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Abstract
The Sm–Nd isotope systematics and geochemistry of eclogitic, websteritic and peridotitic garnet and clinopyroxene inclu-
sions together with characteristics of their corresponding diamond hosts are presented for the Letlhakane mine, Botswana. 
These data are supplemented with new inclusion data from the nearby (20–30 km) Orapa and Damtshaa mines to evaluate the 
nature and scale of diamond-forming processes beneath the NW part of the Kalahari Craton and to provide insight into the 
evolution of the deep carbon cycle. The Sm–Nd isotope compositions of the diamond inclusions indicate five well-defined, 
discrete eclogitic and websteritic diamond-forming events in the Orapa kimberlite cluster at 220 ± 80 Ma, 746 ± 100 Ma, 
1110 ± 64 Ma, 1698 ± 280 Ma and 2341 ± 21 Ma. In addition, two poorly constrained events suggest ancient eclogitic 
(> 2700 Ma) and recent eclogitic and websteritic diamond formation (< 140 Ma). Together with sub-calcic garnets from two 
harzburgitic diamonds that have Archaean Nd mantle model ages (TCHUR) between 2.86 and 3.38 Ga, the diamonds studied 
here span almost the entire temporal evolution of the SCLM of the Kalahari Craton. The new data demonstrate, for the first 
time, that diamond formation occurs simultaneously and episodically in different parageneses, reflecting metasomatism of 
the compositionally heterogeneous SCLM beneath the area (~ 200  km2). Diamond formation can be directly related to major 
tectono-magmatic events that impacted the Kalahari Craton such as crustal accretion, continental breakup and large igne-
ous provinces. Compositions of dated inclusions, in combination with marked variations in the carbon and nitrogen isotope 
compositions of the host diamonds, record mixing arrays between a minimum of three components (A: peridotitic mantle; 
B: eclogites dominated by mafic material; C: eclogites that include recycled sedimentary material). Diamond formation 
appears dominated by local fluid–rock interactions involving different protoliths in the SCLM. Redistribution of carbon 
during fluid–rock interactions generally masks any potential temporal changes of the deep carbon cycle.
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Introduction

Diamonds and incorporated inclusions allow researchers to 
investigate large-scale processes such as plate tectonics and 
crustal recycling (Farquhar et al. 2002; Gurney et al. 2010; 
Schulze et al. 2003; Shirey and Richardson 2011). They 
provide samples of Earth’s otherwise inaccessible sub-con-
tinental lithospheric mantle (SCLM) and a record of deep 
cycling of volatile elements (Cartigny et al. 1999; Deines 
1980; Howell et al. 2020; Shirey et al. 2019). Together, these 
observations have led to the current paradigm that diamond 
formation involves metasomatic processes in the mantle 
comprising volatile-rich, supercritical high-density fluids, 
possibly triggered by tectono-magmatic events (Deines 

Communicated by Dante Canil.

 * M. U. Gress 
 m.u.gress@vu.nl

1 Vrije Universiteit, De Boelelaan 1085, 1081 HV Amsterdam, 
The Netherlands

2 Earth and Atmospheric Sciences, University of Alberta, 
Edmonton T6E 2E5, Canada

3 De Beers Exploration, Private Bag X01, Southdale 2135, 
South Africa

4 Centre de Recherches Pétrographiques Et Géochimiques 
(CRPG), Université de Lorraine, 15 Rue Notre Dame des 
Pauvres, BP 20, 54 501 Vandœuvre-lès-Nancy, France

http://orcid.org/0000-0001-6298-1287
http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-021-01802-8&domain=pdf


 Contributions to Mineralogy and Petrology (2021) 176:54

1 3

54 Page 2 of 25

1980; Schrauder et al. 1996; Sobolev et al. 1998; Stachel 
et al. 2005; Thomassot et al. 2007). Insights from diamond 
inclusion ages, spectroscopic observations of internal growth 
patterns and from the heterogeneous stable isotope compo-
sitions of diamonds worldwide have established evidence 
for episodic diamond growth in discrete peridotitic (P-type), 
eclogitic (E-type) or websteritic (W-type) parageneses (Aul-
bach et al. 2018; Cartigny et al. 2014; Koornneef et al. 2017; 
Pearson et al. 1998; Richardson et al. 2004; Smit et al. 2016; 
Timmerman et al. 2017; Wiggers de Vries et al. 2013).

P-type diamonds formed in highly melt-depleted, harz-
burgitic, residues and lherzolitic substrates (Koornneef et al. 
2017; Richardson et al. 1984; Stachel et al. 2004a). Based 
on mineralogy and stable isotope record, several hypotheses 
have been proposed for the formation of E-type diamonds. 
In particular, they have been ascribed to subduction of oce-
anic lithosphere and its incorporation into the peridotitic 
SCLM (Deines et al. 1984; Li et al. 2019; Taylor et al. 1990), 
high-temperature volatile fractionation (Cartigny et al. 1998; 
Galimov 1991; Javoy et al. 1986) or primordial mantle het-
erogeneities (Deines et al. 1997). Websteritic diamonds have 
a transitional character with inclusion compositions similar 
to P-type diamonds but carbon isotopic compositions resem-
bling E-type diamonds (Deines et al. 1997). Their formation 
appears to be related to re-fertilisation reactions (Bodinier 
et al. 2008; Smit et al. 2014; Taylor et al. 2003) through 
mixing of mafic, possibly slab-derived, fluids with perido-
titic SCLM (Aulbach et al. 2002) or reaction with eclogites 
in a halo around an ascending mantle plume (Sleep 2006; 
Viljoen et al. 2018).

Unprecedented access to inclusion-bearing diamonds 
from the 93.1 Ma Orapa kimberlite cluster in north-east 
Botswana (Allsopp et al. 1989; Davis 1977) allows us to 
further examine diamond formation and the extent and 
timescale over which these events occurred, to place bet-
ter constraints on the geological processes that lead to their 
formation. Recently, Timmerman et al. (2017) presented 
Sm–Nd isochron ages for eclogitic silicate inclusions from 
Letlhakane (245 ± 38 Ma; 998 ± 140 Ma; 2334 ± 22 Ma) and 
Orapa (140 ± 93 Ma; 1096 ± 230 Ma; 1699 ± 340 Ma) mines 
that confirmed multi-stage diamond growth. Their work sup-
ported observations of Deines et al. (1993) for mixing of 
distinct sources comprising organic carbon (δ13C < − 35‰), 
carbonate sediments (δ13C from − 10‰ to − 5‰) and 
depleted mantle material (δ13C ~ − 6‰) to account for the 
observed compositional variability in E-type diamonds.

In combination with the data from Timmerman et al. 
(2017), the present study examines diamonds of E-, W- and 
P-type paragenesis from Letlhakane (LK; n = 78 inclusions), 
Orapa (OR; n = 2) and Damtshaa (DM; n = 2) mines. Over-
all, the Orapa cluster is known for its unusual predominance 
of eclogitic (~ 85%) over peridotitic diamonds (Deines et al. 
1993; Gurney et al. 1984) and it is one of the few locations 

on the Kalahari Craton where a websteritic diamond suite 
(5%) is present (see Viljoen et al. (2018) and references 
therein). Thus, in addition to new eclogitic garnet and clino-
pyroxene inclusion ages from the three mines, we provide 
the first websteritic and harzburgitic Sm–Nd ages for Letl-
hakane along with their major and trace element compo-
sitions. These data are set in context of the host diamond 
growth structure, the nitrogen content and aggregation data, 
as well as carbon and nitrogen isotope compositions of cor-
responding diamond growth zones. This approach allows 
assessment of whether diamond-forming processes occur 
simultaneously or at different times in different parageneses 
beneath individual mines or entire regions. These constraints 
are crucial for understanding the nature and style of diamond 
formation and the broader interpretation of the evolution of 
the SCLM. Details on regional geology and the major tec-
tono-magmatic events that potentially influenced diamond 
formation are discussed in Online Resource 1.

Materials and methods

Run of mine production was examined from the Letlhakane 
Mine with diamonds ranging in size from 0.1 to 1.2 carat 
(sieve classes + 05, + 07, + 09, + 11; 3, 4 and 5/6 grainers) 
at the Diamond Trading Company in Gaborone, Botswana 
(DTCB). In total, over 77,900 diamonds (~ 21,400 carat) 
were characterised visually for their inclusion (> 10 µm in 
size) content using binocular microscopes as outlined in 
Gress et al. (2018).

After morphological characterisation central diamond 
plates were cut and polished in {110} orientation from 87 
LK diamonds containing multiple large (> 50 μm) garnet, 
clinopyroxene and sulphide inclusions and these plates 
were photographed and imaged by cathodoluminescence 
(CL). Identification of kyanite and coesite was confirmed 
by Raman spectroscopy. Nine of the plates (LK09, LK10, 
LK33, LK40, LK42, LK47, LK50, LK75, LK79) were 
described in Timmerman et al. (2017). The inclusion-bear-
ing diamonds from Orapa (n = 2) and Damtshaa (n = 2), for 
which inclusion ages and general characteristics are pre-
sented here, were selected by the same criteria from a selec-
tion of ~ 160,000 diamonds (Gress et al. 2021).

Nitrogen content and aggregation

Infrared absorbance spectra were collected on whole dia-
monds during sampling at DTCB and along traverses on cen-
tral plates on several FTIR instruments with different experi-
mental settings (for more details see Gress et al. (2018) and 
Online Resource 1). Errors for N content and N aggrega-
tion (expressed as %B = 100B/[A + B]) are typically ± 10% 
and ± 5%, respectively, but uncertainties increase with plate 
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thickness and decreasing N abundance. The significance of 
the N aggregation data with low N abundance is limited 
because N aggregation effectively only takes place with 
contents > 200 at. ppm (Taylor et al. 1990). Therefore, the 
data were filtered for spectra with < 200 at. ppm N, and N 
aggregation data from these samples were excluded from 
the figures (see Online Resource 1). The terminology used 
to describe diamond growth structures distinguishes major 
growth zones where the N abundance showed a varia-
tion > 100 at. ppm (i.e., core, intermediate, rim).

Carbon and nitrogen isotopes

Carbon isotope ratios were determined from selected dia-
mond growth zones using a large-geometry secondary ion 
mass spectrometer (LG-SIMS) at CRPG, Nancy, and gas 
source mass spectrometry (GSMS) at VU Amsterdam. For 
GSMS, the major growth zones were sampled from diamond 
fragments of about 0.05–0.1 mg from known location within 
a diamond (n = 193 growth zones) and combusted in an ele-
ment analyser, as described in Timmerman et al. (2017). 
These analyses are referred to as ‘combustion’ analyses and 
are expressed in delta notation relative to Vienna PeeDee 
Belemnite (VPDB), δ13CVPDB [‰] = (13C/12Csample/13C/12

CVPDB–1) ×  103. Reported uncertainties (Online Resource 
1) were obtained from the reference materials analysed in 
the corresponding analytical session and yield ± 0.12‰ 
to ± 0.20‰ (SD). Overall, duplicates of 14 diamond growth 
zones were analysed in different sessions with indistinguish-
able data (Online Resource 2: Table ESM_2.3). For LG-
SIMS, a Cameca IMS-1280-h multi-collection ion micro-
probe equipped with high sensitivity Faradays cups (see 
Online Resource 1 and Bouden (2021)) measured carbon 
isotopes on central plates (n = 9 diamonds) in proximity to 
FTIR analyses and on polished fragments (n = 7 diamonds) 
obtained from major growth zones. Instrumental mass 
fractionation (IMF) was monitored using reference mate-
rial Dp-418 (δ13C = − 5.32‰), Nam-56 (δ13C = − 29.3‰), 
Nam-114 (δ13C = − 26.93‰), see Cartigny et al. (2004), 
and give an absolute standard error of 0.14‰ for the entire 
analytical session. Long-term error propagation (i.e. for the 
entire session) gives uncertainties ranging from ± 0.15‰ 
to ± 0.17‰ (SD).

In-situ nitrogen content and isotopic composition were 
measured on polished fragments (n = 5 diamonds) adjacent 
to C isotope analysis locations, on the same instrument 
with similar settings for the primary 133Cs + beam (Online 
Resource 1). Nitrogen isotope data are expressed in delta 
notation relative to air, δ15NAIR [‰] = (15 N/14Nsample/15 N
/14NAIR − 1) ×  103. Uncertainties associated with counting 
statistics mainly depend on N content (decreasing uncer-
tainties with increasing concentration), with a typical 2 SD 
uncertainty of 1‰ in diamonds containing 500 at. ppm. 

Instrumental mass fractionation was monitored after every 
10 unknowns using reference material Nam-22 and Nam-
114 (δ15N = 1.4‰ and 4‰, respectively, see Cartigny et al. 
(2004)) and the long-term standard deviation by IMF is bet-
ter than 0.32‰. Uncertainties for individual measurements 
range from ± 0.46‰ to ± 1.73‰ (SD). More details for the 
methods can be found in Online Resource 1 and Gress et al. 
(2020).

Inclusion geochemistry

Silicate inclusions were analysed for their major element 
composition using Jeol JXA-8800 M and Jeol JXA-8350F 
Electron probe microanalyzers following the method of Tim-
merman et al. (2015). Analyses on both instruments were 
conducted with 15 kV accelerating voltage, 25 nA beam 
current, and 1 µm beam size. After EPMA analyses (Online 
Resource 2: Table ESM_2.4), the inclusions were washed 
in ethanol, deionised and Milli-Q water to remove the car-
bon coating prior to spiking and digesting the inclusions for 
trace element and isotopic analysis. The detailed procedures 
are described in Online Resource 1; all corresponding data 
are provided in Online Resource 2: Tables ESM_2.5 and 
ESM_2.6.

Following chromatography, all matrix fractions were 
merged and dried down for trace element analyses on 
a Thermo X-Series II. Samarium and neodymium iso-
tope compositions and concentrations were measured on 
a Thermo Scientific Triton Plus fitted with four  1013 Ω 
amplifiers. The Rb, Sr, Sm, and Nd measurements fol-
low the set-up described in Timmerman et  al. (2017) 
and Gress et  al. (2020). Standards yielded average val-
ues of 87Rb/85Rb of 0.38525 ± 0.00467 (n = 9; NBS984 
0.05 ng), 87Sr/86Sr of 0.710247 ± 0.000013 (n = 9; NBS987 
0.2 ng) and 0.710250 ± 0.000009 (n = 9; NBS987 200 ng), 
143Nd/144Nd of 0.511333 ± 0.000027 (n = 7; CIGO 
0.1 ng), 0.512100 ± 0.000013 (n = 7; JNdI 200 ng) and 
0.516817 ± 0.000023 for 20 ng Sm-std (n = 9). All concen-
trations and isotopic compositions were blank corrected 
using previously determined blank Sr and Nd isotope com-
positions (Timmerman et al. 2017). Overall, blanks were 
0.44 ± 0.14 pg (n = 12; 2SE) for Rb, 15.0 ± 4.8 pg (n = 13) for 
Sr, 0.14 ± 0.15 pg (n = 11) for Sm, and 0.6 ± 0.6 pg (n = 13) 
for Nd (Online Resource 1).

Results

On average, 3.4% of the 77,900 diamonds at Letlhakane 
are inclusion-bearing (Table 1). Sulphide inclusions are the 
most abundant (~ 81%), followed by eclogitic silicate (6.6%), 
unidentified silicate (5.1%) and peridotitic silicate (3.1%) 
inclusions. Diamonds with combined eclogitic silicate and 
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sulphide inclusions account for 4.2% of the inclusion-bear-
ing diamonds. Overall, the eclogitic inclusions dominate the 
silicate population, similar to reports in Shirey et al. (2002). 
In contrast, Deines and Harris (2004) reported an estimated 
distribution of diamond inclusions from Letlhakane produc-
tion of 29.4% eclogitic, 31.7% peridotitic, and 38.9% sul-
phide inclusions, but it remains unclear according to which 
sampling parameters the inclusion abundance counting was 
performed.

Of the 91 studied inclusion-bearing diamonds presented 
here, 3 are peridotitic (i.e., harzburgitic or lherzolitic), 6 are 
websteritic, 8 diamonds have only sulphides and 74 have an 
eclogitic paragenesis of which 44 contain combined eclog-
itic silicate and sulphide inclusions.

Diamond characteristics

All diamonds fall within the resorption spectrum from octa-
hedra to dodecahedra (Online Resource 2: Table ESM_2.1). 
Four octahedra are twinned and 29 diamonds were broken 
or chipped. The majority (n = 64) were colourless, 17 were 
colourless to pale yellow and 10 showed uneven colouration 
with yellow to brown graining or irregular brown cores with 
colourless rims.

Growth structure

The complexity of the diamond growth histories is illus-
trated by the CL images (Fig. 1). Blue CL fluorescence col-
ours are visible in 67% of the diamonds and are related to 
both the N3 centre  (V1N3), as well as B and A emission 
caused by nitrogen impurities in diamond (Collins 1992; 
van Wyk 1982; Welbourn et al. 1996). In addition to blue 
fluorescence, 22% of the diamonds have growth zones with 

yellow–green CL (Fig. 1a) colours either related to single-
substitutional nitrogen  (N0; Boyd et al. (1994)), H3 (NVN; 
Clark and Davey (1984)) or NiN centres  (V2NiN+ and 
 V2NiN; Dischler (2012)). Another 28% of the diamonds 
have slip lines with green fluorescence (Fig. 1b,c) formed 
during plastic deformation in the mantle (Varma 1970). The 
dislocations seem to be associated with the non-luminescent 
Type IIa layers, which are more vulnerable to plastic defor-
mation (Brookes et al. 2000; Yu et al. 2012).

The growth patterns range from a single well-defined 
growth zone (Fig. 1d) to samples with multiple (2 to 4+) 
growth zones (e.g., Fig. 1b, e) that are recognised by sharp 
boundaries that may border genetically unrelated growth 
layers. In contrast, resorption boundaries (e.g., Fig. 1e) 
separating distinct growth events may be more difficult to 
distinguish, but can be recognised by truncation of growth 
layering often followed by limited non-luminescent (Type 
II) growth (15–120 µm). Approximately, 75% of the dia-
monds show at least one (Fig. 1f) distinct resorption event 
and hence record a complex growth history (Fig. 1g). The 
remaining 25% of samples had either no internal resorption 
boundary or no clear growth pattern.

Nitrogen systematics

The N content of 246 representative whole stones ranges 
from 12 to 1153 at. ppm with 9 to 100%B aggregation 
(Online Resource 2: Table ESM_2.2). Less than 1% of 
these diamonds are pure Type IaA, 56% are Type IaAB 
(i.e. 10–90%B), 6% are Type IaB, while the remaining 37% 
have < 200 at. ppm N and hence, no efforts were made to 
quantify corresponding time/temperature constraints based 
on the analysed N aggregation state. The whole stone data 
are used for reference in plots of [N] vs %B.

Table 1  Inclusion abundance 
at Letlhakane

Inclusions defined as recognisable minerals > 10 µm in size. For general data, see Timmerman et al. (2017)
E eclogitic inclusions, P peridotitic inclusions, UN unidentified silicate, sg., single, mult., multiple
a Including boart; if not otherwise reported all diamonds are of gem and near-gem quality
b Percentage of total amount of inclusions calculated by total number of inclusions over number of diamonds

DTC 
sieve 
class

Lot Dia-
monds

Silicates [%] Sulphides [%] Eclogitic 
silicates and 
sulphides [%]

Total 
 inclusionsb 
[%]E P UN Single Multiple

 + 07 LK40D 10,700 7.7 5.3 11.5 29.3 46.2 – 1.9
 +  09a LK40D 13,500 – – – – – – –
 + 11 LK40D 6,800 4.7 1.2 7.1 39.4 47.6 – 2.5
3Gra LK40D 2,500 3.4 1.4 2.7 37.0 55.5 – 5.8
 + 07 LK46D 18,000 4.2 6.5 4.1 32.7 45.7 6.8 3.4
 + 09 LK46D 14,400 9.7 1.3 3.8 31.3 47.7 6.3 3.7
 + 11 LK46D 8,300 9.3 0.5 4.7 51.9 30.4 3.3 2.6
3Gr LK46D 3,700 4.9 0.0 5.6 50.3 37.1 2.1 3.9
Total 77,900 6.6 3.1 5.1 36.1 44.9 4.2 3.4



Contributions to Mineralogy and Petrology (2021) 176:54 

1 3

Page 5 of 25 54

FTIR traverses were determined on 62 representative 
Letlhakane plates and plotted together with their C-(N) iso-
tope composition in Online Resource 3, with data provided 
in Online Resource 2. Of these plates, ~ 20% show a con-
stant C-N distribution close to analytical error (± 10% N 
and ± 2%B; ± 1‰ δ13C), whereas the majority have different 
N contents, aggregation and C isotope ratios in individual 
growth zones. Spot analyses (n = 1034) from traverses along 
the plates of all parageneses range from N below detection 
limit to 1944 at. ppm N and 0 to 100%B aggregation (Online 
Resource 2). Of these, data from the five known W-type 
diamonds are restricted to N contents between 6 and 286 
at. ppm with a mean of 86 ± 64 at. ppm (n = 65 spot analy-
ses). The largest N intra-diamond variation (1934 at. ppm) is 

recorded in eclogitic plate LK03, which ranges from below 
detection limit to 1934 at. ppm. The largest change in aggre-
gation state is recorded in LK311, 95%B. About 2% of the 
spot analyses traversing the plates are pure Type IaA, 48% 
are Type IaAB, 9% are Type IaB, 29% of the measurements 
have < 200 at. ppm N and an additional 9% have N below 
detection limit.

Mantle residence temperatures (TMR), calculated after 
Leahy and Taylor (1997), were modelled for all plates with 
sufficient N (i.e. > 200 at. ppm, n = 380 spot analyses) based 
on diamond formation ages presented below corrected for 
the 93 Ma kimberlite eruption age. The calculated TMR range 
from 1088 °C to 1373 °C assuming young diamond for-
mation at kimberlite eruption, to 1021–1271 °C assuming 

Fig. 1  Central plates of representative diamonds showing light micro-
scope- & CL-images, FTIR traverses (white marker) δ13C composi-
tions of combustion samples (light grey marker) and of SIMS subdi-
vided in traverses (black marker with stippled line) or measurements 
on polished fragments (black marker) together with their δ15N data 
(dark grey) and derived [N]. a LK244 consists of two intergrown 
diamonds of which one has solid  CO2 in its brown core; b LK241 
shows oscillatory growth with a gradual shift in its composition; c 
LK250 is a low N-bearing diamond; d LK61has high N in combina-
tion with very low aggregation and implies young diamond forma-
tion; e the successive growth layers in LK272 show a similar trend 

to LK61, however slight changes in fluid composition between core, 
intermediate zone and rim are visible; f LK231 has a clear distinction 
between core and rim in its C-N data, the core that formed at 0.75 Ga 
was partially resorbed at a later stage potentially in combination with 
precipitation of the rim growth zone; g LK338 shows very com-
plex growth patterns and different episodes of plastic deformation, 
dated inclusions were recovered from the core (~ 3 Ga), intermediate 
zone (~ 1 Ga) and rim (~ 0.3 Ga) zones, the light δ13C indicates the 
involvement of organic carbon in the diamond-forming fluid; h the 
core of LK47 formed at ~ 2.3  Ga whereas the intermediate and rim 
zones indicate formation at a later stage
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diamond formation at 2.3  Ga. Temperature differences 
between individual growth zones within a single diamond 
are generally < 50 °C i.e., within the uncertainty (Kohn et al. 
2016) but can exceed 150 °C. For example, assuming dia-
mond formation at 1 Ga results in TMR of 1044 °C in LK311 
core and 1208 °C in its intermediate growth zone. These 
results illustrate the limits of one-stage thermal evolution 
models when applied to different growth zones within a dia-
mond. Unfortunately, there are few diamonds with multiple 
dated inclusions from different growth zones that have suf-
ficient N (> 200 at. ppm) to model the time–temperature 
characteristics within a diamond (LK75, LK338; Fig. 1g).

Nitrogen and carbon isotope systematics

Nitrogen isotope ratios (Fig.  2a) from five diamonds 
(LK42, LK47, LK131, LK170, LK231; Fig. 1f,h) range 
from − 5.0‰ to + 9.6‰ (n = 16; SD ± 0.46‰ to ± 1.73‰) 
covering values typical for the mantle and recycled crustal/
sedimentary material (Cartigny et al. 2014). Core growth 
zones range from + 1.1‰ to + 6.4‰ (δ13C of − 9.4‰ to 
− 6.2‰), two measurements in intermediate zone of LK47 

(Fig. 1h) have a δ15N of + 9.5‰ (δ13C of − 16‰ to − 15‰), 
rim compositions range from − 4.5‰ (δ13C of − 6.9‰ to 
− 5.5‰) to + 8.9‰ (δ13C of ~ − 5.0‰).

Carbon isotopes of individual growth zones from eclog-
itic Letlhakane diamonds range from − 38.5‰ to − 1.7‰ 
(n = 317) with a weak bi-modal distribution (Online 
Resource 1: Figure ESM_1.1) with modes at − 6.6‰ and 
− 16.2‰. The lightest carbon isotope values (Fig. 2b) 
in the E-type diamonds are recorded only in core growth 
zones. Cores, however, have isotopic values that range from 
− 38.5‰ to − 4.5‰, with N from below detection limit up 
to 771 at. ppm. Intermediate and rim zones are also variable 
with δ13C values, respectively, between − 24.9‰ to − 1.7‰ 
(< 963 at. ppm N) and − 26.0‰ to − 3.8‰ (< 1346 at. 
ppm). The overall range is greater than reported previously 
for literature bulk analysis of eclogitic Letlhakane (− 18.3‰ 
to − 3.6‰; mean − 6.7‰ ± 3.0‰; n = 35), Orapa (− 28.6‰ 
to − 2.1‰; mean − 12.5‰ ± 3.7‰; n = 17) or Damtshaa 
(− 17.6‰ to − 4.4‰; mean − 6.6‰ ± 3.4‰; n = 18) dia-
monds (Chinn et al. 2018; Deines et al. 2009).

Data from the five websteritic Letlhakane diamonds in this 
study range from − 25.7‰ to − 17.6‰ (Online Resource 1: 

Fig. 1  (continued)
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Figure ESM_1.1) with a mean of − 20.9‰ ± 2.7‰ (n = 26). 
These data are similar to published websteritic means from 
Letlhakane (− 19.8‰, n = 2) and Orapa (− 19.3‰ ± 2.3‰, 
n = 7) but different to Damtshaa (− 10.6‰, n = 1; see Deines 
et al. (2009)).

Diamond growth: constant C‑N A minority (~ 20%) of 
the studied diamond plates consist of a single or multiple 
growth zones that display oscillatory growth with a con-
stant N distribution (± 10%) and minor internal variation in 
δ13C (± 1‰) e.g., LK48 with N < 20 at. ppm and δ13C of 
− 22.3 ± 0.4‰; LK61 with 705 ± 30 at. ppm N and 1 ± 1%B 
(Fig.  1d); LK70 with 593 ± 48 at. ppm N and 42 ± 2%B. 
Corresponding nitrogen TMR assuming formation at 1 Ga, 

range from 1041–1070 °C (LK61) to 1140–1152 °C (LK70, 
LK131). Robust age implications have only been obtained for 
diamond LK10  (TDM: 910 Ma), that falls on a 998 ± 140 Ma 
isochron presented in Timmerman et al. (2017).

Diamond growth: variable C‑N The majority of the stud-
ied diamonds (~ 80%) display internal variations in N 
content, N aggregation, δ13C (and δ15N) between growth 
zones. Several diamonds record abrupt changes between 
major growth zones (i.e., Δδ13C > 4‰) associated with 
differences in CL-characteristics and FTIR data (Fig. 1f) 
e.g., LK01 with δ13C from −  14.3‰ (core) to −  5.6‰ 
(rim). The largest intra-diamond variation of 14.4‰ in 
δ13C is recorded in LK305 between core (− 22.0‰) and 

Fig. 1  (continued)
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rim (− 7.5‰), while LK60 and LK231 have differences 
of up to 12.8‰ and 12.2‰, respectively (Fig.  1f). The 
variation within individual major growth zones is nor-
mally less than 2‰ e.g., in LK18 (TMR: 1088–1134 °C) 
with δ13C from − 7.2 to − 5.1‰, in LK79 (TMR: 1102–
1128 °C) with δ13C from − 19.1 to − 17.8‰ and an inclu-
sion age > 2.3 Ga for the intermediate zone (Timmerman 
et  al. 2017), in LK95 (TMR: 1144–1156  °C) with δ13C 
from −  4.9‰ to −  4.5‰. Internal differences of 4.2‰ 
were found in the core of LK362, of 2.7‰ and 4.4‰ in 
the intermediate zones of LK50 and LK60, respectively, 
and of 2.6‰ in the rim of LK231. These data potentially 
illustrate the difficulties in three-dimensional sampling of 

diamond fragments of a specific growth zone for GSMS 
analyses of C isotopes. A Rayleigh fractionation process 
(Cartigny et al. 2001; Deines 1980) could explain the vari-
ations observed within some major growth zones, but few 
diamonds (e.g., LK241, LK272; Fig. 1b, e) have detailed 
traverses to fully investigate this possibility.

Inclusion geochemistry

Sulphide, garnet (gnt), clinopyroxene (cpx), orthopyroxene 
(opx), kyanite, and coesite inclusions were identified in the 
studied diamonds.

Fig. 2  Covariation in C–N data 
analysed on polished fragments 
of individual growth zones 
subdivided in core (circle), 
intermediate (diamond) and 
rim (square). Dark grey areas 
are based on black ‘x’ and 
represent literature data from 
Orapa (Deines et al., 1993; 
Cartigny et al., 1999; Chinn 
et al., 2018). a Covariation in 
δ13C and δ15N. Stippled lines 
represent hypothetical mixing 
curves between the mantle 
and isotopically distinct C-N 
reservoirs with normal and 
biogenic carbonate after Li et al. 
(2019). b Covariation of δ13C 
and N content as atomic ppm of 
individual growth zones. The 
carbon data show a bi-modal 
distribution, also observed in 
literature data from Orapa. 
Data from the five websteritic 
Letlhakane diamonds in this 
study range from − 25.7‰ to 
− 17.6‰ (Online Resource 1: 
Figure ESM_1.1) with a mean 
of − 20.9‰ ± 2.7‰ (n = 26). 
These data are similar to pub-
lished websteritic means from 
Letlhakane (− 19.8‰, n = 2) 
and Orapa (− 19.3‰ ± 2.3‰, 
n = 7) but different to Damtshaa 
(− 10.6‰, n = 1; see Deines 
et al. (2009)).

(a)

(b)
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Major element composition

In total, 68 garnet inclusions in 21 diamonds from Letlha-
kane, 1 from Orapa and 2 from Damtshaa were analysed 
(Online Resource 2: Table ESM_2.4). The garnets have 
 Cr2O3 contents of 0–17.5 wt% and magnesium numbers 
[Mg#: molar 100 Mg/(Mg + Fe)] of 47–90, typical of peri-
dotitic (5%; P-type), eclogitic (83%; E-type) and websteritic 
(12%; W-type) parageneses (Fig. 3a). Eighteen clinopyrox-
enes in 9 diamonds with Mg# of 73–94 and Cr# [Cr#: molar 
100Cr/(Cr + Al)] of 0–56 (Fig. 3b) are classified follow-
ing the nomenclature of Morimoto et al. (1988), as diop-
sides (LK200) with Cr# > 50 (P-type), omphacites (LK03, 
LK18, LK27, LK47, LK75, LK79, LK131) with low Cr# < 4 
(E-type) and augites (LK40, LK286, LK338) with transi-
tional Cr# of 7–30 (W-type). Three orthopyroxene (opx) 
inclusions (LK129) have magnesium numbers of 73–79, 
 TiO2 contents of ~ 0.10 wt% and  Na2O contents of < 0.04 
wt%. Based on their Mg# < 86 (Stachel and Harris 2008), 
they are classified as websteritic.

Classification into  compositional groups Based on differ-
ences in the CaO-Cr2O3 diagram of Grütter et al. (2004) and 
other major element contents, the garnets can be subdivided 
into a minimum of six compositionally different chemical 
groups (Fig. 3c): (i) sub-calcic ‘high’  Cr2O3 P-type garnets 
in the harzburgitic G10 field (LK58, LK101), (ii) W-type 
‘high’  TiO2 garnets from the G5 ‘high’ Cr field (LK113), 
(iii) W-type ‘low’  TiO2 garnets from the G5 ‘high’ Cr field 
(LK338, LK346), iv) W-type ‘low’ FeO and CaO, ‘high’ 
 TiO2 and  Cr2O3 garnets from the G4 field (LK40), v) E-type 
‘high’ FeO and CaO, ‘low’  TiO2 and  Cr2O3 garnets from the 
G4 field (LK50, LK224, LK268, LK280), vi) the remaining 
E-type garnets from the G3 field have a large compositional 
range but do not clearly define distinct populations.

The clinopyroxenes can be subdivided into similar popu-
lations as the garnets: (i) P-type ‘high’ Cr# (> 50), ‘high’ 
Mg# (> 90) clinopyroxene (LK200), (iii) W-type ‘high’ Cr# 
(> 25), ‘low’  TiO2 clinopyroxenes (LK338), (iva) W-type 
‘high’ Cr# (5–12) in the transitional field from eclogitic to 
peridotitic clinopyroxenes in combination with low  Na2O 
(< 1.8 wt%; LK40, LK286), ivb) E-type ‘high’ Cr# (2–5) 
and  Na2O (2.4–3.5 wt%; LK79, LK131). The remaining 
E-type clinopyroxenes have extremely ‘low’ Cr# but a 
range of other chemical compositions and define no clear 
sub-populations (vi).

Trace element patterns

The harzburgitic, eclogitic and websteritic garnets have 
C-1 chondrite-normalised trace element patterns (Online 
Resource 2: Table ESM_2.5) generally within the range pre-
viously reported in garnet inclusions in diamonds worldwide 

(Stachel et al. 2004a). The harzburgitic garnets (Fig. 4a) 
have sinusoidal  REEN patterns with  LREEN increasing 
from La to a maximum at Nd, decreasing  MREEN and flat to 
increasing  HREEN. In contrast, some eclogitic garnets have 
a steep positive slope in the  LREEN and fairly flat  MREEN 
and  HREEN, while others have humped  REEN patterns with 
a positive slope in the  LREEN peaking at Nd and decreasing 
in the  MREEN to flat or decreasing  HREEN (Fig. 4b). Some 
garnets have Eu anomalies (Eu/Eu*: 0.25–1.7). Websteritic 
garnets (Fig. 4c) have flatter  REEN patterns than eclogitic 
garnets but also show a positive slope in  LREEN with rela-
tively flat  MREEN and  HREEN and negative Eu anomalies 
(Eu/Eu*: 0.34–0.88).

The dated eclogitic and websteritic clinopyroxenes typi-
cally show trace element patterns (Online Resource 2: Table 
ESM_2.5) with a positive slope in the LREE peaking at Nd 
and decreasing in the MREE–HREE (Fig. 4d). The slopes 
from the peak at Nd to Lu are steeper in the eclogitic (13–15 
times chondrite) and websteritic (27–77 times chondrite) 
clinopyroxenes in this study than worldwide sources (Nd/
Lu of ± 5) reported in Stachel et al. (2004a). This may be 
caused by the different analytical techniques, as this study 
did not analyse bulk inclusions by laser ablation, but matrix 
residua corrected to reference materials for > 90% loss of Nd 
and Sm during column chemistry. Additionally, the overall 
abundance of REE in cpx inclusions is lower compared to 
garnets and in cases of small inclusion size (< 5 µg), a strong 
decrease from MREE to HREE in chondrite-normalised pat-
terns is seen in the garnets resulting in elevated (Ce/Yb)N 
ratios. Overall, inclusions recovered from the same growth 
zone of a diamond (e.g., LK338 cpx C, D, E) have compa-
rable  REEN patterns and Eu anomalies (Fig. 4). Validity of 
the trace element compositions was demonstrated in Gress 
et al. (2021) that confirmed a general agreement between 
such matrix residua collected from chromatography columns 
and bulk analysis of inclusions.

Parental fluid compositions Fluid compositions in equilib-
rium with the silicate inclusions were calculated from parti-
tion coefficients for supercritical liquids at 1000 °C and 4 
GPa (Kessel et al. 2005). The metasomatic nature of diamond 
formation involves volatile-rich liquids which are com-
monly referred as high-density C–H–O fluids or low degree 
melts at supra-solidus conditions (see Shirey et al. (2019)). 
Henceforth, the term fluid is used in context with diamond-
forming processes, because distinction between the role of 
high-density fluids and melts is difficult to resolve. Overall, 
the calculated fluids (Fig. 5) show a wide range of LREE 
enrichment  (LaN = 12–7013, (La/Gd)N = 2–993 and (Ce/
Yb)N = 20–19174) comparable to the range of compositions 
recorded in kimberlites (Mitchell 1986) and high-density 
fluids trapped in fibrous diamonds from other locations in 
Southern Africa (Schrauder et al. 1996; Weiss et al. 2013). 
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Fig. 3  (right) a Peridotitic, 
eclogitic and websteritic garnet 
inclusions in diamonds from 
the Orapa kimberlite cluster 
classified by molar Mg# versus 
 Cr2O3 contents with composi-
tional fields from Deines et al. 
(1993). b Classification scheme 
of Grütter et al. (2004) with 
distinction between individual 
compositional garnet groups i to 
vi. c Composition of clinopy-
roxene inclusions in Letlhakane 
diamonds by molar Mg# versus 
Cr# for individual compo-
sitional groups according to 
garnets. Literature data (empty 
markers) from Deines and Har-
ris (2004), Deines et al. (1993), 
Deines et al. (2009), Stachel 
et al. (2004b), and Timmerman 
et al. (2017) & (2018)

(a)

(b)

(c)



Contributions to Mineralogy and Petrology (2021) 176:54 

1 3

Page 11 of 25 54

(a) (c)

(b) (d)

Fig. 4  Chondrite-normalised REE patterns of a harzburgitic, b eclog-
itic, c websteritic garnets, and d eclogitic and websteritic cpx from 
Letlhakane. Colours correspond to different Sm–Nd ages (see Fig. 5); 

stippled lines are inclusions that were not dated and had no chroma-
tography; grey shaded area represents literature data for harzburgitic 
or eclogitic inclusions from worldwide sources (Stachel et al. 2004a)

Fig. 5  Theoretical  REEN 
patterns of parental diamond-
forming fluids derived from 
clinopyroxene and garnet 
inclusions using partitioning 
coefficients at 4 GPa/1000 °C 
from Kessel et al. (2005). The 
fluids show a wide compo-
sitional range comparable to 
high-density fluids trapped in 
fibrous diamonds from other 
southern African mines (Weiss 
et al. 2013); worldwide average 
kimberlite composition from 
Schrauder et al. (1996)
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The inferred fluid compositions for individually dated inclu-
sions recovered from the same growth zone are reproducible 
with (La/Gd)N for example in E-type DM012 (8–11), P-type 
LK101 (295–313) and W-type LK113 (13–25).

Sm–Nd isotope systematics

Sm and Nd concentrations in the garnet inclusions vary from 
0.16 to 6.48 ppm Sm and 0.24–10.37 ppm Nd (Table 2). The 
143Nd/144Nd ratios of garnets vary from 0.5099 to 0.5175 
with 147Sm/144Nd between 0.05 and 1.2 and εNdi (corrected 
for kimberlite eruption at 93 Ma) between − 50.6 and + 94.6. 
Rubidium and Sr (Online Resource 2: Table ESM_2.6) 
range to both lower and higher concentrations than previ-
ously reported (0.04–4.61 ppm Rb, 2.05–25.1 ppm Sr). Half 
of the garnets have low 87Rb/86Sr ratios (< 0.09), which 
in combination with their large range in 87Sr/86Sr ratios 
(0.7049–0.7165) indicate a multi-stage history and incor-
poration of radiogenic strontium (Timmerman et al. 2017). 
The remaining garnets have higher Rb/Sr ratios (0.1–0.7) 
and may provide age constraints. For some garnets, how-
ever, the overall Rb and Sr contents are low resulting in 
large uncertainties for the isotope ratios (Online Resource 2: 
Table ESM_2.6). In addition, blank contribution to Rb and 
Sr can represent up to 51%, resulting in an overall limited 
significance for the Rb–Sr isotope data.

The cpx inclusions have 1.1–9.9 ppm Nd, 0.25–2.19 ppm 
Sm and 143Nd/144Nd of 0.5116–0.5120 with 147Sm/144Nd of 
0.12–0.14 (Table 2). Initial εNdi range between − 18.1 and 
− 10.6. Sr (189–277 ppm) and Rb (0.13–3.0 ppm) contents 
are associated with low 87Rb/86Sr ratios (< 0.04) in combina-
tion with moderate 87Sr/86Sr ratios (0.7063–0.7067; Online 
Resource 2: Table ESM_2.6).

Sm–Nd isotope age arrays The broad compositional range 
of garnet and cpx inclusions define five well- (Group 1–5) 
and three less well-constrained (Group a–c) arrays in a Sm–
Nd isochron diagram (Fig. 6). Published data from Letlha-
kane are included and combined with the new data from the 
Orapa and Damtshaa mines. From old to young we distin-
guish: (Group a) three sub-calcic garnets with  TCHUR model 
ages ≥ 2.9  Ga (2.87–3.38  Ga); (Group b) although with a 
significant blank contribution (~ 30%), one eclogitic garnet 
has a  TCHUR model age > 2.7  Ga; (Group 1) five cpx and 
one garnet define a 2341 ± 21 Ma age array with an εNdi 
of + 5.9; (Group 2) four cpx describe a 1698 ± 280 Ma age 
array with εNdi of + 3.3; (Group 3) eleven garnets define 
a 1100 ± 64  Ma age with negative εNdi of −  1.7; (Group 
4) four garnets plot along a 746 ± 100 Ma array with εNdi 
of − 2.7; and (Group 5) seven garnets and three cpx define 
a line with a slope equivalent to an age of 220 ± 80  Ma 
with εNdi of 1.3; (Group c) eight garnets with unradio-
genic 143Nd/144Nd (εNdi from − 42.5 to − 2.2) plot below 

a 140 Ma reference line and are outside the uncertainty of 
Group 5. Notably, inclusions on the age arrays (Group 1–5) 
are of both eclogitic and websteritic paragenesis suggest-
ing diamond formation occurs contemporaneously in both 
eclogitic and websteritic protoliths.

Discussion

The recognition of multiple growth zones and traces of plas-
tic deformation within the diamonds (Fig. 1a, c, f, g) is in 
line with their isotopic heterogeneity and the marked com-
positional range of the inclusions. Together, diamonds and 
inclusions provide incontrovertible evidence for diamond 
formation in a variety of distinct eclogitic/websteritic/harz-
burgitic/lherzolitic environments in the SCLM beneath the 
Orapa kimberlite cluster at different times. Similar observa-
tions were made elsewhere at various mines [see compila-
tion in Stachel and Harris (2008)].

Sm–Nd isotope constraints on diamond formation 
ages

Garnet within a harzburgitic assemblage contains the vast 
majority of the REE (> 90%) and hence, the model ages 
of sub-calcic garnets have direct age significance. Initially, 
we will review the peridotitic inclusions in an attempt to 
constrain the formation age of the oldest diamond popula-
tions. Inclusions from eclogitic assemblages, the majority 
of inclusions in this study and in Timmerman et al. (2017), 
will be considered thereafter, before examining inclusions of 
websteritic paragenesis from Letlhakane and subsequently 
eclogitic inclusions from Orapa and Damtshaa.

Defining which inclusions are co-genetic is a key aspect 
of the approach. Most growth zones surrounding analysed 
inclusions have low nitrogen and thus, the nitrogen systemat-
ics cannot be used as a main discriminator for determining 
which groups of minerals are co-genetic and hence poten-
tially form isochron relationships. Since depleted man-
tle model ages  (TDM) yield unrealistically old ages due to 
intersection of the depleted mantle model curve with CHUR 
at ~ 2.9 Ga, Nd isotope  TCHUR model ages are reported. 
Overall, the model ages are only considered indicative for 
E-/W-type diamonds due to the evidence of recycled crus-
tal material in many studied eclogitic diamond populations 
(Deines et al. 1984; Smart et al. 2011; Taylor et al. 1990) 
and due to variable trace element partitioning into clinopy-
roxene and garnet. Such partitioning depends on the pres-
ence of accessory phases and, for example, the CaO contents 
of garnets fractionating the Sm/Nd ratios in the mineral-
fluid system (Aulbach and Jacob 2016; Barth et al. 2001; 
Harte and Kirkley 1997; O’Reilly and Griffin 1995). This 
complicates interpretation of the time-integrated Sm–Nd 
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isotope systematics. Therefore, co-genetic relationships were 
established in a similar way to Timmerman et al. (2017) and 
Koornneef et al. (2017) i.e., inclusions were divided into 
groups with comparable  TCHUR ages of < 0.4 Ga, < 0.75 G
a, < 1.15 Ga, < 2.7 Ga and > 2.7 Ga and further subdivided 
based on mineral composition, 87Sr/86Sr and the calculated 
enrichment of LREE relative to MREE using (La/Gd)N of 
the parental fluids (Fig. 7).

Peridotitic diamonds at Letlhakane

The  TCHUR model ages (≥ 2.9 Ga) of the three harzburgitic 
garnets (Group a) provide the first age constraints for har-
zburgitic diamond formation at Letlhakane (and the entire 
Orapa cluster). Diamond formation apparently resulted in 
metasomatic re-enrichment of an originally highly melt-
depleted protolith. The garnets of LK058 (0.7077) and 
LK101 (0.7136) have different 87Sr/86Sr ratios (Online 
Resource 2: Table ESM_2.6), Ca/Cr ratios (0.04–0.07) and 
do not define a precise Sm–Nd isochron (2360 ± 580 Ma). 
The low initial ratio (ɛNdi − 8.7) implies an older forma-
tion age, consistent with older  TCHUR model ages. Similar 
Mesoarchean model ages of 3.2–3.3 Ga were reported for 
harzburgitic diamonds from Finsch and Kimberley (Richard-
son et al. 1984) along with a 2.95 ± 0.07 Ga Sm–Nd isochron 
from Venetia (Koornneef et al. 2017) and Lu–Hf, Sm–Nd 
and Re-Os peridotite xenolith data in the Kalahari Craton 
(Branchetti et al. 2021; Carlson et al. 1999; Simon et al. 
2007).

The variable but high  Cr2O3 contents (12–17 wt%) of the 
LK peridotitic inclusions suggest different degrees of origi-
nal source depletion and/or varying pressure in diamond 

formation (Deines et al. 2009; Griffin et al. 1999; Stiefen-
hofer et al. 1997). Application of the Cr/Ca-in-garnet barom-
eter of Grütter et al. (2006) using a 40 mW/m2 geotherm 
yields 5.9–6.1 GPa (~ 200 km depth) for LK058 gnt A, B 
and 7.8–8.0 GPa for the high-Cr LK101 gnt A, B (~ 260 km 
depth). There are potentially increased uncertainties from 
microprobe measurements when using unpolished surfaces 
of the inclusions; however, these pressure estimates are 
comparable to those recorded in a harzburgitic garnet from 
the nearby Karowe mine (7 GPa; Motsamai et al. (2018)). 
Deep formation/storage near the base of the lithosphere is 
supported by the inferred TMR of 1195 °C in LK058 (66 at. 
ppm N with 71%B) that overlaps with equilibration tempera-
tures calculated from olivine-garnet diamond inclusion ther-
mometry from Orapa (1230 ± 80 °C; Stachel et al. (2004b)), 
Karowe (1200 °C, 5.2 GPa; Motsamai et al. (2018)) and the 
inferred geophysical structure of the SCLM beneath Letlha-
kane (Griffin et al. 2003; Shirey et al. 2002).

The LK inclusions overlap with the radiogenic 87Sr/86Sr 
ratios of garnet harzburgite xenoliths (0.7091) and the 
Sm–Nd model age (TCHUR: ~ 3.2 Ga) that were interpreted 
to demonstrate the ancient origin of the lithospheric root 
beneath Letlhakane (Stiefenhofer et al. 1997). The trace ele-
ment contents of the harzburgitic garnet inclusions (Online 
Resource 2: Table ESM_2.5; Fig. 4a) indicate metasomatic 
enrichment of a depleted protolith, as the garnets have low 
Zr (24–48 ppm) and Y contents (1.8–3.5 ppm). They are 
characterised by high LREE and low HREE ((La/Gd)N 
295–467) as has been observed in garnet inclusions from 
Orapa and Karowe (Motsamai et al. 2018; Stachel et al. 
2004b). Overall, harzburgitic diamonds (86% of peridotitic 
diamonds) are widespread in the SCLM (Stachel and Harris 

Fig. 6  Sm–Nd isochron compi-
lation of individual harzburgitic, 
eclogitic and websteritic garnet 
(square) and clinopyroxene (cir-
cle) inclusions from Letlhakane, 
Orapa (stippled markers) and 
Damtshaa (dotted markers) in 
this study and literature data for 
Letlhakane and Orapa (white 
diamonds) from Timmerman 
et al. (2017). Note: εNdi of the 
isochron in reference to CHUR; 
individual colours represent co-
genetic inclusions
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Fig. 7  The evolution of eclogitic (E-type), websteritic (W-type) and 
harzburgitic (H-type) diamonds from the Orapa kimberlite cluster 
in context with the geodynamic setting (see Sect. 4.4.1) in southern 
Africa. Isochron ages (coloured font) refer to diamond formation in 
Letlhakane (LK), Orapa (OR) and Damtshaa (DM) with the number 
of dated inclusions (n) in brackets. Isochron ages from Orapa and 

Letlhakane (grey font) are from Timmerman et al. (2017), from Vene-
tia (grey font) from Koornneef et al (2017). Box and whisker plots for 
carbon isotopes and nitrogen content together with general properties 
of 87Sr/86Sr composition, TCHUR model ages, mineral equilibration 
temperature (TK) and integrated mantle residence time (TMR) relate to 
the corresponding age population. Note: the figure is not to scale
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2008) but appear rare in Botswana. Two small (< 2 µg) lher-
zolitic cpx were recovered from the core of LK200 that has 
relatively low N content (~ 50 at. ppm). The N aggregation 
is above 80% but no firmer age constraints can be made.

Simultaneous and episodic formation of eclogitic 
and websteritic diamonds

The eclogitic inclusion data from this study help 
refine the eclogitic diamond formation ages previously 
reported from Letlhakane by Timmerman et al. (2017): 
245 ± 38 Ma (292 ± 140 Ma; this study), 998 ± 140 Ma 
(now 1029 ± 97 Ma) and at Orapa for 1699 ± 340 Ma (now 

Table 3  Sm–Nd ages of inclusions from Letlhakane (LK), Orapa (OR) and Damtshaa (DM)

Age
group
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1698 ± 280 Ma). An additional age of 751 ± 150 Ma was 
found for eclogitic garnet inclusions at Letlhakane. No new 
eclogitic inclusions were found associated with the reported 
2322 ± 22 Ma age (Fig. 6). Initial ratios of all the isochron 
ages are close to CHUR with ɛNdi ranging from − 2.9 to 
3.3 (Table 3). Additionally, two less well-constrained eclog-
itic events (Groups b and c) are indicated with notable un-/
radiogenic 143Nd/144Nd. Combining eclogitic ages with data 
of websteritic inclusions from Letlhakane (and subsequently 
with eclogitic inclusions from Orapa and Damtshaa) sug-
gests simultaneous and episodic diamond formation in both 
diamond parageneses. Hence, the following section will 
critically assess the diamond and inclusion properties of the 
different petrogenetic diamond suites to evaluate a genetic 
relationship and constrain the scale and nature of diamond-
forming processes (also see Online Resource 1.3: Tectono-
magmatic implications).

Archaean eclogitic diamond formation Older than 2.7 Ga 
(Group b)

The Sm–Nd isotope systematics of the eclogitic gar-
net LK224 are extreme but the age poorly constrained 
(TCHUR = 3.9 ± 1.2 Ga). The inclusion has supra-chondritic 
REE contents with LREE depletion, flat MREE/HREE and a 
negative Eu anomaly (Eu/Eu* = 0.25, Fig. 4b). The existence 
of Archaean eclogitic diamonds (> 2.5 Ga) has previously 
been indicated in the Kaapvaal Craton (Pearson and Har-
ris 2004; Richardson et al. 2001, 2004; Shirey et al. 2008; 
Westerlund et al. 2004). The diamond is low in N (< 20 at. 
ppm) and does not allow firmer constraints on its age. The 
moderately light δ13C (− 9.2‰) in combination with the 
negative Eu anomaly suggests the involvement of recycled 
crustal component(s) in the source of the metasomatic fluid 
or eclogitic protolith (Aulbach and Jacob 2016).

Paleoproterozoic diamond‑forming events At 2341 ± 21 Ma 
(Group 1)

Websteritic LK338 records a complex growth history 
(Fig. 1g) and its inclusions were recovered from distinct 
growth zones. Three cpx from its core have  TCHUR ages 
between 1.4 and 2.0 Ga with moderately radiogenic 87Sr/86Sr 
(0.706). In combination with the 2.3 Ga eclogitic inclu-
sions (0.7045 and 0.7097) of Timmerman et al. (2017) that 
have similar Sm/Nd ratios (0.2 and 0.3), these data imply 
diamond formation at 2341 ± 21 Ma with an εNdi of + 5.9 
(Table  3). The websteritic LK338 core has light δ13C 
(− 25.6‰) as do the eclogitic inclusions (δ13C − 33.6‰ 
to − 9.2‰) and suggest the involvement of subducted and 
recycled (Archaean) organic material (Cartigny et al. 1999; 
Timmerman et al. 2017). This conclusion is re-enforced by 
heavy δ15N in the cores (Fig. 2a) of LK42 (+ 2.3‰ ± 0.9‰) 
and LK47 (~ + 9.3‰). Because no LREE data are available 
for these eclogitic inclusions, only the MREE and HREE of 

the inferred diamond-forming metasomatic fluid composi-
tions can be compared. Calculated (Dy/Yb)N ratios for the 
eclogitic (5–9) and websteritic (8–29) inclusions overlap 
and potentially suggest simultaneous interaction of a fluid 
or series of fluids of similar composition with eclogitic and 
websteritic portions of the SCLM. The similar TMR of web-
steritic LK338 (core: 259 at. ppm N, 63%B; TMR: 1155 °C) 
and these eclogitic diamonds (1119–1165 °C) imply com-
parable storage conditions and thus, suggest that the E- 
and W-type diamonds precipitated at a similar level in the 
SCLM.

At 1698 ± 280 Ma in Orapa (Group 2)
Four eclogitic Orapa cpx with unradiogenic 87Sr/86Sr 

(0.7032–0.7046) define an Sm–Nd age of 1698 ± 280 Ma 
and indicate the involvement of isotopically depleted source 
material with εNdi of + 3.3 (Table 3). The diamonds are low 
in N (< 20 at. ppm) and have mantle-like δ13C (− 7.5‰ to 
− 5.6‰). Only cpx inclusions define this event in compari-
son to the predominance of garnet inclusions that define the 
other events, but notably, the cpx have comparable  TCHUR 
model ages (~ 2 Ga). As yet, there is no evidence for this 
event at Letlhakane or Damtshaa, suggesting localised dia-
mond formation. This finding could, however, represent 
sampling bias towards diamonds carrying multiple, large 
silicate and sulphide inclusions.

Mesoproterozoic diamond formation At 1100 ± 64 Ma 
(Group 3)

Websteritic garnets from the intermediate zones of LK338 
and LK113 have 5 wt% CaO, moderate Mg# (68–72) 
and radiogenic 87Sr/86Sr (0.710–0.713). The inclusions 
have comparable Sm–Nd isotope systematics and define 
an isochron with a large uncertainty (Table 3).  TCHUR 
model ages are between 974 and 1208 Ma (Table 2). Four 
eclogitic LK garnets that are more calcic (5.7–12.3 wt% 
CaO) with lower Mg# (50–72), have overlapping radio-
genic 87Sr/86Sr (0.7078–0.7120) and define an Sm–Nd 
age of 1029 ± 97 Ma with an εNdi of + 0.2. Similar LREE 
enriched characteristics of the inferred diamond-forming 
fluid (Fig. 5) in the eclogitic ((La/Gd)N 2–25) and web-
steritic ((La/Gd)N 2–19) parageneses suggest the interac-
tion of similar fluids with distinct protoliths. The com-
bined data define an age of 1038 ± 94 Ma (εNdi − 0.6). 
Two eclogitic garnets from Orapa (3.5–5.7 wt% CaO, Mg# 
61–70, 87Sr/86Sr 0.7081–0.7084) and Damtshaa (10.7 wt% 
CaO, Mg# 47–51, 87Sr/86Sr 0.7077) have inferred fluid 
characteristics with comparable LREE enrichment ((La/
Gd)N 8–11) and indicate diamond-forming events at 
1096 ± 230 Ma beneath Orapa (Timmerman et al. 2017) 
and 1879 ± 2500 Ma beneath Damtshaa.

Combining data from the entire Orapa kimberlite cluster 
constrains the time that eclogitic and websteritic diamonds 
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formed to 1100 ± 64 Ma (n = 11) with εNdi − 1.7. Notably, 
the age does not change significantly when different par-
ageneses are combined but the uncertainty improves. The 
near Bulk Earth initial ratio of the isochron suggests the 
presence of recycled crustal material in the source of the 
diamond-forming fluids, which is supported by the light δ13C 
signatures observed in the eclogitic (− 20.5‰ to − 7.0‰) 
and websteritic (− 25.0‰ to − 19.8‰) diamonds (Online 
Resource 2: Table ESM_2.4) and variable Eu anomalies (Eu/
Eu* = 0.7–0.9). The integrated residence temperatures of 
corresponding N-bearing diamond growth zones are compa-
rable (TMR = 1109–1206 °C) and indicate similar conditions 
for subsequent storage in the SCLM. These consistent tem-
peratures suggest that subsequent diamond-forming events 
that clearly affected some samples (e.g., LK338) have not 
significantly increased the average TMR, implying formation 
of the rims of these diamonds was not associated with major 
regional heating events.

Neoproterozoic diamond formation At 746 ± 100  Ma 
(Group 4)

An eclogitic garnet from Orapa (6.1 wt% CaO, Mg# 
65) and three eclogitic garnets (7.7–11.1 wt% CaO, Mg# 
52–64, 87Sr/86Sr 0.7049–0.7116) from Letlhakane define 
a 746 ± 100 Ma diamond-forming event with εNdi − 2.7 
(Table 3). Compositional variations in δ13C (LK170 inter-
mediate: − 5.6‰; LK231: − 17.3‰; LK280: − 9.4‰; 
OR02-8: − 6.8‰) and N content (670–900 at. ppm with 
70–80%B; < 20 at. ppm for LK280 and OR08-2) are within 
the typical range for eclogitic inclusions. Inferred meta-
somatic fluid compositions (Fig. 5) are also similar ((La/
Gd)N 3–42) and the integrated residence temperatures 
(TMR = 1172–1179 °C) indicate that these diamonds were 
stored under similar conditions.

Phanerozoic diamond‑forming events At 220 ± 80  Ma 
(Group 5)

Eclogitic garnets from Letlhakane (LK42 rim, LK75 rim, 
LK362 rim) define an age of 293 ± 250 Ma but show an 
extended range in (La/Gd)N fluid ratios (20–336) and light 
δ13C (− 21.3‰ to − 14.3‰). Including the websteritic gar-
net LK338 ((La/Gd)N 9; δ13C − 25.7‰) and cpx LK40-1 
(δ13C − 20.5‰) recovered from rims of the diamonds, 
improves the isochron uncertainty to 294 ± 110 Ma with 
εNdi + 5.7. Notably, diamond LK338 is a rare example pro-
viding evidence for episodic websteritic diamond growth, 
potentially spanning > 2 Gyr with inclusions lying on the 
2.34 Ga, 1.10 Ga and 0.22 Ga isochrons. Such protracted 
diamond growth has only been established in a few dia-
monds (Pearson et al. 1999; Timmerman et al. 2017; Wig-
gers de Vries et al. 2013). The websteritic mineral equi-
libration temperature, TK (Krogh 1988), from LK40 rim 
(N < 200 at. ppm) yields a diamond formation temperature 

of TK  = 1113 °C that overlaps with integrated mantle resi-
dence temperatures of 1119 °C to 1165 °C from the eclogitic 
diamonds (N > 200 at. ppm) suggesting that diamond for-
mation was not associated with a major thermal pulse and 
subsequent cooling.

Two eclogitic garnets (3.8–6.4 wt% CaO, Mg# 62–65, 
87Sr/86Sr 0.7076–0.7080) and two cpx (0.7044–0.7054) from 
Orapa yield an age that is within error of the Letlhakane 
diamonds, 140 ± 93 Ma with εNdi + 1.6 (Timmerman et al. 
2017). These host diamonds are low in N (< 100 at. ppm) 
and have heavier δ13C (− 10.4‰ to − 6.8‰). Combination 
of these inclusion data improves the precision of the dia-
mond-forming event to 220 ± 80 Ma (n = 10) with εNdi + 1.3 
(Table 3).

Younger than 140 Ma (Group c)
Two eclogitic garnets from Letlhakane (LK170) have 

unradiogenic 143Nd/144Nd (0.5119–0.5123) and 147Sm/144Nd 
above 1 (Fig. 6). They have negative  TCHUR ages and are 
outside the uncertainty of the 220 ± 80 Ma isochron imply-
ing extremely recent formation (< 140 Ma). A websteritic 
inclusion (LK346) has similar characteristics and the fluids 
inferred to have formed these inclusions are highly enriched 
in LREE ((La/Gd)N 24–108). Further evidence for very 
recent diamond formation is given by three garnets from 
Orapa (87Sr/86Sr 0.7054–0.7081) and two from Damtshaa 
(87Sr/86Sr 0.7055–0.7101). One of these samples (DM012 
B) has an extreme 147Sm/144Nd of 2.98. The negative εNdi 
(− 42.5 to − 2.2) of the inclusions (Table 2) indicates dia-
mond formation involved a protolith and/or metasomatic flu-
ids with time-integrated LREE enrichment such as Archaean 
to Proterozoic eclogites or orangeites/lamproites (εNdi − 28 
to 0; see Fraser et al. (1985); Pearson et al. (2019)). These 
data are also consistent with the involvement of highly trace 
element enriched sources in the SCLM, such as stalled kim-
berlitic melts (Woodhead et al. 2019). Nitrogen systemat-
ics of the host diamonds appear consistent with young ages 
(< 140 Ma) and yield high TMR (1226–1246 °C) suggesting 
deep formation or involvement of recent hot magmas. Stable 
isotope compositions (Fig. 2a, b) record a wide range in 
δ13C (− 21.3‰ to − 4.9‰) and δ15N (7.5‰; LK170 rim) 
suggesting the involvement of a wide variety of fluids and 
protoliths of crustal and mantle origin.

Diamond formation beneath the Orapa cluster

The Sm–Nd isotope data demonstrate that the timing 
of websteritic diamond formation is simultaneous with 
eclogitic diamond formation at 2341 ± 21, 1110 ± 64, 
220 ± 80 Ma and < 140 Ma extending over an area of ~ 200 
 km2 beneath the Orapa cluster. The synchronous forma-
tion of E- and W-type diamonds on this scale places con-
straints on general diamond-forming processes. A fun-
damental question is whether a single metasomatic fluid 
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was responsible for diamond formation on a regional scale 
(10’s of km) or whether low-volume fluids were mobilised 
locally (on a scale of metres to kilometres) but contempo-
raneously in several locations (i.e., dispersed) across the 
Orapa cluster. Similar considerations were recently made 
by the authors (Gress et al. 2020) for the Jwaneng mine, 
360 km southwest of the Orapa cluster. Metasomatic fluids 
derived from the asthenosphere or within the SCLM could 
have originated from peridotitic, websteritic or eclogitic 
sources. Such metasomatic sources may account for fluids 
of varying compositions when infiltrating the overlying 
lithosphere.

Websterites are commonly considered to be transitional 
between peridotites and eclogites, representing the result 
of fluid–rock interaction (Aulbach et al. 2002; Rapp et al. 
1999). The geochemical systems involved in diamond petro-
genesis can therefore be considered to have involved a mini-
mum of three components (Fig. 8); peridotitic mantle (A); 
eclogites dominated by mafic material (B); and eclogites 
that included recycled sedimentary material (C). Simultane-
ous W- and E-type diamond formation would have produced 
compositional arrays as the diamond-forming metasomatic 
fluid(s) would have undergone fluid-rock reactions with dif-
ferent protoliths. Based on C–N–O–S isotope heterogeneity 
in eclogitic xenoliths and E-type inclusions, previous work-
ers have also argued for the evolution of metasomatic fluids 
(Deines and Harris 2004; Ickert et al. 2013; Smit et al. 2019; 
Thomassot et al. 2009). The inclusion chronology enables us 
to examine the inferred mixing processes and to assess any 
temporal variations (Figs. 7 and 8).

The P-type diamond component is the least well-con-
strained in this study. Although δ13C was not analysed for 
P-type samples LK058 and LK101 (> 2.9 Ga), the gar-
net compositions (Fig. 3a) with low Al/Cr (> 1.5) over-
lap with the other P-type garnets from the Orapa cluster 
that have restricted Al/Cr < 6 and δ13C between − 9.0‰ 
to − 1.4‰ in the diamonds, typical for peridotitic mantle 
material (− 5‰ ± 1‰; Cartigny et al. (2014)) i.e., com-
ponent A. The dated E-type garnets show a wide range in 
Al/Cr ratios (100–1275), mantle residence temperatures 
(TMR 1157–1246 °C) and δ13C between − 33.6 and − 4.2‰ 
(Fig. 8) in the diamonds. These data emphasise the broad 
range in Fe–Mg equilibration temperatures (1000–1480 °C 
at 5 GPa) of co-genetic garnet and cpx at these locations 
(Deines et al. 1993; Motsamai et al. 2018). Hydrothermally 
altered subducted oceanic lithosphere is Al-rich and together 
with associated clastic and carbonate sediments, it represents 
component B. This component, however, is only capable of 
explaining δ13C down to ~ − 24‰ (Li et al. 2019). Thus, 
organic-rich material along with subducted oceanic litho-
sphere (δ13C < − 24‰), i.e. component C, is necessary to 
produce lighter δ13C compositions (Ickert et al. 2013). At 
Letlhakane, such light signatures are only present in 2.34 Ga 

eclogitic diamonds (e.g. LK33). Covariation of light δ13C 
with positive δ15N in the 2.34 Ga LK42 and LK47 diamonds, 
typical for subducted (Archaean) sediments (Fig.  2a), 
implies a subduction origin as already suggested for Orapa 
(Cartigny et al. 1999; Chinn et al. 2018).

The dated W-type inclusions have restricted Al/Cr (< 50) 
and light δ13C − 25.7‰ to − 19.8‰ in the diamonds com-
pared to the wide range in E-type diamonds. Despite the epi-
sodic growth history (Fig. 1g), adjacent growth zones in the 
websteritic diamonds record little carbon isotope variation 
(< 1.5‰; Online Resource 3) and inclusions have similar 
parental fluid compositions (Fig. 5). Comparable TMR and TK 
demonstrate insignificant thermal impact from more recent 
diamond-forming events and are consistent with W-type 
diamond formation at depth of 140–180 km as suggested 
by Deines et al. (1993). In this setting, the carbon isotope 
compositions of different growth zones seem buffered by the 
local W-type protolith, suggesting carbon was (re-)mobilised 
under conditions of relatively low fluid/rock ratios.

The generation of the websteritic protolith must have 
occurred before 2.34 Ga i.e., the age of the oldest websteritic 
diamond (LK338), and potentially involved organic-rich sub-
ducted material (component C) mixing with mantle material 
(component A) because eclogitic 2.34 Ga diamonds with 
low to moderate Al/Cr (< 600) and variable δ13C (− 33.6 to 
− 9.0‰) also fall along this hypothetical mixing array, as 
does the > 2.7 Ga eclogitic garnet (Fig. 8). The REE enrich-
ment of the inferred parental fluid compositions of these 
E- and W-type inclusions with the same age are consistent 
with a genetic link (Fig. 5).

The bi-modal δ13C distribution in eclogitic diamonds 
(Online Resource 1: Figure ESM_1.1) may be related to 
the involvement of different fluids (e.g., mantle vs recycled) 
and eclogitic protoliths which they infiltrate. Diamonds with 
lighter δ13C (mode at − 16.2‰) potentially have a com-
mon metasomatic fluid with the W-type diamonds whose 
protoliths formed in the transition from the Archaean to the 
Paleoproterozoic. E-type diamonds with a mode at − 6.6‰ 
represent mixtures of mantle component A with material 
predominantly derived from altered oceanic lithosphere 
(component B) that seem to represent the dominant source 
for E-type diamonds since the Mesoproterozoic. Simultane-
ous E- and W-type diamond formation was caused by fluids 
that migrated through different protoliths and were modified 
by local fluid/rock interaction. Depending on the prevailing 
buffering capacity of the protoliths (eclogite >  > webster-
ite >  > peridotite) at specific times and depth (e.g., fO2; Bur-
ness et al. (2020); Woodland and Koch (2003)) the diamonds 
and inclusions would preferentially record component A 
mixed with either with component B or C.

Due to insufficient data on mineral equilibration tempera-
tures in our sample set, we cannot yet verify that Letlhakane 
diamonds with δ13C < − 8‰ originate from a specific part 
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Fig. 8  Time-dependant changes 
in  Al2O3/Cr2O3 of garnet 
(square) and cpx (circle) inclu-
sions versus the carbon isotope 
(δ13C in ‰) composition of its 
corresponding diamond growth 
zone after Deines et al. (1993) 
and Deines et al. (2009). The 
figure illustrates estimated 
mixing trends between mantle 
(component A) with no crustal 
signature (low  Al2O3/Cr2O3 
and heavy δ13C (~ − 5.0 ‰ ± 1 
‰), hydrothermally altered 
subducted oceanic lithosphere 
(component B) with variable 
amounts of Al- and Cr-oxide 
and δ13C (> − 24 ‰) and 
organic-rich material (compo-
nent C) represented by LK33 
with variable amounts of Al- 
and Cr-oxide and δ13C (< − 24 
‰). Note: individual colours 
represent co-genetic inclu-
sions, not dated samples from 
this study (grey fill), literature 
(white fill). Data sources as in 
Fig. 3
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of the mantle (1125–1240 °C and depth of ~ 150–170 km) as 
suggested by Deines et al. (2009) but we can confirm W- and 
E-type diamond formation included a significant subducted 
organic-rich (Archaean) component. These observations 
support models that propose diamond growth under various 
redox conditions e.g., from oxidised  CO2-/carbonate-bearing 
or reduced  CH4-bearing fluids (Shirey et al. 2019), which 
complicates assessment of potential temporal changes in 
carbon sources.

Implications for the deep carbon cycle

Less than 20% of the studied diamonds have homogeneous 
C isotopes and N systematics (Online Resource 3) associ-
ated with oscillatory growth that may indicate formation 
within a geologically short period of time (millions of years; 
Bulanova et al. (2014)). The difference in TMR (> 100 °C) 
and the range in carbon isotopic composition and nitrogen 
content of these diamonds suggests that they are not all co-
genetic and resided at different depths and conditions in the 
SCLM.

Some diamonds (e.g., LK241, LK272; Fig. 1b, e) record 
systematic variations in C isotopes and N systematics that 
could be ascribed to small changes in the conditions (P–T- 
fO2) under which the diamonds precipitated (Boyd et al. 
1992; Deines et al. 1989) while diamonds with abrupt com-
positional changes between major growth zones (Fig. 1f) 
clearly demonstrate formation of adjacent growth zones 
from different metasomatic fluids e.g., in LK09 δ13C var-
ies from − 10.0‰ (core: 1110 ± 64 Ma; TMR: 1109 °C) to 
− 5.0‰ (rim). Review of the global dataset establishes that 
limited intra-diamond C isotope variation is typical (96% 
have < 3‰) suggesting that the oxidation state and carbon 
speciation of diamond-forming fluids have been similar 
throughout history (Howell et al. 2020; Jablon and Navon 
2016; Weiss et al. 2014). Local variations do exist, however, 
and, potentially in combination, changes in the scale and 
mechanism of diamond formation, may be depth or time 
dependent.

Based on his previous work, Deines et al. (2009) con-
cluded that light δ13C values of bulk diamonds from the 
Orapa cluster were more prevalent with increasing mantle 
depth (> 200 km). Depletion in LREE of the E- and W-type 
garnets (Fig. 4b, d) is similar to that found in eclogitic xeno-
liths from the base (170–220 km) of the Kalahari Craton 
while minerals from shallower levels (140–180 km) were 
found to be more LREE enriched (Burness et al. 2020). A 
δ13C depth dependence was also proposed at Argyle (Aus-
tralia), where eclogitic diamonds with lighter carbon and 
lower 3He/4He ratios are mostly formed at the base of the 
lithosphere where subduction input is largest (Jaques et al. 
1989; Timmerman et al. 2019).

A correlation of δ13C values with relative time has been 
proposed based on rim growth zones of diamonds that record 
heavier δ13C than their cores (Bulanova et al. 2014; Chinn 
et al. 2018; Thomson et al. 2014). Moreover, the internal 
range in δ13C values was found to become smaller (towards 
heavier values) in dated diamonds from 3.0 to 2.1 to 1.0 Ga 
(Howell et al. 2020), indicating some homogenization of 
carbon isotope compositions in the SCLM. Globally, signifi-
cant changes in δ13C values within individual diamonds (4% 
has > 3‰) are rare (Howell et al. 2020). In contrast to this 
general trend, diamonds from Letlhakane have large internal 
shifts in δ13C values (33% have > 3‰) and they predomi-
nantly (80%) evolve towards heavier δ13C values from core 
to rim (Online Resource 2: Table ESM_2.3). This observa-
tion either supports a relative time-related dependence for 
the carbon isotope composition (Timmerman et al. 2017) 
and may indicate fluid input from a different part of the sub-
ducting slab and/or increasing input of carbonates with time 
or some homogenization of carbon in the SCLM (potentially 
restricted to a local scale) resulting in a higher relative sam-
pling of heavier δ13C during diamond rim growth. In the 
latter case, the change of δ13C then is only dependent on the 
prevailing carbon composition of the local SCLM.

Overall, δ13C values of diamond hosts show no systematic 
variation with absolute inclusion age (Figs. 7 and 8). Large-
scale events in the region, such as the Bushveld Large Igne-
ous Province (LIP) at 2.06 Ga or Proterozoic crustal accre-
tion such as the Rehoboth Terrain between 2.0 and 1.75 Ga 
are capable of modifying major parts of the SCLM and may 
lead to a redistribution of volatile elements (Richardson and 
Shirey 2008). In this scenario, it appears that the observed 
variability in δ13C and inclusion composition in the studied 
diamonds has little systematic control and the deep carbon 
cycle seems controlled by a combination of time and proto-
lith variability, which in turn may be partly depth controlled.

Conclusions

Eclogitic and websteritic silicate inclusion populations from 
Letlhakane record multiple and contemporary diamond-
forming events. In combination with inclusions from the 
nearby Orapa and Damtshaa mines, it is established that 
eclogitic and websteritic diamond formation occurred 
beneath the Orapa kimberlite cluster at 220 ± 80 Ma, at 
746 ± 100 Ma, at 1110 ± 64 Ma, at 1698 ± 280 Ma and at 
2341 ± 21 Ma in events that are related to major tectono-
magmatic perturbations in the SCLM (see Online Resource 
1 for greater discussion). Additionally, two less-well-defined 
events close to kimberlite eruption (< 140 Ma) and during 
craton stabilisation (> 2.7 Ga) can be established. Harz-
burgitic diamond formation in the roots of the SCLM also 
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occurred at this time (≥ 2.9 Ga) stressing a multitude of dis-
crete diamond genesis regimes.

The majority (80%) of the diamonds show complex 
growth histories in their CL images, FTIR data and C-N 
isotopes confirming a multi-stage evolution, while the 
remaining diamonds may have formed in single events. 
Websteritic diamonds appear to have formed in a rela-
tively confined part of the mantle and subsequent tectono-
magmatic events potentially triggered diamond formation 
through (re-)mobilisation of material. The simultaneous 
formation of E- and W-type diamonds further emphasises 
a local control of the diamond-forming protolith over the 
fluid and implies generally low fluid/rock ratios during E 
and W-type diamond growth. Formation of the metaso-
matic fluid was triggered by large-scale tectono-magmatic 
events that affected major portions of the SCLM. The REE 
contents of inclusions together with the observed range 
in carbon isotopes of the growth zones suggest that this 
variation in the deep carbon cycle is related to the hetero-
geneity of the SCLM that evolved over time rather than 
a change in the nature of the subducted material that was 
transferred into the SCLM over the past 3 Gyrs.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 021- 01802-8.
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