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Abstract

The NE-trending Black Hills dolerite dykes make up a prominent swarm northeast of the Bushveld Igneous Com-
plex in the Kaapvaal craton. Baddeleyite U-Pb dates of five dykes suggest emplacement ages between ca. 1.87
Ga and 1.85 Ga, with two samples yielding robust ages of 1852 + 5 Ma and 1863 + 7 Ma. The Black Hills swarm
is thus largely coeval with the post-Waterberg dolerite sills (1.88-1.87 Ga) and basalts of the Soutpansberg
Group in northern Kaapvaal as well as with the extensive Mashonaland sill complex (1.89-1.86 Ga) that is abun-
dant across Zimbabwe and Botswana. Together, these intrusions and extrusions manifest a regional-scale ex-
tensional event that is common in both the Kaapvaal and Zimbabwe cratons. Additional, younger events com-
mon in both cratons are the ca. 1.1 Ga Umkondo and ca. 0.18 Ga Karoo large igneous provinces, suggesting
that the Kaapvaal and Zimbabwe cratons have been nearest neighbours from at least 1.9 Ga to present time. In
contrast, not a single common event older than 1.9 Ga has been recorded suggesting that the Kalahari craton
was not formed until ca. 2.0 Ga.

Recent U-Pb dating has revealed the presence of older dykes, approximately 2.7 Ga in age (Johan Olsson, un-
published data), intermixed with the ca. 1.87— 1.85 Ga dykes of the Black Hills swarm. Geochemistry of 28
dykes of the Black Hills swarms and of 2 Mashonaland sills in Zimbabwe were analysed with respect to both
major and trace elements. Geochemical data indicate that each generation of dykes can be petrogenetically
related. There are no significant differences between the 2.7 Ga and ca. 1.87— 1.85 Ga dykes, but more so be-
tween more evolved and primitive dykes within each group. It is possible that primary melts were generated at
relatively shallow (from the spinel stability field) mantle depths and that these primary melts subsequently experi-
enced shallow crustal fractionation of, at least, plagioclase, some Mg-rich phase(s) and apatite. Relatively high
concentrations of most incompatible elements suggest that the mantle source was more enriched than a normal
MORB source. Any additional enrichment in large-ionic lithophile elements and negative Nb-Ta anomalies can

be ascribed to contamination and/or partial melting of the Kaapvaal craton lithosphere.



Sammanfattning

Nordost om Bushveldkomplexen i Kaapvaal kratonen finns en maktig gadngsvarm av nordost-orienterade diabas-
gangar tillhérande "the Black Hills dyke swarm”. Med hjalp av U- Pb metoden av mineral baddeleyit daterades
fem gangar inom alderspannet 1.87 - 1.85 Ga, dar tva av dem ger exakta aldrar pa 1852 + 5 Ma och 1863 + 7
Ma. Denna gangsvarm ar alltsa lika gammal som lagergangar tillhérande "post- Waterberg sills” (1.88 - 1.87
Ga), basalter tillndrande "Soutpansberg” i norra Kaapvaal och Mashonaland lagergangar (1.89- 1.86 Ga) i Zim-
babwe och Botswana. Kaapvaal- och Zimbabwe-kratonerna har saledes "minnen” av tre gemensamma och regi-
onala magmatiska handelser vid: 1.99-1-85 Ga (ovan ndmnda enheter), ca. 1.1 Ga (Umkondo) samt ca. 0.18 Ga
(Karoo). Alderspassningar aldre &n 1.9 Ga férekommer daremot inte. Dessa resultat indikerar Zimbabwe och
Kaapvaal tillhorde ett och samma block fran 1.9 Ga till idag, och att Kalaharikratonen inte existerade forran 2.0
Ga.

Kemidata av 28 gangar fran Black Hills svarmen och fran 2 Mashonaland lagergangar i Zimbabwe analyserades
med avseende pa huvud- och sparelement. Tidigare dateringar (Johan Olsson, in prep.) visar att vissa gangar
tillhdrande Black Hills svarmen éar betydligt &ldre, cirka 2.7 Ga, an de som daterats i dennta studie. Geokemidata
for dessa olika generationer av diabas ar sammantaget snarlika, vilket skulle kunna betyda att de har bildats
genom uppsmaltning av liknande ursprungsmaterial (mantel). Datan indikerar ocksa att bada generationerna
bildades genom uppsmaltning fran relativt grunda djup (spinell-férande mantel) och att de kemiska sammansatt-
ningarna pekar pa fraktionering av plagioklas, Mg-rika mineral (olivin och pyroxen) och apatit. Proverna innehal-
ler hdga halter inkompatibla sparelement, och harstammar darfor troligen fran en mantelkalla som ar mer anri-
kad an en MORB kalla. Anrikning av LILE och negativa Nb- Ta avvikelser visar kontaminering och/eller partiell

smaltning av litosfarsfariska manteln tillhérande Kaapvaalkratonen.



1. Introduction

Today, we possess new tools to solve ancient configu-
rations of supercontinents, and constrain the geo-
graphic position of crustal blocks between superconti-
nent cycles. Mafic dyke swarms can reach thousands
of km in length and consist of dykes with similar trends
that once were emplaced in a short time interval, typi-
cally within a few Ma (Ernst et al., 1995). They repre-
sent key rocks for solving the pre-Pangean palaeo-
geography of crustal blocks because (1) they are fre-
quently associated with Large Igneous Provinces
(LIPs) present on all cratons worldwide (Ernst and
Buchan, 2001), (2) they have the ability to record and
preserve the Earth's magnetic direction at the time of
their crystallisation, and (3) they often contain
baddeleyite (ZrO,) that can be precisely dated by U-
Pb isotopic systematics (e.g. Heaman and LeChemi-
nant, 1993, Sdoderlund et al., 2006). Ages of dyke
swarms and other components of LIPs can be com-
piled into a magmatic barcode for each of the ca. 35
Archaean cratons worldwide (Bleeker, 2003), where
each bar represents a single magmatic event. Crustal

units that share several, or at least two, bars (i.e. mag-
matic events) can be argued to have existed as a co-
herent unit in a next-neighbour situation and subse-
quently rifted apart (Ernst et. al., 1995).

The Archaean granite-greenstone basement
of the Kaapvaal and the Zimbabwe cratons are in-
truded by a large number of mafic dykes with Ar-
chaean to Phanerozoic ages (e.g. Hunter and Reid,
1987; Hanson et al., 2004a; Olsson et al., in press;
Sdderlund et al., in press). The east-northeast trending
Limpopo belt manifests the collisional event between the
Kaapvaal and Zimbabwe cratons as well as the forma-
tion of the Kalahari craton. The width of the belt is ap-
proximately 250 km and is made up of high-grade meta-
morphic rocks. The timing of this collisional event has
been much debated due to the fact that radiometric
dating of metamorphic minerals give ages that cluster
at both 2.7 Ga and 2.0 Ga (e.g. Mouri, 2008; Eriksson
et al., 2008; Zeh et al., 2010, and references therein).

East of the 2.06 Ga Bushveld Complex in the
Kaapvaal craton, three major swarms with different
dyke directions intrude the Archaean basement. In this
study five dykes of the most northerly, NE-trending
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Figure 1. Simplified geological map showing the northern part of the Kaapvaal craton (modified from Johnson et al., 2006), the
Limpopo belt including the Northern Marginal Zone (NMZ), the Central Zone (CZ) and the Southern Marginal Zone (SMZ) and
the southern part of the Zimbabwe craton (modified from Stubbs et al., 1999 and Wilson et al.,1987).
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swarm, called the Black Hills swarm, were dated using
U-Pb on baddeleyite grains. On the basis of varying
degree of alteration, Uken and Watkeys (1997) argued
this swarm comprises at least two generations of
dykes: one late Archaean and one younger suite, the
latter possibly as late as Phanerozoic. Subsequent
“OAr/*°Ar geochronology confirmed a complex origin
for the dykes of this swarm (Jourdan et al., 2006).

The rationale of this study has been to obtain
precise emplacement ages of dykes of the Black Hills
swarm. If these dates can be matched with recently
published ages of mafic intrusions in the Zimbabwe
craton (Soderlund et al., in press), they may better
constrain the timing of formation of the Kalahari cra-
ton, i.e. when these two cratons collided to form a
single crustal unit.

Furthermore, 28 dykes from the Kaapvaal cra-
ton, comprising dykes for the Black Hills swarm and
two samples from the Mashonaland sills in Zimbabwe
(dated by Soderlund et al., in press), are geochemi-
cally described and compared to other published data
on coeval magmatic events (e.g. Stubbs, 1999;
Stubbs et al., 2000; Klausen et al., in press). The spa-
tial distribution and geometry of these intrusions and
lavas provide some additional constraints on the pa-
laeo-tectonic setting, which, compared with composi-
tional signatures, lead to petrogenetic inferences.

2. Geological setting
2.1. Kaapvaal craton and its Precambrian cover rocks

The Kaapvaal craton is dominated by Achaean grani-
toids, gneisses and greenstone belts, and comprises
mainly northern South Africa and eastern Botswana
(Fig. 1). It is one of the Earth’s oldest craton, made up
of rocks dating back to ~3.7 Ga (Eglington and Arm-
strong, 2004). The stabilisation of the entire Kaapvaal
craton was completed by ~2.6 Ga (James et al.,
2003). In the west, the craton is delimited by the ~2.0
Ga Kheis overthrust belt (de Wit et al., 1992), in the
north by the Limpopo belt, and in the south and east
by the 1.9-1.1 Ga Namaqua-Natal Proterozoic mobile
belt. The eastern margin is also covered by the Juras-
sic Lembombo Group volcanics which erupted during
the Gondwana breakup.

The Ancient Gneiss Complex, with protolith
ages ranging between 3.5 and 3.6 Ga, represents the
oldest part of the Kaapvaal craton. A number of green-
stone belts occur of which the largest, oldest and one
of the most well preserved is the 3.5-3.2 Ga Barberton
Greenstone Belt (Kréner and Compston, 1988). An-
other well known belt is the 3.1-3.0 Ga Murchinson
Greenstone Belt (Poujol et al., 1996), located in the
Northern Province, representing a volcanic arc se-
quence.

The oldest preserved cover sequence on the
Kaapvaal craton is the 3.07 Ga Dominion Group
(Armstrong et al., 1991), consisting mainly of volcanic
deposits.

The Pongola Supergroup with ages between
ca. 2.95 and 2.85 Ga (Strik et al., 2007) is made up of
a predominantly volcanic lower part (Nsuze Group)
and a predominantly clastic sedimentary upper part
(Mozaan Group). Together with the older Dominion
Group and coeval Witwatersrand Supergroup, farther

to the west, it unconformably overlies the granite-
greenstone basement (Button, 1981).

The Pongola and Witwatersrand Super-
groups are unconformably overlain by the Ventersdorp
Supergroup (ca. 2.71-2.70 Ga), which is a highly vol-
canic sequence. The basal Klipriviersberg group,
dated at 2714 + 8 Ma (Armstrong et al., 1991), is char-
acterised by subaerial flood basalts with subordinate
sediments. The middle sequence of the Makwassie
Formation has been dated at 2709 + 5 Ma (Armstrong
et al., 1991). The Ventersdorp Supergroup is uncon-
formably overlain by volcanics and immature clastic
sediments.

The Transvaal Supergroup preserves one of
the major Archaean to Palaeoproterozoic basin se-
quences within the Kaapvaal craton including low-
grade metasedimentary and minor metavolcanic rocks
(Mapeo et al., 2006). It overlies unconformably the
Ventersdorp Supergroup (Eriksson et al., 2001).
Deposition of the Transvaal Supergroup took place
between 2.66 Ga and 2.06 Ga (Eriksson et al., 2006).
The lower Neoarchaean part of the Transvaal Super-
group is dominated by iron-rich carbonate sequences
whereas its upper part is characterised mostly by
siliciclastic rocks including minor volcanics.

The Transvaal Supergroup is intruded and
overlain by the ca. 2.06 Ga (Buick et al., 2001; Olsson
et al., in press) Bushveld complex, including the
world's largest layered intrusion (Rustenburg Layered
Suite), an older Rooiberg Group lava sequence, and
younger Lebowa granite and Rashoop granophyre
Group intrusions. The mafic-ultramafic Rustenburg
Layered Suite hosts large and economically important
platinum group elements, as well as chromium and
vanadium deposits (Lee,1996). The large intrusion
also contact-metamorphosed the Transvaal Super-
group host to variable degrees (Sharpe, 1981).

The ~1.93-1.87 Ga Waterberg Group
(Hanson et al., 2004b) lies unconformably on top of
both the Transvaal and the Bushveld complex. The
predominantly sedimentary Waterberg Group has a
stratigraphic thickness of up to 7 km and represents a
Proterozoic sedimentary deposit within the continental
basin in the northern part of the Kaapvaal craton
(Hanson et al., 2004b).

There is some stratigraphical uncertainty
regarding the correlations between the Waterberg and
the Soutpansberg Group, but the Waterberg is be-
lieved to be unconformably overlain by the Soutpans-
berg Group (Bumby et al., 2001 and 2002). The Sout-
pansberg Group outcrops in the northern Kaapvaal,
along the southern margin of the Limpopo Belt. It is
made up of both lower volcanic and upper sedimen-
tary rocks, which probably accumulated within an
elongated continental rift basin. The NE- trending
dykes of the Black Hills swarm may be feeders to the
lavas of the Soutpansberg Group (Klausen et al., in
press).

2.1.1. Dykes within the Kaapvaal craton

There are three major dyke swarms in the Archaean
basement east of the ~2.06 Ga Bushveld Complex
(Fig. 1). In the south, the 3.2-3.5 Ga Barberton
Greenstone Belt and most of its surrounding grani-
toids are cut by many dykes (Brand| et al., 2006). The
perhaps most prominent swarm is the NW-SE trend-



ing Badplaas Dyke Swarm, recently dated with an
emplacement age of 2965.9 + 0.7 Ma (Olsson et al., in
press). This dyke swarm is approximately 80 km wide
and 100 km long. Both high-Ti and low-Ti types of
dolerite dykes can be distinguished within this swarm
(Hunter and Halls, 1992). These authors noticed that
the high-Ti dykes show geochemical characteristics
similar to the 2984 + 2.6 Ma lavas from the Nsuze
Group whereas the low-Ti dykes show geochemical
characteristics typical of early Proterozoic dykes.
Other early to middle Proterozoic dykes, striking
mostly ENE or NE, are intrusive into the Transvaal
Supergroup and the Waterberg Group and are macro-
scopically similar to the undeformed Archaean dykes
and also have a similar strike direction (Hunter and
Reid, 1987).

North of the Badplaas Dyke swarm, a distinct
E-W trending swarm was recently dated at 2.7 Ga
(Olsson et al., in press). This E-W trending Rykoppies
Dyke Swarm is approximately 50 km wide and 100 km
long. Uken and Watkeys (1997) proposed these dykes
to be feeders to the Bushveld complex and coeval sills
within the Transvaal Supergroup (e.g. Sharpe, 1981)
because these are orientated parallel to and extend
from the east-west trending long axis of the complex.
However, a ~2.7 Ga age for the dykes rather suggests
a link to the Ventersdorp Supergroup.

In the north, a NE-SW trending swarm (Figs.
1 and 2), referred here to as the Black Hills swarm,
extends from the Archaean basement into the 2.66-
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2.06 Ga Transvaal Supergroup (Eriksson et al., 2006)
and the ~2.06 Ga Bushveld Complex (Cawthorn et al.,
2006). Uken and Watkeys (1997) subdivided this
swarm into two groups; (1) more altered, so called
diabase, dykes in the northern part, and (2) less al-
tered, so called dolerite, dykes in the south (this divi-
sion assumed that dolerite dykes were related to the
0.18 Ga Karoo event and Gondwana break UP)' How-
ever, dykes of the Black Hills swarm yielded “°Ar/**Ar-
ages from 0.7 to 1.7 Ga and from 2.5 to 2.9 Ga
(Jourdan et al., 2006), but these numbers can only be
taken as rough age estimates. At the margin to the
Transvaal Supergroup the overall dyke direction
switches rather abruptly from NE to NNE (Fig. 2), pos-
sibly indicating two separate generations of dykes or
an original or secondary regional change in the trend
of a single swarm. Letts et al. (2005) reported an
“OAr/*Ar age of 1649 + 10 Ma for dykes intruding the
Bushveld complex, which these authors discussed to
represent cooling or thermal disturbance. ENE-
trending dykes near Messina (Fig. 1) were dated at
~2.2 Ga using Rb-Sr (Barton, 1979) and ~1.5-1.8 Ga
(Jacobsen et al., 1975), the latter which may correlate
with the 1.87— 1.85 Ga dykes of the Black Hills swarm
further to the south (Hunter and Reid, 1987). Unless
isotopically disturbed the 2.2 Ga Rb-Sr age of Barton
(1979) could temporally be linked with the accumula-
tion of some isolated mafic volcanics (Hekpoort For-
mation) within the Transvaal Basin (Eriksson et al,
2006). The 1.9 Ga dyke event could be related to the
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Figure 2. Geological map showing the distribution of dolerite dykes in the Eastern Kaapvaal (Modified from Uken and Wat-
keys, 1997). Dyke sampled for geochronology are marked with sample name. Map colours as in Fig. 1.



same rifting event that gave rise to the initiation of the
Waterberg basin and subsequent deposition of Sout-
pansberg lavas (Hunter and Reid, 1987). The wide-
spread dolerite sills that intrude the Waterberg Group
and predate the Jurassic Karoo magmatism are called
“Post-Waterberg dolerites” with ages from ~1.88 to
~1.87 Ga (Hanson et al., 2004b). Another dyke swarm
is intrusive into the Waterberg Group in the north cen-
tral part of the Kaapvaal craton. The NW- trend of
these dykes is coincident with that of major faults in
the northern-central Kaapvaal province (Hunter and
Reid, 1987).

2.2. Zimbabwe Craton

The Archaean Zimbabwe craton borders the Limpopo
belt in the south and the Pan-African Mozambique and
Zambezi mobile belts in the east and north, respectively.
It is overlain partly by Palaeoproterozoic to Phanerozoic
rocks (Fig. 1). This craton consists of granite-greenstone
terranes formed during two stages of crust generation
(Luais and Hawkesworth, 1994). During the 1% stage (3.5
-3.3 Ga), undeformed and deformed granitoids and
granitoid gneisses were formed in the south of the cra-
ton. The 2™ stage (3.0-2.6 Ga) is associated with forma-
tion of greenstone belts made up of volcanics, volcano-
clastics and epiclastic rocks, banded-iron formations
(BIFs), and ultramafic intrusions, which were all affected
by low grade metamorphism. There are three main
greenstone sequences on the Zimbabwe craton. The
oldest is the ~3.5 Ga Sebakwian Group, which is repre-
sented by remnants of greenstones that are infolded with
gneisses. They contain quartz-magnetite BIFs and some
diopside quartzites (Wilson et al., 1995). Metamorphism
up to amphibolite and greenschist facies affected these
rocks. Stratigraphically younger is the ~2.9 Ga Beling-
wean Supergroup (Wilson et al., 1995), made up of mafic
and ultramafic lavas and intrusions overlain by sediments
(Nisbet et al., 1977). It is divided into a lower and upper
group (Poujol et al., 1996), which both consist of mafic
volcanic sequences but include more BIFs in the upper
sequence. The youngest greenstone sequence is the
Bulawayan Supergroup (2.7 Ga), which is also subdi-
vided into a lower and an unconformably overlying upper
group (Wilson et al., 1995). The lower group is made up
of felsic and dacitic flows, andesites and volcanoclastic
sediments whereas the upper group is made up of ko-
matiites, komatiitic basalts, tholeiites and associated
sediments. Approximately 2.6 Ga old granite intrusions
mark the final crustal-building phase and stabilisation of
the Zimbabwe craton.

2.2.1. Dykes and sill complexes within the Zimbabwe
craton

The Zimbabwe craton hosts a number of mafic dykes
ranging in age between 2.7 and 0.18 Ga (Fig. 1), the
younger generation corresponding to the ca. 0.18 Ga
Karoo event and break up of Gondwana (Wilson et al.,
1987). The 2575 Ma NNE- trending Great Dyke in the
centre of the craton is one of the world's largest layered
dyke-like intrusions, flanked by sub-parallel satellite dyke
intrusions. These cross-cut mid-Archaean gneisses, late
Archaean greenstone belts and late Archaean granitoid
rocks. The Great Dyke is about 500 km long and up to 11
km wide, and the composition of the intruding magma is
obscured by subsequent accumulation processes. The

two main satellite dykes, referred to as the Umvimeela
and the East satellite dykes, are mostly quartz gabbros.
The southernmost discontinuous extension of the Great
Dyke is called the Main satellite and comprises less ac-
cumulative feldspatic olivine websterites and melanorites.
All three dykes extend 85 km into the northern marginal
zone of the Limpopo belt. U-Pb dating of zircon and rutile
from the Great Dyke gives an age of 2575.4 + 0.7 Ma
(Oberthr et al., 2002), identical with a recent baddeleyite
U-Pb age of 2575.0 + 1.5 Ma of the Umviveela dyke
(Soderlund et al., in press)..

Another group of dykes in Zimbabwe are the
NNW- trending Sebanga dykes which extend over larger
parts of the craton. This swarm is approximately 500 km
wide and 350 km long, made up of mostly vertical or near
vertical dykes (Wilson et al., 1987). The largest dyke, the
Sebanga Poort Dyke, is discontinuously 300 km long and
about 80 m wide. It has been assumed that these dykes
are feeder dykes to the ca. 1.9 Ga Mashonaland dolerite
sheets. However, recent dating of dykes of the Sebanga
swarm yield ages of 2408.3 + 2.0 Ma, 2512.3 + 1.8 Ma
and 2470.0 = 1.2 Ma (Séderlund et al., in press) demon-
strating either a prolonged period of dyke intrusion or this
swarm to host different generations of dykes.

The Mashonaland dolerites intrude the Archaean
granite-greenstone basement as well as cross-cut the
Great Dyke and its satellites in the northeastern part of
the Zimbabwe craton. Geochemically, these dolerites are
very different from the Great Dyke and its satellites
(Stubbs et al., 1999). It is one of the most extensive Pro-
terozoic sill complexes worldwide. Recent dating of these
sills gave ages of 1885.9 + 2.4 Ma, 1875.6 + 1.8 Ma and
1878.1 £ 2.2 Ma (Soderlund et al., in press). Dykes that
are possible age equivalent to the Mashonaland sill com-
plex are the Mazowe dykes, which trend ESE across the
northern part of the craton. This swarm is about 60-70
km long and 200 km long. The main dyke, called Ma-
zowe River Dyke, is up to 60 m wide and about 120 km
long. Geochemically, the Mazowe dykes appear to have
been derived from a more depleted mantle source com-
pared to the Mashonaland sills (Stubbs, 2000).

The Plumtree dyke swarm is roughly NNE-
trending and approximately 450 km long and 70 km wide
and comprise mostly ophitic dolerites. It is exposed
across the western part of the craton, but is partly cov-
ered by younger sediments. It strikes north-south at its
northern part but shifts gradually to a more northeasterly
strike at its southern part. The emplacement age of the
Plumtree dyke swarms is not known but could be feeders
to ~2150 Ma Deweras Group basaltic lavas (Wilson et
al., 1987).

2.3. Limpopo Belt

The Limpopo Belt is a 250 km wide ENE- trending colli-
sional belt of granulite facies tectonites located in South
Africa and Zimbabwe (Fig. 1). This belt separates the
granitoid-greenstone terrains of the Kaapvaal craton and
the Zimbabwe craton. The belt consists of a northern
marginal zone, a Central Zone and a southern marginal
zone. The southern marginal zone shows high-grade
metamorphism and magmatic intrusions in the late Ar-
chaean between 2.69 Ga and 2.62 Ga (Kreissig et al.,
2001) and is composed of tonalitic, trondjemitic and
granodioritic plutons and minor greenstones, which were
thrust onto the Kaapvaal craton along the Hout River
shear zone (Zeh et al., 2007). In the northern marginal



zone, metamorphism and intrusion of plutons occurred
between 2.72 Ga and 2.58 Ga (Berger et al., 1995). Or-
thogneisses with some greenstones and granitoid rocks
were thrust onto the Zimbabwe craton along the Umlali
shear zones (Zeh et al., 2007). The Central Zone, which
is separated by major shear zones from the adjacent
marginal zones, is dominated by granitoid gneisses and
supracrustal rocks (3.3-2.5 Ga). The Palala shear zone
bounds the Central Zone in the south whereas the Trian-
gle shear zone bounds the Central Zone in the north.
Both were formed under high-grade metamorphic condi-
tions (granulite facies) at 2.0 Ga (Holzer et al., 1998) and
underwent ductile deformation, followed by younger brit-
tle reactivation. The Central Zone also shows high-grade
metamorphism, anatexis, plutonism and ductile deforma-
tion. Metamorphism peaked within the Central Zone at
ca. 2.0 Ga, and was followed by fast cooling and uplift
(Jaeckel et al., 1997).

3. Analytical protocol
3.1. Geochronology

About 1 kg of dolerite sample was crushed with a
sledge hammer and then milled in a swing mill to near
-powder state. The sample was suspended in water.
The smallest and heaviest grains, including the
baddeleyite grains, with a range from 50 to 200, were
separated from the rest of the sample using the Wilf-
ley water-shaking table following the technique of
Sdderlund and Johansson (2002). The heavy mineral
which concentrated was transferred into a Petri dish
and the magnetic minerals including Fe-Mg minerals
were removed with a strong pencil magnet wrapped in
plastic. The baddeleyite grains were handpicked with
forceps under a binocular microscope and then trans-
ferred using a small handmade pipette to another
empty Petri dish, carefully sealed for secure transport
to the Laboratory of Isotope Geology (LIG) in Stock-
holm.

The best-quality baddeleyite grains were
transformed from the Petri to Teflon dissolution bombs
using a handmade micropipette. The grains were
carefully washed in warm ca. 3 N HNO3; and then re-
peatedly in H,O. A spike is a solution of unnatural
isotopic composition of well-known concentrations and
isotopic ratios. In the Stockholm laboratory, a spike of
2pp and **#%yY was used. 1-2 drops of the spike
and 10 drops of HF: HNO;3; (10:1) were added to the
Teflon dissolution bombs. The dissolution bombs were
covered and put into steel jackets, then put in the
oven at 205°C for one day.

The samples were evaporated on a hot plate
at ca. 100°C and dried down. Small 50 yl U-Pb col-
umns were arranged in a column tray. In the begin-
ning, water was added repeatedly to ensure that air
was expelled from the columns. The ion exchange
resin was then added to the U-Pb columns and
washed extensively in steps using H,O and 6,2 N HCI.
Thereafter, the resin was conditioned using 3,1 N HCI.
10 drops of 3,1 N HCI were added to the samples in
the Teflon dissolution bombs and dissolved before
being loaded into the U-Pb columns. The Zr-Hf cut
was washed out and collected in Savillex beakers for
Hf isotope analysis (cf. S6derlund et al., 2006). There-
after, U and Pb were collected into the Teflon dissolu-
tion capsules by adding a total of ca. 60 drops of H,O

in a number of steps. Eventually a small portion of
HsPO,4 was added before the sample was dried down
on a hot plate at ca. 100°C.

The sample was then put on an outgassed
Re filament. An automatic pipette adjusted to 2 pl was
used. The pipette tip was first washed by rinsing in 2%
HNO; 4-5 times. The filament was put in the holder
and the current was set to 1 A. The sample was dis-
solved in 2 pl of silica gel and then put on the filament
using the cleaned pipette tip. The current was in-
creased slowly until white smoke (the burned off
H3PO,4) rose up and a white salt was formed. The
loading procedure was finished by increasing the cur-
rent until it glowed shortly. The filament was then as-
sembled in a sample holder wheel that fits into the
mass spectrometer.

At the Museum of Natural History in Stock-
holm the samples were analysed in a Finnigan Triton
thermal ionization multicollector mass spectrometer
that can switch between Faraday cups and a Secon-
dary Electron Multi?Iier (SEM), the latter of which is
used to measure “*Pb in static mode or in peak-
switching mode for small samples. At ca. 1200°C a
stable Pb signal was obtained and masses separated
as the ion beam accelerated through a magnetic field.
By adjusting the strength of the magnetic field, one
could control what isotope was detected. The ion
beam went through an analyser and was collected in
the Faraday cups or the SEM. After measuring the Pb,
the filament temperature was increased slowly to ca.
1350°C and U was measured in peak-switching mode.
The mass spectrometer gave ratios of 2°°Pb/?*Pb,
206Pb/207pb, 206Pb/205Pb and 233U/238U.

For plotting and age calculations, Ludwig’'s
(2003) Isoplot version 3.0 was used. The correction of
the initial common Pb was done according to Stacey
and Kramers (1975). At a constant 0.1% per atomic
mass unit, the mass discrimination was corrected for
the Faraday and SEM detector.

To avoid contamination between samples,
the Teflon dissolution bombs must be carefully
washed in steps using strong acids. The first step was
to add 30 drops of 6 N HCI into the capsules and put
them covered in steel jackets for 2 days at 205°C.
They were then emptied and 15 drops of HF and 15
drops of 7 N HNOs;were added and again covered in
steel in the oven at 205°C for 2 days. The next two
steps were similar but used different acids. For the 3™
step, 20 drops of HF and 10 drops of 7 N HNO3 were
added, and for the 4" step 25 drops of HF and 5 drops
of 7 N HNO; were added. After the last step, the acid
was removed and 15-20 drops of H,O were added
after cooling down to room temperature.

3.2. Geochemistry

All 30 samples can - with the possible exception of
some plagioclase-phyric intrusions- be regarded as
representing melt compositions. All samples were first
crushed and milled at either the University of KwaZulu
-Natal or Lund University. A minimum of 10 g of fine
powder from each sample was sent for major and
trace element analysis to Acme Analytical Laborato-
ries Ltd. (Vancouver, Canada). At Acme, approxi-
mately 0.2 g of powder sample was first fused in Lith-
ium metaborate/tetraborate and then diluted in nitric
digestion. These solutions were analysed on an ICP



emission spectrometry (major and some trace ele-
ments) and an ICP mass spectrometry (REE and
other refractory elements). Another 0.5 g of each pow-
der sample was decoct in Aqua Regia and then ana-
lysed by ICP Mass Spectrometry (precious and base
metals). Resulting geochemical data are shown in
Appendix 1.

4. Results
4.1. Geochronology
Geochronology using U-Pb on baddeleyite (ZrO,) was

performed on five samples of the NE-trending dykes
of the Black Hills swarm in the northeast of the Bush-
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veld Igneous Complex. Their approximate location can
be seen in Fig. 2, with sample coordinates given in
Table 2. The results are shown in Concordia diagrams
in Fig. 3; the U-Pb isotopic data is listed in Table 1; a
summary of their ages, trends and sample locations is
displayed in Table 2.

Common for all these samples are, first, a
low abundance of baddeleyite and, second, a variable
degree of secondary alteration often seen as a thin
rim of secondary zircon. This means that most data is
moderately to strongly discordant, presumably due to
the transition of baddeleyite to rim zircon during altera-
tion or low-degree metamorphism.

Additional analyses of most of these sam-
ples, as well as other dykes of the NE- to ENE-
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Figure 3. U-Pb Concordia diagrams of NE- trending dykes
northeast of the Bushveld Igneous Complex in the Kaap-
vaal craton. Error ellipses depict 2 sigma errors.
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Table 2. Summary of samples dated in this study.

Sample Latitude Longitude Dyke trend Age (Ma), error (26)
BCD5-25 23°46'40.55" S 30°39'29.63" E 20° 1870 + 10?
BCD5-29 23°39' 7.13"S 30°43'49.87" E 20° 1870 = 102
BCD1-12 24°24'21.31" S 30°47'50.57" E 57° 1865 + 9%

BCD5-28 23°39'20.63" S 30°43'49.87" E 30° 1863 + 7

BCD8-14" 23°59'14.37" S 31° 7'32.38"E uncertain 1852+ 5

BCD5-78 24°12'25.27" S 30°50'10.64" E 35° > ca. 1848%

"' Sample collected at the Foskor PTY mine in Phalaborwa.

2 Intercept age comprising regression of 2 analyses. Age should be treated as approximate
% The ca. 1848 Ma date is the 2’Pb/?°Pb age of the least discordant analysis.

trending dykes of the Black Hills swarm, were con-
ducted by Johan Olsson during the fall of 2009 at the
Jack Satterly Laboratory in Toronto, Canada.

4.1.1.BCD1-12

The low number of grains extracted from this sample
allowed for only two fractions of 11 crystals each to be
analysed. Regression yields an upper intercept of
1865 + 9 Ma and a lower intercept of 506 + 78 Ma
(Fig. 3). Although only two fractions were analysed,
the result demonstrate this dyke belongs to the 1.87-
1.85 Ga suite of dykes in this part of Kaapvaal. The
27pp/2%pp age of ~1846 Ma for the least discordant
fraction is taken as a minimum age for crystallisation
of this dolerite dyke.

4.1.2. BCD8-14

Regression of three fractions of 4 to 5 grains each

-
< BCDS:25 &

2

2342'42110%S 3|

yields an upper intercept age of 1852 + 5 Ma and a
lower intercept age of 293 + 140 Ma (Fig. 3). The forth
analysis (the D-fraction) with 7 grains plots slightly
below the Discordia line and is not included in the
regression. This analysis is associated with a large
analytical error and has much higher amount of com-
mon Pb relative to radiogenic Pb than the other analy-
ses.

4.1.3. BCD5-25 and BCD5-29

An upper intercept age of 1870 + 10 Ma is derived
from using a lower intercept forced through 0 + 200
Ma (Fig. 3), which yields an acceptable MSWD value
of 2.7. The two fractions of 3 and 6 grains each were
separated from samples taken from different localities,
but are from the same dyke like it can be seen in Fig.
4. The age estimate can only be taken as approximate
since only two analyses are used in the regression.

‘ 8005.?2—9‘

A L.ooglc

ge
hsjd Om Vi ojd 23.37km €

Figure 4. Google map showing samples BCD5-25 and BCD5-29 of the Black Hills swarm belong to the

same dyke.
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4.1.4. BCD5-28

Analyses of four fractions with 4-6 grains each gives
an upper intercept age of 1863 + 7 Ma (Fig. 3; MSWD
= 0.54). This age is interpreted as the emplacement
age of the dyke.

4.1.5. BCD5-78
These two analyses with 5 and 10 grains plot very
close to each other and, combined with significant

discordance, make regression meaningless (Fig. 3).
Although no final age can be assigned the °’Pb/*®Pb

F2

age of 1848.4 + 1.7 Ma for the B-fraction is interpreted
as the minimum age of this sample.

4.2. Geochemistry

30 samples were analysed according to the proce-
dures specified in Section 3.2. These samples are
mainly subdivided into four groups of: 2.7 Ga dykes
that are geochemically more primitive (red triangles)
and more evolved (green triangles), as well as ca.
1.87—- 1.85 Ga dykes that are geochemically more
primitive (violet diamonds) and more evolved (blue
squares). Their location is shown on a sample location

DOLERITE DYKES FROM THIS STUDY

S
P\ More primitive dykes- probably 2.7 Ga V
Cr More evolved dykes- 2.7 Ga

0.8 — More primitive dykes- 1.9 Ga O ¢

N More evolved dykes- 1.9 Ga Ood
04 —
0 =

-0.4 l

-0.4 0

— F1

04

Figure 5. Correspondence analysis results for F1 and F2 of all variation between the 30 samples of this study. F1 and F2
(Factors 1 and 2) display ~43% and ~27% of the total inertia from a correspondence analysis on a data array of 10 major ele-
ments and 34 trace elements, performed by the ViSta © freeware by Forrest W. Young (http://forrest.psych.unc.edu/research/
index.html). LREE= Light rare earth elements, HFSE= High field strength elements, LILE= Large— ion lithophile elements.



map (Appendix 2). Figure 5 shows the subdivision into
these groups is based on known ages and how sam-
ples cluster around these after a correspondence
analysis; i.e., samples that plot closer together have
more similar compositions than those plotting farther

apart. Correspondence analysis is both an explorato-
ry and multivariate descriptive data analytical techni-
que (Benzecri, 1992; Clausen, 1998; Davis, 2002;
Greenacre 1984, 1993), which can be applied on any
data array (i.e., rows and columns) such as in our
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10 — —
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DOLERITE DYKES FROM THIS STUDY

PUBLISHED DATA- 1.9 Ga dykes

PUBLISHED DATA- 2.7 Ga dykes

More primitive dykes- 2.7 Ga (?) v

Post- Waterberg sills

More evolved dykes- 2.7 Ga AA Soutpansberg (
More primitive dykes-1.9Ga  { ¢ Soutpansberg ( Si Fm.)
More evolved dykes- 1.9 Ga oo Mashonaland sills

Badplaas & Rykoppies dykes ©
N&SaFm.) &

x

Klipriviersberg Group
Platberg Group
[

Allanridge Formation

Figure 6. (a) TAS- diagram after LeBas et al. (1986), (b) AFM- diagram after Irvine and Baragar (1971). N & Sa Fm. and Si
Fm. in the legend stand for Ngwanedzi & Sabasa Formation and Sibasa Formation, respectively.

14



T T I T T T T I T T T T I T T T T I T T
sio, | % N ca0 J 12
o | ¢ i
\'4
60 |- —
o © B o, uﬁ&é‘ov Ry =110
L % i
° n‘éﬂ; :
55 | + % 4s
%
- (o] -
%) % ° oy * ]
Ve ® o 4
50 [— ¢ - ®
® ﬁﬁgfb%.%z o & L i
vl v 3 44
— ——f———————
6L o ¢ ALO, _: |:ezo3 ]
x VX 40 % - 48 ]
15k mx L ' t A 415
C % ]
1 V. »?O% F =g 3 8o 1
4 ® -1 % v i
9% AR R §' le © % s %® 10
131 A@E = T . ]
=3 -
12 € 15
1k . o + E
0 —+—+—4—+—+—+—+—F—+—+—F—+—+—F—+—+—+—+F—++ o
° NaO % KO
5F 4
- 1 3
4} © o s
o ®
3t % + {2
Aﬂ%xv V3¢ ° ' N
1 = B iwie | e,
®,
® % A *¢ E g@a o 41
1} ) ¥
o ® W*o ¢ %’
O 1 %l I | l 1 1 I 1 l 1 1 IS‘? 1 l 1 Il [ 1 1 O
T T I 1 § T T T I | T T T I T T T  § l T T
sl o To, | PO, |
bt Z
o Aﬁ:j 1 a” 04
o “a : & %0 B 2a '
R % i 7
| oERhy 1 s ]
b QR ® b u] A 0,2
o " oaW e PR 5
- X x& % Y .
O 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 ix l 1 1 00
5 10 5 10 '
MgO (wt%) MgO (wt%)

DOLERITE DYKES FROM THIS STUDY

PUBLISHED DATA- 1.9 Ga dykes

PUBLISHED DATA- 2.7 Ga dykes

More primitive dykes- 2.7 Ga (?) v

Post- Waterberg sills
Soutpansberg (N & Sa Fm.) &

More evolved dykes- 2.7 Ga AA
More primitive dykes- 1.9Ga ¢ ¢ Soutpansberg ( Si Fm.) ®
More evolved dykes- 1.9 Ga oo Mashonaland sills

Badplaas & Rykoppies dykes ©
Klipriviersberg Group
Platberg Group

Allanridge Formation

Figure 7. Variation diagrams plotting several major elements against MgO, which here is used as a differentiation index. All
values in weight % (cf., Appendix 1). N & Sa Fm. and Si Fm. in the legend stand for Ngwanedzi & Sabasa Formation and Si-

basa Formation, respectively.

suite of 10 major and 34 trace elements on 30 sam-
ples (Appendix 1). It may be viewed as a type of (Chi
square) principal components analysis that aims at
displaying variations within rows and columns within a
contingency table graphically. Thus, statistical vari-
ances (also expressed as eigenvalues) are expressed
as relative distances along axes that determine these
dimensions of factors. The greatest variances
(expressed as the highest percentage of the total iner-
tia) is displayed along the first, so called, Factor (or
Dimension) axis (F1 in Fig. 5), whereas corresponding
less variance is expressed along successively higher
dimensions. Commonly, most important variations

15

within a petrogenetically related geochemical data set
is displayed by the first two to three Factor axes. This
is also the case in Fig. 5, where we can see that there
is (1) a major variance between more or less evolved
dyke samples, controlled by more or less compatible
and incompatible elements, and (2) a lesser variance
between samples that appear to be more (2.7 Ga
dykes) or less (1.87— 1.85 Ga dykes) LILE-enriched
(cf., Klausen et al, in press). The results of this analy-
sis are shown in Appendix 3. Samples that have been
dated in this study (only 1.87— 1.85 Ga dykes), by
Olsson et al. (in press, unpublished data) and Sdéder-
lund et al. (in press), are high-lighted as filled symbols.



rhyolite +
dacite

silicic

Zr/Ti

intermediate

0.01

I IIIIII| I
alk. rhyolite

phonolite

trach.

tephri-
trachyy phonolite

andes /

\

foidite
alk.

100

— basalt bas. E
basic : :
| IIIIIII| | IIIIII| | IIIIIII| [ 1 I111
0.01 0.1 1 10
Nb/Y
subalkaline alkaline ultra-alkaline

DOLERITE DYKES FROM THIS STUDY

PUBLISHED DATA- 1.9 Ga dykes

PUBLISHED DATA- 2.7 Ga dykes

More primitive dykes- 2.7 Ga (?) v
More evolved dykes- 2.7 Ga
More primitive dykes-1.9Ga ¢ ¢

More evolved dykes- 1.9 Ga oo

Post- Waterberg sills
Soutpansberg (N & SaFm.)
Soutpansberg ( Si Fm.)

Mashonaland sills

Badplaas & Rykoppies dykes ©
Klipriviersberg Group
b4 Platberg Group

Allanridge Formation

Figure 8. Nb/Y vs. Zr/Ti diagram after Pearce (1996). N & Sa Fm. and Si Fm. in the legend stand for Ngwanedzi & Sabasa

Formation and Sibasa Formation, respectively.

Published data on post- Waterberg sills (Hanson et
al., 2004b), Soutpansberg lavas (Bumby et al., 2001;
Crow and Condie, 1990) and Mashonaland sills
(Stubbs et al., 1999; XRF) are added for comparisons
with the largely coeval 1.9 Ga dykes. The 2.7 Ga
dykes are compared to coeval dykes from the Rykop-
pies area and Badplaas-Barberton area (Klausen et
al., in press) and Ventersdorp lavas (Crow and Con-
die, 1988; Marsh et al., 1992; Nelson et al., 1992).

4.2.1. Major elements
A TAS diagram [Fig. 6 (a)]; LeBas et al., 1986) deter-

mines that all dyke rock samples are sub-alkaline ba-
salts. Some of the Soutpansberg lavas, Mashonaland
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and post- Waterberg sill samples plot across the bor-
der into the basaltic andesite field. The AFM diagram
(Fig. 6 (b); Irvine and Baragar, 1971), furthermore,
shows that almost all of the samples belong to an Fe-
enriched tholeiitic trend, with only two basaltic ande-
site Soutpansberg lava sample plotting on the border
to the calc alkaline field. Thus, it can be concluded
that both 2.7 Ga and ca. 1.87—- 1.85 Ga dykes, as well
as coeval lavas and sills, are predominantly tholeiitic
basalts, evolving towards becoming basaltic ande-
sites.

The 2.7 Ga dykes from this study differ sig-
nificantly from other roughly coeval dykes from the
Rykoppies area and Badplaas-Barberton area and
Ventersdorp lavas, which are more calc-alkaline ba-



saltic andesites to dacites (Fig. 6; Klausen et al., in
press). In this aspect the rock type classification dia-
grams cannot discriminate between ca. 1.87— 1.85 Ga
and 2.7 Ga dykes from this study.

MgO is chosen as a differentiation index (Fig.
7) because this major element decreases the most
(ranging from 2.6 till 9.4 wt%) during fractionation of
Mg-rich minerals (e.g., olivine and/or pyroxene) within
such basaltic magmas. Again, there are no significant
differences between ca. 1.87— 1.85 Ga and 2.7 Ga
dykes, just that the more evolved samples from each
age group have lower MgO contents. The SiO, con-
tent remains nearly constant during differentiation,
ranging between 47-50 wt%. Some of the more ande-
sitic Mashonaland sills show slightly higher SiO, con-
tent up to 55 wt% and Ventersdorp samples show

even higher SiO, contents up till 71 wt%. The alkalies
increase with decreasing MgO, from 1.7 to 2.8 wt% for
Na,O and 0.3 to 1 wt% for K,O, the latter of which
reflecting a more than two-fold incompatible element
enrichment during differentiation. Some Soutpansberg
lava samples have anomalously high K,O compared
to the trend defined by the rest of the data, which
probably is due to secondary addition of the more
mobile K;O. The Ventersdorp lavas and Badplaas and
Rykoppies dykes have generally higher contents of
alkalies than most of the other data. CaO decreases
from 11.6 to 8.2 wt% with decreasing MgO, consistent
with some fractionation of Ca-rich minerals (e.g., clino-
pyroxene and/or plagioclase). The Soutpansberg
dolerites have mostly lower CaO contents at similar
MgO, whereas the post- Waterberg sills have slightly
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higher CaO contents. The 2.7 Ga dykes of the pub-
lished data have lower CaO contents than samples
from this study. The less evolved ca. 1.87— 1.85 Ga
and 2.7 Ga dykes also shows a decreasing Al,O3
(between 11.2 and 16.7 wt%) with decreasing MgO,
indicating relatively early fractionation of plagioclase
(xclinopyroxene and/or some other Mg-rich phase).
Some of the more evolved 2.7 Ga and ca. 1.87— 1.85
Ga samples deviate from this plagioclase fractionation
trend by exhibiting more elevated Al,O;; tentatively
attributed to the possible accumulation of plagioclase.
Likewise, the Mashonaland sills also exhibit an early
Al,O; decrease with increasing MgO, followed by an
unexpected Al,Osincrease that may, likewise, be at-
tributed to some plagioclase accumulation in more
evolved intrusions. This interpretation is substantiated
by these intrusions commonly being plagioclase-
phyric. Ventersdorp lavas show in contrast increasing
Al,O; trends with decreasing MgO.

The Fe;O3 content (10.4-20.1 wt%) is slightly
increasing with decreasing MgO, consistent with the

—A- BCD1-13
-8 BCD5-30
—4— BCD5-31

—6— BCD5-38
More primitive
1.9 dykes
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Figure 10. Primitive mantle normalised multi ele-
ments diagrams from this study after MacDonough
and Sun (1995) for: (a) more primitive 2.7 Ga dykes
with a shaded background representing the 1.9 Ga
samples; (b) more evolved 2.7 Ga dykes with a
shaded background representing the 1.9 Ga sam-
ples; (c) more primitive 1.9 Ga dykes; (d) more
evolved 1.9 Ga dykes.
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tholeiitic trend in Fig. 6 (b) that normally is caused by
more delayed magnetite fractionation, compared to
calc-alkaline magma series. This is also consistent
with increasing TiO, (0.8-3.0 wt%) with decreasing
MgO, reflecting delayed ilmenite fractionation. Like-
wise, increasing P,Os (0.1-0.5 wt%,) with decreasing
MgO is consistent with the lack of any apatite frac-
tionation. Compared to less evolved samples, more
evolved ca. 1.87— 1.85 Ga and 2.7 Ga samples exhibit
slightly steeper trends towards higher P,Os and TiO,
values. Thus, some of the Soutpansberg lava samples
and most of the post-Waterberg/Mashonaland sills
show lower P,0s values than the dyke samples of this
study, at similar MgO.

In general the major element trends are con-
sistent with the fractionation of some unspecified Mg-
rich phase (olivine and/or pyroxene) as well as plagio-
clase fractionation (decreasing CaO and Al,O3) and
local accumulation.
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4.2.2. Trace elements

Another way to classify the samples with the help of
trace elements is to use the Nb/Y vs. Zr/Ti diagram
after Pearce, 1996 (Fig. 8). The Nb/Y vs. Zr/Ti dia-
gram has an advantage over the TAS- diagram in its
usage of more immobile elements. Fig. 8 shows that
most of the samples still classify as sub-alkaline ba-
salts like in the TAS-diagram indicating that our sam-
ples have not suffered secondary LILE mobilisation.
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Figure 11. Primitive mantle normalised multi elements
diagrams after MacDonough and Sun, 1995 with shaded
background representing the samples of this study for: (a)
Soutpansberg lava samples (Bumby et al., 2001); (b) Sout-
pansberg lava samples (Crow and Condie, 1990) post-
Waterberg samples (Hanson et al., 2004b);

(d) Mashonaland sill samples (Stubbs et al., 1999).

Some of the Soutpansberg samples and some of the
Mashonaland sill samples (grey area) plot in the ande-
site + basaltic andesite field. The more evolved 2.7 Ga
samples are on the border to the andesite + basaltic
andesite field, whereas other coeval dykes clearly plot
in the andesite + basaltic andesite field (Klausen et
al., in press). In comparison to the TAS-diagram (Fig.
6 (a); LeBas et al., 1986), the samples in Fig. 8 plot
closer to the border of the andesite + basaltic andesite
field.
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Figure 12. Primitive mantle normalised multi elements diagrams after MacDonough and Sun, 1995 with shaded background
representing the 2.7 Ga samples of this study for: (a) Ventersdorp lavas (Nelson et al., 1992; Marsh et al., 1992); (b)
Rykoppies and Badplaas-Barberton dykes (Klausen et al., in press).

As for the major elements, selected trace ele-
ments are plotted against MgO as a differentiation
index (Fig. 9). Cr was measured as Cr,03 (Wt%) but is
converted to Cr (ppm), using the following formula:

Cr=Cr,03 x (52/152) x 10000

Cr (34-274 ppm) is mostly decreasing with decreasing
MgO but also show horizontal trends that reflect poor
analytical accuracy close to the analytical detection
limit. The general decreasing trend, however, is still
consistent with the fractionation of pyroxene and/or Cr
-spinel. Some of the Soutpansberg samples show
higher Cr concentrations, possibly due to the accumu-
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lation of these phases. The Klipriviersberg samples
have the highest Cr contents which seems to be a real
liquid trend. The Ni content (22-285 ppm) also de-
creases with decreasing MgO, consistent with olivine
and/or pyroxene fractionation. The Sc concentration
(29-45 ppm) and the Sr concentration (130-260 ppm)
do not show any clear depletion trend, as would be
expected from pyroxene and plagioclase fractionation,
respectively. The ca. 1.87— 1.85 Ga samples show
mostly slightly higher Sc and lower Sr concentrations
than the 2.7 Ga samples, which could indicate that the
ca. 1.87- 1.85 Ga samples have experienced more
clinopyroxene and less plagioclase fractionation, re-
spectively, or that there are differences between LILE
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Formation, respectively.

and transitional elements in the source composition.
The commonly incompatible Y, Zr, Rb and Nb all in-
crease with decreasing MgO, by as much as a five-
fold increase in Zr and Nb between the most primitive
and most evolved samples. The dykes may have
slightly lower Rb (LILE) values and slightly higher Y,
Zr and Nb (HFSE), compared to the published data on
lavas and sills.

Four primitive mantle normalised multi-element
diagrams (MacDonough and Sun, 1995) show the
chemical differences between the four main groups;
i.e., less and more evolved ca. 1.87— 1.85 Ga and 2.7
Ga samples. All samples (Fig. 10) generally exhibit
parallel patterns within each of the 4 groups but also
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between all of the samples of every group with few
exceptions, which will be emphasised later. All sam-
ples are both LILE enriched and show negative Nb-Ta
anomalies. LILE- enriched patterns with distinctly
negative Nb-Ta anomalies are typically produced in
subduction zone settings, but this is difficult to recon-
cile with the more tholeiitic major element composi-
tions and intra-cratonic setting of both 2.7 Ga and ca.
1.87— 1.85 Ga intrusions. Thus, it is suspected that
these patterns reflect the involvement of the continen-
tal lithosphere, either through crustal assimilation and/
or the partial melting of a metasomatised sub-
continental lithospheric mantle (SCLM). The more
evolved ca. 1.87— 1.85 Ga samples (Fig. 10 (d)) do
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not have such distinctive Nb-Ta anomalies as the
other groups and have a flatter LILE profile, suggest-
ing perhaps a lower proportion of continental litho-
sphere. Furthermore, all samples also have a negative
P-anomaly which is indicative of apatite fractionation,
contrary to what was inferred from Fig. 7. The 2.7 Ga
samples show a negative Pb-anomaly whereas the
ca. 1.87— 1.85 Ga samples show mostly none. A
negative Sr anomaly is shown for the more evolved
2.7 Ga (Fig. 10 (b)) and ca. 1.87— 1.85 Ga (Fig. 10
(d)) which is consistent with the plagioclase fractiona-
tion inferred from Fig. 7.

The primitive mantle normalised multi-elements
diagram for the Soutpansberg lava samples (Fig. 11
(a)-(b); Bumby et al., 2002; Crow and Condie, 1990),
the post-Waterberg samples (Fig. 11 (c); Hanson et
al., 2004b) and the Mashonaland sill samples (Fig. 11
(d); Stubbs et al., 1999) are also all generally LILE-
enriched. The samples from Crow and Condie (1990)
and the Mashonaland sills show positive Pb anoma-
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lies, unlike the samples of this study. Additionally they
also both show negative Nb-Ta anomalies. Bumby et
al.'s (2002) and Hanson et al.'s (2004b) samples also
show negative Nb anomalies (Ta was not measured in
these samples). The Soutpansberg lava samples from
Crow and Condie (1990) and the post-Waterberg
samples from Hanson et al. (2004b) have slightly
negative Ti and P anomalies. Negative Sr anomalies
can be seen in all the Soutpansberg lava samples
(Fig. 11 (a)-(b); Bumby et al., 2002; Crow and Condie,
1990) and the Mashonaland sills. Most of the de-
scribed features of the published data can also be
seen in samples of this study.

Primitive mantle normalised multi-elements
diagram of Ventersdorp lavas (Fig. 12 (a); Nelson et
al., 1992; Marsh et al., 1992) and roughly coeval
dykes from the Rykoppies and Badplaas- Barberton
area ( Fig. 12 (b); Klausen et al., in press) are also
generally LILE- enriched and show negative Nb-Ta, P-
and Ti-anomalies. The samples from Crow and Con-
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die (1990) and Klausen et al. (in press) were the only
ones that measured Pb and these show positive Pb-
anomalies which is a main difference to the dykes of
this study.

Tiand V (Fig. 13 (a)) both behave incompatibly
in basaltic tholeiites, with higher Ti and V concentra-
tions in more evolved samples. Almost all samples
plot between a Ti/V ratio of 20 and 50, which is typical
for Ocean-Floor Basalts like MORBs; i.e., generated
from a depleted mantle source. The more primitive ca.
1.87— 1.85 Ga dykes have slightly lower Ti/V-ratios,
compared to most other data.

The Nb/Y and Zr/Y ratios in Fig. 13 (b) are not
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Figure 15. Chondrite normalised REE diagrams after Sun
and MacDonough (1989) with shaded background repre-
senting the samples of this study for: (a) Soutpansberg lava
samples (Bumby et al., 2002); (b) Soutpansberg lava sam-
ples (Crow and Condie, 1990); (c) post- Waterberg samples
(Hanson et al., 2004b); (d) Mashonaland sill samples
(Stubbs et al., 1999).

necessarily diagnostic of a certain tectonic setting but
may be affected by differences in the petrogenesis
and mantle source (Fitton et al., 1997). The less
evolved ca. 1.87— 1.85 Ga and 2.7 Ga samples have
lower Nb/Y and Zr/Y ratios but the differences are not
very large. All of the 2.7 Ga samples plot along the
base of Fitton et al's (1997) Icelandic array (i.e., ANb
< 0), defined by Icelandic basalts with MgO > 5%. This
is consistent with samples being derived from a
slightly more depleted mantle source composition. In
greater detail, the ca. 1.87— 1.85 Ga samples mostly
plot at the border or within the array suggesting a
composition more akin to an enriched Icelandic-type
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Figure 16. Chondrite normalised REE diagrams after Sun and MacDonough (1989) with shaded background representing the
2.7 Ga samples of this study for: (a) Ventersdorp lavas (Nelson et al., 1992; Marsh et al., 1992; Crow and Condie, 1988); (b)
Rykoppies and Badplaas-Barberton dykes (Klausen et al., in press).

mantle source than the others. The post-Waterberg
samples generally have slightly lower Nb/Y ratios than
most of the Soutpansberg samples, the former of
which could have either experienced a greater degree
of crustal contamination or been derived by shallower
depths of melting. The Ventersdorp lavas plot all un-
der the array and show the lowest Nb/Y ratios of all. It
seems that the Ventersdorp lavas are derived from a
more depleted asthenospheric mantle source, be-
cause they might have been attributed to a mantle
plume source. The Badplaas and Rykoppies dykes
plot also under the array.

24

4.2.3. Rare earth elements (REE)

All of the plots in our chondrite normalised REE dia-
grams (Sun and MacDonough, 1989; Fig. 14) seem to
be relatively parallel and LREE-enriched. This is a
typical feature of continental tholeiites, derived from a
more enriched mantle source and less typical for nor-
mal MORBs derived from a depleted mantle source.
The REE slopes, determined as La/Lu ratios, are
steeper in the more evolved samples. The less
evolved 2.7 Ga samples (Fig. 14 (a)) show La/Lu ra-
tios between 2.5 and 3.2, and the less evolved ca.
1.87— 1.85 Ga samples (Fig. 14 (c)) range between
2.3 and 3.0. In comparison the more evolved 2.7 Ga
samples (Fig. 14 (b)), with a ratio between 3.4 and
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4.2, and the more evolved ca. 1.87— 1.85 Ga samples
(Fig. 14 (d)), from 2.8 up to 3.7, have steeper profiles.
Most of the more evolved 2.7 Ga and ca. 1.87—
1.85 Ga samples (Fig. 14 (b+d)) show slightly nega-
tive Eu- anomalies, whereas more primitive 2.7 Ga
and ca. 1.87— 1.85 Ga samples do not. Very few of
the more primitive samples even show slightly positive
Eu- anomalies (e.g. BCD5-29, BCD5-30), which could
be a sign of plagioclase accumulation. Otherwise,
these differences in Eu- anomalies are more consis-
tent with subsequent plagioclase fractionation rather
than any residual plagioclase in a mantle source, lo-
cated beneath a thick continental crust. Plagioclase
fractionation is further substantiated by negative Eu-
anomalies also becoming more prominent within the
more evolved ca. 1.87— 1.85 Ga samples (Fig. 14 (d)).
The slopes of the HREE of all the samples are very
similar, as can be seen from Gd/Yb ratios ranging
between 1.5 and 1.8, and may therefore indicate that
these samples were generated from a similar source.
The slopes of the LREE show larger differences, as
shown by La/Sm ratios ranging between 2.0 and 4.3.

Figure 17. Barcode record of the
Kaapvaal craton and Zimbabwe
craton. Bar code matches at 0.18,
1.1 and at ca. 1.9 Ga infer a next-
neighbour situation of the Zim-
babwe and Kaapvaal cratons from
ca. 2.0 Ga.

KALAHARI

KAPVAAL AND
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ZIMBABWE CRATONS

DISPERSED

The more evolved samples show higher La/Sm-ratios
than less evolved samples of the same age, indicating
that the LREE slopes changed during differentiation
whereas the HREE did not.

The Soutpansberg lava samples (Fig. 15 (a)-
(b)) are all LREE-enriched and some of these also
show slightly negative Eu-anomalies; especially the
ones from Bumby (2002). Eu-anomalies are more
difficult to determine for the Crow and Condie (1990)
samples because fewer REEs are published. The post
- Waterberg samples (Fig. 15 (c)) and the Masho-
naland sills (Fig. 15 (d)) are both LREE enriched but
the post- Waterberg samples do not show negative Eu
- anomalies like the Mashonaland sills.
Roughly coeval 2.7 Ga dykes from the Rykoppies and
Badplaas- Barberton area (Klausen et al., in press)
show mostly steeper and more elevated LREE profiles
than the samples from this study. Furthermore, they
exhibit steeper REE- profiles, compared to our 2.7 Ga
intrusions. The Ventersdorp lavas (Fig. 16) are also
generally LREE enriched. Within these lavas the Plat-
berg Group show strong enrichments in REE and HFS



compared to the Klipriviersberg Group and the Allan-
ridge Fm., whereas the Klipriviersberg Group has the
lowest REE contents. The Platberg Group also shows
minor negative Eu- anomalies. These feature are due
to that the Platberg Group has the most evolved lavas
here and has experienced more fractionation.

5. Discussion
5.1. Formation of the Kalahari craton

The Kalahari formed when the Kaapvaal and the Zim-
babwe cratons collided and amalgamated into a single
crustal unit. The timing of this collisional event, i.e. the
formation of the Limpopo event, has been debated for
considerable time (for review, see e.g. Mouri, 2008;
Eriksson et al., 2008; and Zeh et al., 2010). Geochro-
nology on metamorphic mineral assemblages within
the Limpopo belt infers metamorphism both at 2.7 Ga
and 2.0 Ga. While ages of 2.7 Ga are restricted to the
Northern and Southern Marginal Zones of the Lim-
popo belt, the formation of new zircon is ubiquitous in
the Central Zone of the belt. The older ages coincide
in time with Ventersdorp magmatism, which originally
was linked to NW-SE extension in response to NE-SW
compression during the Kaapvaal- Zimbabwe collision
(Light, 1982). However, Uken and Watkeys (1997)
later favoured a link of the voluminous Ventersdorp
magmatism to mantle plume activity.

More recent studies suggest the collision
took place at 2.0 Ga during a granulite-grade event
associated with large-scale folding in the Central Zone
of the Limpopo belt (Mouri, 2008). The crust of the
Central Zone was compressed and thickened in re-
sponse to NNW-SSE shortening and was later
changed to dextral transpressive tectonics along ENE
trending structures (Holzer et al., 1998). The event of
transpressive tectonics was associated with the age of
peak metamorphism in the Limpopo Belt and then
shifted to an extensional regime and dolerite intrusion
some 100 Ma later, i.e. manifested by intrusion of 1.87
-1.85 Ga dykes investigated in this study.

High-precision geochronology of regional
magmatic events in Zimbabwe and Kaapvaal can be
used as an independent tool to bracket the timing of
the collision between the two cratons (cf. Bleeker,
2003). In the north-east of the Bushveld Igneous Com-
plex in the Kaapvaal craton NE trending dykes were
dated at ca. 1.87-1.85 Ga for this study which are coe-
val with younger dolerite sheets (1879-1872 Ma) in the
Waterberg Group (Hanson et al., 2004b) and, more
importantly with the extensive Mashonaland event in
Zimbabwe, recently dated at 1.89-1.87 Ga (Sdderlund
et al., in press). Besides a common event at ca. 1.9
Ga in the Kaapvaal and Zimbabwe cratons (Fig. 17),
the barcodes show that magmatic activities of the
same age took place at ca. 0.18 Ga (Jourdan et al.,
2006) and at ca. 1.1 Ga (Hanson et al., 2004a). The
lack of the Great Dyke (2.57 Ga) and Sebanga dyke
ages (2.51 Ga, 2.47 Ga and 2.41 Ga) in the Kaapvaal
craton and the corresponding lack of the Bushveld
ages (2.06 Ga) in the Zimbabwe craton indicate that
the two cratons were not in a next-neighbour situation
from the late Archaean to the mid-Palaeoproterozoic.
The 1.9 Ga event thus records the oldest event that is
common in both cratons, hence suggesting that the
formation of the Kalahari craton must have occurred
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prior to 1.9 Ga. It is here suggested that the Kalahari
did not form until 2.0 Ga with reference to ages of
metamorphic minerals in the Central Zone of the Lim-
popo belt. Older (ca. 2.7 Ga) ages recorded in the
marginal zones of the Limpopo belt may indicate com-
pressional active margin processes (i.e. subduction of
oceanic crust) prior to the collision between Zimbabwe
and Kaapvaal cratons.

5.2. Rotation-Post-1.87 Ga dextral shearing

The 1.89-1.87 Ga Mashonaland sills in the Zimbabwe
craton are coeval with post-Waterberg sills and the
here dated NE-trending Black Hills dykes in the Kaap-
vaal craton, with an additional slightly older magmatic
pulse at ca. 1.93 Ga in Waterberg sediments (Hanson
et al., 2004a). However, we note that the palaecomag-
netic poles of these largely coeval units are signifi-
cantly different (Michiel de Kock, 2007, Mushayande-
bvu et al.,, 1995). The difference in palaeomagnetic
direction between coeval units suggest post-1.88 Ga
relative motion between the cratons, i.e. shortly after
the collisional event. This discordance in palaecomag-
netic direction between the cratons can be explained
by dextral strike-slip shearing along the Limpopo-
bordering faults (David Evans, pers. comm., 2009). In
fact, this scenario would be in perfect agreement with
structural observations and kinematic indicators along
shear zones bordering the Central Zone of the Lim-
popo belt (Mouri, 2008). An alternative explanation for
the observed mismatch in palaeomagnetic directions
requires consideration of unusually rapid apparent
polar wander paths around 1.9 Ga.

The here proposed timing of events related to
the formation of the Kalahari involves a main stage
(>2.03 Ga) of crustal thickening of the Central Zone of
the Limpopo during NNW-SSE shortening. From 2.03
to 2.01 Ga compressional tectonics shifted from or-
thogonal thrust tectonics to dextral transpressive tec-
tonics along ENE trending structures, especially con-
centrated along shear zones adjacent to the Central
Zone. Some 100 Ma later extensive magmas intruded,
presumably as manifestation of orogenic collapse.

5.3. Petrogenesis

All of the samples have relatively low Mg numbers (18
-47), suggesting they do not represent primary melt.
Additionally, other requirements for primary melts (Cr
>1000 pm and Ni > 400-500 ppm; Winter, 2001) are
not fulfilled by even the highest concentrations of 205
ppm Cr and 285 ppm Ni.

To figure out the depth of melt segregation,
one may use incompatible trace element ratios like Zr/
Nb (Fig. 18). According to Stubbs et al. (1999), this
ratio is lower when partial melting takes place at
deeper depths, as indicated by the modelled melting
curves in Fig. 18 for primary melts. The trends defined
by our dyke samples, which are not primary melt,
cross the melting curves for even very low degrees of
partial melting (~5%) of a depleted mantle, indicating
that these magmas might be derived from a more en-
riched mantle source (probably located somewhere
between DMM and BSE). The 2.7 Ga dykes seem to
have evolved from slightly greater degrees of partial
melting of such a mantle source. Roughly constant Zr/
Nb ratios are just a little higher than the one of the
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Figure 18. Zr/Nb vs. Zr diagram. Red dots indicate the compositions of primitive mantle (Taylor and McLennan, 1985), conti-
nental crust and upper crust (Sun and McDonough, 1989), bulk silicate earth (BSE) and depleted MORB mantle (DMM)
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Grutzeck et al., 1974) are calculated for the DMM. Fractionation of olivine (OL), plagioclase (PLG) and clinopyroxene (CPX)
will shift compositions sub— horizontally towards higher Zr, by amount indicated by % fractionation.

primitive mantle and are more consistent with a more
enriched mantle source (BSE). In general the depth of
partial melting is hard to determine from this plot
(mainly constructed for primary melts) because crystal
fractionation and crustal contamination interferes.

Another possibility for the variation of Zr/Nb is
crustal contamination, because crustal rocks generally
have more distinctly negative Nb-anomalies. Thus,
crustal contamination increases the Zr/Nb ratio just as
higher degrees of partial melting also does. Thus, the
slightly higher Zr/Nb ratio of the 2.7 Ga dykes could be
explained by a slightly greater degree of crustal con-
tamination as well as partial melting of a similar Iher-
zolite source. It is also possible, however, that the
primary melt for the 2.7 Ga dykes was derived from a
more depleted source, lying somewhere between BSE
and DMM in Figure 18.
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Tiand V (Fig. 13 (a)) both behave incompatibly
in basaltic tholeiites, with higher Ti and V concentra-
tions in more evolved samples. Almost all samples
plot between a Ti/V ratio of 20 and 50, which is typical
for a MORB setting or Ocean-Floor Basalt, generated
from a depleted mantle source. However, 2.7 Ga
dykes plot towards slightly more alkaline Ti/V ratios,
whereas (at least the primitive) ca. 1.87— 1.85 Ga
dykes plot closer to more island-arc type ratios.

According to Fitton et al. (1997), the Nb/Y and
Zr/V ratios in Fig. 13 (b) do not necessarily reflect a
certain tectonic setting but may reflect differences in
the petrogenesis and type of asthenospheric mantle
source. A depleted mantle source is suggested for all
of the 2.7 Ga samples and most of the ca. 1.87— 1.85
Ga samples that plot below the Icelandic array by Fit-
ton et al. (1997). However, some ca. 1.87— 1.85 Ga
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Figure 19. Ce/Sm vs. Sm/Yb diagram modified after Hawkesworth et al. (1984). The arrows point out to the presence/
absence of garnet as a residual phase in the source of the magmatism.

samples plot at the border or even within the array,
suggesting that these compositions may be very
slightly more akin to an enriched Icelandic-type mantle
source. This is, not surprisingly, consistent with a simi-
lar interpretation made for Figure 18, based on a simi-
lar (Zr/Nb) ratio.

There seems to be no residual garnet in the
magma source of these samples, indicating that it was
not a deep magma source, because there is no signifi-
cant HREE (e.g., Y-Yb) depletion. This can be illus-
trated by a Ce/Sm vs. Sm/Yb plot (Fig. 19) after
Hawkesworth et al. (1984), where we see that all sam-
ples were not affected by residual garnet in the mantle
source. This indicates that the magmas were produced
in shallower depth above the garnet-lherzolite zone.
Due to the little or no Eu-anomalies and the large
crustal thickness of the Kaapvaal craton, melt segrega-
tion also occurred below the plagioclase lherzolite zone
and the primary melts were therefore probably gener-
ated in the spinel Iherzolite zone.

In general the major element trends are consis-
tent with the fractionation of plagioclase and some Mg-
rich phase. Furthermore, all samples also show a
negative P-anomaly, which is indicative of apatite frac-
tionation (Fig. 10). However, this apatite fractionation

must have occurred and terminated early, during the
differentiation of these magmas, in order for P,Os5 to
then increase with decreasing MgO.

Almost all of the dykes show TiO, values lower
than 2 wt% and P>Os lower than 0.5 wt%, which indi-
cates that these dykes belong to the low P-Ti type,
suggesting that primary magmas either were derived
from a more depleted mantle source and/or affected by
crustal contamination on the way towards the surface
(Munyanyiwa, 1999).

There are greater differences among the LILE’s
in Fig. 10, which are more mobile and typically en-
riched through metasomatic processes (e.g., above
subducting plates), thereby typically enriched in the
continental crust that formed above subduction zones
(Winter, 2001). There are no field relationships (e.g.,
syn- orogenic granites) that indicate that any of the
mafic dyke swarms were emplaced close to any sub-
duction zone setting, however. A subduction zone re-
lated setting is also difficult to reconcile with the intra-
cratonic setting of both 2.7 Ga and ca. 1.87— 1.85 Ga
intrusions and their more tholeiitic major element com-
positions. Thus, the enrichments in LILE are more
likely due to either partial melting of a previously me-
tasomatised sub-continental lithospheric mantle and/or
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crustal contamination.

The negative Nb-anomaly, together with the
LILE- enrichment, is another subduction zone signature
that can also be derived from either partial melting of a
previously metasomatised SCLM and/or crustal con-
tamination. The negative Pb-anomaly in primitive man-
tle normalised spider diagrams among the 2.7 Ga sam-
ples (Fig. 10) speaks also against a subduction zone
setting. Subduction zone magmas usually show posi-
tive Pb-anomalies because Pb often forms within sul-
phide phases that are redeposited near the seawater
crust and are usually break down by heat and dehydra-
tion during subduction, and thereby easily gets in the
mantle wedge through hydrothermal fluids (Taylor and
McLennan, 2009). The negative Nb-anomaly rather
indicates crustal contamination, whereas the negative
Pb-anomaly indicates that there was no active subduc-
tion zone activity. Similar ‘subduction zone’ signatures
are often observed among most mafic igneous rocks
from the Kaapvaal craton (e.g., Duncan 1984; Marsh
1984), and is thought to be an inherent chemical fea-

KLaCePbPrSr PNdZrSmEuTiDy Y YbLu

ture obtained from its sub-continental lithospheric man-
tle (Hawkesworth, 1984). Also the La/Nb ratios >1 are
typical for continental flood basalts and variable de-
grees of crustal contamination (Munyanyiwa, 1999)
and suggest a more intra-continental setting.

MORB normalised spider diagrams (Fig. 20 (a))
show LILE enrichments and slightly negative Ta-Nb
anomalies which are usually a feature for subduction
zones. The high LILE and HFSE contents are features
of many intra-continental volcanics (Fitton et al., 1988,
Hawkesworth et al., 1990) supposing a depleted man-
tle source that has been LILE- enriched. This is typical
for a SCLM source which could have been caused by
effects of earlier subduction processes (Winter, 2001).
The OIB normalised spider diagrams (Fig. 20 (b)) show
a positive slope from P to Lu indicating a more de-
pleted mantle source. Negative Nb anomalies could be
caused by fluid enrichment of the crust or the mantle
source.

The correspondence analysis of the samples
(Fig. 5) show some geochemical differences between

29



the groups. The F2 variation is mainly controlled by
fractionation processes. It shows that the more incom-
patible and evolved dykes have lower F2 whereas the
more primitive dykes have F2>0 values. Variations
within the HFSE/LILE and HREE/LREE ratios, on the
other hand, seems to control F1 values. Thus, the 2.7
Ga dykes are more enriched in LILE and LREE, shown
by F1>0, whereas the ca. 1.87— 1.85 Ga dykes have
values F1<0.

The 2.7 Ga dykes from this study are signifi-
cantly different from 2.7 Ga dykes emplaced farther
south. Like the ca. 1.87— 1.85 Ga dykes, they show a
more tholeiitic basalt character with lower LILE and
shallower REE profiles. The ca. 1.87— 1.85 Ga dykes
could be emplaced in a continental (back-arc) rift set-
ting (Klausen et al., in press) that might be consistent
with some geochemical features, e.g. like negative (Nb,
Ta)- anomalies. But the involvement of a metasoma-
tised sub-continental lithospheric mantle source is
needed, which is unique for individual cratons (Duncan,
1987; Marsh, 1987). It is also possible that these litho-
spheric melts were variably mixed in with primary ba-
saltic melts from an asthenospheric mantle source, as
advocated for 0.18 Ga Karoo magmas (Jourdan et al.,
2007). This model might explain slight differences be-
tween ca. 1.87— 1.85 Ga and 2.7 Ga dykes from this
study, as well as the larger differences between coeval
2.7 Ga dykes of this study (NE- trending) and more
southerly ones (Klausen et al., in press) which could
reflect differences in the SCLM below the northern and
southern part of the eastern Kaapvaal. Ca. 1.87— 1.85
Ga dykes were probably derived from a slightly more
asthenospheric and less metasomatised mantle source
compared to sub- parallel 2.7 Ga dykes.

6. Conclusion

Baddeleyite U-Pb dates of five NE trending dykes lo-
cated NE of the Bushveld Igneous Complex in the
Kaapvaal craton range between 1.85 Ga and 1.87 Ga.
They are thus coeval with younger dolerite sheets
(1.88-1.87 Ga) in the Waterberg Group (Hanson et al.,
2004b) and with the Mashonaland sills (1.89-1.87 Ga)
in the Zimbabwe craton (Séderlund et al., in press).
These ages record the oldest common event in both
cratons suggesting a formation age of the Kalahari
craton prior to 1.87 Ga. The absence of Sebanga dyke
ages (2.41, 2.47 and 2.51 Ga) and Great Dyke ages
(2.6 Ga) in Kaapvaal and the corresponding absence
of BIC (2.06 Ga) and other pre-2.0 Ga ages of dykes in
Zimbabwe infers the Kalahari craton did not formed
until ca. 2.0 Ga, in accordance with radiometric ages of
metamorphic minerals in the Central Zone of the Lim-
popo belt.

The palaeomagnetic poles of the Mashonaland
sills, the post-Waterberg sills and the NE-trending
dykes in the Kaapvaal craton are close, though signifi-
cantly different, which suggests post-1.88 Ga motion
between the cratons, i.e. shortly after the collisional
event (M. de Kock, U. of Johannesburg, pers. comm.,
2009). This discrepancy can be explained by dextral
strike-slip shearing along the Limpopo-bordering faults
in accordance with structural evidence (D. Evans, U. of
Berkely, pers. comm., 2009).

Geochemically, the samples are not represent-
ing primary melt due to low Mg numbers and low Cr
and Ni content. The magma source does not seem to

be neither garnet- nor plagioclase peridotite, but rather
these magmas represent partial melting of spinel-
bearing peridotite. The LILE enrichments and negative
Nb- anomalies are typical subduction zone features but
are here more likely to originate from either partial
melting of a previously metasomatised sub-continental
lithospheric mantle and/or crustal contamination. The
ca. 1.87— 1.85 Ga dykes might be emplaced in a conti-
nental rift setting or a continental back- arc setting re-
quiring a metasomatised lithosperic mantle source,
possibly mixed in by primary basaltic melts from an
asthenospheric mantle source. The NE- trending 2.7
Ga dykes are significantly different from 2.7 Ga dykes
emplaced farther south with other trends and show
more tholeiitic basaltic character like the ca. 1.87— 1.85
Ga dykes. However, NE-trending ca. 1.87— 1.85 Ga
dykes may still have been derived from a astheno-
spheric and less metasomatised mantle source, rela-
tive to the sub-parallel 2.7 Ga dykes.

. Melts were generated at relatively shallow
depths (spinel stability field) and experienced
plagioclase, Mg- rich phases and apatite frac-

tionation

. No significant geochemical differences between
2.7 Ga and 1.9 Ga dykes — similar petrogenetic
origins

. These ages record the oldest common event in

the Kaapvaal and Zimbabwe craton — suggest-
ing formation of the Kalahari craton at ca 2.0 Ga
rather than 2.7 Ga

. Baddeleyite U-Pb ages of 5 dykes within the
Black Hills swarm were dated yielding emplace-
ment ages in the range 1.87- 1.85 Ga, which
make this swarm coeval with post-Waterberg
sills and the Mashonaland sill complex
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Appendix 3. Results from the correspondence analysis for the samples and certain chemical ele-
ments

Sample F1 F2 F3 Element F1 F2 F3
BCD1-12 0,06 -0,04 -0,01 Si -0,07 0,18 0,15
BCD1-13 0,16 0,24 0,04 Al -0,08 0,18 0,04
BCD1-15 0,15 -0,1 0,04 Fe -0,1 0,03 0,07
BCD1-17 -0,18 0,35 -0,02 Mn -0,12 0,1 0,1
BCD1-18 -0,27 -0,19 -0,12 Mg -0,23 0,48 0,3
BCD1-19 0,13 -0,05 -0,04 Ca -0,17 0,25 0,14
BCD1-21 -0,17 0,09 -0,04 Na 0,06 0,1 0,12
BCD1-22 -0,17 0,12 -0,06 K 0,18 -0,1 0,08
BCD5-21 -0,14 0,11 -0,04 Ti -0,06 -0,15 0,05
BCD5-22 -0,02 -0,15 0,01 P 0,13 -0,22 0,2
BCD5-23 0,23 -0,22 0,16 Cr -0,25 0,89 0,53
BCD5-25 -0,27 0,23 0,05 Sc -0,21 0,12 0,08
BCD5-26 -0,27 0,02 -0,03 Ba 0,44 -0,05 -0,15
BCD5-27 -0,02 -0,07 0,04 Co -0,11 0,22 0,11
BCD5-28 -0,31 0,05 -0,03 Cs -0,26 -0,35 -0,1
BCD5-29 -0,26 0,24 0,02 Ga -0,06 0,07 0,06
BCD5-30 0,09 0,2 0,04 Hf 0,07 -0,22 0,14
BCD5-31 0,04 0,53 -0,1 Nb 0,02 -0,28 0,17
BCD5-32 -0,22 -0,05 0 Rb 0,13 -0,18 0,03
BCD5-33 -0,28 -0,23 -0,13 Sr 0,16 0,21 0,02
BCD5-34A 0,17 -0,2 0,15 Ta 0,02 -0,3 0,18
BCD5-34B 0,16 -0,19 0,15 Th -0,01 -0,32 0,12
BCD5-35 0,15 -0,14 0,16 U -0,01 -0,33 0,15
BCD5-36 -0,28 0,01 -0,04 \'} -0,23 -0,01 -0,01
BCD5-37 -0,17 0,24 0,02 Zr 0,08 -0,25 0,13
BCD5-38 0,13 0,24 0,06 Y -0,04 -0,17 0,1
BCD5-54 -0,09 -0,04 -0,06 La 0,17 -0,22 0,23
BCD5-55 -0,1 -0,08 -0,1 Ce 0,13 -0,21 0,21
BCD5-78 -0,14 -0,13 -0,02 Pr 0,11 -0,19 0,22
BCD8-14 -0,16 -0,25 -0,04 Nd 0,09 -0,17 0,21
Sm 0,01 -0,15 0,17
Eu -0,02 -0,07 0,15
Gd -0,02 -0,15 0,14
Tb -0,04 -0,16 0,12
Dy -0,05 -0,16 0,1
Ho -0,05 -0,17 0,1
Er -0,05 -0,17 0,09
Tm -0,05 -0,17 0,09
Yb -0,05 -0,18 0,08
Lu -0,06 -0,18 0,09
Cu -0,35 -0,1 -0,2
Pb 0,29 -0,1 -0,07
Zn -0,1 -0,08 -0,09
Ni 0,04 0,73 -0,03

F1 F2 F3
Largest contribution to inertia (in %): 43,16 26,97 10,73
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