sulphur 

isotope ratios that were transferred into the SCLM via subduction (Thomassot et al., 2009; Smit 

et al., 2019). 

In order to further evaluate the significance of radiometric diamond (inclusion) ages, we 

report a study of eclogitic (E-type) and websteritic (W-type) inclusions extracted from clearly 

distinguishable growth zones in diamonds from Botswana. Obtaining geochronological 

information from sulphide and silicate inclusions from the same and different growth zones 

within a diamond provides further constraints on the time between individual diamond growth 

events.  
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2. Geological background and samples 

Inclusion-bearing diamonds were selected from the 93.1 Ma Cretaceous Orapa kimberlite cluster 

in NE Botswana (Davis, 1977; Allsopp et al., 1989), including the Orapa (OR), Letlhakane (LK) and 

Damtshaa (DM) mines, located on the boundary between the Magondi Fold Belt and the 

Archaean Zimbabwe Craton, and from the 235 ± 4 Ma Jwaneng (JW) kimberlites (Kinny et al., 

1989), 360 km to the southwest, at the NW margin of the Archaean Kaapvaal Craton (Fig. 1). 

Together, these locations cover the major geological units of the Kalahari Craton (Jacobs et al., 

2008).  

 

Figure 1. Simplified map (after Pearson et al. (1998); Aulbach et al. (2009a)) with major structural units of 
the Kalahari Craton in Southern Africa and localities of the studied mines: Jwaneng (JW), Orapa (OR), 
Letlhakane (LK) and Damtshaa (DM) and other diamond mines mentioned in the text.   

 

Run of mine diamond production was examined from Damtshaa and Orapa Mines with 

diamonds ranging in size from 0.1 to 1.2 carat (sieve classes +07, +09, +11; 3 grainers) at the 

Diamond Trading Company in Gaborone, Botswana. In total, over 162,100 diamonds (~76,200 

carat) were characterised visually for their inclusion (> 10 µm in size) content. Details of the 

sampling from the ~ 207,900 diamonds at Letlhakane and Jwaneng can be found in Gress et al. 

(2018); (Chapter 5). Sample selection concentrated on diamonds containing multiple large (>50 

μm) garnet, clinopyroxene (cpx) and sulphide inclusions, in which there were no visible cracks 

leading from the diamond surface to the inclusions.  
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In total, 36 sulphide inclusions from 20 diamonds were analysed. Several of these sulphides 

were recovered together with previously dated silicate inclusions from the same or adjacent 

diamond growth zones. The compositions of the silicate inclusions were also used to determine 

the diamond paragenesis. The silicate Sm-Nd isochron data define diamond formation in the 

Orapa kimberlite cluster at 746 ± 100 Ma, 1100 ± 64 Ma, 1698 ± 280 Ma, 2341 ± 21 Ma and 

potentially > 2700 Ma (Timmerman et al., 2017; Gress et al., Chapter 5) and in Jwaneng at 1791 

± 100 Ma and 853 ± 55 Ma  (Gress et al., Chapter 4). In addition, these authors propose diamond 

formation within the uncertainty of kimberlite eruption ages at both Orapa and Jwaneng. Reports 

of such young, close-to-kimberlite eruption diamond formation ages are rare, but have been 

proposed based on sulphide inclusions at Koffiefontein (68 ± 30 Ma) by Pearson et al. (1998) and 

are in line with the young ages of fibrous diamonds recently determined by Timmerman et al. 

(2019). Notably, some of the events recorded in the silicate-bearing diamonds from the Orapa 

cluster occurred contemporaneously in E- and W-type parageneses (Gress et al., Chapter 5).  

 

3. Analytical methods 

Sulphide inclusions were liberated from diamonds using a steel crusher. When multiple inclusions 

were present, extraction occurred in an iterative manner, in order to relate the individual 

sulphides to their original position inside the diamond and to re-combine any fragments of a 

sulphide inclusion that broke during liberation. Selected sulphide inclusions were analysed 

uncoated by electron microprobe in EDS-mode in order to determine their paragenesis (relevant 

for spiking, when no diagnostic silicate inclusions were present). In total, 36 individual inclusions 

(1.2 to 65.4 µg) recovered from 20 diamonds were weighed on a Mettler UMT-7 micro-balance 

with a sensitivity and repeatability of 0.1 µg. The sulphides were spiked with a mixed 190Os – 185Re 

spike and subsequently dissolved by a direct micro-distillation technique following Pearson et al. 

(1998). No solid residues were observed in the dissolution residues. Savillex PFA vials were solely 

dedicated to diamond inclusion work and were either new or re-used from previous low 

abundance work. Vials were pre-cleaned at 90°C with 6N HCl, 4N HNO3, Milli-Q water and 

leached inside sequentially with 7N HNO3, 3N HCl and HBrconc. and rinsed with Milli-Q water 

between cleaning steps. Osmium was analysed on a ThermoFisher Triton Plus in negative ion-

mode exclusively dedicated to Os isotope analyses using an electron multiplier in peak jumping 

mode. Samples, total procedural blanks (TPB) and standards were evaporated on Pt wire filaments 

(Cross Platinum Lots #240513 and #240217), pre-cleaned at 80°C in concentrated HNO3 and 

5% – 10% H2O2, rinsed with Milli-Q water and glowed (dull red colour) at 2.2 A for 10 minutes 

in a purified air atmosphere. After drying, Ba(OH)2 was added as an activator and the filaments 

were loaded on a clean sample magazine dedicated to < 10 pg Os loads. Samples and standards 

were ionised through a clean lens-stack strictly dedicated to low-blank Os work in order to 

minimise potential contamination.  
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Analyses were corrected for a total procedural blank for Os of 1.61 ± 0.39 fg (n = 4) which 

is dominated by an Os filament blank contribution of 1.23 ± 0.48 fg (n = 4) having a 187Os/188Os 

= 0.6693 ± 0.1217 (n = 8). Total Re blanks were 175 ± 32 fg (n = 7). Reported uncertainties are 

fully propagated including the contributions from spike and blank that generally contributed ≤ 

3%, except for three outliers with 4 – 5% and 8.7%. The Durham Romil Osmium Standard 

(DrOsS) reference material was analysed during the course of the study using loads that varied 

from similar to those of the sample sizes to considerably larger, an approach designed to 

adequately test instrument performance. Average 187Os/188Os of DrOsS corrected for oxide and Re 

interference of 0.25 – 1.25 pg loads were 0.16375 ± 0.00246 (n = 14), for 2.5 – 5.0 pg loads 

0.16121 ± 0.00058 (n = 15) and for 400 pg loads 0.160815 ± 0.000383 (n = 23) confirming a 

linear relationship for ion counting of very small Os samples. 

Re, Ir and Pt were separated from the post-distillation dissolved sulphide matrix by anion-

exchange chromatography (AG1-8X 100-200 mesh resin) and measured in 0.5 mL 3% HNO3 by 

inductively coupled plasma mass spectrometry (Nu instruments Attom; ICPMS) using an 

introduction system reserved for low abundance platinum-group element (PGE) analysis. 

Instrumental mass fractionation was corrected based on analysis of a 100 ppt PGE standard 

calibration solution. Background interferences were also quantified and corrected with 

measurements after every 5 samples. Potential oxide interferences were quantified using a 1 ppb 

element standard of the relevant oxide-generating species at the beginning and end of a 

measuring routine. Washout times for samples, standards, backgrounds and TPBs were set to 

300 s and 420 s for oxide standards. Dwell times per peak were set to 5 ms with 20 sweeps and 

100 cycles.  

The sulphide matrix was analysed for its major (Fe, Ni, Cu) and trace element (Zn, Co, Mo 

and Pb) compositions by ICPMS (Thermo X-Series II) following the method described by Wiggers 

de Vries et al. (2013b). A collision cell was used to reduce Ar-based interferences, sulphur was 

not analysed. A five-point calibration of a mixed standard solution (0 – 5 ppm for Fe, 0 – 0.5 ppm 

M10) was analysed after every ten analyses during an analytical session to monitor the drift. 

Sulphur isotopes were determined by secondary-ion mass spectrometry (SIMS) following 

the analytical procedure described by Thomassot et al. (2009). Five undated, small (< 3 µg) 

pyrrhotite inclusions from Letlhakane and one from Orapa were recovered in proximity to dated 

inclusions from the same growth zones (e.g., LK113, LK362) and analysed because the two 

measurement protocols (S-isotopes and Re-Os dating) are incompatible on the same inclusion 

without compromising the results. Carbon and nitrogen isotopes acquired by SIMS and carbon 

isotopes acquired by combustion via gas source mass spectrometry follow the procedure in Gress 

et al. (Chapter 4). 
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Table 1. Inclusion abundance at Damtshaa and Orapa. 

 

Inclusions were defined as recognisable minerals > 10 µm in size.  
Note: E, eclogitic inclusions; P, peridotitic inclusions; UN unidentified silicate; sg., single; mult., multiple 
*including boart; if not otherwise reported all diamonds are of gem and near-gem quality. 
**Percentage of total amount of inclusions calculated by total number of inclusions over number of 
diamonds. 

 

4. Results 

The properties of the studied diamonds, inclusion abundance and incorporated silicates from 

Jwaneng and Letlhakane were described previously (Gress et al., 2018; Chapter 4; Chapter 5) 

and are briefly summarised. On average, 4.2% of the diamonds at Damtshaa and 5.0% at Orapa 

are inclusion-bearing (Table 1). Sulphide inclusions are the most abundant (58% to 75%). At 

Orapa, eclogitic inclusions dominate the silicate population (73%), similar to observations from 

Letlhakane (Gress et al., Chapter 5), suggesting that the majority of sulphide inclusions are of 

eclogitic paragenesis, whereas at Damtshaa only 16% of the silicates are of eclogitic paragenesis.  

 

4.1 Diamond host characteristics 

The textural and spectroscopic characteristics of the studied inclusion-bearing diamond growth 

zones are summarised in Table 2. Cathodoluminescence (CL) images of central plates (Fig. 2) cut 

perpendicular to diamond growth direction {110} show a variety of patterns ranging from 

successive fine-scale concentric zones (e.g., JW455) to distinct larger-scale zonation (core – rim) 

separated by a resorption horizon (JW336, LK362, OR080) that in combination with FTIR data 

suggest discontinuous, episodic diamond growth and resorption, as documented at many other 

locations (Taylor et al., 1990; Palot et al., 2013; Wiggers de Vries et al., 2013a).  

 

E P UN sg. mult.

+07* 2,100      7.6 12.9 18.7 43.9 17.0 15.6 8.1

+09 4,000      6.7 36.1 12.5 14.4 30.3 12.1 5.2

+11* 14,400    3.9 28.2 7.1 25.7 35.1 15.7 3.4

3Gr 9,200      5.5 29.6 3.4 21.6 40.0 37.1 4.2

Total Damtshaa 29,700    5.3 27.8 8.5 25.0 33.3 16.1 4.2

+07 37,400    11.8 1.9 2.2 23.2 56.8 79.4 2.9

+09 52,200    13.3 1.0 3.1 23.2 54.5 81.4 5.3

+11 30,900    11.4 2.5 5.0 22.3 52.6 70.2 6.4

3Gr* 11,900    18.4 7.2 10.6 17.9 42.2 55.6 6.4

Total Orapa 132,400  13.1 2.3 4.4 22.3 52.8 72.9 5.0

Total 
inclusions** 

[%]

DTC 
sieve 
class

Diamonds
Eclogitic 
inclusions 

[%]
Mine

Silicates [%] Sulphides [%]
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Table 2. Characteristics of sulphide-bearing diamond growth zones. 

 

Note: Standard deviation (σ) is 1sigma; Nitrogen aggregation is expressed as %B (B-centres). Jwaneng (JW), 
Damtshaa (DM), Letlhakane (LK), Orapa (OR). 

 

 

 

Inclusion

δ13C [‰] ± 1σ δ13C [‰] ± 1σ δ15N [‰] ± 1σ N [at.ppm] ± 1σ N [at.ppm] %B

JW210 A -5.38 0.16 417 58

JW336 A -18.30 0.16 26 68

JW336 B -19.31 0.16 90 79

JW336 C -18.30 0.16 26 68

JW346 A -4.42 0.15 -5.44 0.81 737 26 600 14

JW407 A -5.05 0.12 -4.48 0.15 -3.57 0.51 822 27 772 0

JW445 A -6.47 0.16 17 59

JW445 B -6.47 0.16 17 59

JW455 A -5.03 0.16 598 87

JW455 B -5.03 0.16 598 87

DM004 A -4.20 0.18 66 21

DM005 C -4.28 0.15 -4.15 0.75 341 24 341

DM005 A -4.03 0.15 -5.46 0.85 457 25 424 30

DM005 B -4.28 0.15 -4.15 0.75 341 24 341

DM006 C -6.08 0.18 -5.32 0.15 -0.92 0.68 510 25 480 30

LK40 A - - 7

LK40 B -20.54 0.12 9

LK48 A -22.44 0.12 < 20

LK60 A -6.63 0.12 812 0

LK113 A -18.60 0.12 -18.46 0.15 < 20

LK113 B -18.60 0.12 -18.45 0.15 < 20

LK113 C -18.60 0.12 -18.40 0.15 b.d.l < 20

LK113 D -19.32 0.12 -18.70 0.15 b.d.l < 20

LK281 A -17.90 0.12 333 63

LK362 A -18.49 0.15 -18.49 0.15 b.d.l < 20

LK362 B -17.95 0.15 -17.95 0.15 b.d.l < 20

OR062 A -7.01 0.18 565 55

OR080 A -8.35 0.18 75 15

OR080 B -8.35 0.18 75 15

OR080 C -8.35 0.18 75 15

OR080 D -8.64 0.18 205 25

OR081 A -5.21 0.18 285 23

OR086 A -6.51 0.18 171 37

OR086 B -6.51 0.18 171 37

OR086 C -6.81 0.18 301 43
OR101 A -15.87 0.18 512 36

FTIRSIMSCombustion
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Figure 2. Light microscopy and CL images of central plates from studied diamonds with location of 
corresponding sulphide and silicate inclusions that have been dated.  

JW445 DM005 JW336

LK362 JW455 LK040

LK113 OR080 OR086

JWanengORapa, LetlhaKane, DaMtshaaSulphide garnet clinopyroxene

~ 1.7 - 2.0 Ga< 0.35 Ga ~ 0.75 - 0.9 Ga ~ 1.1 - 1.2 Ga

plate

No age

Inclusion location offcut for S-isotopes
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Table 3. Major and trace element contents of sulphides with * metals: Fe, Ni, Cu, Co. 

 

Note: Empty fields are below limit of detection; Fe, Ni, Cu, Co in at.%, Ir, Pt, Zn, Mo, Pb in ppm.  

 

The terminology used to describe diamond growth structures distinguishes major growth 

zones where the N abundance showed a variation > 100 at.ppm (i.e., core, intermediate, rim). 

Integrated mantle residence temperatures (TMR), calculated according to Leahy & Taylor (1997), 

are only considered quantitatively when N abundances > 200 at.ppm (Taylor et al., 1990) and 

when the entire diamond formed in a single event, otherwise subsequent growth events possibly 

sampled during transmission FTIR analysis (averaging through discrete zones depending on the 

plate thickness) will disturb the N aggregation of earlier formed inner zones (Wiggers de Vries et 

al., 2013a; Kohn et al., 2016). 

Inclusion Fe Ni Cu Co (Ni+Co)/Fe Cu/metals* Ir ± 2σ Pt ± 2σ Zn ± 2σ Mo ± 2σ Pb ± 2σ

JW210 A 91.87 4.02 3.61 0.49 0.01 0.04 324 78 13 5 42 10
JW336 A 94.77 2.05 2.90 0.28 0.02 0.02 1099 107 19 4
JW336 B 93.37 2.33 3.97 0.34 0.02 0.02 2433 110 21 7 103 31
JW336 C 94.36 2.23 3.13 0.28 0.01 0.02 3103 84 23 16 130 30
JW346 A 94.02 3.10 2.50 0.38 0.01 0.03 3731 69 37 8 102 8
JW407 A 99.60 0.14 0.25 0.01 0.01 0.00 2.4 1.4 2.4 1.3 212 23 5 1 10 8
JW445 A 49.01 47.59 2.87 0.54 0.07 0.47 5133 570 559 155
JW445 B 99.50 0.25 0.24 0.01 0.04 0.002 13.2 8.0 187 15 21 2 11 10
JW455 A 25.43 3.91 70.32 0.35 0.12 0.12 12223 868 687 141
JW455 B 38.68 13.50 47.43 0.39 0.09 0.24 1464 171 56 10 184 42
DM004 A 99.69 0.05 0.25 0.01 0.01 0.00 6.2 3.9 1182 42 23 7 27 21
DM005 C 85.87 7.43 5.93 0.77 0.01 0.08 124 47 7 2 216 29
DM005 A 90.46 6.58 2.49 0.47 0.04 0.07 709 61 0 0 35 20
DM005 B 99.58 0.18 0.24 0.01 0.02 0.00 131 8 34 1 4 2
DM006 C 98.08 1.01 0.72 0.19 0.02 0.01 2152 19 39 2 87 51
LK40 A 93.50 4.40 1.68 0.42 0.07 0.04 6.0 1.5
LK40 B 93.68 4.29 1.61 0.41 0.11 0.04 0.16 0.01 1.9 0.2
LK48 A 69.80 27.70 1.96 0.55 0.04 0.28
LK60 A 94.02 4.01 1.60 0.37 0.02 0.04 18 13
LK113 A 85.69 11.77 2.03 0.51 0.04 0.12 1.6 0.8 7.5 2.5 18 17
LK113 B 93.46 4.57 1.62 0.36 0.03 0.05 3.1 2.3 24.2 15.4
LK113 C 86.58 10.78 2.15 0.49 0.01 0.11 2822 323 29 6 82 20
LK113 D 85.71 11.83 1.95 0.51 0.01 0.12 1845 117 33 3 41 28
LK281 A 94.85 3.15 1.61 0.40 0.02 0.03 5062 71 101 45 213 75
LK362 A 97.37 1.11 1.30 0.22 0.06 0.01 1.8 1.1 4.7 0.7 45 8
LK362 B 97.80 0.78 1.25 0.18 0.02 0.01 3232 336 77 24 84 42
OR062 A 94.32 3.97 1.32 0.39 0.03 0.04 185 20 8 3
OR080 A 91.27 5.88 2.40 0.45 0.05 0.06 1271 72 15 4 75 69
OR080 B 92.86 4.28 2.45 0.40 0.03 0.04 6216 854 192 73 223 163
OR080 C 85.76 9.85 3.67 0.72 0.01 0.10 245 23 10 2 49 3
OR080 D 99.19 0.54 0.26 0.01 0.03 0.01 465 85 29 7 47 23
OR081 A 90.22 7.19 2.16 0.43 0.03 0.07 1242 48 76 6 123 43
OR086 A 91.84 5.20 2.52 0.44 0.01 0.05 6819 403 51 15 84 23
OR086 B 91.75 5.80 2.02 0.43 0.03 0.06 577 54 29 6 11 4
OR086 C 91.08 6.19 2.27 0.46 0.03 0.06 30.0 24.9 298 69 247 10 25 13
OR101 A 94.34 3.16 2.16 0.34 0.00 0.03 2938 220 91 43 112 38
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Figure 3. Atomic (Ni + Co)/Fe and Cu/(Fe+ Ni + Co + Cu) contents for eclogitic/transitional sulphides from 
Jwaneng and the Orapa cluster. The vertical line separates the fields between pyrite, pyrrhotite and 
chalcopyrite from that for mono-sulphide solid solution (mss) and pentlandite. Literature data for sulphides 
from Jwaneng are from Richardson et al. (2004). 

 

4.2 Sulphide inclusion geochemistry 

The majority (79%) of the sulphides studied here are pyrrhotite-rich (Fe1-xS), 19% are chalcopyrite-

rich (CuFeS2), the remainder are pentlandite-rich ((Fe,Ni)9S8) or still present as mono-sulphide solid 

solution (mss) from which these low temperature phases exsolved during cooling. Associated 

silicate inclusions from three diamonds (LK040, LK113, JW445) suggest a websteritic paragenesis 

(Gress et al., Chapter 4; Chapter 5). The remaining diamonds are of eclogitic paragenesis in 

agreement with low Ni contents (Fig. 3) in the sulphides (Bulanova et al., 1996; Pearson et al., 

1998; Richardson et al., 2004; Aulbach et al., 2009a). Trace element contents are typical for 

eclogitic inclusions (Bulanova et al., 1996; Wiggers de Vries et al., 2013b) and vary from below 

detection limit (< LOD) up to 6.2 ppm Ir, 30 ppm Pt, 247 ppm Mo, 687 ppm Pb and 1.2 wt.% 

Zn (Table 3).  

The sulphides have variable Re (16 – 2580 ppb) and Os (2.1 – 53351 ppb) with Re/Os ratios 

between 0.01 – 17 in W-type and 0.03 – 29 in E-type inclusions (Fig. 4). Two eclogitic and one 

websteritic inclusion fall in the compositional field for P-type sulphides, although associated 

silicate inclusions from these diamonds clearly indicate an E-/W-type paragenesis. Such 

contradictions may relate to the presence of exsolved alloys or PGE-nuggets that have been 

recognised in peridotitic inclusions (Stachel et al., 2004a).  
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Figure 4. Rhenium and Os concentrations (in ppb) on log-scale for eclogitic and transitional sulphides form 
Jwaneng and the Orapa cluster. References for sulphides, xenolith and MORB are from Smit et al. (2016).  

 

 

Figure 5. δ34S and Δ33 for inclusions from Letlhakane and Orapa. Within uncertainties, the data do not show 
evidence for mass-independently fractionated sulphur. Blue (~ 1.28 Ga) and red (~ 1.98 Ga) colour refer to 
age arrays defined in Figure 6. Literature data sources for Jwaneng (Thomassot et al., 2009), Orapa and the 
mass-dependent field of sulphur (Farquhar et al., 2002). 
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Table 4. Re-Os concentration and isotope composition of eclogitic (E-type) and websteritic (W-type) sulphides. 

 

Note: a Model ages for melt extraction from the mantle are referenced to primitive upper mantle 'PUM' with 
a 187Os/188Os of 0.1296 (Meisel et al., 2001). 

The supra-chondritic 187Os/188Os ratios (0.121 – 9.14) of the E- and W-type sulphides (Table 

4) range from close to present-day peridotitic mantle (i.e., 0.112) to highly radiogenic, with a

broad range in 187Re/188Os (0.04 – 272) and indicate formation from sources with very different

Re-Os systematics than typical mantle reservoirs. Model ages calculated to determine the time of

melt extraction from the mantle (TMA) include full error propagation (Sambridge & Lambert, 1997)

and are referenced to the primitive upper mantle reservoir (‘PUM’ with a 187Os/188Os of 0.1296;

Meisel et al. (2001)). The TMA values range from 190 Ma to unrealistic ages older than Earth (Table

4), confirming a metasomatic, potentially multi-stage, evolution of the E- and W-type sulphides.

Age array (Ma) Inclusion (µg) Type Zone Re [ppb] ± 2σ Os [ppb] ± 2σ 187Re/188Os ± 2σ 187Os/188Os ± 2σ TMA (Ma)a

- JW210 A 8.9 E core 275 28 35 3 71.0409 9.5989 6.9167 0.0796 5506
786 ± 250 JW336 A 8.8 E core 156 16 14 4 116.3446 34.6042 9.1404 0.1365 4491
786 ± 250 JW336 B 2.7 E core 128 28 27 5 47.3657 13.5147 8.4418 0.2413 9781
786 ± 250 JW336 C 2 E core 23 18 62 13 3.4950 2.9352 7.7461 0.1679 74791

- JW346 A 3.2 E rim 207 33 339 51 4.6815 1.0997 3.2200 0.4156 32730
345 ± 100 JW407 A 29.5 E core 16 2 2 1 29.2530 13.8793 0.2262 0.0269 201
345 ± 100 JW445 A 1.5 W int 449 132 53351 14803 0.0405 0.0164 0.1218 0.0001 1217
345 ± 100 JW445 B 15.1 W int 36 4 3 1 52.8180 20.1671 0.4660 0.0133 384
1887 ± 210 JW455 A 2.7 E int 21 16 40 6 2.3257 1.8106 1.2246 0.0160 27261
1887 ± 210 JW455 B 5.1 E int 104 15 116 9 5.0130 0.8264 1.3297 0.0037 13932

- DM004 A 8.7 E core 103 11 109 6 4.7410 0.5750 0.3217 0.0051 2611
212 ± 19 DM005 C 21.5 E core 841 65 39 2 126.7697 11.1365 1.7891 0.0048 783
212 ± 19 DM005 A 4.8 E core 34 13 292 28 0.6488 0.2605 1.3425 0.0028 110881
< 190 Ma DM005 B 65.4 E core? 28 1 2 1 52.0181 25.7183 0.2936 0.0098 190

- DM006 C 2.8 E core/int 130 45 1287 186 0.8713 0.3282 7.5223 0.1108 171563
1700 ± 430 LK040 A 13.03 W core 727 99 74 4 66.2867 9.7828 3.2371 0.0141 2766
1700 ± 430 LK040 B 35.73 W core 782 80 175 4 27.1371 2.8450 2.1124 0.0031 4295

- LK048 A 3.00 E rim 1888 767 269 36 51.2265 21.9465 4.0788 0.0974 4491
- LK060 A 6.40 E rim 2393 1210 9876 651 1.7179 0.8761 3.7416 0.0034 79893

2208 ± 770 LK113 A 9.4 W core 2580 777 152 12 128.7471 40.1261 4.5229 0.1254 2020
2208 ± 770 LK113 B 3.1 W core 277 77 69 16 22.3115 8.0248 1.2987 0.0290 3122
2208 ± 770 LK113 C 2.0 W core 306 149 25 9 98.6264 59.3857 5.4524 0.2383 3167

- LK113 D 4.3 W core 289 128 209 34 11.4279 5.3991 5.6430 0.0219 24364
- LK281 A 3.7 E int 145 22 54 6 22.4771 4.2564 5.6722 0.0679 13450

1285 ± 170 LK362 A 15.2 E core 425 39 15 1 272.0317 35.6213 7.3530 0.0597 1575
1285 ± 170 LK362 B 2.2 E core 253 60 7313 1759 0.2111 0.0717 1.4716 0.1027 -
1982 ± 310 OR062 A 25.7 E core 149 8 43 2 19.5540 1.2849 1.3940 0.0055 3840
1982 ± 310 OR080 A 5.1 E core 39 9 25 2 8.9543 2.2364 1.5961 0.0119 9516
1982 ± 310 OR080 B 1.2 E core 398 357 30 10 70.1051 67.2883 2.5192 0.0672 2023
1982 ± 310 OR080 C 36.2 E core 212 8 109 2 10.5970 0.4508 1.0851 0.0014 5385
< 190 Ma OR080 D 7.3 E rim 40 8 3 1 78.1807 38.4956 0.3971 0.0332 206

- OR081 A 4.5 E core 127 37 12 3 108.4515 40.7057 8.5374 0.3074 4497
896 ± 250? OR086 A 1.7 E core 36 26 18 5 18.3283 14.1935 4.4873 0.2151 13068
1982 ± 310? OR086 B 14.5 E core 268 30 12 2 213.2529 50.6537 7.4190 0.1260 2020

- OR086 C 6.7 E core? 68 10 11 2 58.6880 15.7627 6.8173 0.1588 6519
- OR101 A 3.7 E rim 100 16 45 5 19.2625 3.9199 6.2107 0.0593 16782
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Table 5. Sulphur isotope measurements of pyrrhotites. 

 

 

The six sulphides analysed for S-isotopes display a range in Δ33S from -0.43‰ to -0.08‰ 

that define an array towards light δ34S from -8.1‰ to -0.98‰ (Fig. 5); Δ36S range from -0.63‰ 

to +0.45‰. Repeat measurements on an inclusion are within uncertainty (Table 5). The data 

overlap with previously measured E-type sulphide inclusions from Orapa (Farquhar et al., 2002) 

but do not record resolvable MIF sulphur anomalies (Chaussidon et al., 1987). 

 

5. Discussion 

Although only 1% – 10% of all macro-diamonds (> 1 mm) carry recognisable (> 10 µm in size) 

inclusions (Gurney, 1986; Deines & Harris, 2004; Stachel & Harris, 2008), the compositional 

overlap with inclusion-free diamonds in terms of their C-N systematics allows some general 

inferences made from inclusion-bearing to be applied to inclusion-free macro-diamonds 

(Richardson et al., 1984; Stachel & Harris, 2008). In contrast, the significance for micro-diamonds 

(< 1 mm) is limited because they were shown to have far more variable C-N systematics and 

inclusion compositions (Sobolev et al., 2004; Chinn et al., 2018). Up to 90% of the inclusion-

bearing diamonds at Orapa, Letlhakane and Jwaneng are of eclogitic paragenesis (see Gress et 

al. (2018). In contrast, peridotitic inclusions dominate at Damtshaa (Table 1) and illustrate the 

local compositional heterogeneity of the mantle (Deines et al., 2009). A general prevalence of P-

type diamonds was initially reported at Letlhakane (Deines et al., 2009; Ickert et al., 2013) but 

could not be verified in the present data (Gress et al., Chapter 5). Dating of diamond inclusions 

is a first step to establish if there is a temporal or spatial control to the distinct diamond 

parageneses in the SCLM (see Deines et al. (2009)). These objectives are part of ongoing dating 

studies designed to explain how the Kaapvaal-Zimbabwe Cratons were assembled and how 

diamond genesis relates to different tectono-thermal events in the SCLM. 

 

5.1 Re-Os sulphide inclusion ages from Jwaneng and the Orapa clusters 

It is an implicit assumption that diamond formation in a fluid-rich environment leads to isotopic 

equilibration in sulphides recovered from the same diamond growth zone, even if they are proto- 

Inclusion δ34S ± 1σ Δ33S ± 1σ Δ36S ± 1σ
LK362 C1 -7.30 0.11 -0.08 0.08 0.44 0.51
LK362 C2 -7.31 0.10 -0.43 0.08 -0.11 0.50
LK292 A1 -0.98 0.11 -0.30 0.07 0.05 0.42
LK292 A2 -1.22 0.10 -0.20 0.08 0.13 0.44
LK250 A1 -1.12 0.09 -0.23 0.06 0.45 0.46
LK027 A1 -8.12 0.09 -0.43 0.08 -0.18 0.47
LK113 E1 -7.43 0.06 -0.02 0.08 -0.17 0.52
OR001 A1 -5.48 0.12 -0.26 0.09 -0.63 0.61
OR001 A2 -5.16 0.09 -0.29 0.07 -0.22 0.57
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Figure 6. Re-Os isotopic composition for sulphide inclusions that lie along age arrays of < 0.35 Ga (golden), 
0.9 – 0.75 Ga (green), 1.2 – 1.1 Ga (blue) and 2.0 – 1.7 Ga (red). a) from Letlhakane (LK), Damtshaa (DM) 
and Orapa (OR) with variable, but radiogenic initial 187Os/188Os. Orapa data for the age arrays of ~ 1.0 Ga, ~ 
2 Ga and ~ 2.9 Ga from Shirey et al. (2008). b) from Jwaneng (JW) and reference age arrays of ~ 1.5 Ga, ~ 
2 Ga and ~ 2.9 Ga from Richardson et al. (2004).  
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genetic in origin. Multiple sulphides (up to four) were recovered from individual diamonds 

enabling construction of Re-Os isochrons – an approach established at other locations (Wiggers 

de Vries et al., 2013b; Smit et al., 2016). As first suggested by Pearson et al. (1998) and 

implemented in subsequent studies (Aulbach et al., 2009a; Smit et al., 2010), we assigned 

additional inclusions into genetic groups based on geochemical characteristics (e.g., δ13C or N 

content and aggregation state of the host diamonds) from the same or nearby locations. We 

recognise that using the isochron approach carries critical assumptions as to the isotopic 

homogeneity of the system. Validation of the methodological approach of defining genetic 

groupings and isotopic equilibration during diamond growth is possible in this study as Sm-Nd 

isochron ages were previously determined on silicates recovered from the same growth zone 

(e.g., in JW336). 

The large scatter in the Re-Os data (Fig. 6) must be considered with respect to some known 

difficulties. First, the fractionation of Re from Os in nature is orders of magnitude greater than 

for Sm from Nd, meaning that even when only mantle processes are considered, there is likely to 

be greater variation in initial Os isotope ratios than in the Sm-Nd system, making isotopic 

equilibration more difficult to achieve in individual diamond-forming events. In addition, there 

are experimental practicalities that will lead to error. When transported to the surface, the 

difference in bulk modulus between a sulphide inclusion and the host diamond produces stress 

that frequently generates characteristic rosette fractures in the diamond surrounding the 

sulphide. If the sulphide has exsolved exterior rims/alloys of different composition (Richardson et 

al., 2001; Brenan, 2002; McDonald et al., 2017), and these partition into the expansion cracks, 

then the Re-Os systematics of the original bulk system will be fractionated. This effect could be 

enhanced if the sulphide within fractures is high Re/Os molybdenite (Kemppinen et al., 2018). 

Hence, problems in obtaining reliable Re-Os ages from sulphide inclusions can arise through 

incomplete sampling and great care is required to recover all sulphide material, including that 

partitioned into cracks. While every effort was made to recover as much material of the extracted 

sulphides as possible, it cannot be excluded that some sulphides were not fully sampled. For 

example, diamonds JW346, DM006, OR101 and JW210 contained clusters of multiple sulphides 

with numerous intersecting cracks making complete recovery of the sulphide inclusions difficult. 

It proved impossible to assign these sulphides to an age array (Table 4). 

 

5.1.1 Evidence for young/Mesozoic diamond formation 

5.1.1.1 Jwaneng 

Diamond JW445 contains two sulphide inclusions, one rich in pyrrhotite (TMA: 384 Ma), the other 

in chalcopyrite (TMA: 1217 Ma), located in the rim zone (< 20 at.ppm N) that also contains an 

undated silicate of websteritic paragenesis. The sulphides define a two-point isochron tie line 

(Fig. 6) with an age of 390 ± 150 Ma and 187Os/188Osi = 0.12152 ± 0.0002 (γOsi = -6.2). A pyrite-

rich inclusion from eclogitic diamond JW407 (TMA: 201 Ma) falls on this array and, if included in 

the regression, changes the age and uncertainty to 345 ± 100 Ma with 187Os/188Osi = 0.12155 ± 
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0.00018 (γOsi = -6.2; MSWD 2.8). These ages are within error of the eruption age of the Jwaneng 

kimberlites (Kinny et al., 1989), as well as diamond ages at Koffiefontein (Pearson et al., 1998) 

and Jagersfontein (Aulbach et al., 2009a). Simultaneous diamond formation in eclogitic and 

websteritic parageneses has been observed in other locations (Aulbach et al., 2009a; Gress et al., 

Chapter 5). Nitrogen aggregation characteristics support a likely young age, especially for the 

poorly aggregated high N in diamond JW407 (770 at.ppm N with 0 %B), which precludes a 

significant mantle residence time prior to kimberlite sampling. The unradiogenic γOsi and narrow 

δ13C range in both diamonds (-7.3‰ to -6.5‰) implies that recycled crustal sources were not 

involved in diamond genesis and suggests an asthenospheric source for the metasomatic fluid

that led to diamond formation. 

5.1.1.2 Damtshaa & Orapa 

Three pyrite/pyrrhotite-rich sulphides from Damtshaa (DM005) and one from Orapa (OR080) also 

provide evidence for young diamond growth (Fig. 6). Sample DM005 A and C (Fig. 2) define an 

age of 212 ± 19 Ma with 187Os/188Osi = 1.3402 ± 0.0029 (γOsi = +934), within error of the silicate 

Sm-Nd age of 220 ± 80 Ma (Timmerman et al., 2017; Gress et al., Chapter 5). Based on this age, 

the corresponding diamond core growth zone of DM005 (424 at.ppm N; 30 %B) gives a TMR of 

1196°C and its stable isotope composition (δ13C: -4.0‰; δ15N: -5.5‰) falls in the main mantle 

array (δ13C ~ -5 ± 2‰; δ15N ~ -5 ± 3‰; Cartigny et al. (2014)). In combination with the highly 

radiogenic γOsi, the data either indicate the introduction of recycled crustal Os into the diamond 

source or diamond formation involving older protogenetic sulphides as suggested in other 

locations (Thomassot et al., 2009; Smit et al., 2019).  

The sulphides from the rims of OR080 D (TMA: 206 Ma; δ13C: -8.6‰; 205 at.ppm N; 25 %B) 

and DM005 B (TMA: 190 Ma), plot below the uncertainty of the 212 ± 19 Ma isochron and seem 

to be even younger (i.e., < 190 Ma). DM005 B is surrounded by a fracture system close to the 

diamond surface (Fig. 2), and incomplete inclusion recovery cannot be ruled out. However, the 

inclusions show no elevated Zn or Pb contents that would be indicative of interaction with 

kimberlitic melts (Bulanova et al., 1996). The N aggregation in OR080 rim requires some storage 

time in the SCLM e.g., assuming 100 Ma residence, yields a TMR = 1213°C, within the general 

range for diamond formation temperatures in the Orapa cluster (Stachel et al., 2004b; Deines et 

al., 2009; Motsamai et al., 2018).  

5.1.2 A correlation between Neoproterozoic Re-Os and Sm-Nd isochron ages of co-

genetic inclusions at Jwaneng 

Three pyrrhotite-rich sulphides recovered from a single diamond growth zone of JW336 (Fig. 2) 

define a 786 ± 250 Ma age array (Fig. 6) with a very high 187Os/188Osi = 7.72 ± 0.17 (γOsi = +5857). 

Such highly radiogenic Os requires a source with high time-integrated Os, for example an 

eclogitic component derived from oceanic crust that has been isolated from the convecting 

mantle for 10 to >100 Myr. Sulphides with highly radiogenic Os isotope compositions (187Os/188Osi 
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= 1.5 – 2.2) inferred to be derived from an eclogitic source were reported in diamonds from 

Zimmi, West Africa (Smit et al., 2016). In combination with low Re/Os (< 11.2), the presence of 

highly radiogenic Osi in the sulphides from diamond JW336 (Fig. 6) indicates that at least the 

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

before encapsulation as sulphide inclusions inside the diamond. The light δ13C values of the 

growth zone (-19.3‰ to -18.3‰) provide further evidence of the involvement of recycled 

material in this diamond-forming event. Additionally, the involvement of subducted crustal 

Archaean material in diamond formation at Jwaneng was previously suggested for a discrete 

sulphide-bearing diamond suite that contains a relatively low-level of B aggregated nitrogen (~ 

12 %B) and MIF sulphur signature (Thomassot et al., 2009). Therefore, we propose that diamond 

JW336 from our sample suite might be genetically related to the sample suite studied by 

Thomassot et al. (2009). 

The validity of the Re-Os age is verified by a dated garnet inclusion in JW336 recovered 

from the same growth zone (< 30 at.ppm N) as the sulphides. The garnet is part of a 853 ± 55 

Ma Sm-Nd isochron defined by a suite of silicate-bearing diamonds at Jwaneng (Gress et al., 

Chapter 4). Hence, for the first time, it is possible to demonstrate that different radiogenic isotope 

systems of distinct types of diamond inclusions from the same diamond growth zone, were in 

equilibrium with the diamond-forming fluid at the time of encapsulation as proposed in literature 

for decades (Mitchell & Giardini, 1953; Harris, 1968; Kramers, 1979; Richardson et al., 1984; 

Bulanova, 1995; Taylor et al., 2003; Westerlund et al., 2004; Smit et al., 2016; Aulbach et al., 

2018; Nestola et al., 2019).  

 

5.1.3 Mesoproterozoic diamonds at Letlhakane 

Two pyrrhotite-rich sulphides from the core growth zone of diamond LK362 (Fig. 2; < 20 at.ppm 

N; δ13C: -18‰ to -18.5‰) define a two-point Re-Os age of 1285 ± 170 Ma with 187Os/188Osi = 

1.47 ± 0.1 (γOsi = +1034). They form a sub-parallel array (Fig. 6) to the ~ 1 Ga samples from 

Shirey et al. (2008), that have a lower but still radiogenic γOsi of +417. Sulphur isotopes from an 

undated sulphide from the core of LK362 records no resolvable MIF sulphur isotope anomaly (Fig. 

5) and in combination with the light δ13C signature suggests the involvement of Proterozoic 

subducted protolith material but provides no evidence of the involvement of Archaean material. 

Although no other sulphides of similar age are recognised, a relatively large proportion of silicate 

inclusions in the Orapa cluster have a comparable age, 1110 ± 64 Ma (Gress et al., Chapter 5). 

The uncertainties in the sulphide and silicate isochrons allow the possibility that all these 

diamonds crystallised in the same Mesoproterozoic diamond-forming event which is recognised 

elsewhere across the Kalahari Craton (see section 5.2). 

A recognisable resorption interface between the core and rim in LK362 (Fig. 2) provides 

evidence for a temporal gap between two discrete diamond-forming events. Three garnets from 

the rim zone (< 20 at.ppm N; δ13C: -21.3‰) of LK362 yield a young Sm-Nd age of 220 ± 80 Ma 

similar to the young 212 ± 19 Ma Re-Os ages (see section 5.1.1). The low N content in both core 
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and rim do not allow mantle residence temperatures to be inferred. However, the textural control 

in our study supports the geological significance of the isochron ages as the core growth zones 

are older than the rims. The evidence of a growth history for these Botswanan diamonds that 

extends over ~ 1 Ga is similar to the large hiatus in growth documented between the core and 

rim growth zones of Siberian diamonds (Wiggers de Vries et al., 2013b). Overall, these findings 

confirm the multi-stage evolution of diamonds at single locations/mines (Richardson, 1986; 

Pearson et al., 1999; Richardson et al., 2004; Aulbach et al., 2009a; Wiggers de Vries et al., 

2013b; Timmerman et al., 2017). 

 

5.1.4 Paleoproterozoic diamonds in the Orapa kimberlite cluster and Jwaneng 

5.1.4.1 Jwaneng 

Two measurements of small (< 5 µg) pyrrhotite-rich inclusions from the core of Jwaneng diamond 

JW455 (598 at.ppm N, 87 %B; δ13C: -5.0‰) define an imprecise two-point isochron age of 2302 

± 1700 Ma, with 187Os/188Osi = 1.13 ± 0.14 (γOsi = +772). This indicative isochron age (Fig. 6) falls 

within the range of previously published Re-Os model ages of 2.2 to 2.4 Ga from four E-type 

sulphides from Jwaneng (Richardson et al., 2004). Combining our data with that of Richardson 

et al. (2004) using a model 3 fit, that combines the inclusions’ analytical uncertainty with an 

unknown but normally distributed variation of initial ratios (Ludwig, 2012), yields an age of 1887 

± 210 Ma (n= 6) with 187Os/188Osi = 1.01 ± 0.4 (γOsi = +679). Unfortunately, no detailed C-N data 

are available for the diamonds studied by Richardson et al. (2004) that would enable us to 

establish potential genetic relationships. Hence, we applied a robust regression that does not 

require such common geochemical or mineralogical characteristics to the combined data in 

Isoplot (Ludwig, 2012) and delimited the age to 1883 +220/-350 Ma with 187Os/188Osi = 1.15 

+0.021/-0.76. It is, however, considered highly significant that a Sm-Nd age of silicate inclusions 

from Jwaneng (1791 ± 89 Ma; Gress et al. (Chapter 4)) is within error of the Re-Os sulphide age 

and supports a mid to late Proterozoic E-type diamond-forming event at Jwaneng, as suggested 

by Richardson et al. (2004).  

It is also possible to group the JW455 pyrrhotite-rich sulphides (Fig. 2) with inclusions of 

Richardson et al. (2004) with model ages > 2.9 Ga that show greater scatter. A robust regression 

of the data including JW455 yields an age of 2790 +510/-160 Ma with 187Os/188Osi = 1.099 

+0.077/-0.12. This illustrates the difficulty of establishing genetic relationships between 

inclusions from different diamonds. Calculated integrated residence temperatures, TMR, for 

JW455 using the two ages yield respectively 1190°C (at ~ 1.88 Ga) and 1179°C (at ~ 2.79 Ga), 

well within the range of TMR for Jwaneng diamonds.  

 

5.1.4.2 Letlhakane 

Further support for a mid to late Paleoproterozoic diamond forming event in Botswana is 

provided by Re-Os ages recorded in sulphides from Letlhakane (Fig. 6). Two websteritic 

pyrrhotite/chalcopyrite-rich sulphides from the core zone of diamond of LK040 (< 20 at.ppm N; 
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δ13C: -22.5‰ to -20.5‰; Fig. 2) yield an imprecise isochron regression age of 1700 ± 430 Ma 

with 187Os/188Osi = 1.33 ± 0.23 (γOsi = +926). In addition, three websteritic pyrrhotite/chalcopyrite-

rich sulphides (A-C) from the core of diamond LK113 (< 20 at.ppm N; δ13C: -19.3‰ to -18.5‰; 

TMA: 2020 – 3168 Ma) define an imprecise age of  2208 ± 770 Ma with 187Os/188Osi = 0.46 ± 0.47 

(γOsi = +255; MSWD 2.4; probability of fit 0.12). Excluding LK113 C (Fig. 6) with its large 

uncertainty that overlaps the ~ 2.9 Ga array would give a two-point age of 1791 ± 670 Ma with 
187Os/188Osi = 0.62 ± 0.38 (γOsi = +378). Similar Sm-Nd ages are recorded in 2341 ± 21 Ma E-/W-

type silicates at Letlhakane and in 1698 ± 280 Ma E-type silicates at Orapa (Gress et al., Chapter 
5). The S-isotope composition of LK113 E (intermediate/rim zone; undated) is not resolvable from 

the mass-dependent field (Fig. 5) of terrestrial sulphides. Hence, there is no evidence of an 

Archean origin of the sulphur. Although the light δ13C (~ -20‰) could potentially indicate a 

(partial) sedimentary origin for the carbon source, low N contents in the diamond prevented N 

isotope measurements for verification. The relatively unradiogenic 187Os/188Osi, however, coupled 

with the observation that subducted (sediment-free) altered oceanic crust has δ13C as low as -

24‰ in δ13C (Li et al., 2019) could be used to argue against the involvement of a significant 

recycled sedimentary component. Due to the different Osi ratios that indicate a separate, 

potentially multi-stage, evolution for the Os in inclusions of LK040 and LK113, it is impossible to 

combine them in an isochron. Despite similar light δ13C signatures in the two diamonds, the 

sulphides suggest that Os with heterogeneous isotope ratios interacted with the diamond-

forming medium during the metasomatic process that formed diamond, as previously proposed 

in other locations (Thomassot et al., 2009; Smit et al., 2019). Again, the markedly different Os 

initial ratios displayed by these isochron arrays from single diamond growth zones indicates the 

potential problems of grouping inclusions on isochrons from different diamonds with no textural 

or N aggregation controls.  

The rims of these Letlhakane diamonds appear to have formed at significantly younger 

times. Garnets and cpx recovered from the rims of diamonds LK040 (< 20 at.ppm N; δ13C: -

20.5‰) and LK113 (100 at.ppm N; δ13C: -19.8‰) help define the previously discussed 1100 ± 64 

Ma (LK113) and 220 ± 80 Ma (LK040) Sm-Nd isochrons. Notably, LK040 records a hiatus in 

diamond growth of > 1.5 Ga between core (1.7 Ga) and rim (0.22 Ga), apparently unaffected by 

diamond-forming events at 1.1 Ga and 0.75 Ga (Gress et al., Chapter 5). However, with such 

low N, a thermal spike in the aggregation state may not be recognisable. Equally, no other 

diamond-forming events have been reported at the Orapa cluster between the Sm-Nd 1.1 Ga 

and Re-Os 1.8 Ga events. Together these age data further strengthen the case that major 

tectono-magmatic events caused diamond growth. 

 

5.1.4.3 Orapa 

At Orapa, three pyrrhotite/chalcopyrite-rich sulphides from the core of diamond OR080 (75 

at.ppm N, 15 %B; δ13C: -8.4‰) together with single pyrrhotite-rich inclusions from the cores of 

OR062 (565 at.ppm N; 55 %B; δ13C: -7.0‰) and OR086 B (171 at.ppm N, 37 %B; δ13C: -6.5‰) 
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fall on the ~ 1.9 Ga Re-Os isochron array defined by sulphides from Orapa analysed by Shirey et 

al. (2008). The combined data yield a model 3 isochron age (Fig. 6) of 1982 ± 310 Ma with 
187Os/188Osi = 0.75 ± 0.59 (MSWD 35, probability of fit 0.0, n=10). Robust regression gives an age 

of 1847 +280/-360 Ma with 187Os/188Osi = 0.79 +0.43/-0.11 (γOsi = +510). Verification of a 

Paleoproterozoic event is given by an indistinguishable Sm-Nd isochron age of 1698 ± 280 Ma 

recorded by silicates from Orapa diamonds (Gress et al., Chapter 5). 

Diamond growth zones from these diamonds lie close to a N aggregation isotherm with 

integrated mantle storage temperatures between 1145°C to 1157°C, assuming a ~ 1.8 Ga 

formation age. However, at least for OR080 (Fig. 2), a subsequent thermal event is recorded in 

the rim growth zone (< 190 Ma; TMR 1213°C; section 4.1.1), which would have influenced the 

dynamics of N aggregation (Kohn et al., 2016), in that the core likely equilibrated at cooler 

temperature because it experienced the elevated conditions of the rim. However, the low N 

content (< 200 at. ppm) in OR080 core and OR086 only provide limited constraints on mantle 

residence time (Taylor et al., 1990).  

Additional sulphides were recovered form diamond OR086. They occurred as a cluster that 

could have been interconnected in a rosette fracture system (Fig. 2). Combination of OR086 A 

and B sulphide data yield an age of 896 ± 250 Ma with 187Os/188Osi = 4.21 ± 0.33 (Fig. 6). This age 

is within error of the sulphide (786 ± 250 Ma; section 4.1.2) and silicate (853 ± 55 Ma) ages 

established for Jwaneng (Gress et al., Chapter 4) and for Letlhakane and Orapa (746 ± 100 Ma; 

Gress et al. (Chapter 5)). However, the relatively poor precision in the OR086 Re-Os age precludes 

confident assignment of these sulphides to the ~ 1.1 or 0.85 Ga events.   

 

5.2 Evidence for simultaneous diamond growth across the Kalahari Craton 

While uncertainties of the presented Re-Os ages are relatively large, the relative ages recovered 

from the core and rim growth zones of diamonds are consistent with the relative growth zonation 

in all cases and with the Sm-Nd isochron data for silicate inclusions found in the same diamond 

growth zones. These findings validate the different isotopic methods and provide confidence that 

the ages are geologically meaningful and not simply artefacts of creating tie-points between 

unrelated inclusions. When combined with previously published data, the new Re-Os data define 

multiple episodes of diamond formation beneath Botswana that span almost 2 Gyr (at ~ 2.0 – 

1.7 Ga, ~ 1.2 – 1.1 Ga, ~ 0.9 – 0.75 Ga and from 0.35 Ga to kimberlite eruption).   

 

5.3 Tectono-magmatic implications  

Compilation of Re-Os ages indicates that diamond-forming events > 2.5 Ga relate to stabilisation 

of the SCLM after initial assembly of the Kaapvaal Craton and its subsequent amalgamation with 

the Zimbabwe Craton; Jwaneng (3.01 ± 0.33 Ga; Richardson et al. (2004)), Orapa (2992 ± 260 

Ma; Richardson & Shirey (2008)), Koffiefontein (~ 2.6 ± 0.3 Ga; Pearson & Harris (2004)) and 

Kimberley (~ 2.93 ± 0.26 Ga; Richardson et al. (2001)). Although sulphide inclusions with old TMA 
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model ages (DM004 A; 2629Ma) are present in our dataset, the widely variable initial Os isotope 

ratios of the sulphide isochron arrays defined here are inconsistent with the assumption of a 

single-stage model evolution for most sulphide Re-Os data. Potentially, such old diamonds are 

restricted to distinct mantle domains (Aulbach et al., 2009b; Deines et al., 2009) that were not 

sampled effectively and are under-represented in our sample set.   

The time between consecutive diamond growth zones is shown to be ~ 700 Ma for LK113, 

while other diamonds clearly record a hiatus between growth of ~ 1 Ga (LK362) to > 1.5 Ga 

(LK040, OR080). Notably, there appear to be diamond-forming events in the SCLM between 

these events that have not affected these specific diamonds. This observation suggests localised 

(on a km-scale) diamond-forming processes that may not affect an entire diamond suite or 

paragenesis beneath a mine. This conclusion is supported by the highly variable and radiogenic 

Osi ratios and the report of Archaean sulphur in Proterozoic diamonds from Jwaneng, Orapa and 

West Africa (Chaussidon et al., 1987; Farquhar et al., 2002; Thomassot et al., 2009; Smit et al., 

2019). Hence, we favour diamond formation involving a series of low volume metasomatic fluids 

initiated by large-scale tectono-magmatic events. These fluids migrated through different 

protoliths in the SCLM undergoing modification due to fluid-rock interaction (Gress et al., 

Chapter 4; Chapter 5 ). Such a process explains the regional and synchronous occurrence of 

diamond-forming events with diverse diamond and inclusion compositions. 

The ~ 2.0 – 1.7 Ga Re-Os ages reported here are consistent with Sm-Nd isochrons ages 

from Jwaneng (1791 ± 89 Ma; Gress et al. (Chapter 4)) and Orapa (1698 ± 280 Ma; Timmerman 

et al. (2017); Gress et al. (Chapter 5). We therefore suggest that these sulphide isochrons record 

regional (> 400 km) Paleoproterozoic diamond growth, coincident with formation of the Kheis-

Okwa-Magondi Mobile Belts and/or the Rehoboth Subprovince (Shirey et al., 2008; Aulbach et 

al., 2009a) along the western margin of the Kaapvaal Craton (Jacobs et al., 2008). The diamonds 

from the Sm-Nd isochron studies were low in N (< 20 at.ppm) and modelling of potential 

protoliths and fluids suggested a highly LREE enriched source that infiltrated different lithologies 

(Gress et al., Chapter 4). Diamond formation initiated by the accretion of the Rehoboth 

Subprovince was also proposed for 1.65 ± 0.18 Ga sulphides from Jagersfontein that contain re-

mobilised material from a purportedly Archaean oceanic protolith (Aulbach et al., 2009a). 

Jagersfontein is located 580 km south of Jwaneng and 940 km south of the Orapa cluster. If 

genetically related, these ages record the tectono-magmatic activity along almost 1000 km on 

the W and NW margins of the Kaapvaal Craton and thus, illustrate the potential of diamond 

inclusions to record major plate-tectonic processes (Shirey & Richardson, 2011).    

Only two sulphides from the core of LK362 (Fig. 2) record diamond formation at ~ 1.2 Ga 

(section 4.1.3), while an overwhelming majority of silicate inclusions in a similar number of 

studied diamonds yield a Sm-Nd age of 1110 ± 64 Ma for the Orapa cluster (Timmerman et al., 

2017; Gress et al., Chapter 5). At Jwaneng, only one garnet yields a depleted mantle model age 

of ~ 1.1 Ga (Gress et al., Chapter 4). However, the existence of an ~ 1.1 Ga age in sulphide-

bearing diamonds is evident for both Botswanan locations (Richardson et al., 2004; Shirey et al., 
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2008). In addition, a ~ 1.05 ± 0.12 Ga Re-Os age has been reported for Koffiefontein (Pearson 

et al., 1998) and inferred for the nearby Jagersfontein mine (Aulbach et al., 2009a). Various 

comparable Ar-Ar ages (that, however, are subjected to diffusive loss of Ar) and quantitative Sm-

Nd ages have been reported from different diamond paragenesis in other locations across the 

Craton (Phillips et al., 1989; Richardson et al., 1993; Koornneef et al., 2017). These ages have 

been/can be assigned to large-scale processes either in the context of intra-plate magmatism 

(e.g., the Umkondo Large Igneous Province, LIP, at 1.106-1.112 Ga; Hanson et al. (2004a)) or 

collisional events (e.g., between the Kalahari Craton and Laurentia, at 1090-1060 Ma; Jacobs et 

al. (2003)).  

Seven sulphide inclusions from Jwaneng, Damtshaa and Orapa imply young (< 350 Ma) 

diamond-forming events. Botswanan mines contain a prominent proportion of fibrous diamonds 

with a significant number shown to have unaggregated N (Honda et al., 2004). Young diamond 

ages have also been reported using the U-Th/He system (Timmerman et al., 2019). Hence, fibrous 

diamond formation is thought to be related to carbonatitic or kimberlitic melt invading the 

lithosphere at, or within 100 Myr, of the time of kimberlite eruption (Shimizu & Sobolev, 1995; 

Hamilton et al., 2003; Schmitt et al., 2019; Timmerman et al., 2019). A general link between 

fibrous and gem-quality diamonds in terms of common parental fluids (Jablon & Navon, 2016; 

Krebs et al., 2019) suggests that the young ages reported in this study could reflect the same 

growth events that formed fibrous diamonds, i.e., potentially an episode of lamproite (formally 

Group II kimberlite; Pearson et al. (2019)) magmatism at that time (Kobussen et al., 2008; Jelsma 

et al., 2009) or the eruption of the host kimberlites. Silicate inclusion-bearing diamonds at these 

mines also record Sm-Nd isotope systematics consistent with such young formation ages (Gress 

et al., Chapter 5). Young peridotitic diamond growth has previously been reported for a diamond 

from Koffiefontein (Pearson et al., 1998) and is consistent with extensive metasomatism of the 

SCLM at that time (Simon et al., 2003). Young diamond forming processes at Jwaneng may have 

also been initiated by the amalgamation of Gondwana with Pangea (320 - 185 Ma; Veevers 

(2004)) or in the Orapa cluster by the Karoo-Ferrar LIP (183 ± 0.5 Ma; Svensen et al. (2012)). 

Given the heterogeneous nature of the Re-Os data, analysis of more inclusions is necessary to 

verify the exact time of diamond formation, but on the whole, young formation ages agree with 

Sm-Nd ages of monocrystalline diamonds and observations of polycrystalline aggregates from 

the corresponding locations (Honda et al., 2004; Jacob et al., 2011). Coupled with the poorly 

aggregated nature of N impurities in some of the diamonds analysed, these datasets stress a 

more prominent abundance of recent diamond-forming processes in the SCLM than previously 

recognised. Thus, in addition to the well-documented ancient diamond-forming events reported 

here and in previous studies, more ‘recent’ (< 350 Ma) periods in Earth history also seem to have 

been favourable for formation and survival of diamonds as documented at Koffiefontein (Pearson 

et al., 1998) and Jagersfontein (Aulbach et al., 2018). 
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6. Conclusions 

Re-Os data of sulphide inclusions from the Jwaneng and the Orapa kimberlite clusters support 

different phases of Proterozoic (~ 2.0 – 1.7 Ga, 1.2 – 1.1 Ga, ~ 0.9 – 0.75 Ga) diamond formation 

that are indistinguishable from Sm-Nd ages of diamonds from the same locations and in some 

cases from the same diamond. For the first time, co-genetic silicate (853 ± 55 Ma) and sulphide 

(786 ± 250 Ma) inclusions recovered from the same diamond growth zone provide ages within 

analytical uncertainty. The indistinguishable ages 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 from which the corresponding growth zone precipitated. Ages from 

adjacent diamond growth zones within individual diamonds record temporal gaps between 0.7 

Ga and > 1.5 Ga emphasising the episodic and protracted nature of diamond growth in parts of 

the SCLM.  

A significant outcome of the study is confirmation of young (monocrystalline) diamond 

growth (345 ± 100 Ma to < 100 Ma), within uncertainty of the age of host kimberlite eruption 

at several locations. The abundance of young diamond growth appears more significant than 

previously acknowledged, although reported in some studies (Pearson et al., 1998; Griffin et al., 

2000). The similarity of these ages to fibrous diamonds (Honda et al., 2004; Timmerman et al., 

2019) and the comparable fluid compositions recently demonstrated between some gem and 

fibrous diamonds (Jablon & Navon, 2016; Krebs et al., 2019) indicates the importance of young 

diamond growth as a process in cratonic lithosphere.  
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