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Diamond Genesis, Seismic
Structure, and Evolution of the
Kaapvaal-Zimbabwe Craton
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The lithospheric mantle beneath the Kaapvaal-Zimbabwe craton of southern
Africa shows variations in seismic P-wave velocity at depths within the diamond
stability field that correlate with differences in the composition of diamonds
and their syngenetic inclusions. Middle Archean mantle depletion events ini-
tiated craton keel formation and early harzburgitic diamond formation. Late
Archean accretionary events involving an oceanic lithosphere component sta-
bilized the craton and contributed a younger Archean generation of eclogitic
diamonds. Subsequent Proterozoic tectonic and magmatic events altered the
composition of the continental lithosphere and added new lherzolitic and
eclogitic diamonds to the Archean diamond suite.

Seismic imaging of the lithospheric mantle
beneath the Kaapvaal-Zimbabwe cratons and
the Limpopo mobile belt (/—4) has produced
a detailed picture of the source region for
diamonds (Fig. 1). We place two decades of
study of some 4000 diamonds from southern
Africa’s major diamond deposits (5, 6) into
geologic context at lithospheric source depths
to relate diamond formation to the processes

of craton creation, assembly, and modifica-
tion. Diamond formation worldwide is asso-
ciated with the presence of ancient litho-
spheric mantle keels beneath cratons (7, §).
In the Archean keel of the Kaapvaal-Zim-
babwe craton, mantle peridotite and eclo-
gite host multiple generations of both Ar-
chean and Proterozoic (9) diamonds (6, 10,
11) that have been sampled by later kim-

Table 1. Seismic velocity of the lithospheric mantle, diamond composition (3'3C, N, and type la), and inclusion
paragenesis for southem African diamonds. Seismic velocities are for P-waves (in % deviation from a cratonic
reference model) through a 50-km-radius cylinder of mantle extending from 150 km to 225 km depth below
the major diamond mines (2, 3). Studies of C isotopes and N have been carried out on more than 900
individual diamonds enclosing silicate, oxide, and sulfide inclusions. Parageneses (P, peridotitic; E, eclogitic; W,
websteritic) are listed in order of abundance; subordinate parageneses are in parentheses. Nitrogen concen-
tration is the average of the total diamond population as measured by Fourier transform infrared spectroscopy
(FTIR); De Beers Pool data is measured by mass spectrometry. Type la data are the % of diamonds in tge
studied population with aggregated nitrogen >20 ppm. Sources of data are as follows: De Beers Pool (22, 23),
Finsch (25, 29), Jagersfontein (28), Jwaneng (23), Koffiefontein (28), Letlhakane (57), Orapa (24, 52), Premier

(25, 29, 53), Roberts Victor (27}, and Venetia (54).

L 13
Location 3:;:;‘;; ?%C) ( Pgm) Type la (%) Paragenesis

Jwaneng -0.006 -19to -2 400 91 E,P
Letihakane -0.008 345 87 EP
Orapa -0.010 -26to-3 478 94 EP.(W)
Premier -0.209 -14to-2 413 90 EP
Venetia 0.194 -18to-2 259 77 P,(EW)
De Beers Pool 0.245 -16to -1 170 55 P.(E)
Finsch 0.084 -8to-3 199 74 P.(E)
Roberts 0.211 -16to-3 260 73 P,(E)
Victor
Jagersfontein 0.357 -21to~3 291 81 EP
Koffiefontein 0.327 -17to-2 201 85 P.E
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berlites [65 to 1600 million years ago (Ma)]
(12-14).

Seismic velocities in the lithospheric man-
tle beneath the Kaapvaal-Zimbabwe craton
were mapped using teleseismic broadband
waveforms (2, 3) (Fig. 1). The Kaapvaal-
Zimbabwe craton is marked by relatively
high P-wave velocity lithospheric mantle that
occurs in two prominent but irregularly
shaped lobes separated by a broad WNW-
trending band of relatively lower velocity
mantle. Southern African diamonds were
stored in the mantle with these differences in
seismic velocity (Table 1, Fig. 1) because
current seismic structure correlates with the
Archean to Proterozoic surface geology,
which is much older than the kimberlite erup-
tions. Jwaneng, Letlhakane, Orapa, and Pre-
mier diamonds were hosted in slower lithos-
pheric mantle with P-wave velocities below
the average model velocity (-0.21 to
—0.01%). De Beers Pool, Finsch, Jagersfon-
tein, Koffiefontein, Roberts Victor, and Ve-
netia diamonds were hosted in faster mantle
with P-wave velocities above the average
model velocity (+0.08 to +0.36%).

Harzburgitic (/5) silicate inclusions in di-
amonds from the De Beers Pool and Finsch in
the seismically fast lithosphere have mid-
Archean model ages [3.2 to 3.3 billion year
(Gy)] (10); all other silicate inclusions dated
so far are lherzolitic or eclogitic and are
Proterozoic in age (/1, 16-18) (Table 2).
Eclogitic sulfide inclusions from both fast
and slower lithosphere have late Archean (2.9
Gy) (19-21) and Proterozoic ages that match
those of the eclogitic silicate inclusions.

Diamonds from kimberlites in seismically
fast lithosphere are dominantly peridotitic
(15), whereas diamonds from kimberlites in
slower lithosphere are dominantly eclogitic
(22-30) (Table 1, Fig. 1) (fig. S1). This
relation holds for 9 of the 10 localities stud-
ied, with Jagersfontein, which has astheno-
spheric diamonds (28), as the exception. Both
peridotitic and eclogitic diamonds have prev-
alent mantle-like carbon isotopic composition
[3'3C = -3 to -7 per mil (%o)], but eclogitic
diamonds have an isotopically light sub-pop-

'Department of Terrestrial Magnetism, Carnegie In-
stitution of Washington, 5241 Broad Branch Road
NW, Washington, DC 20015, USA. 2Division of Earth
Sciences, University of Glasgow, Glasgow G12 8QQ,
UK. 3Department of Geological Sciences, University of
Cape Town, Rondebosch 7701, South Africa. “Depart-
ment of Geological Sciences, Arizona State University,
Post Office Box 871404, Tempe, AZ 85287-1404,
USA. SLaboratoire de Geochimie des Isotopes Stables,
Universite de Paris Vi, Institut de Physique du Globe
de Paris (IPGP), 4 Place Jussieu, 75251 Paris Cedex 05,
France. ¢Department of Mineral Sciences, The Penn-
sylvania State University, University Park, PA 16802,
USA. "De Beers GeoScience Centre, Post Office Box
82232, Southdale, 2135, South Africa.

*To whom correspondence should be addressed. E-
mail: shirey@dtm.ciw.edu

REPORTS

ulation (3'3C = -22 to —10%o) (Fig. 2A) (31,
32). The diamonds from the slower lithos-
pheric mantle have a greater frequency of
isotopically light carbon, a higher percentage
of type Ia diamonds (33), and a population
with higher average N content (Figs. 2B and
3, A and B).

Two groups of diamond localities can be
designated: those above fast mantle, whose
diamonds are dominantly peridotitic with low
N content [170 to 259 parts per million
(ppm)], and those above slower mantle,
whose diamonds are dominantly eclogitic
with higher N content (345 to 478 ppm). The
ecologitic diamonds incorporated more N
during their growth. Whether this was due to
a diamond-forming fluid with higher N or
faster growth of these diamonds is not clear.

Fig. 1. Tomographic
image of the litho-
spheric mantle in the
diamond stability field

Because these diamonds are at least Protero-
zoic, the correlation of diamond composition,
inclusion paragenesis, and seismic velocity
suggests that the seismic structure of the cra-
ton is a mid-Proterozoic overprint to an Ar-
chean keel, which has been frozen in since
the mid-Proterozoic.

Seismic velocity is dependent on tempera-
ture, but a 1.2-billion-year-old cold cratonic
geothermal gradient from Premier (34, 35) (in
the slow region) suggests composition may be
more important. The slow region of the litho-
sphere (Fig. 1) may be higher in basaltic com-
ponents (Fe, Ca, clinopyroxene) or metasoma-
tizing fluids that hydrated and altered the host
peridotite and could account for a 1% reduction
in P-wave velocity (36). Premier peridotite
xenoliths and diamonds provide the best exam-

(150 km depth) derived
from seismic P-wave
data (2, 3). (Inset) The
Kaapvaal (K) and Zim-
babwe (Z) cratonic
blocks and the Lim-
popo (L) mobile belt
are referred to collec-
tively in the text as
the Kaapvaal-Zimba-
bwe craton. Bold green
line indicates the out-
ermost boundary of
the Kaapvaal-Zimba-
bwe craton (7, 37, 50).
Colored squares repre-
sent diamond mines as
follows: red, predomi-
nantly eclogitic silicate
inclusions  (Jagersfon-
tein, JA; Jwaneng, W,
Letlhakane, LE; Orapa,
O; Premier, P), and
green, predominantly
peridotitic silicate in-
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pan, and Wesselton termed De Beers Pool, D; Finsch, F; Koffiefontein, KO; Roberts Victor, R; and Venetia,

V). See fig. S1 for a cross section.

Table 2. Silicate or sulfide inclusion age and paragenesis for diamonds from the major diamond mines of
southern Africa. About 100 individual sulfide inclusions have been analyzed for Re-Os ages; about 3000
silicate inclusions (either composites or individual grains) have been analyzed for Sm-Nd ages. Sources of
data are as follows: De Beers Pool (70, 20), Finsch (70, 17, 55), Jwaneng (18, 56), Koffiefontein (19), Orapa

(17, 57), and Premier (11, 16).

Sulfide inclusions

Silicate inclusions

Location
Re-Os Age (Ma) Paragenesis Sm-Nd Age (Ma) Paragenesis

Jwaneng 1500 to 2900 E 1540 E
Orapa 1000 to 2900 E 990 E
Premier 1150 to 1930 E(P)
De Beers Pool 2900 E 3200 P
Finsch 1580 to 3200 P.(E)
Koffiefon 1000 to 2900 E
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ple of the former. Some xenoliths have Archean
Re-Os model ages, whereas others have Re-Os
systematics that are Proterozoic (37, 38). The
precursors of Premier peridotitic silicate inclu-
sions in diamonds (lherzolitic garnet and cli-
nopyroxene) that equilibrated at 1.9 Ga (/1)
have Archean mantle model ages.

All indications are that diamond formation
in the cratonic mantle is episodic rather than
continuous. The occurrence of 3.2- to 3.3-Ga
diamonds with depleted harzburgitic silicate in-
clusions (I0) and of 2.9-Ga diamonds with
enriched eclogitic sulfide inclusions (20) in the
De Beers Pool kimberlites (fig. S1) indicates
that creation and assembly of the craton was at
least a two-stage process. Isotopic ages suggest
a time gap of 300 = 200 million years between
the two Archean diamond formation events.
Cratonic nuclei were first created by mantle
melting processes that produced severe deple-
tion of peridotite and high-degree melts such as
komatiites (10, 39). Such depletion is now
thought to have occurred at shallow depths
(40-42), perhaps in a subduction zone set-
ting (43), although previous suggestions
have included mantle plumes (44, 45). Oce-
anic lithosphere was then accreted to these
early cratonic nuclei and contributed to the
stabilization of the lithospheric mantle as
indicated by the occurrence of 2.9-Ga
eclogitic diamonds with a subduction sig-
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Fig. 2. (A) Comparison of the carbon isotopic
composition of individual diamond analyses
grouped according to their paragenesis. Both
eclogitic and peridotitic histograms include di-
amonds from all nine localities. (B} Comparison
of the carbon isotopic composition of southern
African diamonds, grouped according to their
derivation from a locality in seismically or fast
lithospheric mantle. Sources of data are given
in Table 1.
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nature (20), corresponding diamondiferous
eclogites (21), the typical Re-Os model age
for mantle peridotite (37, 38), and evidence
for continental collision in the crust from
2.88 to 2.94 Ga (46).

Compositional changes to the lithosphere
and the formation of Proterozoic eclogitic
diamonds are linked by their preferential oc-
currence in seismically slow lithosphere (Fig.
1) (fig. S1). The lherzolitic and eclogitic
composition of Premier diamonds and the
Proterozoic Re-Os model ages in Premier
peridotite xenoliths attributable to interaction
with melts of Bushveld age (2 Ga) (37, 38)
link diamond formation in the WNW-trend-
ing belt of slower lithospheric mantle to mag-
matism of the Bushveld—Molopo Farms com-
plex. Along the western Kaapvaal-Zimbabwe
craton margin, diamond formation may also
be linked to crustal fluids carried to diamond
source depths by subduction, as indicated by
the eclogitic inclusion compositions, the
lighter and more variable 380 of Jwaneng
zircon megacrysts (47), and the light C and
heavy N isotopic composition of Orapa dia-
monds (48). Available C and N isotope data
for Orapa and Jwaneng diamonds require ei-
ther mixing of mantle and crustal endmem-
bers with variable C/N ratio or, alternatively,
C and N isotopic fractionation during dia-
mond formation (23, 48, 49). Either way, the
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N (ppm) in diamonds

200

100 T U U et T S
-0.40 -0.20 0.00 020 040 0.60

P-wave velocity anomaly (%)

Fig. 3. Percentage of type la diamonds (A) and
average N abundance in diamonds (B) versus
P-wave velocity anomaly. Error bars have been
set at the =5% level for percentage of type la
diamonds, =50 ppm for average N abundance,
and *=0.1% for P-wave velocity anomaly. Let-
ters represent diamond mines as defined in
Fig. 1. Peridotitic, open symbols; eclogitic,
closed symbols.

history of creation, assembly, and modifica-
tion of the Kaapvaal-Zimbabwe craton is re-
flected in the age and chemistry of the mul-
tiple generations of diamonds formed and
stored in its lithospheric mantle keel.
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In eukaryotic cells, double-strand breaks (DSBs) in DNA are generally repaired
by the pathway of homologous recombination or by DNA nonhomologous end
joining (NHE)). Both pathways have been highly conserved throughout eu-
karyotic evolution, but no equivalent NHE) system has been identified in
prokaryotes. The NHE] pathway requires a DNA end-binding component called
Ku. We have identified bacterial Ku homologs and show that these proteins
retain the biochemical characteristics of the eukaryotic Ku heterodimer. Fur-
thermore, we show that bacterial Ku specifically recruits DNA ligase to DNA
ends and stimulates DNA ligation. Loss of these proteins leads to hypersen-
sitivity to ionizing radiation in Bacillus subtilis. These data provide evidence that
many bacteria possess a DNA DSB repair apparatus that shares many features
with the NHE] system of eukarya and suggest that this DNA repair pathway
arose before the prokaryotic and eukaryotic lineages diverged.

Double-strand breaks (DSBs) in DNA arise
during exposure to ionizing radiation (IR) and
as intermediates during site-specific rearrange-
ment events such as mating-type switching in
Saccharomyces cerevisiae and V(D)J recombi-
nation in vertebrates (/, 2). In eukaryotic cells,
the primary DNA end-binding component -of
NHEJ, Ku, is a heterodimer of two sequence-
related subunits [Ku70 (69 kD) and Ku80 (83
kD)] (3-5) that forms an open ringlike structure
through which a variety of DNA end structures
can be threaded (6, 7). DNA-bound Ku helps to
recruit the ligase IV/ XRCC4 complex, thereby
enhancing its ligation activity (8—/0). In verte-
brates, Ku also recruits the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs),
thereby activating its kinase activity, which is
required for DSB rejoining (//-/3). Mamma-
lian cells deficient in these NHEJ proteins are
defective in DSB rejoining and are hypersensi-
tive to IR (Z, 4, 13).

In contrast to the conservation between
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these components in higher and lower eu-
karyotes, NHEJ has not been reported in pro-
karyotes. However, genes with significant ho-
mology to Ku70 and Ku80 have been identified
in some bacterial genomes (/4, 15), which rais-
es the possibility that prokaryotes might have a
NHEJ apparatus that is fundamentally homolo-
gous to that of eukaryotic cells. Significantly,
the Ku-like gene exists in some bacterial spe-
cies in an operon that includes a gene predicted
to encode an adenosine triphosphate (ATP)-
dependent DNA ligase (/4—16). Operons fre-
quently co-regulate functionally interacting
proteins (I7); perhaps then, these putative li-
gases interact with the Ku-like proteins.

We exploited the genetically amenable bac-
terium Bacillus subtilis to generate strains bear-
ing inactivating mutations in YkoV (Ku-like
gene; ykoV) and YkoU (ligase-like gene; ykoU)
and double mutants defective in YkoU and
YkoV (ykoU ykoV) (I8). None of the strains
had any observable growth defect at tempera-
tures ranging from 10° to 37°C (19), which
indicates that neither YkoU nor YkoV is essen-
tial. These findings are consistent with the no-
tion that the B. subtilis nicotinamide adenine
dinucleotide (NAD*)-dependent ligase YerG
functions during DNA replication (20). To in-
vestigate the role of YkoU and YkoV in DNA
repair, we examined the sensitivity of the mu-
tant strains to DNA-damaging agents (/8). No
sensitivity to ultraviolet light or to methyl meth-
anesulfonate (MMS) was observed, which sug-
gests that nucleotide excision repair functions
nommally and alkylation damage induced by
MMS is repaired efficiently (/9). In contrast,
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