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Abstract

Constraining the formation age of individual diamonds from incorporated mineral inclusions and assessing the host dia-
monds’ geochemical characteristics allows determination of the complex history of diamond growth in the sub-continental
lithospheric mantle (SCLM). It also provides the rare opportunity to study the evolution of the deep cycling of volatiles over
time. To achieve these aims, Sm-Nd isotope systematics are presented for 36 eclogitic garnet and clinopyroxene inclusions
from 16 diamonds from the Jwaneng mine, Botswana. The inclusions and host diamonds comprise at least two compositional
suites that record different ‘mechanisms’ of diamond formation and define two isochrons, one Paleoproterozoic (1.8 Ga) and
one Neoproterozoic (0.85 Ga). There are indications of at least three additional diamond-forming events whose ages currently
cannot be well constrained. The Paleoproterozoic diamond suite formed by large-scale (>1000s km), volatile-rich metasoma-
tism related to formation and re-working of the Proto-Kalahari Craton. In contrast, the heterogeneous composition of the
Neoproterozoic diamond suite indicates diamond formation on a small-scale, through local (<10 km) equilibration of com-
positionally variable diamond-forming fluids in different eclogitic substrates during the progressive breakup of the Rodinia
supercontinent. The results demonstrate that regional events appear to reflect the input of volatiles (i.e., carbon-bearing)
derived from the asthenospheric mantle, whereas local diamond-forming events mainly promote the redistribution of volatiles
within the SCLM. The occurrence of isotopically light carbon analysed in distinct growth zones from samples of this study
(d13C < �21.1‰) provides further indication of a recycled origin for surface-derived carbon in some diamonds from Jwaneng.
Determining Earth’s long-term deep carbon cycle using diamonds, however, requires an understanding of the nature and scale
of specific diamond-forming events.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Inclusions encapsulated in diamonds provide an unal-
tered record from Earth’s otherwise inaccessible interior
and information on the changing nature of Earth’s deep
carbon cycle. The Jwaneng mine in SE Botswana is Earth’s
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richest diamond mine by value (Field et al., 2008) and pro-
vides samples that potentially constrain the temporal evolu-
tion and modification of the sub-continental lithospheric
mantle (SCLM) of the Archaean Kaapvaal Craton. Dia-
monds were transported to the surface during the eruption
of the 235 ± 4 Ma Jwaneng kimberlites (Kinny et al., 1989)
and notably, they are predominantly (up to 95%) of eclogi-
tic (E-type) paragenesis, in comparison to the peridotitic (P-
type) predominance worldwide (Stachel and Harris, 2008;
Thomassot et al., 2009); an observation that appears char-
acteristic of most diamond mines in Botswana (Timmerman
et al., 2017; Gress et al., 2018) due to their craton-margin
setting (Shirey et al., 2002) on the NW edge of the Kalahari
Craton.

It is widely accepted that lithospheric diamonds and
incorporated inclusions are of metasomatic origin and form
in different substrates in the SCLM in the presence of
volatile-rich liquids which are high-density C-H-O fluids
or low degree melts at supra-solidus conditions (Deines,
1980; Schrauder et al., 1996; Sobolev et al., 1998, 2009;
Stachel et al., 2005; Thomassot et al., 2007). Henceforth,
the term fluid is used because distinction between the role
of high density fluids and melts in diamond formation is
difficult to resolve in gem-quality diamonds, which are the
main focus of this study.

P-type diamonds formed in highly melt-depleted
(harzburgitic) and lherzolitic substrates (Richardson et al.,
1984; Koornneef et al., 2017). Eclogitic xenoliths suggest
formation entirely within the SCLM (Hills and Haggerty,
1989; Smyth et al., 1989; Griffin and O’Reilly, 2007) or that
the SCLM was infiltrated by melts derived from subducting
oceanic lithosphere that retain strong geochemical records
of its heterogeneity; i.e., hydrothermally altered lavas,
dykes, gabbros, peridotite and chemical sediments
(Aulbach et al., 2007; Aulbach and Jacob, 2016;
Helmstaedt and Doig, 1975; Helmstaedt and Schulze,
1989; Jacob et al., 1994, 2003; MacGregor and Manton,
1986). In this context, sources for E-type diamonds have
been widely ascribed to subduction of oceanic lithosphere
and its incorporation into the peridotitic SCLM (Deines
et al., 1984; Taylor et al., 1990) that experienced subsequent
metasomatic overprint and partial melting (Taylor et al.,
1996; Sobolev et al., 1998). In general, diamond-forming
fluids are considered to modify the most incompatible ele-
ments of the eclogitic protolith, while compatible (e.g.,
major or high field-strength) elements still retain a signature
of the protolith (Stachel et al., 2004a,b). Websteritic (W-
type) diamonds have a transitional character between P-/
E-type and their formation appears to be related to re-
fertilisation reactions (Taylor et al., 2003; Bodinier et al.,
2008; Smit et al., 2014) through mixing of mafic, possibly
slab-derived, melts with peridotitic SCLM (Aulbach et al.,
2002) or wall-rock reactions in a plume setting (Sleep,
2006; Viljoen et al., 2018).

Cathodoluminescence studies coupled with various
other spectroscopic properties of diamonds and inclusion
populations reveal that most kimberlites contain multiple
diamond populations (Boyd et al., 1987; Bulanova, 1995).
Moreover, many individual diamonds record complex
internal growth patterns with evidence of resorption events,
marked zonation in nitrogen contents and a variety of car-
bon isotope ratios indicating the involvement of multiple,
compositionally different diamond-forming fluids in their
formation (Deines et al., 1984; Smart et al., 2011; Taylor
et al., 1990; Wiggers de Vries et al., 2013ab). Recent dating
studies of co-genetic silicate or sulphide inclusions using the
Sm-Nd (Koornneef et al., 2017; Timmerman et al., 2017)
and Re-Os isochron methods (Aulbach et al., 2009; Smit
et al., 2016; Wiggers de Vries et al., 2013ab) verify several
distinct periods of diamond formation.

1.1. Previous work on Jwaneng diamonds

Previous dating of eclogitic silicate inclusions from Jwa-
neng provided 40Ar/39Ar ages of clinopyroxenes (cpx) rang-
ing from kimberlite eruption at 0.24 to 1.89 ± 0.45 Ga
(Burgess et al., 1992). These results, however, are poten-
tially compromised by radiogenic argon diffusion to the
inclusion-diamond interface during mantle residence.
Richardson et al. (1999) pooled 47 garnets (gnt) and 49
cpx from mono-mineralic inclusion-bearing diamonds to
define a two-point Sm-Nd isochron age of 1.54 ± 0.02 Ga,
with an initial ratio close to Bulk Earth (eNd = +1.0). An
individual large (>1.1 mg) cpx inclusion from that study
yielded a depleted mantle model age of � 1.0 Ga. Based
on garnet major element and Sr isotope variations, the
age was interpreted to potentially record mixing of two
populations. This conclusion was supported by Re-Os iso-
tope systematics of eclogitic sulphide inclusions that sug-
gested possible diamond formation at � 2.9 Ga, � 1.5 Ga
and potentially 2.1 Ga (Richardson et al., 2004). Addition-
ally, previous studies on eclogitic silicate inclusion-bearing
Jwaneng diamonds revealed a wide range in carbon (d13C:
�21.1‰ to �2.7‰) and nitrogen isotopes (d15N: �10.1‰
to �1.1‰), N content (0 to 1530 at.ppm) and N aggrega-
tion (0 to 98 %B) and have been potentially mis-
interpreted to record primordial heterogeneity of the man-
tle (Deines et al., 1997) or to reflect a high-temperature frac-
tionation process (Cartigny et al., 1998).

In addition, while robust isotopic evidence of recycled
material has been reported on E-type sulphide inclusions
at Jwaneng (non-zero D33S; Thomassot et al., 2009), no link
to recycling of carbon and/ or nitrogen in their host dia-
monds has been identified. Instead, coupled C-N isotopes
were interpreted to reflect mantle-related fluid evolution
during diamond growth, due to as high temperature isotope
fractionation (Cartigny et al., 1998; Thomassot et al., 2009).
On the other hand, a significant proportion of eclogitic
xenolith and inclusions in diamonds worldwide exhibit geo-
chemical signatures of Earth’s near surface such as Eu
anomalies (Jacob, 2004; Weiss et al., 2015; Aulbach &
Jacob, 2016), highly variable oxygen isotope ratios
(Schulze et al., 2003; Sobolev et al., 2011) and MIF sulphur
inherited from Archaean sediments (Chaussidon et al.,
1987; Farquhar et al., 2002; Smit et al., 2019ab). Hence,
the heterogeneity recorded in most eclogitic diamond suites
raises fundamental questions about the processes that con-
trol diamond formation, in terms of timing, nature and
scale, as well as the ultimate origin of the volatile elements in
diamond-forming fluids in relation to the origin of incorporated
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inclusions (Cartigny et al., 2014; Hogberg et al., 2016;
Bureau et al., 2018; Li et al., 2019). Moreover, dating of
individual eclogitic silicate inclusions from discrete dia-
mond growth zones, coupled with diamond and inclusion
compositions allows inferences to be made about mecha-
nisms of diamond formation and the regional scale on
which it occurred.

2. SAMPLES

The studied diamonds were selected from 130,000 dia-
monds based on optical identification of eclogitic inclu-
sions. The inclusion positions were described in relation
to the diamond growth structure (i.e., core, intermediate
and rim growth zones) as listed in Table 1. Based on the iso-
chronous nature of Sm-Nd results (Fig. 1), the inclusions
were either assigned to groups (I to III) or labelled as ‘unas-
signed’, if no clear age relationships could be established.
Inclusion compositions (see 4. Results) are in support of
this initial classification that is subsequently validated (see
5. Discussion). Henceforth, the inclusions with no isotope
data are referred to as ‘undated’.

The morphological characteristics, cathodoluminescence
(CL) images and Fourier Transform Infrared Spectroscopy
(FTIR) data from polished plates of the studied diamond
hosts and a subset of major element compositions of the sil-
icate inclusions were presented in full in Gress et al. (2018).
The inclusion-bearing diamonds have a broad range of N
content (�20–839 at.ppm) and aggregation state (0–100 %
B) and record either homogeneous growth with no detect-
able N or have systematic changes in N content from core
to rim (for detailed traverses, see Appendix C.1). In combi-
nation with CL images, one (e.g., JW070; Fig. 2a), two
(e.g., JW137, JW355; Fig. 2b,c) or three (e.g., JW147;
Fig. 2d) growth events can be discerned within individual
diamonds (Gress et al., 2018).

Samarium-Neodymium ages are reported from individ-
ual eclogitic garnet and cpx inclusions along with their
major and trace element compositions and set in context
with their corresponding diamond growth zones. Mineral
inclusions from the same pool of Jwaneng diamonds from
this study were identified as having characteristics indica-
tive of both proto- (before) and syngenetic (at the same
time) growth in relation to the diamond host (Davies
et al., 2018). These authors found no evidence for the dia-
mond lattice controlling the inclusions’ growth directions
(i.e., for epitaxial growth). At mantle temperatures, how-
ever, elemental diffusion between diamond-forming metaso-
matic fluids and protogenetic minerals about to be
incorporated in the diamond would have been essentially
instantaneous compared to the precision of the geochronol-
ogy (Taylor et al., 1996; Koornneef et al., 2017; Nestola
et al., 2019). Hence, in a geochronological context, the
dated inclusions will record the time of diamond growth
zone formation, i.e., they yield ‘synchronous’ ages.

3. METHODS

Analytical details for the acquisition of major element
compositions from the inclusions and data processing
follow the protocol in Timmerman et al. (2015), clean-
laboratory procedures are described in Timmerman
et al. (2017) and in Appendix A. Following chromatogra-
phy, all matrix fractions were merged and dried down for
trace element analyses on a Thermo X-Series II quadru-
pole ICP-MS. Samarium and neodymium isotope com-
positions were measured on a Thermo Scientific Triton
Plus on four 1013 Ohm amplifiers. The isotopic ratios
and elemental abundances were blank-corrected and
include full propagation of uncertainties (Table 1); the
blank uncorrected Sm-Nd and Rb-Sr data are provided
in Table B.1.

Carbon isotopes of the major growth zones (sampled as
fragments of about 0.05–0.1 mg from known locations
within the diamond) were analysed by gas source mass
spectrometry (31 diamonds) after combustion in an element
analyser, as described in Timmerman et al. (2017) and in
Appendix A. These analyses are referred to as ‘combustion’
and are expressed in delta notation relative to Vienna Pee
Dee Belemnite (VPDB), d13CVPDB [‰] = (13C/12Csample /

13-
C/12CPDB � 1) � 103. Reported uncertainties in Table B.2
were obtained from the reference materials analysed in
the corresponding analytical session and yield ± 0.16‰
(SD). In addition, we determined in-situ C-N isotopes
and N content on polished diamond plates by SIMS, using
a Cameca IMS-1280-HR2 multi-collection ion microprobe
at CRPG-Nancy. This instrument has been recently
upgraded with high sensitivity Faraday cups (FC’s, 1012 X
amplifiers), which are not subject to aging (unlike elec-
tron multipliers) and are easily cross-calibrated with
other FC’s. They significantly improve the statistical
uncertainties associated with the collection of minor
masses while working in multi-collection mode at high
resolution. These data are referred to as ‘SIMS’ analyses.
Carbon isotopes were measured during two independent
analytical session, on central plates (n = 3 diamonds) in
proximity of FTIR analyses and on polished fragments
(n = 8 diamonds) obtained from major growth zones.
Instrumental mass fractionation (IMF) was monitored
using reference material (RM) Dp-418 (d13C = �5.32‰),
Nam-56 (d13C = �29.3‰), Nam-114 (d13C = �26.93‰),
see Cartigny et al. (2004), and give an absolute standard
error of 0.14‰ for the entire analytical session. Long-
term propagation (i.e. for the entire session) gives global
uncertainties ranging from 0.29‰ to 0.33‰ (2SD). Over-
all, 25 duplicates and or triplicates of the same diamond
growth zone were analysed in different sessions with
indistinguishable results from the combustion analyses
(Table B.2).

In-situ nitrogen content and isotopic composition were
measured during a separate session, on polished fragments
(n = 8) directly next to C isotope analysis location, on the
same SIMS instrument with similar settings for the primary
133Cs+ beam (see Appendix A). The wide N concentration
range of our RM collection (from 11 to 2740 at.ppm N;
Appendix A) ensures a good calibration associated with
small calibration error of ± 25 at.ppm (i.e. 5% error for a
diamond containing 500 at.ppm). Nitrogen isotope data
are expressed in delta notation relative to air, d15NAIR

[‰] = (15N/14Nsample /
15N/14NAIR � 1) � 103.



Table 1
Sm-Nd data of eclogitic silicate inclusions from Jwaneng.

Inclusion Group Zone [mg] Sm [ppm] 2sd Nd [ppm] 2sd 147Sm/144Nd 2sd 143Nd/144Nd 2sd eNd TDM [Ma]

JW047 cpx A unas. Rim 166.0 1.006 0.0001 2.775 0.0007 0.21923 0.00002 0.513056 0.000036 7.5 3191
JW048 cpx B I Core 14.5 0.649 0.0038 4.367 0.0074 0.08980 0.00002 0.511482 0.000112 �19.3 1877
JW058 cpx-B unas. Rim 13.0 0.583 0.0005 2.323 0.0029 0.15185 0.00006 0.512864 0.000213 5.8 544
JW058 gnt-A I Core 35.0 0.173 0.0004 0.242 0.0005 0.43259 0.00046 0.515480 0.000544 48.2 1708
JW070 cpx B I Core 30.7 0.654 0.0004 4.287 0.0045 0.09219 0.00002 0.511554 0.000084 �17.9 1826
JW070 cpx E I Core 14.1 0.430 0.0005 2.740 0.0038 0.09482 0.00002 0.511650 0.000112 �16.2 1750
JW070 cpx F I Core 9.2 0.671 0.0010 3.895 0.0059 0.10415 0.00003 0.511469 0.000148 �20.0 2120
JW070 cpx G I Core 13.7 0.634 0.0020 4.213 0.0128 0.09090 0.00003 0.511616 0.000181 �16.7 1737
JW070 cpx H I Core 31.0 0.667 0.0003 4.363 0.0039 0.09233 0.00002 0.511520 0.000087 �18.6 1868
JW070 cpx I I Core 6.7 0.695 0.0051 4.475 0.0091 0.09390 0.00003 0.511383 0.000125 �21.4 2053
JW111 cpx B II Core 11.9 0.874 0.0012 2.398 0.0023 0.22041 0.00005 0.512978 0.000107 5.9 12,555
JW111 cpx C II Core 6.6 0.959 0.0019 2.688 0.0059 0.21570 0.00010 0.513000 0.000230 6.5 2753
JW112 cpx A I Core 98.7 0.589 0.0003 5.931 0.0030 0.06007 0.00000 0.511078 0.000040 �26.3 1910
JW112 cpx B I Core 23.9 0.519 0.0010 5.221 0.0041 0.06007 0.00001 0.511022 0.000072 �27.4 1963
JW112 cpx C I Core 37.6 0.579 0.0006 5.698 0.0055 0.06140 0.00001 0.511076 0.000053 �26.3 1928
JW116 cpx B I Core 5.1 0.736 0.0005 4.853 0.0061 0.09166 0.00005 0.511469 0.000296 �19.6 1918
JW116 cpx C I Core 24.5 0.673 0.0007 4.470 0.0049 0.09096 0.00002 0.511578 0.000101 �17.4 1782
JW124 cpx B I Rim 18.7 0.356 0.0005 2.853 0.0052 0.07549 0.00003 0.511213 0.000187 �24.1 1971
JW124 cpx C I Rim 6.6 0.399 0.0024 2.208 0.0049 0.10922 0.00006 0.511440 0.000265 �20.7 2252
JW137 cpx A II Rim 28.9 0.585 0.0009 2.785 0.0038 0.12703 0.00003 0.512433 0.000111 �1.9 1092
JW137 cpx D II Rim 21.2 0.553 0.0696 2.788 0.0023 0.11989 0.00097 0.512359 0.000104 �3.1 1126
JW137 cpx-B II Rim? 34.9 0.591 0.0006 2.819 0.0023 0.12681 0.00002 0.512205 0.000084 �6.3 1453
JW137 gnt B II Rim 50.7 0.426 0.0003 0.552 0.0007 0.46690 0.00024 0.514364 0.000261 25.4 779
JW138 cpx A II Is core 85.5 1.052 0.0018 2.736 0.0011 0.23243 0.00002 0.513049 0.000052 6.9 �956
JW147 cpx A unas. Core 8.4 0.410 0.0013 1.082 0.0025 0.22939 0.00015 0.513201 0.000327 10.0 1781
JW147 gnt E II Int 234.9 0.298 0.0000 0.529 0.0001 0.34065 0.00004 0.513568 0.000061 13.7 584
JW336 gnt-A unas. Core-1 18.1 2.954 0.0011 2.559 0.0012 0.69838 0.00010 0.516599 0.000073 61.9 1114
JW336 gnt-C II Core-2 88.5 2.320 0.0006 2.748 0.0010 0.51068 0.00005 0.514504 0.000053 26.8 735
JW346 gnt-A I Int 13.4 1.824 0.0030 1.693 0.0023 0.65228 0.00026 0.518003 0.000203 90.7 1727
JW355 gnt-B III Core 71.2 0.467 0.0002 1.271 0.0008 0.22237 0.00005 0.512445 0.000127 �4.6 -
JW411 gnt-A II Int 90.4 1.453 0.0004 4.540 0.0011 0.19353 0.00001 0.512750 0.000030 2.3 1942
JW411 gnt-B II Int 18.2 2.147 0.0009 5.850 0.0036 0.22194 0.00003 0.512871 0.000072 3.8 245,663
JW450 gnt-A III Int 100.6 0.288 0.0001 0.783 0.0003 0.22259 0.00004 0.512091 0.000084 �11.5 -
JW450 gnt-B III Core? 31.9 0.261 0.0001 0.768 0.0007 0.20555 0.00010 0.512063 0.000244 �11.5 9471
JW450 gnt-G III ? 39.3 0.298 0.0001 0.803 0.0006 0.22458 0.00007 0.512297 0.000165 �7.5 �58212
JW450 gnt-H III Int 73.7 0.280 0.0001 0.772 0.0005 0.21922 0.00005 0.512086 0.000124 �11.5 48,075

Note: Group (I to III; unas. = unassigned) refer to the established isochron ages; eNd calculated at time of kimberlite eruption (240 Ma); questionsmark refers to complex growth zonation.
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Fig. 1. Sm-Nd isochrons for group I (red; 1791 ± 89 Ma with eNdi
= +1.3) and group II (green; 853 ± 55 Ma with eNdi

= +2.6) compared to
the composite 1.54 Ga isochron age of Richardson et al. (1999) that records mixing of different inclusion populations. Individual diamond
inclusions from Orapa (400 km north) that lie on a 1.69 Ga isochron (Timmerman et al., 2017) are interpreted to have formed during the same
large-scale event that formed Group I samples. Inclusions of group III (purple) and those unassigned to a group (blue) emphasise the
complexity of diamond formation at Jwaneng. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. Representative diamonds with light microscope- and CL-images indicating the relative location of studied garnet (square) and cpx
(circle) inclusions annotated by: group I to III, unassigned (u) and undated (empty symbols). Note: symbol size corresponds to relative size of
the inclusion; stippled line indicates inclusions recovered from the offcut, solid line from the plate. (a) JW070 (group I): no clear growth
zonation recognisable with green slip lines indicating deformation; (b) JW137 (group II): resorption at the core-rim interface and deformation
indicated in the rim; (c) JW355 (group III): the overall low N aggregation makes it difficult to clearly distinguish between core-rim. (d) JW147:
note the different CL characteristics of the intermediate zone that contained a garnet (group II) and the core that included a cpx (unassigned).

M.U. Gress et al. /Geochimica et Cosmochimica Acta 293 (2021) 1–17 5
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4. RESULTS

Multiple inclusions from the same diamond (e.g., JW137
cpx A, B, D and garnet B) were labelled alphabetically.
Two diamonds (JW336, JW346) contained silicate and sul-
phide inclusions, whilst the remainder had only silicate
inclusions.
Fig. 3. (a) Covariation of d13C and [N] measured in individual growth
(square). Coloured symbols are for dated growth zones of group I (red)
undated zones (light blue). The data show a bi-modal distribution that is n
1997; Cartigny et al., 1998; Thomassot et al., 2009). (b) Covariation in d13C
and symbols according to affiliated group colours and growth zones as
legend, the reader is referred to the web version of this article.)
4.1. Carbon and nitrogen isotopic compositions of Jwaneng

diamonds

Carbon isotope values from individual growth zones
(n = 79) of 35 diamonds range from –23.2‰ to –1.4‰, with
compositions from dated zones covering a more restricted
range, �18.3‰ to �4.5‰. The dataset records a broadly
zones, subdivided in core (circle), intermediate (diamond) and rim
, group II (green), group III (purple), unassigned (dark blue) and
ot observed in literature data (grey area) at Jwaneng (Deines et al.,
and d15N analysed on polished fragments of six diamonds. Colour

in (a). (For interpretation of the references to colour in this figure
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bi-modal distribution (Fig. 3a) with C isotope compositions
obtained from rims (together with a number of cores and
intermediate zones) restricted to between �9.9‰ to –
4.8‰, while several cores and one intermediate zone record
lighter C isotope compositions (–23.2‰ to –18.2‰). In
comparison, a more limited range has been reported from
bulk stones and fragments of various diamond suites at
Jwaneng (Deines et al., 1997; Cartigny et al., 1998;
Thomassot et al., 2009). Traverses on JW060 and JW109
(Appendix C.1) show distinct N changes from core
(JW060: 300 at.ppm, 80 %B; JW109: 100 at.ppm N, 55 %
B) to rim (JW060: 480 at.ppm, 0 %B; JW109: 640 at.ppm
N, 0 %B) with a narrow range in C isotope composition
(JW060, d13C: �6.7 to �4.3‰; JW109, d13C: �12.2 to
�11.6‰). Nitrogen isotope values range from �4.7‰ to
+5.8‰ (Fig. 3b) and SIMS-derived N abundances overlap
with the FTIR data (Appendix C.1).

4.2. Cpx and garnet inclusion geochemistry

The major and trace element data of the cpx and garnet
inclusions are reported in Table B.3. Cpx inclusions show a
broad range in Mg# (molar 100*Mg/(Mg + Fe)) and Cr#
(molar 100*Cr/(Cr + Al)) from 71–87 and 0–8, respectively
(Fig. 4a) and classify as eclogitic and websteritic paragene-
sis. Following the nomenclature of Morimoto et al. (1988),
the cpx are omphacite and augite with Na2O ranging from
1.9 to 8.8 wt.%. Garnets (Fig. 4b) are pyrope-almandines
with variable Mg# (45–80) and CaO (3.8–14.2 wt.%), but
low Cr2O3 (�0.5 wt.%). According to the updated classifi-
cation scheme of Grütter et al. (2004), they fall in the eclo-
gitic/ pyroxenitic/ websteritic (G4) and eclogitic (G3)
compositional fields. Based solely on pyroxene inclusion
chemistry, it is difficult to distinguish between a websteritic,
clinopyroxenitic and orthopyroxenitic growth environment.
For consistency with previous literature, we use the term
websteritic paragenesis for diamonds JW047, JW355 and
JW450 and eclogitic paragenesis for other samples. The
E-type garnets can be further distinguished based on their
Ca# (molar 100Ca/(Ca + Mn +Mg + Fe)) and Mg# into
high-Ca (Ca# > 0.2; e.g., JW336, JW346, JW411) high-
Mg (�60; e.g., JW058, JW137, JW147 gnt E, JW355,
JW450) and low-Mg (Mg# � 60; JW175) as described in
Aulbach and Jacob (2016).

The validity of the trace element compositions obtained
from matrix residua (Fig. C.2) from the chromatography
columns was confirmed by the bulk analysis of inclusions
from the same diamond growth zones (JW058, JW070,
JW147) that were too small (�5 mg) for isotopic analysis.
Cpx show a broad range in trace element ratios, e.g., Ba/
Nb (2–2330) and have variable REEN patterns (Fig. 5a)
with some recording distinct changes of slope (kinks) with
relative enrichment/ depletion in Ce, Pr and Nd. Garnets
(Fig. 5b) are depleted in LREEN with (Ce/Yb)N < 0.7,
except for garnets of JW411 (2.0–2.4) and they also have
a range of relative enrichment/ depletion in REEN patterns.
They have (La/Nb)N < 0.4, except for garnets JW058 and
JW411 (1.8). The cpx have 0.4–1 ppm Sm and 1–5.9 ppm
Nd with 143Nd/144Nd of 0.5110–0.5132 and 147Sm/144Nd of
0.06–0.23. Garnets have 0.3–2.9 ppm Sm and 0.5–5.8 ppm
Nd with 143Nd/144Nd of 0.5120–0.5180 and 147Sm/144Nd of
0.12–0.7. The cpx have 44–253 ppm Sr and 0.1–36 ppm Rb
with 87Sr/86Sr of 0.7026–0.7056 and 87Rb/86Sr of 0.001–
1.38. Garnets have 1.1–9.8 ppm Sr and 0.04–0.7 ppm Rb
with 87Sr/86Sr of 0.7061–0.7113 and 87Rb/86Sr of 0.04–1.8.
Depleted mantle model ages (TDM) were calculated using
values from Michard et al. (1985) and range from 544 Ma
to unrealistic ages older than Earth (Table 1) confirming a
metasomatic, potentially multi-stage, evolution of the inclusions
and thus, limiting their use to precisely define absolute age.

The mineral data obtained from inclusions within indi-
vidual diamonds were filtered for evidence of disequilib-
rium between coexisting phases (Fig. 6a), as visible for
example in JW147 that has disrupted light REEN. The min-

eral REEN partition coefficients (Dcpx=gnt
REE ) are generally com-

parable with natural eclogitic inclusion pairs (Harte and
Kirkley, 1997) and experimental data (Klemme et al.,
2002; Kessel et al., 2005). Equilibration temperatures of
non-touching garnet and cpx inclusion pairs from the same
diamond growth zone (JW137, JW450) were calculated at 5
GPa using the thermometer of Ellis and Green (1979) TEG

and range from 1140 �C–1320 �C (Table B.3). These tem-
peratures are within uncertainty (±100 �C; Stachel and
Harris (2008)) of co-genetic, non-touching garnet-cpx inclu-
sion pairs from Richardson et al. (1999) with TEG: 1100 �C–
1260 �C. Theoretical REEN patterns (Fig. 6b) were calcu-
lated for bulk rock eclogites to determine the nature of
the inclusion protolith assuming an abundance of 45%
cpx and 55% garnet, typical for mantle eclogites (Aulbach
and Jacob, 2016).

5. DISCUSSION

Ideally, an isochron is based on multiple mineral inclu-
sions from the same growth zone of an individual diamond
but such occurrences are exceptionally scarce because of
complex growth histories. Only diamond JW137 (Fig. 2b)
includes one high-Mg garnet and three augite inclusions
(Sri = 0.704) in its rim (�55 at.ppm N; d13C: �7.9‰ to
�7.2‰) that yield a Sm-Nd isochron age of 911 ± 230 Ma
with 143Nd/144Ndi = 0.51156 ± 0.00024 and eNdi = +2.0.
Several diamonds carry either multiple garnet (JW411) or
cpx inclusions (JW070, JW111, JW112, JW116, JW124) in
the same growth zone that are within error of the isochrons
and yield comparable initial ratios. Hence, it is necessary to
assess the growth relationship of inclusions within the same
and amongst different diamonds (Pearson et al., 1998) to
prevent unintended mixing of different diamond popula-
tions. This problem was previously highlighted for two
peridotitic diamond populations from Venetia
(Koornneef et al., 2017) and is also obvious in the present
data. Simply averaging the Sm-Nd data of all garnet
(n = 13) and cpx (n = 23) inclusions in the study yields a
composite isochron of 1395 ± 150 Ma with 143Nd/144-
Ndi = 0.51070 ± 0.00026 and eNdi

= �2.6. This age is
within error of the two-point isochron age (1540
± 20 Ma) of Richardson et al. (1999) determined on com-
posites of 47 garnets and 49 cpx and confirms the authors’
hypothesis that their data potentially record mixed popu-
lations (Fig. 1).



Fig. 4. Major element variation of inclusions: (a) Molar Mg# versus Cr# for eclogitic high- and low-Cr cpx inclusions; fields for eclogitic and
peridotitic paragenesis after Stachel and Harris (2008). Note: websteritic inclusions plot across in both E-/ P-type fields. (b) Cr2O3 versus CaO
(in wt.%) for garnet inclusions after Grütter et al. (2004) with distinction between high-/ low-Mg and high-Ca garnets. Jwaneng literature data
from Richardson et al. (1999; 2004) and Stachel et al. (2004a,b).
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5.1. Determining the timing of diamond formation

Our data demonstrate multiple growth episodes at Jwa-
neng based on pairs of inclusions from different growth
zones within individual diamonds. For example, JW336
garnet A (TDM = 1110 Ma) from the inner core (90 at.
ppm N; d13C: –22.8‰), and garnet C (TDM = 735 Ma) from
the outer core (30 at.ppm N; d13C: �18.3‰) have contrast-
ing compositions. Similarly, JW058 garnet A
(TDM = 1708 Ma) from the core and cpx B (TDM = 508 -
Ma) from the rim (N < 20 at.ppm N; d13C �8.2‰) or
JW147 garnet E (intermediate zone; TDM = 584 Ma; 290
at.ppm N, 54%B and d13C: �4.0‰) and cpx A (core;
TDM = 1781 Ma; 106 at.ppm N and d13C: �6.8‰) imply
that the minerals are not co-genetic and represent different
mineral populations. Hence, inclusion groups I to III
(Fig. 1) are initially determined based on the Sm-Nd iso-
tope data (Table 1), which define at least two slopes on
an isochron diagram (Fig. 1). Notably, inclusions from
these three groups occur in separate diamonds and, except
for inclusions from the unassigned group, no more than one
inclusion group exists in any single diamond in this study
implying spatially separate areas of diamond formation
beneath Jwaneng. Given the compositional heterogeneity
of the studied diamonds and their inclusions the data will
be further assessed for genetic relationships.
Diffusion modelling (Nestola et al., 2019) indicates equi-
libration of Sm-Nd between inclusions (<500 mm) and sur-
rounding mantle must have occurred under diamond-
forming conditions (TEG: 1140 �C–1320 �C of JW137,
JW450) within millions of years. This is well within calcu-
lated uncertainties of the isochron precision (see below) val-
idating that obtained ages in this study record the time of
completed inclusion encapsulation inside the diamond and
hence, the time of diamond formation.

5.1.1. Group I – 1791 ± 89 Ma (n = 16 inclusions)

Inclusions of group I consist of 14 augites (JW048,
JW070, JW112, JW116, JW124) from five diamonds, all
with relatively homogeneous high Cr# (2.6–4.7), high
Mg# (80–87; Fig. 4a) and low Na2O, (2.0–2.7 wt.%) and
two pyrope almandines (JW058, JW346). Cpx inclusions
have initial Sr isotope ratios (87Sr/86Sri), corrected to the
inferred inclusion age, between 0.701 and 0.704, a limited
range in 143Nd/144Nd ratios, from 0.5110–0.5116 (Table 1),
relatively elevated Nd contents, from 2.7 to 5.9 ppm and
low 147Sm/144Nd ratios of � 0.11 (Fig. 1). They have
marked LREEN enrichment ((Ce/Yb)N from 27 to 158)
with sub-chondritic Lu (Fig. 5a) and Nb/La < 0.2. All these
cpx inclusions have negative present-day eNd, between �27
and �16 (Table 1) and although only indicative, TDM ages
are consistent and range from 1740 to 2050 Ma. The host



Fig. 5. REEN patterns of a) Cpx inclusions with overall marked LREE enrichment. Inclusions of group I (red-shaded area) have a negative
slope to sub-chondritic Lu (JW048, JW070, JW112, JW116, JW124). Inclusions of group II (green-shaded area) and unassigned (dark blue)
show a broad range with LREEN enrichment (JW111, JW147) peaking at Pr–Sm with a gradual decrease in MREEN and HREEN to
chondritic abundance in Lu. Other samples have complementary patterns with a depletion in Pr–Nd with flat MREEN and decreasing
HREEN to chondritic Lu (JW137, JW138) or they have overall enriched but flat REE patterns decreasing to Lu (JW058). b) Garnets show
either ‘normal’ LREEN depleted patterns (JW137, JW336) i.e., a steep positive slope within the LREEN and flat MREEN–HREEN

(with � chondritic abundance) similar to eclogitic garnet inclusions from diamonds worldwide (Stachel et al., 2004), or a negative slope in
MREEN–HREEN to sub-chondritic abundance (JW346, JW411), or LREEN depletion with increasing MREEN and flat HREEN (JW147) or
slightly increasing to flat LREEN to HREEN patterns (JW058, JW355, JW450) with near-chondritic abundance. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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growth zones are almost N-free (<20 at.ppm) with a limited
range in d13C (�8.5‰ to �6.4‰, Fig. 3, Table B.2). The
garnets from JW346 (87Sr/86Sri = 0.7069) and JW058
(87Sr/86Sri = 0.7070) are LREEN depleted (Fig. 5b), with
flat to increasing MREEN and flat, chondritic HREEN

(JW058) or decreasing HREEN to subchondritic Lu
(JW346) yielding a (Ce/Yb)N of 0.7–0.1. They have radio-
genic 143Nd/144Nd of 0.5155–0.5180 and high 147Sm/144Nd



Fig. 6. (a) Element distribution coefficients (Dcpx=gnt
REE ) between garnet and cpx inclusions from the same diamond and for averages of all garnet

and cpx inclusions from groups I to III compared to experimental data at 3 GPa/1400 �C (Klemme et al., 2002), 4 GPa/1000 �C (Kessel et al.,
2005) and natural samples HRV247 and HRV313 (Harte & Kirkley, 1997). Note: JW147 cpx (core) and gnt (intermediate) are not in
equilibrium resulting in a disrupted REEN pattern; group I average is slightly biased towards elevated REE contents due to the predominance
of LREEN enriched cpx inclusions in this group. Group III average is based on undated cpx inclusions that were recovered from the same
growth zone as the dated garnet inclusions in JW355 and JW450. (b) Reconstructed average whole rock REE patterns for inclusions of group
I to III compared to N-MORB and a melt-depleted N-MORB residue (grey shaded area). All groups show enrichment in LREE and depletion
in HREE. Worldwide average data and melt depletion curves are from Stachel et al. (2004a,b).
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of 0.43–0.65. Geochemical characteristics of the corre-
sponding diamond growth zones are similar to the cpx-
bearing diamonds with low N (JW058: core; <20 at. ppm;
JW346: intermediate; 192 at.ppm; 40 %B) and d13C of
�8.7‰ to �8.2‰. Notably, both of these garnets define
Nd TDM ages of 1.7 Ga, suggesting a co-genetic relation-
ship (Table B.2).
If only the cpx inclusions are considered, they define a
Sm-Nd isochron age of 2078 ± 380 Ma (n = 14) with 143-
Nd/144Ndi = 0.51025 ± 0.00019 and eNdi

, +5.9. Including
the co-genetic garnets JW346 (7.9 wt.% CaO) and JW058
(4.2 wt.% CaO) reduces the uncertainty in the isochron age
to 1791 ± 89 Ma. Due to the marked LREEN enrichment of
the sample suite, the initial ratio of 143Nd/144Ndi = 0.51038
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± 0.00006, equivalent to eNdi = +1.3, is consistent with deriva-
tion from a long-term mildly LREEN-depleted source that
became enriched in LREE immediately before or during dia-
mond formation.

5.1.2. Group II – 853 ± 55 Ma (n = 11 inclusions)

Group II consists of 6 cpx and 5 garnet inclusions,
including the four co-genetic inclusions in the rim of
JW137. The inclusions that define the isochron are compo-
sitionally heterogeneous and include two high-Ca garnets
(87Sr/86Sri = 0.7054) recovered from the intermediate zone
of JW411 (�375 at.ppm N; d13C: �5.0‰; d15N: +5.2‰)
with marked LREEN depletion and a negative slope in
MREEN–HREEN with sub-chondritic HREE abundances
(Fig. 5b). Inclusions assigned to group II are two ompha-
cites (87Sr/86Sri = 0.7042) of JW111 (core; 130 at.ppm N;
d13C: �11.2‰;) with a general LREEN enrichment peaking
at Pr–Sm with a gradual decrease in MREEN and HREEN

to chondritic Lu abundance (Fig. 5a). An omphacite (87-
Sr/86Sri = 0.7044) of JW138 (core; 60 at.ppm N; d13C:
�8.9‰) has a relative depletion in Pr–Nd, flat MREEN

and decreasing HREEN to chondritic Lu. The high-Ca gar-
net C of JW336 (outer core; 30 at.ppm N; d13C: �18.3‰)
with a ‘typical’ eclogitic LREEN depleted pattern, with a
steep positive slope and flat MREEN–HREEN, with REE
compositions comparable to JW411 high-Ca garnets
(Fig. 5b). JW147 E is a high-Mg garnet (87Sr/86-
Sri = 0.7072) with a REEN pattern similar to JW137, with
a LREEN depletion and flat HREEN. Combined, these ele-
ven inclusions from six diamonds define a diamond-
forming event at 853 ± 55 Ma, with 143Nd/144-
Ndi = 0.51167 ± 0.0001 and eNdi = +2.6 (Fig. 1). The
heterogeneous composition of group II inclusions implies
the involvement of different components that will be criti-
cally addressed in the following sections.

5.1.3. Group III and unassigned diamonds – evidence for

further events?

Five websteritic garnets (JW355, JW450; Fig. 2c) with
have high Mg# (>75) and low CaO (<5.5 wt.%) are classi-
fied as group III. The garnets have 143Nd/144Nd between
0.5120 and 0.5125 below CHUR with restricted 147Sm/144-
Nd values close to chondritic (0.20–0.22), precluding reli-
able isochron or model age determinations (Table 1).
Diamond JW355 has a low N aggregation state (5 %B)
associated with moderate N abundance (�570 at.ppm)
and a typical mantle C isotope composition (d13C:
�4.6‰; d15N: �4.0‰). Corresponding mantle residence
temperatures (TMR) were calculated according to Leahy
and Taylor (1997). Such calculations are, however, only
semi-quantitative at best. For example, it is impossible to
resolve if some diamonds (e.g. JW450) were formed at
3.0 Ga and stored in the mantle on average at 1060 �C or
alternatively, diamond formation occurred immediately
prior to kimberlite eruption (at 240 Ma) at 1120 �C. The
relatively flat REEN patterns (Fig. 5b) with (Ce/Yb)N of
0.5 combined with the strongly unradiogenic 143Nd/144Nd
values imply a multi-stage evolution with a time-
integrated LREE-enriched source, either from a recycled
crustal component or a LREE enriched component in
SCLM, making it unlikely that group III inclusions and
their hosts formed in the Archaean. There is currently no
further evidence to constrain the time of formation of this
diamond suite.

Four inclusions were unassigned to any group. The web-
steritic cpx (JW047) with a Cr# of 7.5, Mg# of 77.2 and 1.9
wt.% Na2O is similar to group I compositions (<20 at.ppm
N; d13C: �7.1‰) but has a distinct, unusually MREEN-
enriched pattern (Fig. 5a). Based on its Nd model age
(TDM: � 2930 Ma), the origin may be linked to diamond
formation inferred for eclogitic sulphide inclusion-bearing
diamonds at � 2.9 Ga (Richardson et al., 2004). However,
currently, inclusion studies have provided no further evi-
dence for silicate inclusion-bearing diamonds at Jwaneng
of this age, although notably the garnet of JW346 (1.8 Ga
isochron) was recovered from the intermediate zone and
requires a prior event to form the diamond’s core zone that
incorporated a sulphide inclusion. The rim of the diamond
host of JW058 cpx B (TDM = 508 Ma) has < 20 at.ppm N
and d13C of �8.2‰. The cpx has major element character-
istics (Cr# of 3.0, Mg# of 82.1) similar to group I, but
REEN patterns similar to group II, ruling out a relationship
to either group. Based on its Sm-Nd data and position in
the inner core, LREEN depleted JW336 gnt A (TDM:
1115 Ma) appears to belong to a distinct inclusion popula-
tion that potentially formed chronologically between group
I and II. There is evidence for diamond formation at 1.1–
1.0 Ga across the Kalahari Craton (Koornneef et al.,
2017; Timmerman et al., 2017).

While JW147 garnet (intermediate zone) can be
unequivocally assigned to an isochron (group II), JW147
cpx (core) has a large uncertainty and a 143Nd/144Nd ratio
close to CHUR that could potentially lie on either isochron.
The cpx is therefore not assigned to an age group. Other
undated diamonds provide evidence for discrete diamond-
forming events with significant changes of N content and
aggregation between adjacent growth zones with markedly
different d13C composition e.g., JW397 (core: �21.2‰; rim:
�9.9‰).

In conclusion, two separate diamond-forming events are
identified in the mid-Paleoproterozoic (group I: 1791
± 89 Ma) and mid-Neoproterozoic (group II: 853
± 55 Ma) with additional diamond formation events sug-
gested by other inclusions. The two populations have dis-
tinct characteristics. The older group I inclusions and
their host diamonds have relatively homogeneous composi-
tions, whereas the younger group II diamond and inclusion
population has a compositional range. Importantly, how-
ever, inclusion pairs (e.g., JW111, JW137, JW411) validate
the significance of the group II age.

5.2. The nature of the eclogitic environment of diamond

formation

To constrain the nature and scale of the diamond-
forming processes, we determined the parental fluids that
formed garnet and cpx inclusions (Fig. C.3) and recon-
structed bulk rock REEN compositions (Fig. 6). The recon-
structed bulk rock data for the three groups are distinct
(Fig. 6b), with groups I and III being significantly LREE
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enriched (LaN: 26–40) with low HREE (YbN: 1–2), while
group II is mildly LREE enriched (LaN: 14) with slightly
elevated HREE (YbN: 4). The calculated bulk rocks are
at the LREE-rich end of the range of eclogitic inclusions
worldwide (Stachel et al., 2004a,b) and resemble N-
MORB protoliths that may have experienced loss of incom-
patible elements during subduction. Group I bulk rocks
record the largest overall REE fractionation with (Ce/
Yb)N ratios up to 8, compared to ratios of 5 in group III
and 2 in the least fractionated group II.

Theoretical parental fluid compositions (Fig. C.3) for
group I to III cpx and garnets were calculated using parti-
tioning coefficients of hydrous experiments performed at
1000 �C and 4 GPa from Kessel et al. (2005). These hypo-
thetical fluids show a wide range of LREE enrichment
(LaN = 15–1900 and (Ce/Yb)N = 45–2200) comparable to
the range of compositions recorded in high density fluids
trapped in fibrous eclogitic diamonds from Jwaneng
(Schrauder et al., 1996) and worldwide locations
(Tomlinson and Müller, 2009; Rege et al., 2010; Weiss
et al., 2013). These observations further support the
hypothesis of common parental fluids for fibrous and
gem-quality diamonds (Krebs et al., 2019).

5.2.1. Large-scale metasomatism (group I)

The compositional uniformity in group I diamonds
(consistently low N contents, d13C from �8.7‰ to –6.4‰)
and the homogeneous inclusion compositions recording
only minor variation (e.g., 87Sr/86Sri ratios) establishes that
large amounts of LREE enriched diamond-forming fluid
(Fig. C.3) must have infiltrated eclogitic protoliths to initi-
ate metasomatic diamond growth in the Paleoproterozoic.
Together with mantle-like d15N (JW346 rim: �5.4‰), the
uniform d13C possibly imply an asthenospheric origin for
the diamond-forming fluid. Unfortunately, the absence of
co-genetic garnet-cpx inclusion pairs within a diamond of
group I do not allow for further insights as to the exact
P/T conditions of formation. The large inferred fluid/rock
ratio during diamond formation does, however, imply a
large-scale geological process.

In this context it is noteworthy that a similar suite of low
N (<100 at.ppm) eclogitic diamonds from the Orapa kim-
berlite cluster 400 km NNE were also formed in the
Paleo-Proterozoic (1.7 ± 0.3 Ga) and was interpreted to
correspond to the amalgamation and breakup of the super-
continent Nuna/ Columbia (Timmerman et al., 2017).
These diamonds have comparable d13C (�10.5‰ to
�6.8‰) and relatively low 87Sr/86Sri suggesting a regional
eclogitic diamond-forming event over length-scales of hun-
dreds of kilometres. The age is also consistent with rework-
ing of the SCLM beneath the NW margin of the Kalahari
Craton (Fig. 7) during the amalgamation of the Kheis-
Okwa-Magondi Belt and the Rehoboth Terrain between
2000–1750 Ma (Van Schijndel et al., 2011; Oriolo and
Becker, 2018). This event has also been proposed to explain
formation of diamonds with similar characteristics in
Jagersfontein (Aulbach et al., 2009). These events were
accompanied by subsequent rifting evolving northwards
from the Kheis to the Magondi Belt and featured major
rift-related volcanism (e.g., the Olifantshoek Volcanics or
the Waterburg Lavas), plutonism (ultramafic to granitic)
and regional metamorphism (McCourt et al., 2001;
Hanson, 2003) marking the final stage of the assembly of
the Proto-Kalahari Craton (Jacobs et al., 2008).

5.2.2. Small-scale remobilization and local fluid equilibration

(group II)

The eclogitic inclusions that define the group II isochron
and their corresponding diamond growth zones (d13C from
�18.3‰ to �4.0‰; JW147: d15N + 1.9‰) are composition-
ally heterogeneous and therefore, suggest formation under
low fluid/rock ratio conditions. Three augites (2.3 wt.%
Na2O) of JW137 (group II) show similar REE patterns
and Mg# (79–80) to group I (except lower Cr#) and may
imply a compositional but not a temporal relationship to
group I inclusions. Notably, the co-genetic garnet and cpx
inclusions of JW137 (Fig. 2b) validate the isochron age of
group II. Despite the common Cr# < 1 (Fig. 4a), the
remaining cpx of group II are omphacites (5.5–8.8 wt.%
Na2O).

Most group II inclusions are characterised by anoma-
lous REEN patterns (Fig. 5) with relative enrichment
(JW111, JW137cpx) and depletion (JW138 cpx, JW147
gnt) in CeN–NdN. The abnormal REEN patterns are not
seen in samples of the older group I nor in other inclusion
suites (Stachel et al., 2004a,b). This atypical signature (also
in JW147 cpx) is interpreted to reflect the involvement of
REE-rich minor phases (e.g., apatite, barite, kyanite, rutile,
zircon), either as crystallisation products from the metaso-
matic fluid or within the eclogitic protoliths. Such accessory
phases act as a significant REE host in eclogites (Aulbach
and Jacob, 2016). In addition, the large range of garnet
CaO contents (4.2–14.2 wt.%) affects the partitioning of
the REE (O’Reilly and Griffin, 1995; Harte and Kirkley,
1997; Barth et al., 2001; Aulbach and Jacob, 2016) and

may explain the different Dcpx=gnt
REE of the high-Ca garnets

(12.6–12.9 wt.% CaO) from JW411 (Fig. 6b) that also has
(Nd/Er)N > 1 (Fig. 4b).

Overall, these variations are considered controlled by
heterogeneity in the SCLM and suggest a more localised
formation mechanism in comparison to group I. This con-
clusion is emphasised by the marked variation in TDM ages
of group II cpx and garnets (Table 1) and 87Sr/86Sri
(0.7026–0.7071). Coupled with the potentially crustal d15N
signature in JW147 (+1.9‰) and JW411 (+5.2‰), as well
as the overall heterogeneous d13C (�18.3‰ to �4.0‰) of
group II diamonds, this implies the potential involvement
of different subducted components within the SCLM (Li
et al., 2019). It seems unlikely, however, that a single fluid,
migrating and evolving through (different) protoliths, can
account for the marked compositional heterogeneity of
group II. It is considered more probably related to
tectono-magmatic event(s) in which a series of low volumes
of fluid interacted with spatially separate eclogitic pro-
toliths. Remobilization or infiltration of such diamond-
forming fluids led to local equilibration with the SCLM
(Giuliani et al., 2018) on a small-scale (<10 km3). Due to
the limited d15N data it is impossible, however, to deter-
mine whether the fluids originated within the SCLM or
whether they involved new subduction- or asthenosphere-



Fig. 7. (a) Simplified W-E cross-section of the SCLM at Jwaneng with inferred tectonic setting. Eclogitic bodies (yellow) formed during the
Archaean accretion of the Kaapvaal Craton. (a) At � 1.8 Ga, amalgamation of the Kheis-Okwa-Magondi (K) and Rehoboth Terrain (R) to
the Kaapvaal Craton was accompanied by subsequent extension and plutonism. The formation of group I diamonds coincided with the final
stage of the assembly of the Proto-Kalahari Craton and occurred by large-scale (>1000s of km) metasomatism in a volatile-rich, fluid-
dominated setting. B: Bushveld, M: Molopo Farms are related to the large igneous province at 2.05 Ga; G: Grunehogna Craton, eastern end
of Proto-Kalahari. (b) Successive accretion of Paleoproterozoic micro-continents (1.4–1.2 Ga) extended the Kalahari Craton to the west.
At � 0.85 Ga, the breakup of the Rodinia supercontinent was accompanied by rifting and intra-plate magmatism along the NW and W
margins of the Kalahari Craton. Diamonds of group II were formed by local re-mobilization and equilibration of different fluids in
compositionally different eclogitic protoliths (enlargement) that had been incorporated into the SCLM over time. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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derived sources that interact with heterogeneous SCLM.
The precision of the isochron ultimately constrains the
timescale of diamond formation to a period of < 100 mil-
lions of years.
The 0.85 Ga isochron age of group II diamond inclu-
sions coincides with the breakup (Fig. 7) of the Rodinia
supercontinent (900–700 Ma) that was accompanied by
extensive evidence of rifting (e.g., in the Gariep Belt) and
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intra-plate magmatism (e.g., in the Magondi belt) along the
NW and W margins of the Kalahari Craton (Hanson, 2003;
Ernst et al., 2008; Jacobs et al., 2008). Currently, there are
no comparable diamond formation ages reported from
Botswana or western South Africa. This implies the respon-
sible diamond forming event may not have metasomatised
the SCLM beneath the NW edge of the Kalahari Craton
on a regional scale. Alternatively, this age may not yet have
been recognised as most reported dates are from inclusion
composites. A possible explanation for the contrast with
formation of group I diamonds is that following significant
growth of the Kalahari Craton through Proterozoic accre-
tion of micro-continents along its margins (Jacobs et al.,
2008; Oriolo & Becker, 2018), the controlling tectono-
magmatic event was significantly further away and led to
limited fluid generation and heating of the regional SCLM
beneath Jwaneng at 0.85 Ga (Fig. 7).

5.3. Implications for the deep carbon cycle

Diamond formation beneath Jwaneng involves large-
scale (>1000s km) metasomatism with a high fluid/rock
ratio forming group I samples and local (re-)mobilisation
(<10 km) of volatiles with a low fluid/rock ratio. To date,
no diamonds that carry inclusions recording both events
have been recognised possibly implying diamond formation
in spatially separate parts of the SCLM beneath Jwaneng.
These observations have significant implications for the
constraints that can be placed on the deep carbon cycle.
The regional extent of the Paleoproterozoic inclusion suite
together with its C-N isotope signature implies major addi-
tion of carbon from the asthenospheric mantle. A large-
scale diamond-forming process with asthenosphere-
derived fluids should overprint or dilute any existing signal
derived from surface processes in the SCLM (Thomassot
et al., 2009). In contrast, group II diamonds appear to
record the local redistribution of carbon in the SCLM. As
such, these latter diamonds do not provide quantitative
information into the deep cycling of carbon but emphasise
that there are multiple diamond populations present at
Jwaneng that potentially have provided carbon of different
origins for subsequent diamond formation. Evidence for
the introduction of carbon into the SCLM at different times
is provided by the presence of older generations of dia-
monds. This includes, group I and some of the unassigned
diamonds from this study and distinct generations of
sulphide-bearing diamonds recognised in the literature,
some of which include a MIF sulphur isotope signature
indicative > 2.5 Ga crustal recycling (Richardson et al.,
2004; Thomassot et al., 2009).

The recognition of different mechanisms of diamond
formation involving variable amounts and sources of car-
bon recycled within the SCLM may explain why it has been
impossible so far to establish a consistent model for the
deep carbon cycle through time (Shirey et al., 2019). Only
events with large fluid/rock ratios will record the C isotope
composition of material added to the SCLM. It is therefore
important to fully understand the nature and scale of speci-
fic diamond formation events first.
6. CONCLUSIONS

Distinct eclogitic silicate inclusion populations at Jwa-
neng record multiple diamond-forming events. A large-
scale event produced a relatively homogeneous suite of dia-
monds and silicate inclusions at 1790 ± 90 Ma that occur in
the SCLM over large distances (>500 km) beneath southern
Africa. This event is related to Paleoproterozoic modifica-
tions of the Kalahari Craton under conditions characterised
by a large fluid/rock ratio. Corresponding cpx have high
Cr# (2.6–4.7), high Mg# (80–87), marked LREEN enrich-
ment with (Ce/Yb)N from 27 to 158 to sub-chondritic Lu.
The garnets have LREEN depletion with flat MREEN and
HREEN depletion, diamond host growth zones have a nar-
row range in d13C (�8.7‰ to �6.4‰).

A second event occurred at 850 ± 55 Ma and is charac-
terised by local (re-)mobilisation of fluids with an effective
low fluid/rock ratio during the breakup of the Rodinia
supercontinent resulting in a heterogeneous diamond suite.
Corresponding cpx have low Cr# (<1) and Mg# (71–80),
garnets show a broad range in CaO (5.2–12.9 wt.%) and
Mg# (45–75). All inclusions are characterised by anoma-
lous REEN patterns with relative enrichment or depletion
in CeN–NdN and the host diamond growth zones have a
broad range in d13C (�18.3‰ to �4.0‰) and d15N
(+1.9‰).

The study also indicates additional events at � 3 Ga
(JW047 cpx A, TDM = 3192 Ma), at � 1 Ga (JW336 gnt
A, TDM = 1114 Ma) and potentially close to kimberlite
eruption (group III). A previous published isochron age
for Jwaneng diamond inclusions (1540 ± 20 Ma;
Richardson et al. (1999)) is shown to be a consequence of
mixing of multiple diamond populations. This result may
have implications for the age reported for the Finch mine
(1580 ± 50 Ma) 450 km to the SSW, which was also
obtained from pooled inclusions (Richardson et al., 1999).

The multi-stage growth recorded in some individual
Jwaneng diamonds that have inclusions of different age
coupled with the presence of multiple diamond populations
in general illustrates diamond formation is a recurring pro-
cess throughout the evolution of Earth. On a global scale,
the isochron ages overlap with a major (group I) and minor
(group II) peaks in U-Pb zircon ages between 1800–
2100 Ma and 750–900 Ma (Puetz, 2018), illustrating promi-
nent episodes in continental crustal growth that are also
witnessed by diamond inclusions (Shirey & Richardson,
2011). Although diamonds potentially document Earth’s
long-term deep carbon cycle, this study indicates that the
nature and scale of specific diamond-forming events must
be known before attempts can be made to constrain the nat-
ure of carbon exchange between deep and surficial
reservoirs.
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