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1.1 Geological background
The Orapa kimberlite cluster in north-east Botswana is the site of the Orapa (OR), Damtshaa (DM),
Letlhakane (LK) and (more recently) Karowe diamond mines that are 20 to 30 km apart in an area of

~ 200 km?, in addition to ~ 60 other non-mined kimberlites. At 93.1 Ma, the kimberlites intruded into
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the Proterozoic Magondi Mobile Belt (Allsopp et al. 1989; Davis 1977) that is thrust over the western
edge of the chemically more depleted, cooler and older Zimbabwe Craton. The thickness of the
lithospheric root (250 — 300 km) increases towards the Kaapvaal Craton in the south (Fouch et al. 2004;
Stiefenhofer et al. 1997). Together with the Proterozoic Limpopo Mobile Belt, these major units are part
of the Kalahari Craton (Jacobs et al. 2008).

Peridotite mantle xenoliths at Letlhakane define a geotherm close to 40 mW/m?, comparable to
xenoliths from kimberlites on the Kaapvaal Craton and they show variably trace element enriched
mantle signatures stabilised in the SCLM since the Archaean (Stiefenhofer et al. 1997). At Orapa,
eclogite xenoliths are more prevalent, likely due to initial weathering of peridotites in the crater lake
facies (Stiefenhofer et al. 1997). To date, several discrete diamond populations with distinctly different
characteristics in e.g., their inclusion geochemistry and C-N isotopic record for each paragenesis have
been identified in the Orapa cluster (Chinn et al. 2018; Deines and Harris 2004; Deines et al. 1993;
Deines et al. 2009; Motsamai et al. 2018; Stachel et al. 2004; Timmerman et al. 2018; Timmerman et
al. 2017).

Despite the generally low (< 10%) abundance of peridotitic diamonds in the Orapa cluster
(Gurney et al. 1984), peridotitic diamonds at Letlhakane and Damtshaa are more abundant than at Orapa
(Deines et al. 2009). In the case of Karowe, diamonds are also derived from deeper (190 — 220 km),
more depleted dunitic-harzburgitic reservoirs compared to average formation depths at Orapa (160 km,
1230 + 80°C (Motsamai et al. 2018; Stachel et al. 2004)). P- and W-type diamonds at Orapa were found
to have formed at relatively shallower levels than E-types (Deines et al. 1993). At Karowe, co-genetic
mineral equilibration temperatures yield diamond formation between 1260°C — 1480°C at 5 GPa
(Motsamai et al. 2018). Combination of the Fe-Mg exchange thermometer (Krogh, 1988) with carbon
isotopic compositions of E- and W-type diamonds suggested a ~ 25 km thick mantle zone (1125°C —
1240°C, ~ 150 — 170 km, i.e. 4.7 GPa — 5.0 GPa) beneath the entire Orapa cluster that predominantly

hosts diamonds depleted in *C with §"3C values < -8%o (Deines et al. 1993; 2009).
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1.2 Analytical methods

Most of the plate analyses were performed using a FT/IR Jasco-470+ instrument equipped with a Jasco
Irtron IRT-30 infrared microscope. Other spectra were acquired on a Thermo-Nicolet Nexus
spectrometer attached to a continuum infrared microscope. For both instruments, the same recorded
spectral range (4000 to 650 cm™') and spectral resolution (4 cm™") were applied. For six plates with
partly brown to yellow colouration, transects were extracted from IR maps that were compiled on a
Thermo Scientific Nicolet iN10 infrared microscope at the Gemological Institute of America. The
spectra were recorded in a grid with 100 pm spacing with each map consisting of 50 — 200 spectra (675
to 6000 cm™) with a resolution of 1 cm™ (see Smit et al. (2018) for experimental setup). Whole-stone
spectra of 246 randomly sampled gem to near-gem quality diamonds from run-of-mine ranging from
0.1 to 0.8 carat were measured using Perkin Elmer and Bruker Alpha spectrometers during the sampling
campaigns at DTCB.

All spectra were processed using the automated version of DiaMap (Howell et al. 2012a; Howell
et al. 2012b) to determine N content and aggregation state using absorption coefficients at 1282 cm ™'
[NA] = 16.5 ppm (Boyd et al. 1994) and [NB] = 79.4 ppm (Boyd et al. 1995). Selected spectra from
central plates recording < 50 atomic ppm (at.ppm) N were re-processed manually using the Excel
version of DiaMap, to provide greater confidence in reported values. At low nitrogen concentrations (<
200 at.ppm N) the fitting of the spectra for the aggregation state does not always work well and
aggregation states flip to 0 or 100 %B. Therefore, for analyses with 0 or 100 %B and < 200 at.ppm N,
the aggregation state is not reported. Given the spectral resolution and the variety of analytical setups,
no distinction will be made between diamonds with very low N contents (i.e. <20 at.ppm) and ‘nitrogen-
free’ (Type II) spectra i.e., spectra without visible and deconvolutable nitrogen peaks.

C and N isotopes and N concentration (ESM_1.1), were measured using a large-geometry
secondary ion mass spectrometer (LG-SIMS) at CRPG-Nancy, following the high-resolution procedure
previously described in Gress et al. (2020). The instrument has been recently upgraded with high
sensitivity Faraday cups (FC 10" Q amplifiers; Bouden et al. (2021)), which are not subject to aging
(unlike electron multipliers) and are easily cross-calibrated with each other. This new type of collector

offers optimal performances for secondary ion intensities varying from 1 to 2 x10° count per second. At
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these conditions, they significantly improve the statistical errors (within spot uncertainties <0.2 %o 20,
Fig 3. in Bouden et al. (2021)) associated with the collection of minor masses while working in multi-
collection mode at high resolution. For the purpose of diamond analyses, high-sensitive FCs
significantly improve the measurement of C'* (mass 13) and N'* (as CN” on mass 26). All analyses were
achieved using a '**Cs+ primary beam (Gaussian mode), with a total acceleration voltage of 20 kV and
a primary intensity of 4.2 £0.2 nA, corresponding to a spot size of ~15 pm. Carbon-12 and -13 were
detected simultaneously on FC (mass 12 on the central detector C and mass 13.003355 on H'2, using a
10" Q amplifier and a 10> Q amplifier, respectively) at a mass resolution power (MRP) of 5000
allowing the full separation of '*C- and '?CH-.

For N isotopes, measurements were acquired at a MRP of 9222 that guarantees the full
separation of 2["*C'*N-] and **["*C"*C-]. Mass 25 ("*C"*C- on C, using a 10" Q amplifier) and mass 26
(**C"*N- on the axial position using FC2 with a 10'* Q amplifier) were collected simultaneously for 5 s,
followed by mass 27 (**N'’N- on the axial position using an electron multiplier) after magnetic field
jumping for 10 s. N-content measurements were calibrated using 6 reference materials previously
characterized by Fourier Transformed Infra-Red spectroscopy at IPGP (Nam-22, -27, -56 and -114 from
Cartigny et al. (2004) as well as two new diamond plates provided by D. Jacob and characterized for the
present study, MC-20 and MC-24). The wide N content range of our RM collection (from 11 to 2740
at. ppm N) ensures a good calibration associated with small calibration error of + 25 at. ppm (i.e. 5 %

error for a diamond containing 500 at.ppm).
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Figure ESM_1.1: 5"°C histogram for measurements from individual diamond growth
zones on LK plates of eclogitic (E-type) and websteritic (W-type) paragenesis.
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For clean lab chemistry, the inclusions were weighed and spiked with an *Sr spike, *’Rb spike
and a '"“Sm-"""Nd mixed spike prior to column chemistry. Chemical separation was performed in a
miniaturised downstream column procedure where the Sr-columns (0.07 mL Eichrom Sr resin) were
stacked on top of the TRU columns (0.23 mL Eichrom TRU resin; for details, see Koornneef et al.
(2017)), followed by miniaturised endurable quartz-columns for Rb separation (0.16 mL Bio-Rad
AG50x8 200-400 mesh) and miniaturised LN-resin (Eichrom 50 - 100pum; 0.74 mL) columns for Sm-
Nd separation. Total procedural blanks across batches yielded ranges of 0.03 — 180.9 pg Rb, 1.67 — 89
pg Sr, 0 — 8.4 pg Sm and 0.03 — 3.65 pg Nd, respectively. All matrix fractions from column chemistry
were collected and merged for trace element analyses on a Thermo X-Series 1. Changes in sensitivity
over time were monitored and corrected for using a BHVO-2 (~ 30,000 times diluted), which was
analysed after every sample (modified after Eggins et al. (1997)). After interference correction,
elemental concentrations of the matrix cuts were calculated using a two-point calibration of blank and
BHVO-2 (10241 or 35478 times diluted). Subsequently, the matrix cuts were further yield-corrected
using the average of 4 aliquots (with different dilution factors similar to the samples) of the ~ 1 mg

BHVO-2 that was previously processed together with the samples on the columns and filtered for limits

of quantification.
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Figure ESM_1.2: Plot of (La/Nd)x versus (La/Gd)x illustrating the enrichment of LREE & Nd relative

to Gd towards younger ages in eclogitic and websteritic diamonds.
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Given the small amount of sample and corresponding miniature silicate matrix interacting with
the column resin during chemical separation, yields for high field strength elements (HFSE) were 8 %
—24 %, 64 % — 73 % for Baand Y and > 68 % for the REE (i.e., La and Tb to Lu), while Ce to Eu had
10 % — 40 % owing to the elution of Nd and Sm. Reported errors are fully propagated and generally
range between 5 % — 30 %. Total procedural blanks were generally < 2 ppb, except for Ba (< 7.1 ppb),
La (< 7.8 ppb), Zr (< 9.2 ppb) and Ti (< 900 ppb). Ratios of (La/Nd)x versus (La/Gd)x are shown to

illustrate the enrichment of LREE & Nd relative to Gd (ESM_1.2).

1.3 Tectono-magmatic implications

Eclogitic — websteritic diamond formation covers almost the entire evolution of the Kalahari Craton
(Fig. 7). The formation of LK224 (Tcuur = 3.9 £ 1.2 Ga), Group b, appears to reflect initial formation
of the oceanic lithosphere or craton formation around the currently accepted start of widespread modern
plate tectonic processes (Condie and Kroner 2008; Shirey and Richardson 2011). The large uncertainty
also does not rule out formation contemporaneous with Archaean eclogitic sulphide-bearing diamonds
(3.1 — 2.9 Ga) in Botswana (Richardson et al. 2004; Shirey et al. 2008) and South Africa (Pearson and
Harris 2004; Richardson et al. 2001).

The 2.34 £ 0.02 Ga age of Group I diamond formation characterised by light §'°C and positive
8'°N coincides with subduction associated with the accretion of Kenorland and the addition of the
Western Terrane to the Kaapvaal Craton (Timmerman et al. 2017). Like any other reported diamond-
forming event, not every diamond formation age needs to necessarily be linked to events recorded in
Earth’ crust. Notably, no younger (< 2.34 Ga) diamonds show such an organic-rich component in their
cores and this suggests that this source was not prominent in subsequent diamond-forming events.
Geodynamically, thrusting of the Magondi Belt over the Zimbabwe Craton (2.0 — 1.8 Ga) could have
either acted as physical barrier or colder mantle could have prevented component C being reactivated.
Only diamonds of recent age (< 220 Ma) temporally related to Karoo or kimberlite magmatism indicate
mixing between component B with C.

Diamonds of Group 2 formed at 1.70 + 0.28 Ga and a comparable age (1.79 = 0.1 Ga) is recorded

at Jwaneng 370 km to the southwest. These latter diamonds also predominantly carry cpx inclusions
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(*Sr/*®Sr: 0.7026 — 0.7042) and have mantle-like §"*C (-8.5%o to -6.4%o; Gress et al. (2020)). The authors
related this event to the accretion of the Rehoboth Terrain between 2.0 — 1.75 Ga (Oriolo and Becker
2018; Van Schijndel et al. 2011) that also caused (re-)mobilisation of older (~ 3.0 Ga), eclogitic material
in the SCLM beneath Jagersfontein, 940 km south of the Orapa cluster, and promoted the formation of
eclogitic sulphide inclusion-bearing diamonds with a narrow range 8'°C (-9.8%o to -3.5%o; Aulbach et
al. (2009)). If true, the events would have resulted in diamond formation initiated by subduction along
the entire W and NW margin of the Proto-Kalahari Craton, with restricted compositions mixing a
mantle-like component (A) with subducted material (i.e., component B).

Eclogitic diamond formation at ~ 1.1 Ga (Group 3) has previously been inferred from composite
silicates (990 £+ 50 Ma; Richardson et al. (1990)) and individual sulphide inclusions (~ 1.0 Ga; Shirey
et al. (2008)) from Orapa. The composite silicate age of Richardson et al. (1990), however, probably
represents the median of the inclusion populations. Inclusions from three mines from the Orapa cluster
record the 1100 Ma event. This E- and W-type diamond formation event appears to be regional, ~ 0.5
M km?, extending across much of the Kalahari Craton, with pooled silicates from Premier (1150 + 60
Ma; Richardson (1986)), and sulphide inclusions from Koffiefontein (1048 + 120 Ma; Pearson et al.
(1998)) and Jagersfontein (~ 1.1 Ga; Aulbach et al. (2009)). This age is indistinguishable from the
continent-collisional event between the Kalahari Craton and Laurentia, best-dated at 1090 — 1060 Ma
(Jacobs et al. 2003) and is supported by the low eNd; (-2.6). Localised mobilisation of volatile-rich
diamond-forming fluids during a collisional event would also explain the compositional heterogeneity
of the inclusions because regional magmatism as suggested for Venetia P-type diamonds (Koornneef et
al. 2017) would potentially overprint most of the original protolith signature and provide uniform
compositions across the different locations.

Eclogitic diamond formation at 0.75 £+ 0.1 Ga (Group 4) appears related to rifting of Rodinia
that occurred along the western margin of the Kalahari between 800 — 750 Ma (Jacobs et al. 2008). A
lherzolitic diamond-forming event of similar age (718 + 49 Ma; Aulbach et al. (2018)) was reported at
Victor (Superior Craton, Canada) and in an eclogitic diamond-forming event at Jwaneng (850 £+ 50 Ma;
Gress et al. (2020)), both apparently related to rifting in the Rodinia supercontinent. Despite this

widespread rifting and supposedly favourable diamond-forming conditions with oxidizing fluids coming
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from the asthenosphere (Aulbach et al. 2018), so far, this age is rare among diamonds from Superior
and Kalahari Cratons but may have been overlooked owing to the averaging effect of composite
inclusion dating techniques. Such asthenospheric fluids may have provided the heat necessary to initiate
the redistribution of carbon in the SCLM and mixing with the asthenosphere-derived carbon.

Inclusions formed in the younger growth events (< 745 Ma) are derived from fluids with
increasingly fractionated LREE (higher LREE/MREE ratios) possibly suggesting greater scavenging of
LREE from the SCLM (Figure ESM_1.2). Diamond formation at 220 Ma (Group 5) was potentially
related to the amalgamation and breakup of Pangea (320 - 185 Ma; Veevers (2004)). The LREE enriched
nature of the garnets together with the mantle-like C-N compositions in the majority of diamonds
supports the involvement of a regional magmatic event such as the Karoo-Ferrar LIP (183 + 0.5 Ma;
Svensen et al. (2012)).

The youngest diamonds (Group c) in the Orapa cluster are clearly related to kimberlite
magmatism in the region (< 140 Ma). The marked trace element enrichment of the metasomatic fluids
that formed the inclusions (Fig. 5) resembles that of extreme kimberlitic magmas such as orangeites that
were active in the region from 143 to 117 Ma (Jelsma et al. 2009). Eclogitic diamond formation close
to the kimberlite eruption age has been previously implied for diamonds from Premier and Koffiefontein
(Pearson et al. 1998; Richardson 1986) or Jwaneng (Timmerman et al. 2019). Such young Phanerozoic
ages are also common for fibrous diamonds (Gurney et al. 2010) but clear genetic relationships with
monocrystalline diamonds (Jablon and Navon 2016; Rege et al. 2010) were only established recently
(Krebs et al. 2019). The SCLM beneath the Kaapvaal Craton records widespread evidence of
metasomatism related to, or immediately prior to, kimberlite eruption (Grégoire et al. 2003; 2007; Simon
et al. 2003). Coupled with the marked variation in the eNd; (-42.5 to -2.2) and §"*C (-21.3%o to -4.9%)
of the youngest diamonds, this suggests that fluid-rock interaction during diamond formation involved
low-volume fluids such that the heterogeneity of eclogitic and websteritic protoliths in the SCLM is

reflected in diamond compositions.
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