Baddeleyite U-Pb ages and geochemistry of the 1875-1835 Ma Black Hills Dyke Swarm
across north-eastern South Africa: part of a trans-Kalahari Craton back-arc setting?

JOHAN R. OLSSON', MARTIN B. KLAUSEN?, MIKE A. HAMILTON?, NADINE MARZ', ULF SODER-LUND"* AND R.
JAMES ROBERTS’

'Department of Geology, Lund University, Solvegatan 12, SE 223 62 Lund, Sweden; *Department of Earth Sciences, University
of Stellenbosch, Private Bag X1, Matieland 7602, South Africa; *Jack Satterly Geochro-nology Laboratory, Department of

Geology, University of Toronto, 22 Russell Street, Toronto, ON M5S 3BI, Canada; *Laboratory for Isotope Geology, Swedish
Museum of Natural History, Box 50 007, SE-104 05 Stock-holm, Sweden; *Department of Geology, University of Pretoria,
Private bag X20, Hatfield, Pretoria 0028, South Africa

Abstract: Eleven new baddeleyite U-Pb crystallisation ages and associated whole-rock geochemistry on NE-NNE-
trending tholeiitic dykes cutting across the north-eastern corner of the Archaean Kaapvaal Craton, the overlying Transvaal
basin and the Bushveld and Phalaborwa igneous complexes collective-ly define a 1875-1835 Ma Black Hills Dyke Swarm
(BHDS). Dyke ages do not discriminate between dyke trends or geographic location, but subdivide the BHDS into an
older set of four more primitive dykes (MgO = 9.4-6.8 wt.%) and a younger set of seven dykes with more differentiated
compositions (MgO = 5.6-4.2 wt.%). Despite being emplaced over a c. 40 Myr period, major element compositions are
remarkably consistent with a single inversely modelled bulk fractionating assemblage of 57.5% plagi-oclase, 29.5% augite
and 13.0% olivine. This fractionating assemblage requires an additional assimilation of bulk continental crust (at a low r-
value of 0.2) for reversed modelling of parental rare earth elements. Even though this crustal assimilation indicates that
primary magmas could potentially have been derived from a spinel-bearing ambient primordial and asthenospheric mantle
source, anomalously low Nb and high Pb values for the more primitive older dykes may also have been inherited from a
sub-continental lithospheric mantle source. The ages for the BHDS bridge a gap between c. 1889 and 1867 Ma mafic sills and
c. 1830 Ma rhyodacitic pyroclasts, interbedded in the top of a ~3 km-thick Sibasa basalt sequence, which combine into a
continuous c¢. 1.89-1.83 Ga igneous province. Similar geochemical signatures are consistent with all sills, volcanic rocks
and BHDS feeders collectively belonging to a very voluminous and coherent igneous province, which arguably formed
behind active Magondi and Okwa-Kheis arcs, along the western margin of the proto-Kalahari Craton.
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1. Introduction

Large volumes of predominantly mantle-derived mafic magma
emplaced during major events are often recognised as Large
Igneous Provinces (LIPs), as per Coffin & Eldholm’s (1994)
original definition for well-constrained Phanerozoic examples
and subsequent reviews of ancient examples (Ernst 2014). Con-
tentious petrogenetic links to mantle plume sources have, how-
ever, led to more stringent criteria concerning the durations of
such events (e.g., Bryan & Ernst 2008). This may ultimately
lead to a distinction between continental breakup-related LIPs of

short durations, recording more intense magma emplacements,
and more long-lived (pulsating?), but still relatively voluminous,
magmatic events within potentially different petrotectonic set-
tings. If such a distinction can be made, then it naturally becomes
important to properly determine the age span of large igneous
events, just as it remains important to consider all other evidence
that may shed light on the tectonic setting wherein magmas were
formed, differentiated and emplaced. Higher resolution geo-
chronology, better palacomagnetic constraints, and petrogenetic
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Fig. 1. Geological maps displaying A. an inset of the proto-Kalahari Craton at c. 1750 Ma, shown in more detail in Fig. 9(B), B. pre-1.8 Ga rocks
across both the Zimbabwe and the Kaapvaal Craton, adjoined along the Limpopo Mobile Belt, and C. more details of exposed eastern part of the
Kaapvaal Craton, as well as overlying eastern lobes of the Transvaal Supergroup and the Bushveld Complex. In (B), labelled large-scale shear (and
fault) zones (SZ) are adopted from Rigby et al. (2011). Only the major Barberton and Murchison Greenstone Belts (GB) are shown. The Limpopo
Mobile Belt is divided into the Northern Marginal Zone (NMZ), the Central Zone (CZ) and the Southern Marginal Zone (SMZ). Mashonaland sill
sample BCD5-55 was collected from the south-western corner of the Zimbabwe Craton. In (C), the geology of Kaapvaal’s Archaean basement
follows Robb et al. (2006; modified from Klausen et al. 2010). A traced version of Uken and Watkeys’ (1997) dyke map is added inside the dashed
grey rectangle. Labelled diamonds locate dated dyke samples and are oriented according to the sampled dyke’s trend. Difterent colours relate to a
relatively older (yellow) and younger (magenta) sub-swarm, as explained in the text. P identifies one plagioclase-phyric sample.

studies of magma compositions and compilations of basic field
relationships, all contribute towards improved reconstruction of
petrotectonic settings.

High-precision geochronology represents our most powerful
tool whereby igneous feeders have recently been linked to all
major volcanic sequences up through South Africa’s remarka-
bly well-preserved Mesoarchaean to Palaeoproterozoic stratig-
raphy. Building on pioneering papers like Hanson et al. (2004a)
and Olsson et al. (2010, 2011), this paper is the last in a more
recent series of six companion papers that provide detailed ac-
counts of prolonged and possibly episodic records of enhanced
magmatism at c¢. 2.93-2.86 Ga (Gumsley et al. 2013, 2015), c.
2.70-2.66 Ga (Gumsley et al. this volume), c. 2.06 Ga (Wabo,

de Kock, Klausen, et al. this volume Wabo, de Kock, Humbert,
etal. this volume), c. 1.93-1.91 Ga (Alebouyeh et al. this volume)
and c. 1.88-1.83 Ga (this paper) affecting the Kaapvaal Craton.
Though most of these magmatic events represent sub-episodes
within two Archaean (“Pongola” and “Ventersdorp™) events, the
two younger examples arguably represent subepisodes of the
same lesser known episode of trans-Kalahari Craton magmatism,
which concludes a c. 1.2 billion-year long and nearly continuous
stratigraphic record in South Africa, and arguably follows upon
the amalgamation of the proto-Kalahari Craton (Fig. 1(A)) with-
in a greater Columbia (Nuna) supercontinent.

The late stage, post-Bushveld magmatic event detailed in this
paper is relatively unknown amongst Kalahari Craton workers, but



is indicated by a number of different studies. Apart from the strati-
graphical control exerted by volcanic rocks inside the Olifanshoek
Supergroup (Moen 2006) and the Soutpansberg Group (Barker
et al. 2006), the first post-Bushveld intrusions to be recognised
on the proto-Kalahari Craton were the Mashonaland sills, extend-
ing across the north-eastern Zimbabwe Craton (Fig. 1(B)). These
sills were dated on the basis of Rb—Sr isochrons by Compston and
McElhinny (1975) and Cahen et al. (1984) to be c. 1.9-1.8 Ga,
and later investigated geochemically by Stubbs et al. (1999). Han-
son et al. (2004a) provided the first high-precision U-Pb ages on
c. 1.88-1.87 Ga Waterberg-hosted dolerite sills on the Kaapvaal
Craton, which were palacomagnetically and/or geochemically
matched to Mashonaland sills and Soutpansberg volcanic rocks.

During earlier stages of a dating campaign — initiated in 2007
by the Universities of Lund, KwaZulu-Natal and Moscow — on
mafic dyke swarms across the Kaapvaal Craton, Olsson (2012)
discovered the first NE-trending c. 1.9 Ga dyke (1844.4 +2.6 Ma,
BCD1-12 in this paper). This unpublished and preliminary age
was used by Klausen et al. (2010) in a first attempt to discrim-
inate between dyke generations on the basis of geochemical
characteristics, and Lubnina et al. (2010) to calculate a palae-
opole for the craton at that time period (sample NL28 in their
study). These publications suggested that the name Black Hills
Dyke Swarm (BHDS) should be given to NE-trending, c. 1.9 Ga,
tholeiitic dykes which cut across this part of the craton in great
numbers. In the same special volume, Soderlund et al. (2010)
dated a pair of Mashonaland sills that were shown to be coeval
to Hanson et al.’s (2004a) post-Waterberg sills, and thereby con-
clusively linked these two cratons at that time. More recently,
Geng et al. (2014) constrained a maximum age for more evolved
pyroclastic rocks in the uppermost part of the Sibane Formation
lavas within the Soutpansberg Group, which will be shown to
possibly mark the termination of a c. 1.89-1.83 Ga trans-Kalaha-
ri Craton igneous province, initiated by the oldest Mashonaland
and Post-Waterberg sills.

Our investigation into the magmatic trans-Kalahari Craton
event builds on Mirz’s (2011) MSc thesis, is modified from an
unpublished chapter of Olsson’s (2012) PhD thesis, and focuses
on the U-Pb baddeleyite (ZrO,) dating and geochemical charac-
terisation of 11 NE-NNE-trending mafic dykes cutting across
the exposed north-eastern corner of the Kaapvaal Craton (Fig.
1(B, C)). This paper combines structural, geochronological and
geochemical results in order to (1) define the c. 1875-1835 Ma
emplacement age span for the BHDS, (2) constrain the petrogen-
esis and differentiation of its magmas, (3) link the oldest Mash-
onaland and post-Waterberg sills to the youngest Soutpansberg
volcanic rocks within a coherent c¢. 50 Myr-long trans-Kalahari
craton magmatic event, and (4) evaluate the nature of the tectonic
regime operating during the emplacement of these dykes.

2. Geological setting

The Kalahari Craton, into which the BHDS is emplaced, formed
around a nucleus of the Palaeo- to early Mesoarchaean Kaapvaal
and Zimbabwe Cratons (Fig. 1(A)), which are still connected
along a WSW-ENE-trending Limpopo Mobile Belt (Fig. 1(B)).
This craton preserves a remarkably continuous geological record
of late Mesoarchaean to early Palacoproterozoic volcano-sedi-
mentary strata in the central parts of the Kaapvaal block, partly
intruded by the c¢. 2.06 Ga Bushveld Complex, and capped by
slightly younger Waterberg-Soutpansberg sediments with inter-

bedded lavas. Evidence from unconformably overlying Phan-
erozoic Karoo sediments and their capping Jurassic (c. 182 Ma)
flood basalts indicates an extended hiatus after the deposition
of the Soutpansberg rocks. This may explain why so few Sout-
pansberg-aged lavas have been recognised and emphasises the
importance of studying their preserved feeder intrusions. The
Zimbabwe block is not covered by a similarly complete stratig-
raphy as the Kaapvaal block yet still preserves a rather extensive
Mashonaland dolerite sill complex (Fig. 1(B)). For further de-
tails regarding the geology of the Kalahari Craton, as well as the
strata covering primarily the Kaapvaal block we refer to other
publications (e.g., Johnson et al. 2006, and references therein).

2.1

The proto-Kalahari Craton was assembled during the course of
several tectonic and magmatic events. Fig. 1(A) shows the out-
line of the proto-Kalahari Craton at c. 1.75 Ga, when the craton
consisted of a nucleus of Archaean-Palaeoproterozoic constitu-
ents of the Zimbabwe, Kaapvaal and Grunehogna cratons. The
western flank includes Proterozoic units produced during pro-
longed crustal accretion at c¢. 2.00-1.75 Ga during the Magondi
and Okwa-Kheis orogenies (Jacobs et al. 2008, and references
therein). The Kaapvaal and Zimbabwe cratons are joined to-
gether along the Limpopo Mobile Belt, which consists of the
Northern Marginal, Central and Southern Marginal zones (NMZ,
CZ and SMZ, respectively), separated from each other by ma-
jor shear zones (e.g. Kramers et al. 2006). It is commonly be-
lieved that the SMZ and NMZ represent the deep crustal level
equivalents to the Kaapvaal and Zimbabwe granitoid-greenstone
terrains respectively, whereas the CZ is structurally and litho-
logically different from the other two terrains. The Central Zone
is polymetamorphic, having experienced a late Archaean (c.
2.69-2.56 Ga) and a Palaeoproterozoic (c. 2.04-2.00 Ga) event
(e.g. Kramers et al. 2006; Rigby et al. 2011). Researchers have
debated the significance of these different tectonic, metamorphic
and magmatic events, some arguing for an Archaean-only colli-
sion between Kaapvaal and Zimbabwe (e.g. Roering et al. 1992;
Ranganai et al. 2002), whereas others point towards the impor-
tance of a possible Palacoproterozoic event at ¢. 2.0 Ga amal-
gamating the two cratons (e.g. Holzer et al. 1998; Bleeker 2003;
Soderlund et al. 2010). Rigby et al. (2011) proposed a tectonic
model where Limpopo’s CZ first collided with a SMZ-Kaapvaal
block during the Neoarchaean, after which this composite
Kaapvaal-CZ entity docked with a NMZ-Zimbabwe block in
the Palaeoproterozoic, completing the proto-Kalahari formation.
Following Bleeker’s (2004) methodology of comparing magmat-
ic “barcodes”, Soderlund et al. (2010) found that mafic events on
the Zimbabwe and Kaapvaal cratons support such a post-2.0 Ga
amalgamation between these two crustal blocks. This concept is
investigated further by Alebouyeh et al. (this volume).

The assembly of the proto-Kalahari Craton

2.2.  The Magondi and Okwa-Kheis belts

The tectonic history of the western margin of the proto-Kalahari
Craton, with the Magondi Belt in Zimbabwe and the Okwa-
Kheis Belt in South Africa and Namibia (Fig. 1(A)), is still
poorly understood (partly due to an extensive Kalahari Desert
cover). The Magondi Supergroup is found on the north-western
margin of the Zimbabwe Craton (Fig. 1(B)) and was created by
the deposition of clastic sediments and extrusion of basaltic and



felsic lavas that probably are c. 2.2-2.0 Ga, followed by defor-
mation and metamorphism along the Magondi Belt at ¢. 2.00-
1.97 Ga (e.g., Master et al. 2010). The Magondi Belt has been
correlated with 2055-2057 Ma orthogneisses and meta-rhyolites
of the Okwa Basement farther to the south-west (Ramokate et al.
2000; Mapeo et al. 2006).

The Kheis Province with its north—south structural fabric
(Stowe 1986) crops out on the western flank of the Kaapvaal
Craton (Fig. 1(A)) and is composed of metavolcanic rocks,
quartzites and reworked crustal basement (Moen 1999) with
unconstrained depositional and metamorphic ages. It has been
interpreted as a thin-skinned thrust belt (Stowe 1986). Despite
the lack of robust geochronology, rocks of Kheisian origin have
nonetheless been correlated with a continuous Magondi Belt
(Hartnady et al. 1985; Master 1994; Jacobs et al. 2008). How-
ever, the Kheisian tectonic fabric is younger than the Magondi
Belt, as U-Pb SHRIMP dating of a deformed rhyolite within the
Kheis supracrustal succession and the intrusive Kalkwerf Gneiss
yields ages of c¢. 1.3 Ga (Moen & Armstrong 2008), leading
these authors to argue that there is no evidence for a c. 1.8 Ga
orogeny in the Kheis Province, and that it instead forms part
of the Mesoproterozoic Namaqua Province. To the west of the
Kheis Province lies the Rehoboth Province (Fig. 1(A)), which
consists of Palaco- to Mesoproterozoic volcano-sedimentary as
well as intrusive rocks (e.g. Van Schijndel et al. 2011 and refer-
ences therein). A recent zircon provenance study on the Billstein
Quartzite in the Rehoboth Province yielded three age popula-
tions recording three episodes of crustal development at c. 2.98—
2.7 Ga, c. 2.2-1.9 Ga (with a peak at c. 1.87 Ga) and finally at c.
1.32-1.05 Ga. Furthermore, mafic volcanic rocks and amphibole
schist of the Elim Formation have yielded an unpublished U-Pb
LA-ICPMS age of 1863 + 10 Ma (Van Schijndel et al. 2011).

2.3.  The Waterberg and Soutpansberg Groups

The predominately sedimentary Waterberg Group was depos-
ited across a larger area of northern Kaapvaal, whereas rocks
of the Soutpansberg Group are restricted to the Soutpansberg
Basin within the SMZ of the Limpopo Mobile Belt (Fig. 1(A,
B)). The main Waterberg Basin is bounded by the Melinda fault
zone and the Thabazimbi-Murchison lineament along its north-
ern and southern borders, respectively, whereas the subsidiary
Middelburg Basin overlies the Bushveld Complex (Barker et
al. 2006). There has been considerable debate regarding the age
relationships between the Waterberg and the Soutpansberg ba-
sins, but detailed mapping in the Blouberg area by Bumby et al.
(2002) shows that the Mogalakwena Formation of Waterberg age
is unconformably overlain by the Wyllie’s Poort Formation of
Soutpansberg origin. The age of the Waterberg Group is brack-
eted by U-Pb SHRIMP zircon ages of 2058-2043 Ma on quartz
porphyry lavas near its base (Dorland et al. 2006) and 1879—
1872 Ma U-Pb TIMS baddeleyite ages on dolerite sills (Hanson
et al. 2004a). Hence sedimentation in the Waterberg basin (c.
2058 to >1879 Ma) was partly coeval with Bushveld magmatism
and compression/transpression within the Limpopo Belt, and the
subsidence of the Middelburg Basin can be inferred to be con-
trolled to a large degree by thermal subsidence coupled with the
cooling of the giant Bushveld intrusion (Barker et al. 2006).

The Soutpansberg stratigraphy consists of quartzites,
conglomerates, greywackes and shales divided into four formations
(Tshifhethe, Funduzi, Wyllie’s Poort and Nzhelele Formations).

The Funduzi and Wyllie’s Poort Formation contain minor basalts
and pyroclastic rocks intercalated with these sedimentary rocks. The
Soutpansberg stratigraphy also consists of two distinctive forma-
tions of basaltic lava flows, namely the lowermost 3-km-thick Siba-
sa and the uppermost 400-m-thick Musekwa formations (Barker
et al. 2006). Lower Soutpansberg strata unconformably overlie the
2021 + 5 Ma Entabeni Granite (Dorland et al. 2006) and the Sibasa
Formation itself was loosely constrained by a Rb—Sr whole-rock age
of 1769 + 34 Ma (Barton 1979) probably reflecting the timing of
alteration of these basalts (Barker et al. 2006). The 1879-1872 Ma
post-Waterberg dolerite sills have previously been interpreted as
feeders to the basaltic flows of the Sibasa Formation (Hanson et
al. 2004a) and ENE-trending dykes cutting the Blouberg Formation
and Waterberg strata reported by Bumby et al. (2001) may also have
fed the thick basaltic lavas. Importantly the Wyllie’s Poort Forma-
tion carries detrital zircons of c. 1.85 Ga age (Dorland 2004) defin-
ing a maximum age for the deposition of the upper Soutpansberg
stratigraphy. This age is consistent with two c. 1.83 Ga U-Pb zircon
ages for lenticular pyroclastic units, inter-bedded with basaltic lavas
and clastic sediments in the uppermost part of the formation (Geng
etal. 2014), providing the currently most precise termination age for
Sibasa volcanism.

The tectonic setting of the Soutpansberg Basin has been dis-
cussed by several workers. A model involving an aulacogen extend-
ing inwards from the eastern corner of the craton was presented by
Jansen (1975), but this was discarded by Barker (1976) who pointed
out the non-supportive palaeocurrent directions and invoked a rifted
or “yoked” basin as a more realistic setting. Meinster (1977) and
Cheney et al. (1990) both proposed that the Soutpansberg sediments
are the structural-erosional remnants of a much larger basin, at odds
with a rift-related environment operating at that time. This idea is
supported by Watkeys (1984), who observed rocks of Soutpansberg
origin within the Tuli trough in the Limpopo Mobile Belt. Combin-
ing the two different models, Barker et al. (2006) proposed that the
lowermost units of the basin (sub-Wyllie’s Poort Formation) were
produced within a syn-rift environment, whereas the rest of the stra-
tigraphy was deposited in a broader post-rift related basin. Further-
more, Bumby et al. (2002) suggested that the Soutpansberg strata
were laid down in a half-graben following the orogenic collapse of
the Limpopo Mountains.

2.4. Dolerite intrusions across the Zimbabwe and
Kaapvaal Cratons

Several cross cutting dyke swarms are particularly well exposed
within Zimbabwe’s granitoid basement, including the prominent
N-trending 2.575 Ga Great Dyke of Zimbabwe and its satellite
intrusions, WNW-NNW-trending c¢. 2.51-2.41 Ga Sebanga
dykes, and possibly other undated pre- to syn-Bushveld swarms
(Stubbs 2000; Soderlund et al. 2010). It is only the c. 1.87 Ga
Mashonaland sills and younger Umkondo and Karoo intrusions
(Stubbs et al. 1999), that correlate to coeval intrusions across the
Kaapvaal Craton, leading Soderlund et al. (2010) to favour the c.
2 Ga amalgamation of these two cratons during the formation of
the Limpopo Belt’s CZ (Fig. 1(A, B)).

There are also several different dyke swarms across the
exposed northern to eastern parts of the Kaapvaal Craton
(Fig. 1(B, C)). In chronological order, the oldest of these is a
SE-trending and c. 2.9 Ga feeder swarm to Pongola Supergroup
lavas (Olsson et al. 2010; Gumsley et al. 2013, 2015) that cuts
across the exposed south-eastern part of the Kaapvaal Craton. A



swarm of c¢. 2.7 Ga feeder dykes to lava formations within the
Ventersdorp Supergroup and the Transvaal Supergroup’s basal
(“protobasinal”; Eriksson et al. 2001) lavas appear to be radi-
ating from a centre that is currently located beneath the eastern
lobe of the Bushveld Complex (Olsson et al. 2011). These dykes
are recognised by Gumsley et al. (this volume) to be part of at
least three successive magmatic events during a c. 40-Myr-long
period, between c. 2.70 and 2.66 Ga. After the emplacement
of the 2.06 Ga Bushveld Complex (so far uncorrelated to any
significant feeder dyke swarm), there was the emplacement of
the c¢. 1.93 Ga Tsineng dyke swarm (Alebouyeh et al. this vol-
ume), closely followed by the NE-trending BHDS, which cuts
the predominately sedimentary 2660-2060 Ma Transvaal Basin
(Eriksson et al. 2001), the 2058-2054 Ma Rustenburg layered
sequence of the Bushveld Complex (Scoates & Friedman 2008;
Olsson et al. 2010) and the 2060 Ma Phalaborwa Complex (Re-
ischmann 1995; Heaman & LeCheminant 1993).

After the emplacement of the BHDS, (1) smaller dyke
swarms related to various c. 1.43-1.14 Ga alkaline centres
were emplaced across the central parts of the Kaapvaal Craton
(Verwoerd 2006), (2) even younger generations of ¢. 1.1 Ga Um-
kondo intrusions (Hanson et al. 2004b) may radiate as several
sub-swarms from igneous centres along the margins of the Kal-
ahari Craton (de Kock et al. 2014), and (3) an extensive array of
c. 0.18 Ga Karoo dyke swarms and sill complexes (Jourdan et al.
2006; Svensen et al. 2012) were emplaced during the breakup of
the southern part of the Gondwana supercontinent.

3. Dolerite dyke targets and U-Pb TIMS age
results

Dolerite dykes were targeted from geological and geophysical
maps, coupled with satellite images from Google Earth™. Sam-
ple locations are given in longitude (long.) and latitude (lat.)
next to each sample description, below, as well as plotted in Fig.
1(C). Uranium-lead (U-Pb) isotope data are provided in Table
1 (Appendix B).

Samples for geochronology were prepared by careful crush-
ing and differential flotation of baddelyite crystals on a Wilfey
Table, following the protocol by Soderlund and Johansson
(2002). A majority of the extracted baddelyite crystals were
small (30-60 pm in their longest dimension). Transparent and
blade-like baddeleyite crystals (or fragments thereof) without
any visible rims of polycrystalline zircon were preferentially
picked for U-Pb dating. Analyses were performed at the Labora-
tory of Isotope Geology (LIG) at the Museum of Natural History
in Stockholm (Sweden) and at the Jack Satterly Geochronology
Laboratory (JSGL) at the University of Toronto in Canada, as
specified in Table 1. The reader is referred to Appendix A for
detailed description of analytical methods used at these labora-
tories. A concordia diagram for each of eleven dated samples is
displayed in Fig. 2, with error ellipses reported at a 95% confi-
dence level. Decay constant errors for **U and *°U are ignored
in their calculated age uncertainties.

3.1
The following eight dykes are all found in the north-east-
ern Kaapvaal Craton (Fig. 1(C)), where they cut Palaeo- and
Mesoarchaean gneisses (e.g. Robb et al. 2006), the c¢. 2.9 Ga

Dykes in the north-eastern Kaapvaal Craton

Murchison Greenstone Belt (e.g. Brandl et al. 2006), various
granitoid plutons of Meso- to Neoarchaean age and the 2060 Ma
alkaline Phalaborwa Complex (Reischmann 1995).

BCDI-12 (long. 30.79738 E; lat. 24.40592 S) was sampled
along road R527, approximately 17 km south-west of the town
Hoedspruit where it intrudes rocks of the Makhutswi Gneiss, dat-
ed at 3228 + 12 Ma and 3063 + 12 Ma (Poujol et al. 1996; Poujol
& Robb 1999). Sample BCD1-12 was characterised in terms of
its geochemistry and petrology by Klausen et al. (2010) and to-
gether with seven other sites was used to calculate a palaeopole
for the Black Hills swarm by Lubnina et al. (2010). It is diffi-
cult to trace this dyke from Google Earth™ or find its contacts
with the surrounding country rocks, and Lubnina et al. (2010)
therefore noted the unit as a possible sill. However, the sample
location coincides with a mapped 057°-trending dyke on a geo-
logical map and we tentatively use this orientation. Analyses of
four multi-grain fractions, each consisting of between 3 and 11
baddeleyite grains, together with one single-grain fraction, give
a spread of linearly discordant data (1.7-8.8%). Regression of
all five data points yields an upper intercept of 1850.1 + 6.8 Ma,
interpreted as the emplacement age of the dyke, and a lower in-
tercept at 160 = 150 Ma. Mean Square of Weighted Deviates
(MSWD) = 1.7 (Fig. 2(A)).

BCDI-18 (long. 30.47125 E; lat. 24.27669 S) was collected
from a 047°-trending dyke (traced from Google Earth™) at a
road-cut in the northern edge of the town Makgaung, where it in-
trudes the 3091 + 5 Ma Harmony Granite (Poujol & Robb 1999).
Analyses for BCD1-18 included three fractions with 2 to 4 bad-
deleyite grains each. All fractions are clustered and moderately
discordant (1.8-2.2%), showing a high degree of overlap, and
have *’Pb/**Pb ages that range between 1848.5 and 1852.1 Ma
(Table 1, Fig. 2(B)). An unconstrained regression through the
three clustered fractions generates a poorly constrained age
of 1853 + 32 Ma with a lower intercept at 318 + 2000 Ma
(MSWD = 0.25). Using a forced lower intercept through
0 = 200 Ma yields an upper intercept age of 1848.6 = 2.9 Ma
(MSWD = 0.16), which is interpreted as the crystallisation age.

BCDI-21 (long. 30.56809 E; lat. 24.34537 S) comes
from a cut along the same road as BCDI1-18 but ~12.5 km to
the south-east, where the Harmony Granite and a coinciding
012°-trending dyke is easily traced from Google Earth™. An-
alysed U-Pb fractions comprise between 2 and 4 baddeleyite
crystals each. Regression of three normally discordant analyses
(A, B, D; 1.2-2.2%) and one reversely discordant fraction (C;
-3.0%) yields an upper intercept of 1870.1 + 4.4 Ma, with a
negative lower intercept at -193 + 570 Ma (MSWD = 0.27). An
anchored lower intercept at O (+ 200) Ma gives a nearly identical
upper intercept age of 1870.7 + 4.4 Ma with a MSWD value of
0.35 (Fig. 2(C)), interpreted as the emplacement age.

BCD5-25/29  (long.  30.65823/30.71606  E;  lat.
23.77793/23.65198 S) was collected from the largest and most
prominent dyke of the swarm that can be followed for nearly 25 km
along strike. The dyke is slightly irregular but generally follows an
average 028°-trend. It cuts across the Mesoarchaean Groot-Let-
aba Gneiss and the Murchison Greenstone Belt (e.g. Robb et al.
2006). The dyke was sampled at two localities, BCD5-25 in the
southern end and BCD5-29 in its northern end. Three fractions
comprising 2 to 4 crystals each of the combined BCD5-25/29 sam-
ples analysed at JSGL are nearly concordant (0.3—1.7% discord-
ance), while one fraction (containing 6 crystals) analysed at LIG
is 3.2% discordant (Table 1, Fig. 2(D)). A free regression through



all four analyses gives an upper intercept of 1859.1 + 3.1 Ma with
a negative lower intercept of =373 + 520 Ma (MSWD = 0.61).
Forcing the lower intercept through 0 + 200 Ma yields an upper
intercept age of 1860.9 + 2.7 Ma, with an MSWD value of 1.2.
This emplacement age is within error of the *’Pb/*®Pb age of the
least discordant JSGL fraction C (1858.8 + 4.1 Ma).

BCD5-28 (long. 30.73052 E; lat. 23.65573 S) was collected
from a ridge outcrop ~1.5 km to the east of BCD5-25/29 with-
in the Groot-Letaba Gneiss. The locally measured 054°-trend
is somewhat speculative however, since it is difficult to trace
from Google Earth™. Four fractions, comprising 4 to 6 bad-
deleyite crystals each, plot moderately discordant (3.7-8.2%)
that collectively define a chord yielding an upper intercept of
1862.3 + 6.5 Ma (Table 1, Fig. 2(E)), and a lower intercept at
200 £ 160 Ma (MSWD = 0.62). The upper intercept age is re-
garded as the crystallisation age of the mafic dyke.

BCDS5-78 (long. 30.83629 E; lat. 24.20702 S) was taken from
a road-cut approximately 30 km south-west of Phalaborwa where
a somewhat discernible 046°-trending dyke intrudes both the
Makhutswi Gneiss and the Harmony Granite. Analyses of four
fractions of baddeleyite, consisting of between 2 and 10 grains
each, are slightly discordant (1.6-3.8%), but have *’Pb/**Pb dates
in a narrow range between 1845.7 and 1848.6 Ma (Table 1, Fig.
2(F)). Free regression of all four fractions yields an upper intercept
of 1846.7 + 8.1 Ma with a poorly constrained lower intercept at
—61 =410 Ma. Anchoring the lower intercept at O + 200 Ma yields
an upper intercept of 1847.9 + 4.5 Ma (MSWD = 0.57), regarded as
the best age estimate of emplacement

BCDS8-13 and -14 are both Foskor drill core samples from
north-east-trending dykes intruding the c¢. 2060 Ma Phalaborwa
Complex (Reischmann 1995; Heaman & LeCheminant 1993).
BCD8-13 was taken from a well mapped 053°-trending dyke
in the northern margin of the southernmost pit. An unforced
linear regression through all six variably discordant analyses
(0.6-4.1%) gives an upper intercept age of 1839.4 + 4.1 Ma
(lower intercept age at 480 + 260 Ma) with an MSWD value
of 2.2 (Table 1, Fig. 2(G)). The relatively higher MSWD value
reflects the slight scattering of fraction A, which may be ana-
lytical or due to a more complex secondary Pb-loss history. Ex-
clusion of fraction A from the age regression results in an im-
proved fit (MSWD = 0.12), but an identical upper intercept age
of 1838.7 £ 3.9 Ma. The 1839.4 + 4.1 Ma age is favoured as the
crystallisation age of the dyke.

Sample BCD8-14 was collected from another well mapped
047°-trending dyke in the southern part of the Palabora mine pit.
Four discordant fractions (1.6-3.9%), comprising 2 to 5 badde-
leyite grains each, fall along a chord defining an upper inter-
cept emplacement of 1851.8 + 4.9 Ma and a lower intercept at
340 £ 170 Ma (MSWD = 1.3, Fig. 2(H)).

3.2.  More northerly trending dykes farther to the south

Whereas the Archaean terrain to the north-east is dominated by
a conjugate set of both NE- and NNE-trending dykes (apparent
on geological maps and Google Earth™, as well as in Fig. 1(C)),
the Transvaal Basin appears to be cut almost exclusively by
NNE-N-trending dykes. Thus, there appears to be a progressive,
possibly “dog-legged” (Uken & Watkeys 1997), shift from NE-
trends to NNE- and N-trends towards the south and west from
the Archaean terrain (Fig. 1(B)). Klausen et al. (2010) tentatively
attributed this to an artefact of the Transvaal cover filtering out

more north-easterly trending c. 2.7 Ga dykes, and thereby expos-
ing only a more prominent northerly trending younger BHDS.
As already indicated by NE-trending Black Hills dykes present-
ed above, however, this does not seem to be the case and these
observations will be addressed in more detail below.

BCD5-85 (long. 30.75788 E; 24.90711 S) was collected in
the vicinity of Pilgrim’s Rest, where a 020°-trending dyke in-
trudes the Transvaal Supergroup’s Malmani Dolomite Forma-
tion. Baddeleyite recovery from sample BCD5-85 was very
low. One single-grain analysis (fraction A) is nearly concord-
ant (0.3% discordant), while fraction B containing 3 grains is
moderately discordant (1.5%). Both fractions have similar
27Pb/*®Ph ages, at 1855.4 and 1857.5 Ma (Table 1, Fig. 2(I)).
A simple linear regression of the two data points yields an upper
intercept of 1858 + 14 Ma, with an imprecise lower intercept at
277 £ 2700 Ma. A similar, but more precise, estimate of the tim-
ing of dyke crystallisation is provided by the weighted average
*7Pb/**Pb age, at 1857 = 8.9 Ma (probability of fit = 0.85 and
MSWD = 0.04).

BCD6-05 (long. 30.48782 E; lat. 25.99445 S) was sampled
from a 004°-trending dolerite dyke >200 km to the south of the
main Black Hills swarm, within an area dominated by 2.95 Ga
and 2.70 Ga dyke generations (Olsson et al. 2010, 2011). This
dyke intrudes both the Archaean granitoid-greenstone terrain
and overlying Transvaal Supergroup cover rocks. Analyses for
five fractions (containing 1 to 3 baddeleyite grains each) have
a relatively high proportion of common Pb and large associated
errors, though the data fall near Concordia (Table 1, Fig. 2(J).
Free linear regression yields a poorly constrained upper inter-
cept age of 1857 = 16 Ma and a lower intercept at 525 + 960 Ma
(MSWD = 0.68). A forced regression through 0 + 200 Ma yields
1851.8 £ 7.3 Ma (MSWD = 0.70), and is the preferred age of
crystallisation of this dyke.

BCDS-12 was collected from a drill core provided by NKWE
Platinum, where a 017°-trending dyke has intruded Critical Zone
rocks of the Bushveld Complex. Four fractions were analysed,
comprising between 2 and 5 baddeleyite grains each. Data clus-
ter on or near Concordia (Table 1, Fig. 2(K)). Free regression
of two reversely discordant fractions (-1.8 and —1.9%) and two
slightly discordant fractions (0.6% and 1.1%), produces an upper
intercept age of 1841.9 + 3.5 Ma with a negative lower intercept
at—1111 £ 1800 Ma. If the lower intercept is forced through the
origin, the upper intercept for this regression is 1844.4 + 2.6 Ma,
with an MSWD value of 1.7, which is regarded as the best esti-
mate of dyke emplacement.

3.3. Ages related to dyke distributions and trends

Some of the dykes record lower intercept ages that are
suspiciously similar to the emplacement age of the c. 180 Ma
Karoo LIP (Jourdan et al. 2005) — a widespread magmatic event
across this part of the Kaapvaal Craton (Cox 1988) — whereas
others produce unrealistically negative lower intercepts when
free regressions are conducted. Lubnina et al. (2010) also re-
corded a thermochemical overprint in their palacomagnetic
dyke results that could be related to this Karoo LIP event. No
detailed petrography was performed on the sampled dolerites,
but the baddeleyite morphologies revealed rims of suspected
polycrystalline zircon which could form during such a thermal
event when silica-rich fluids percolate through the crust (David-
son & van Breemen 1988). Therefore, we choose to force some
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Fig. 2. Concordia diagrams of eleven dykes belonging to the c. 1875-1835 Ma BHDS. The algorithms of Ludwig (2003) were used
in the age calculations and concordia error ellipses are shown at 95% confidence levels. **°U and **®U decay constant errors are not
included in the reported U-Pb ages. MSWD = Mean Square of Weighted Deviates.

of the age regressions through a lower intercept of 0 + 200 Ma to The age data presented here indicate a long-lived magmatic
encompass both present-day lead loss and isotopic disturbance  event. The age range of the 11 dated Black Hills dykes, from the
that may have been triggered by hydrothermal activity during oldest BCD1-21 (1870.7 + 4.4 Ma) to the youngest BCD8-13
the Karoo LIP event. (1839.4 + 4.1 Ma) samples, document a magmatic event that last-
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Fig. 2. Continued.

ed at least 30 Myrs (nearly 40 Myrs between 1875 and 1835 Ma,
when upper and lower U-Pb age-errors are considered). A prob-
ability frequency distribution analysis on this statistically small
data-set of only 11 ages reveals a weak bimodal clustering, with
peaks at approximately late 1840 Ma and early 1860 Ma (top of
Fig. 3), which could indicate that we are dealing with two sub-
swarms within the BHDS. BCD8-14 and its neighbouring, yet
~20 Myr younger, BCD8-13 dyke in the Phalaborwa Complex
provide the best example of extended gaps between dyke em-
placements within any given part of the BHDS.

The cumulative along-strike distribution of the BHDS ranges
from at least the Limpopo Mobile Belt in the north to the Bar-
berton Greenstone Belt in the south — a distance of ~300 km —
whereas the most westerly sampled BCD8-12 dyke and the most
easterly sampled Phalaborwa dykes (BCD8-13 and -14) indicate
that the swarm has a minimum width of ~75 km. As indicated by
roughly coeval sills and lavas across much of the proto-Kalahari
Craton, the swarm is probably more extensive than that.

A simple histogram on the side of Figure 3(A) clearly sepa-
rates the statistically small set of trend estimates for the BHDS
into a more NE- and more NNE-trending sub-swarm. This bi-
modal distribution resembles the previously mentioned obser-
vation in Google Earth™ of a similar conjugate dyke swarm
pattern across the north-eastern corner of the exposed Archaean
basement of the Kaapvaal Craton. The fact that as many as six
of the dated dykes trend NE, invalidates past presumptions that
NE-trending c. 2.70-2.66 Ga dykes (Olsson et al. 2011; Gumsley
et al. this volume) are distinguishable from a more NNE-trending
c. 1.87-1.84 Ga BHDS purely on the basis of different trends.
Amongst our 11 dated dykes, we note that the NNE-trending
BCDI-21 in the area south of the Murchison Greenstone Belt
(Fig. 1(B, C)) is 30-18 Myrs older than nearby NE-trending
dykes (BCD1-12, BCD1-18, BCD5-78 and BCDS§-13 and -14).
An interpretation where early NE-trending dykes were supersed-
ed by younger NNE-trending dykes is, however, not favoured
by both a coeval NNE-trending BCD5-25/29 and a NE-trending
BCDS5-28 to the north of the Murchison Greenstone Belt, even
if this comparison suffers from a less well-constrained age of
BCD5-28 (+ 6.5 Ma), as well as from its uncertain trend. The
NNE-trending dyke BCD5-85 in the Transvaal basin, as well as
the more N-trending BCD6-05 far to the south, both exhibit large
age uncertainties preventing temporal discrimination. Sample
BCD8-12 does show that NNE-trending dykes across the Bush-
veld Complex are at least partly coeval with NE-trending dykes
in the Archaean terrain. Thus, it might be that the BHDS is over-
all more randomly trending when cutting across the north-east-
ern part of the Kaapvaal Craton, partly following a pre-existing
more NE-trending c. 2.7 Ga swarm (as Uken & Watkeys 1997
suggested for their Karoo dykes) and becomes more consistently
NNE-trending when cutting through overlying cover rocks.

4. Geochemistry of the BHDS

As described more explicitly in Appendix A, geochemical
compositions of each of the 11 dated dykes were determined on
representative, fresh and clean bulk rock samples, processed and
analysed for major and trace elements at two different laborato-
ries. Bulk rock geochemical data on all 11 dated dykes, and one
Mashonaland dolerite sill dated by Soderlund et al. (2010) are
provided in Table 2 (Appendix C).

4.1. MgO versus age

MgO content of dykes may be used as an index of differentia-
tion due to fractional crystallisation within basaltic magmas, and
thereby discriminated between dykes of more or less evolved
composition. The ages of the dykes in this study plotted against
their MgO concentrations (Fig. 3(B)) reveal a rough correlation
between the statistically recognised older sub-swarm of four more
“primitive” dykes (MgO = 9.4-6.8 wt%; BCD5-25/29, BCD1-
21, BCD5-28 and BCD5-85) and a younger sub-swarm of seven
more “evolved” dykes (MgO = 5.6-4.2 wt%; BCD1-12, BCDI-
18, BCD5-78, BCD6-05, BCD8-12, BCD8-13 and BCDS§-14).
Even if an increased degree of differentiation is expected with
time, it is unlikely that these samples were petrogenetically relat-
ed because of the overall long duration with statistical age-peaks
for the two sub-swarms separated by >10 Myrs. Alternatively,
earlier dykes may have been fed more directly from their source



9
2 2
E
2 /
g 1- __/
o /
060 / BCD5-28 . \
(a) BCD1-12 sill? BCD&-13
050 uncertain strike  BCD8-14 BCD1-18
 oa0d BCD5-78
y
— BCD5-25/29
030 -
2 0 BCD8-12
o ——
020 u)
BCD5-85
010 BCD1-21 BCDG-05
o 0O Old group
000 B Young group
9 (b) BCD5-25/29 O Plagioclase-phyric
—a—
_ 81 BCD5-28
g 74 o
9 BCD1-21 BCD5-85
2 6 BCD5-78
BCD6-05 BCD.8-13
v — ———|
5 BCD1-12 i
BCD1-18 BCD8-12
—
49 BCD8-14
3 T T T T T T T T T
1880 1875 1870 1865 1860 1855 1850 1845 1840 1835 1830
Age (Myr)

Fig. 3. Summary of obtained age data (Table 1) of the BHDS with errors reported at the 95% confidence level, plotted against A. sampled dykes’
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whereas magmas differentiated longer in established crustal
magma chambers during the latter intrusive phase. Regardless,
further geochemical interpretations can now be addressed with-
in this new context of an older “primitive” versus a younger
“evolved” sub-swarm within the BHDS.

4.2.  Classification

All eleven dated BHDS samples are typical sub-alkaline tholei-
itic basalts (Fig. 4). Pristine igneous weathering index values,
calculated according to Ohta and Arai (2007), are not shown but
verify that alkalis have not been remobilised by weathering or
other alteration processes. Thus, any differentiation trend ex-
pressed by increasing alkalis is related to fractional crystallisa-
tion and/or assimilation, even if these rise against constant to
slightly decreasing SiO, (Fig. 4(A)), typical for early differen-
tiation within tholeiitic basaltic suites (Fig. 4(B)), before Fe—
Ti-oxide fractionation sets in. This pristine chemical signature is
supported by a generally fresh appearance in the field and hand
specimens, as well as thin sections of other NE-trending dykes
from the area (Mkhize 2008; Klausen et al. 2010).

Though NE-trending dykes across the Kaapvaal Craton (po-
tentially including c. 2.7 Ga dykes) display significant scatter
when all published data are compared (Fig. 4(B)), one is struck
by the very linear MgO-depletion and FeO,_ -enrichment trend

exhibited by all but one plagioclase-phyric sample (BCD1-12)
in the current study. The fact that this plagioclase-phyric sample,
together with the plagioclase-phyric sill (BCDS5-55), lie to the
“alkali” side of the trend, suggests that most of the deviations
from this trend are caused by plagioclase accumulation. For
the remaining aphyric samples, similar iron-enrichment trends
across AFM-diagrams are typical for tholeiitic basalts derived
from a common parental magma through fractional crystallisa-
tion. Even if the large age differences argue against all magmas
being direct differentiates from each other, the well-defined
major element trend on the AFM diagram indicates that sever-
al magmatic episodes could have generated roughly similar pa-
rental magmas, which subsequently evolved in more or less the
same fashion.

4.3.  Variations due to fractional crystallisation

In order to test the samples’ apparent relationships further, a
graphical method is applied to apparent linear trends within four
variation diagrams displaying MgO, CaO, Al O, and FeO (Fig.
5(A-D)), in order to constrain fractionating assemblages with
up to three different minerals (Ragland 1989). Realistic phase
triangles are defined from plausible olivine, clinopyroxene and
plagioclase compositions provided by GEOROC microprobe
data from a number of Phanerozoic continental flood basalt



provinces. Extrapolated manual best fit projections through these
phase triangles result in four intercepts, which when re-plotted
on the inserted ternary phase diagram in Fig. 5(D) can be made
perfectly consistent with a fractionating assemblage of 57.5%
plagioclase, 29.5% clinopyroxene and 13% olivine.

The average bulk fractionating assemblage derived above is
used to forward model our “parental” BCD5-25/29 sample (with
the lowest MgO), assuming fractional crystallisation (FC) and
applying generally accepted partition coefficients for these three
phases in Ersoy and Helvaci's (2010) Excel spreadsheet. Such
forward FC-models generally give reasonable fits with most in-
compatible trace element trends (not shown), and are consistent
with up to 80% fractionation to produce the most “differentiat-
ed” BCDS§-14 sample.

As illustrated by roughly sub-parallel patterns in the primitive
mantle-normalised (Sun & McDonough 1989) multi-element di-
agram (Fig. 6), a relationship based on fractional crystallisation
is consistent with the older and more “primitive” samples (Fig.
6(A)) having overall lower concentrations of incompatible el-
ements compared to the younger and more “evolved” samples
(Fig. 6(B)). Only Sr remains relatively constant in all samples,
which is easily explained by the onset of plagioclase fraction-
ation during differentiation from the more “primitive” to more
“evolved” magmas. An apparent lack of any negative Ti-anoma-
lies amongst all samples is consistent with insignificant ilmenite
or titanomagnetite fractionation during differentiation, an obser-
vation supported by the tholeiitic trend in Figure 4(B), as well as
systematic increases in TiO, and V when plotted against decreas-
ing magnesium number as a differentiation index (not shown).

4.4.  “Lithospheric” influences

Despite obvious differentiation through crystal fractionation, a
closer scrutiny of Fig. 6 also shows that older dykes have slight-
ly more pronounced negative Nb-anomalies and higher LILE/
HFSE ratios, consistent with a slightly greater “lithospheric”
(subduction-zone related) component than observed amongst all
but the plagioclase-phyric sample of the younger dykes. It is not
easy to discriminate between whether this “lithospheric”” compo-
nent was inherited from (1) crustal assimilation of primary mag-
mas derived from an asthenospheric mantle, or (2) more directly
from the proto-Kalahari Craton’s sub-continental lithospheric
mantle (SCLM). The fact that this lithospheric component clear-
ly affected earlier, less differentiated magmas more than subse-
quently more evolved magmas, is more consistent with either a
greater involvement of SCLM during the formation of the older
subgroup’s primary magmas and/or earlier crustal assimilation
of its parental magmas.

Counter-intuitive to a greater lithospheric component for
the older sub-swarm, the more evolved younger subgroup, as a
whole, tends to be slightly more LREE-enriched. This slight dif-
ference between the two age subgroups is consistent with each
magmatic suite having been derived from two slightly different
parental melts through the fractionation of a roughly similar gab-
broic assemblage, as determined from consistent major element
trends in Fig. 5. Thus, forward modelling of REEs confirms that
the most elevated BCDS8-14 pattern of the younger group can-
not be derived from the least elevated BCD5-25/29 pattern from
the older group purely through FC-modelling (see dashed thick
line in Fig. 7(A)). Instead, the most evolved young dyke is better

replicated through AFC-modelling of the most parental old dyke
(see solid thick line in Fig. 7(A)), after 77% fractionation in
addition to the assimilation of a bulk continental crust (Taylor
& McLennan 1995) at an r-value of 0.2 (i.e., a relatively low
ratio between the mass assimilation rate to the fractional crys-
tallisation rate; Keskin 2013). The only problem with these two
REE-models is that both generate patterns with distinctly more
negative Eu-anomalies, where the uniquely steepest REE-pattern
by the plagioclase-phyric dyke sample BCD1-12 also exhibits a
slightly negative, rather than an expected positive Eu-anomaly.

As an alternative to the AFC-model in Fig. 7(A), the different
REE-patterns for the two subgroups can also have been inherited
from primary melts generated through different degrees of par-
tial melting of the same mantle source, where more LREE-en-
riched (steeper) patterns for the younger subgroup resulted from
lower degrees of partial melting. This cannot be the only expla-
nation, however, since other incompatible elements behave op-
positely (e.g., the LILE/HFSE-enriched older subgroup in Fig.
6 as opposed to the LREE-enriched younger subgroup in Fig.
7(A)) and therefore argue for different mantle type sources (e.g.,
variably depleted and/or metasomatically enriched SCLM, as
well as different proportions of asthenospheric vs. lithospheric
peridotite) and/or crustal assimilants. This could be investigated
by a number of incompatible ratio diagrams, each of which high-
light certain petrogenetic components but all of which cannot
conclusively discriminate between these end-members.

As an example of a commonly used discrimination diagram
by Pearce (2008), Fig. 8 shows how deviations above the Mantle
Array may be caused by either (1) direct derivation from a mantle
component that was metasomatised by typically LILE-enriched
fluids from a subducting slab (“mantle wedge component” in
Fig. 8(A)) or (2) through an asthenospheric melt’s assimilation
of a range of slightly different crustal components during frac-
tional crystallisation (dashed arrow in Fig. 8(A)). In Fig. §, the
two age subgroups of the investigated BHDS plot as two slightly
separate trends above the Mantle Array, with the older dykes dis-
tributed along the AFC-modelled trend between the Primordial
Mantle and Bulk Crust and the younger dykes possibly trending
away from a slightly more enriched part of the Mantle Array.
Our old BCD5-25/29 parent sample is forward AFC-modelled
in Ersoy and Helvaci's (2010) Excel spreadsheet, using the same
parameters as for the modelled REEs in Fig. 7(A), and shown for
reference by the solid arrow in Fig. 8(A). The modelling results'
relatively poor fit in Fig. 8(A) (compared to the model’s better fit
for the REEs in Fig. 7(A)), illustrates how difficult it is to reach a
petrogenetic conclusion based only on geochemical data.

Regardless of inconsistencies between some incompatible
elements, it seems safe to conclude that the overall trend(s)
expressed by our 11 data points range(s) between an ambient
Primordial Mantle (PM) source and an Archaean Crust (AC)
assimilant, as accentuated by associated sills and lavas in Fig.
8(B). Under closer scrutiny, it even appears that our two sub-
groups define two separate trends between AC and two slight-
ly different asthenospheric mantle sources. Thus, the mantle
source for our older subgroup appears to have been derived
from a slightly more depleted, yet possibly also more meta-
somatically enriched (SCLM?) source, whereas our younger
subgroup appears to have been derived from a slightly more
enriched mantle source; both of which could also have been
contaminated by Archaean Crust.
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5. Discussion

5.1. Linking the 1879—1835 Ma BHDS to associated
igneous rocks

A compilation of high-precision U-Pb ages in Fig. 9(A) shows
how our c. 1.875-1.835 Ga BHDS bridges a gap between the
older c. 1.89-1.87 Ga ages of both Mashonaland (Soderlund et
al. 2010; Hanson et al. 2011) and post-Waterberg (Hanson et al.
2004a) sills, and the youngest c. 1.83 Ga zircon ages for py-
roclastic rocks within the uppermost part of the Soutpansberg
Group’s Sibasa basalts (Geng et al. 2014). Thus the younger and
geochemically matching BHDS (Fig. 7(B)) likely acted as feed-
ers (indicated in red in Fig. 9(B)) to overlying nearby Sibasa
basalts, and thereby collectively covered a >10° km* area. Even
if more ages and/or geochemical data are still needed to see how
far back in time this particular flood basalt remnant erupted, it
can be assumed that an even wider flood basalt cover was fed
throughout the >40 Myr record of the BHDS. This is in accord-
ance with speculations by Meinster (1977), Watkeys (1984),
Cheney et al. (1990) and Barton and Pretorius (1997).

It is possible to consider the existence of an even more pro-
longed >60 Myr magmatic “Mashonaland-Soutpansberg” event,
recorded by all ages in Figure 9(A), in which the earliest phase
of magmatism was dominated by the emplacement of both
Mashonaland and Waterberg sills. The Mashonaland sills have
previously been geochemically matched to the BHDS (Klausen
et al. 2010), but Fig. 7(D) shows that their REE-patterns bear
closer resemblance to the younger Black Hills dykes than the
older ones to which they are closer in age. Earlier correlations
with Mazowe River dykes (MZ in Fig. 1(A)), dated by a poorly
constrained Rb—Sr age of 1900 = 600 Ma and palacomagnetic
results (Wilson et al. 1987), are regarded with caution, because
their depleted geochemical signatures do not match (Stubbs et
al. 1999; Klausen et al. 2010). Soderlund et al. (2010) has shown
how the Sebanga swarm, previously matched to Mashonaland
sills on the basis of palacomagnetic results (Bates & Jones 1996;
Hanson et al. 2004a), are c. 600-500 Ma older and also unrelat-
ed with the “Mashonaland-Soutpansberg” event. Nevertheless,
the Mashonaland and post-Waterberg sills cover an even larger
region, extending from the Waterberg Group on the Kaapvaal
Craton to the northern part of the Zimbabwe Craton (indicated
in green in Fig. 9(B)), north-west of and partly overlapping the
BHDS-Sibasa area (outlined by dotted grey line in Fig. 9(B)).
It is still uncertain (1) if/how this earlier emplacement of a sill
complex was fed by a more extensive (longer and/or wider)
NNE-NE-trending BHDS, (2) whether any other (eroded?) sills
were fed by the younger BHDS, or (3) if Fig. 8(A) records a
systematic temporal (and spatial) evolution from initial dyke-sill
emplacement (in the west) to subsequent dyke-lava emplace-
ment (in the east).

Only ~20 Myr separate the c. 1.89—1.83 Ga magmatic “Mash-
onaland-Soutpansberg” event from an older c. 1.93-1.91 Ga
“Hartley” event (Alebouyeh et al. this volume) consisting of
volcanic rocks, sills and dykes covering a ~10° km*-large area
across the south-western part of the Kalahari Craton (indicated
by purple and outlined by another dotted line in Fig. 9(B)). It
is tempting to view these igneous rocks as part of a coherent c.
100-Myr-long magmatic event. Even if the associated Tsineng
dyke swarm extrapolates towards the outlined Soutpansberg
“sub-province”, its ENE-trend is slightly oblique to the more
northerly trending BHDS. Cornell et al. (1998), furthermore,
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show that Hartley volcanic rocks are perhaps more “arc”-like
(e.g., andesitic, LREE-enriched and pyroclastic) than the Sibasa
basalts, so we still regard the two “sub-provinces” as separate
entities (pulses?) within a more complex, long-lived but spatially
very large igneous province. Although it is tempting to address
the continuous c. 1.89-1.83 Ga magmatic activity across such a
large area (>5 x 10° km?) as a voluminous LIP, with remnants of
at least 3-km-thick flood basalt sequences, the available geochro-
nology fails to show that a large proportion of the igneous rocks
were produced within a sufficiently short time span (e.g.,<40
Myrs as set by Bryan & Ernst 2008), and that “time problem”
becomes even greater if one merges the ~60 Myr “Mashonal-
and-Soutpansberg” and ~20 Myr “Hartley” sub-provinces into a
single protracted ~100 Myr-event.

5.2.  Tectono-magmatic setting and evolution

Typical LIPs are often linked to mantle plumes (e.g. Ernst et al.
2005; Ernst 2014). Associated giant radiating or parallel swarms
of doleritic dykes are hypothesised to be emplaced during crustal
up-doming above a mantle plume head that impinges onto the
base of a thick continental lithosphere (May 1971; Halls 1982;
Ernst & Buchan 1997). The excess heat from such plumes may
melt the above lying more depleted SCLM over time if the SCLM
has been sufficiently hydrated through past metasomatism. The
plume itself may also decompressionally melt if the lithosphere
thins sufficiently through extension. A mantle plume may thus,
more or less directly, generate large volumes of basaltic magmas
with a wide range of geochemical signatures.

Klausen et al.’s (2010) “mantle plume” model for the BHDS
depends on an apparent radiating pattern that emerges from the
extrapolated convergence of the BHDS and the presumed coeval
Mazowe River dyke swarm in northern Zimbabwe (Fig. 1(B)).
These swarms share a common locus to the north-east of the
Zimbabwe Craton, where also the greatest preserved concentra-
tion of Mashonaland sills occurs (Fig. 10(C) in Klausen et al.
2010). We emphasise the uncertainties, however, concerning the
age of the Mazowe River dyke swarm and also question wheth-
er such depleted magmas can in any way be reconciled with a
mantle plume or even just the Primordial Mantle signatures ex-
pressed by all of the precisely dated rocks in this study. Thus,
until reliable age constraints are presented on the Mazowe River
dyke swarm (or any other coeval dyke swarm in the Zimbabwe
Craton), this convergence towards a possible mantle plume cen-
tre remains speculative.

A more southerly located locus for a triple rift system is sug-
gested by Jansen’s (1975) idea of the Soutpansberg Basin repre-
senting a failed-rift arm (an aulacogen). In this case, coeval strata
along an eastern passive plate-margin side of the proto-Kalahari
Craton (Fig. 9(B)) could have been obliterated by the Mozam-
bique Belt that formed during a c. 550 Ma Pan-African orogeny.

Potential candidates for a conjugate passive margin along an-
other continental fragment may be found amongst a myriad of
coeval c. 1.88 Ga magmatic events recorded across the globe (re-
viewed by Minifie et al. 2011); many of which fringe the Superior
Craton (Minifie et al. 2013), whereas others outcrop more sporad-
ically on the Slave, Wyoming, Baltic, Indian and Australian cra-
tons. Since many Columbia palaco-supercontinental reconstruc-
tions join the proto-Kalahari craton with Australia, the studied
proto-Kalahari Craton “LIP” fragment may most likely be linked
to the Yilgarn’s volcano-sedimentary Yerrida basin. The Yerrida



a ite
( )5 Trachy-basalt »traoh\/,andes'
§ Basalt <><><><> o ©
| Basaltic
E 4 Q% %& o andesite
o O &
!N 3+ ' O O
¥ O Q o
2
S 2f S 0%
1B ! ! ! l ! !
47 49 51 53 55
SiO, (wt%)

This study (dykes): Klausen et al (2010):
O Old group NE-trending dykes
l Young group Soderlund et al (2010):

[ Plagioclase-phyric <> Plagioclase-phyric sill

40

- Tholeiitic j?g%@ﬂ
/)\ 5-25, 19<>
/

2

Bumby et al (2001), Crow & Condie (1990):

O Basaltic lavas from the Sibasa Formation
Stubbs (2000): Hanson et al (2004):

{ Mashonaland sills ¥y Waterberg-hosted sills

Fig. 4. Major element classification diagrams: A. Total Alkali versus Silica (TAS; Le Maitre 2002) and B. total Alkalies (A) versus total FeO (F)

versus MgO (M) (AFM; Irvine & Baragar 1971).

(a) O Old group (C)
20 | -] Your?g group . |
O Plagioclase-phyric
& Plagioclase-phyric sill
o
©
o
10 N i
0 I I I I ‘Opx‘ /\:\“\T\L
(b)
0 57.5% plg N
29.5% cpx
i 13.0% ol 7
- 20 - BCD8-14
(@]
7]
8 e cd
10 e %
BCDS Opx
ﬁ%; Cpx
ol ‘
0 20 30
MgO

Fig. 5. Four major element variation diagrams selected to graphically constrain fractionating mineral assemblages, following Ragland (1989). Solid
black lines are manually fitted to trends and extrapolated across dashed triangles that link likely average compositions of olivine (ol), clinopyroxene
(cpx) and plagioclase (plg), all of which lie inside compositional (grey) fields derived from GEOROC’s (2012) data base of microprobe analyses on
Phanerozoic continental flood basalts. Inserted ternary diagram shows how well the extrapolated trends intersect these phase triangles in each of the
four variation diagrams, and thereby determining a possible fractionating assemblage consisting of 57.5% plg, 29.5% cpx and 13.0% ol.

basin hosts 50-m-thick mafic sills that have been indirectly dated
by U-Pb SHRIMP on hydrothermal monazite in its host shale to
1843 + 10 Ma (Rasmussen & Fletcher 2002). Together with the c.
1.87 Ga Bow River, c. 1.85 Ga Sally Maly and c. 1.83 Ga Edmir-
ringee “sub-provinces” (Claoué-Long & Hoatson 2010), this po-
tential “Australian” counterpart records a conspicuously similar
protracted c¢. 40 Myr-period of mafic magmatism. Future testing
of such correlations and reconstructions would require more data

on mafic rocks of appropriate age on the Australian continent; e.g.,
in order to determine whether Pilbara resided along Kaapvaal’s
eastern “passive” margin (Zegers et al. 1998) or its western mar-
gin, as suggested by de Kock et al.’s (2009) “Vaalbara” concept.
As opposed to a break-up-related LIP setting, the Soutpans-
berg Basin has also been correlated with east-vergent compres-
sional tectonics along the Kheis Belt on the western margin
of the Kaapvaal Craton (e.g. Silver et al. 2004). These authors
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Fig. 7. Four chondrite-normalised REE-diagrams according to Sun and McDonough (1989) depicting patterns for A. both older and younger
NE-trending dykes from this study, whose shaded outlines are compared to published data on B. broadly coeval lavas (Bumby et al. 2001, Crow &
Condie 1990) and sills (Hanson et al. 2004a) from within the Kaapvaal Craton, C. other non-dated NE-trending dykes across the Kaapvaal Craton
(Klausen et al. 2010) with similar REE-patterns as the dated BHDS, and D. broadly coeval sills and dykes from within the Zimbabwe Craton match-
ing Stubbs et al. (1999) and Stubbs (2000). Using the lowermost curve (BCD5-25/29 as a parental melt), the dashed thick curve labelled FC in (A)
follows 88% fractionation of a gabbroic mineral assemblage, as constrained in Fig. 5, whereas a better fit by the solid thick curve labelled AFC in
(A) with the most evolved REE-pattern is achieved by 77% fractionation and assimilation of a bulk continental crust (Taylor & McLennan 1995),
at an r-value of 0.2. Symbols as in Fig. 4.

further elaborate on the possibility that Archaean-Proterozoic  ing earlier collision phases. Thus, Bumby et al. (2002) viewed
rift basins and major flood basalt provinces in southern Afri- the Soutpansberg Basin as a half-graben produced during the
ca followed pre-existing lithospheric structures produced dur-  collapse of the Limpopo Mountains. However, we consider such
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Fig. 9. A. Compilation of precise ages (with 2c error-bars) for all 11 dykes that are dated in this paper, as well as associated post-Waterberg sills
(1 = Hanson et al. 2004a), Mashonaland sills (2 = S6derlund et al. 2010) and the top of the Sibasa lava formation (3 = Geng et al. 2014). Background
colours emphasise periods of earliest sill emplacement (green), followed by early (yellow) and late (magenta) dyke emplacement, which probably
fed Sibasa lavas up to its more evolved pyroclastic cap (purple). B. Schematic tectonic map of the proto-Kalahari Craton, (introduced in Fig. 1(A)),
modified from Jacobs et al. (2008) and showing relative positions of the Zimbabwe, Kaapvaal and Grunehogna cratons as well as the Limpopo
Mobile Belt at ¢. 1750 Ma. Here, the Magondi, Okwa and Kheis tectonic elements are arguably connected through a ¢. 2.00-1.85 Ga subduction
zone and associated back-arc extension. and the subduction associated with the Rehoboth province is set at ¢. 1.80-1.75 Ga. Added onto the map,
in red, are the coeval BHDS at least 3-km-thick Soutpansberg-hosted Basalts (SB; Bumby et al. 2001), in green are Waterberg-hosted sills (WS;
Hanson et al. 2004a) and Mashonaland sills (MS; Stubbs et al. 1999; Soderlund et al. 2010), which are believed to constitute the eroded known
remains of a temporally continuous ¢. 1.89—-1.83 Ga “Mashonaland-Soutpansberg” igneous province across the proto-Kalahari Craton. Also added
are, in dark blue, slightly older (¢. 1.93-1.91 Ga) Hartley basalt formation (HBF), Botswana sill complex (BS; Hanson et al. 2004a) and the Tsineng
dyke swarm (Alebouyeh et al. this volume).

a post-orogenic setting highly unlikely to produce the recorded  setting with SE-directed subduction along the Magondi Belt.
vast emplacement of basaltic dykes, extensive sill complexes and ~ The timing and nature of compression along the western mar-
associated flood basalts during a c. 60 Myr period. gin of the proto-Kalahari Craton is not sufficiently well estab-

Klausen et al. (2010) also speculated upon a continental lished, however, especially with regard to determining wheth-
back-arc rift origin for the BHDS, during a complex tectonic  er the Magondi and Okwa-Kheis tectonic elements (and even
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the Reheboth Province) formed a continuous belt or not. Even
though Moen and Armstrong (2008) argue that the Kheis Belt
was deformed during a much younger Namaqua Orogeny, a co-
eval (Palaeoproterozoic) active margin along the north-western
margin of the proto-Kalahari Craton is supported by U-Pb dating
on detrital zircons found in sedimentary units, yielding ages of
(1) c. 1.85 Ga in the upper Soutpansberg basin (Dorland 2004),
(2) 1887 = 14 Ma in the Okwa Group in Botswana (Ramokate
et al. 2000), (3) 1858 + 14 Ma in the Palapye Group in northern
Kaapvaal Craton (Mapeo et al. 2004) and (4) c. 1.87 Ga in the
Billstein Quartzite of the Rehoboth Province (Van Schijndel et
al. 2011). We prefer to view these results as indicative of Palae-
oproterozoic silicic rocks having formed along the western and
northern Kaapvaal Craton margin, contemporaneous with the
emplacement of a more inland proto-Kalahari Craton “Masho-
naland-Soutpansberg” (+ “Hartley”) igneous province.

According to Van Niekerk (2009), the high Th/U ratios of
c. 1.85 Ga detrital zircons in the Kheis province might reflect
a source rock of granitic composition rather than metamorphic
sources. If the detrital zircons originated from magmatic silicic
rocks produced during a complex subduction zone setting, the
BHDS could have been emplaced in a corresponding conti-
nental back-arc basin, as tentatively shown in Fig. 9(B). Such
a tectono-magmatic setting is consistent with large volumes of
mantle-derived magma emplaced over a prolonged period of
~60 (—=100) Myrs, a sub-parallel orientation of the BHDS, and
possibly even some of the geochemical “subduction-zone” sig-
natures that were tentatively attributed to a continental litho-
spheric component above.

If the BHDS and associated igneous rocks formed within
such a trans-Kalahari Craton tectono-magmatic setting, this event
could still have been part of a more global distribution of roughly
coeval LIPs (e.g., Minifie et al. 2011), discussed above. Thus,
some or all of these coeval — and often presumed breakup-related
LIPs — could also have formed during an amalgamation — rather
than a break up — of the Columbia (Nuna) palaeo-supercontinent,
with or without the influences from plumes, or even a super-
plume. Further research into these LIPs is required, however, be-
fore the underlying petrotectonic causes for this global magmatic
event are better understood.

6. Summary and conclusions

U-Pb Isotope Dilution Thermal Ionisation Mass Spectrome-
try (ID-TIMS) baddeleyite dating of eleven tholeiitic dolerites
from the NNE-NE-trending BHDS, covering ~35 000 km* of
the north-eastern Kaapvaal Craton, suggests an emplacement
age span of 1875-1835 Ma. There is no systematic correlation
between ages and either location or dyke trends, but older dykes
tend to be less differentiated than younger ones. Reversed mod-
elling of some very linear major element trends explains this dif-
ferentiation by nearly 80% fractionation of 57.5% plagioclase,
29.5% clinopyroxene and 13% olivine, where forward modelling
of REEs requires additional assimilation by our parental sample
of a bulk continental crust at an r-value of only 0.2.

We first link the BHDS to nearby and compositionally simi-
lar c. 1879-1872 Ma post-Waterberg sills (Hanson et al. 2004a)
and =1830 Ma Sibasa basalt flows in the Soutpansberg Basin
(Geng et al. 2014), covering ~10° km? of the Kaapvaal Craton.
These post-Waterberg sills are coeval and compositionally
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similar to Mashonaland sills (Stubbs et al. 1999; Soderlund et
al. 2010), on the Zimbabwe Craton, indicating that they form
a large (trans-Kalahari Craton) igneous province. This province
may even be larger and of a longer (c. 100 Myr) duration if com-
bined with 1.93-1.91 Ga Tsineng dyke swarm, Botswana sills
and Hartley lavas (Fig. 9(B); Alebouyeh et al. this volume).
Overall, incompatible element ratio trends for all of Soutpan-
berg’s trans-Kalahari Craton magmas are consistent with being
derived from an ambient asthenospheric Primordial Mantle, all
of which underwent a similar AFC-process of assimilating Ar-
chaean crust, in proportions quantified above. This is remarkable
for magmas that over a ~60 Myr period were successively gen-
erated, differentiated and emplaced across a >5 x 10° km*-large
region. The long duration of this continuous magmatism argues
against these magma volumes to have been produced during
typical plume-induced break-up of a supercontinent. Instead,
there is an abundance of more or less convincing field, structural
and geochronological evidence for a continental back-arc set-
ting, behind an active Magondi and Okwa-Kheis arc along the
north-western margin of the proto-Kalahari Craton, which may
link to a global distribution of coeval tectono-magmatic settings
(Minifie et al. 2011) that arguably formed during the amalga-
mation of the Columbia (Nuna) supercontinent, and where the
proto-Kalahari Craton most likely neighboured Australia.
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Appendix A

A.1. Geochronology — mineral extraction,

analytical procedures and data reduction

Mineral extraction. Mineral separation was carried out entirely in
Lund, where about 1 kg of each dolerite sample was crushed with a
sledge-hammer and then ground in a swing mill to near-powder state
and suspended in water. The smallest and heaviest grains, including the
baddeleyite grains, with sizes ranging from 30 to 200 pm, were separat-
ed from the rest of the sample using the Wilfley water-shaking table and
following the technique of Séderlund and Johansson (2002). The heavy
mineral concentrate was transferred to a Petri dish and the magnetic
minerals were removed with a strong pencil magnet wrapped in plas-
tic. Best-quality baddeleyite grains were selectively handpicked with a
tweezer under binocular microscope and then transferred to a separate,
clean Petri dish using a small handmade pipette.



A.1.2.  ID-TIMS analytical procedures and data reduction

U-Pb ID-TIMS was carried out at LIG at the Museum of Natural His-
tory in Stockholm and at JSGL at the University of Toronto. A brief re-
view of the analytical procedures at each laboratory is described below.
Isotopic compositions of the laboratory blanks are noted at the end of
each section.

A.1.2.1. Laboratory of Isotope Geology. Baddeleyite separates of
samples BCD1-12, BCD5-28, BCD5-78, BCDS8-12, BCD8-14 and
one fraction of BCD5-25/29 were analysed at LIG in Stockholm. The
best-quality baddeleyite grains were transferred from the Petri dish to
Teflon” dissolution bombs using handmade micropipettes. The grains
were then carefully washed in hot ~3 N nitric acid (HNO,) and subse-
quently rinsed repeatedly in ultraclean H,O. An approximate amount of
one to two drops of a *>Pb-****U tracer and 10 drops of a mixture of
hydroflouric acid (HF) and HNO, were added to the dissolution cap-
sules. The capsules were then sealed into steel jackets and put in the
oven at 205 °C for 24 h. After dissolution the samples were dried down
on a hot plate at ~100 °C. The uranium and lead was purified using
small (50 ul) Teflon” columns filled with pre-cleaned ion-exchange res-
in (Bio-Rad 200-400 Mesh Chloride). The Zr-Hf-REE- cut was washed
out with 3.1 M HCl in several steps. Thereafter, U and Pb were collect-
ed into the Teflon™ dissolution capsules by adding a total of ~60 drops
of ultraclean H,0 to each U-Pb column. Eventually a small portion
of phosphoric acid (H,PO,) was added before the samples were dried
down again on a hot plate. Each sample was re-dissolved in 2 pl of sil-
ica gel (produced after the recipe of Gerstenberger & Haase 1997) and
then put on an out-gassed single rhenium filament using an automatic
pipette and pre-cleaned pipette tips. U-Pb samples were analysed in
a Finnigan Triton thermal ionisation multicollector mass spectrometer
equipped with Faraday cups and an ETP Secondary Electron Multiplier.
Intensities of **Pb **Pb 2*Pb *’Pb and ***Pb were analysed at filament
temperatures at 1180—1220 °C, while the measurement of **U, **°U and
2% was performed subsequently at filament temperatures exceeding
1350 °C. An in-house excel spreadsheet (written by Per-Olof Persson,
LIG) based on the algorithms of Ludwig (1991) was used to perform
the U and Pb data reduction. The initial Pb composition was taken from
Stacey and Kramers (1975) and the decay constants were according to
Jaffey et al. (1971). Procedural blank levels at LIG are at 1.0 pg for Pb
and 0.2 pg for U. The isotopic composition of LIG laboratory blank
(errors at 2c) is: 2Pb/™Pb = 18.5 (2) 20'Pb/*™Pb = 15.6 (0.2) and
28ph/2%Ph = 38.5 (0). *Pb/?* U spike calibration with errors at 0.3%
(20): *Pb/**Pb = 0.000333 **Pb/**Pb = 7 **Pb/*"’Pb = 1.176470588
206pp/2%Ph = 0.46728972 and **U/**U = 0.0034602.

A.1.2.2.  Jack Satterly Geochronology Laboratory. Baddeleyite frac-
tions for samples BCD1-18 and BCD1-21, and three fractions from
BCD5-25/29, BCD5-85, BCD6-05, BCDS8-13 and BCDS8-15 were an-
alysed at JSGL in Toronto. Fractions of baddeleyite grains of highest
quality were selected and washed in small amounts of concentrated HF
and 7 N HNO, on a piece of pre-cleaned Parafilm®. The samples were
rinsed in ultra-clean H,O and dried in a droplet of acetone. Washed
baddeleyites were transferred in a droplet of 7 N HNO, to Teflon® dis-
solution capsules, to which twelve drops of concentrated HF and one
droplet of mixed ***Pb—*°U tracer were added. Capsules were placed in
steel jackets and put in an oven at 195 °C for 72 h to ensure complete
dissolution. Following dissolution, the samples were dried down on a
hot plate, re-dissolved in 10 drops of 3 N HCI and placed in the oven
for a further 24 h. Chloride-converted samples were then loaded directly
onto outgassed single rhenium filaments together with a small amount
of'silica gel (modified from the recipe of Gerstenberger & Haase 1997).
Ion-exchange column chemistry was not carried out on these small frac-
tions. The U-Pb samples were analysed on a VG354 mass spectrom-
eter coupled with a Daly detector where the intensities of **Pb **Pb
26pp 27Ph and ***Pb were measured in a step-wise mode in temperature

intervals of 1370-1470 °C. The uranium isotope intensities (**U and
#%U) were measured in a similar procedure at filament temperatures
of 1490-1530 °C. The U-Pb data reduction was performed using an
in-house program (UtilAge). Corrections for Daly mass discrimination
were 0.07%/atomic mass unit (amu) and 0.10%/amu for thermal mass
discrimination. The procedural blank levels at JSGL are typically 0.5 pg
for Pb and 0.1 pg for U. The isotopic composition of the laboratory
blank is *Pb/**Pb: 18.221; *’Pb/**Pb: 15.612; **Pb/**Pb: 39.360. For
calculations of U-Pb ages, the decay constants for **°U and ***U were
taken from Jaffey et al. (1971) with initial Pb compositions (***Pb/***Pb:
13.660; *’Pb/**Pb: 14.700; ***Pb/***Pb: 33.386) from Stacey and Kram-
ers (1975).

A.2. Geochemistry — sample preparation

and analytical techniques

The majority of the whole-rock major and trace element analyses was
performed at ACME laboratory in Vancouver (Canada). However,
some samples were also processed in Stellenbosch University (BCDS5-
85, BCD6-05 and BCD8-13) and University of Pretoria (BCDS§-12)
in South Africa. Although the procedures of the laboratories are only
slightly different, we will shortly review the sample preparation and
analytical procedures of Stellenbosch University’s Central Analytical
Facilities and the geochemical laboratory at the University of Pretoria
in South Africa. The reader is referred to ACME laboratory for details
on their analytical procedures. All samples except BCD8-12 (processed
in Pretoria) was crushed and milled in a tungsten-carbide (WC) swing
mill in the mineral preparation laboratory at the Geological department,
Lund University.

A.2.1.  Stellenbosch University Central Analytical Facilities

At Stellenbosch University, major element compositions are analysed as
oxides in weight per cent by X-ray Fluorescence analysis (XRF) on La-
free fused glass beads using a Phillip’s PW1404w instrument coupled
with a scintillation or gas flow proportional counting detector (detection
limits ~0.001 wt%). For calibration and quality control international
(NIST®) and national (SARM®) standards were analysed in between
sample runs. An Agilent 7500ce Laser Ablation (LA) — Inductively
Coupled Plasma Mass Spectrometry (ICPMS) was used to obtain trace
element compositions in ppm on the same glass beads. A total of three
spot analyses are averaged for every trace element determination and
the standard of NIST612 was used for calibration. Data reduction was
performed using an Excel calculation spreadsheet with SiO, (measured
by XRF) as internal standard. The reproducibility and deviations from
certified values are usually better than 10% and below 5% relative for
trace element determinations.

A.2.2. University of Pretoria

The dyke sample BCD8-12 intruding the Bushveld Complex was ana-
lysed in the XRD and XRF facility at the Geology department, Univer-
sity of Pretoria in South Africa. Here a WC milling vessel was used to
ground and mill the sample to a fine-grained fraction. The sample was
roasted at 1000 °C to determine loss on ignition. One gram of sample
was then added to 6 g Li,B,O, and fused into a glass bead and ma-
jor elements were analysed using a ARL9400XP + spectrometer. Trace
elements were analysed from another aliquot of the sample that was
pressed in a powder briquette. Certified reference material and stand-
ards (GSNcert) were also analysed with the sample.
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Appendix B

Table 1. U-Pb baddeleyite data.

Th/ Pb’/ 209pb/ 27pb/ +20 2°ph/ +20 Corr. 200ph/ 27pb/ 27pb/ +2¢ | Discord-
Lab. Sample | Fraction | #* u® Pbc © 24ph U % err U % err coeff. U U 206ph Ma ance
meas ¢ [corr] © [Age, Ma] %
JSGL, | BCDI-18 A 4 | 0207 9.7 701 | 5.0878 | 0.8631 | 0.32585 | 0.28676 | 0.6639 | 1818.3 | 1834.1 | 1852.1 | 128 2.1
Toronto B 2 | 0306 272 1771 | 5.0853 | 04220 | 032626 | 024424 | 0.7524 | 18202 | 1833.7 | 1848.9 52 1.8
C 3 | 0.164 84.0 5482 | 5.0620 | 0.2840 | 0.32485 | 0.22828 | 09130 | 18134 | 1829.8 | 18485 | 22 22
BCDI1-21 A 3] 0.100 12.3 887 | 5.1894 | 0.7810 | 0.32911 | 0.47269 | 0.6692 | 1834.1 | 1850.9 | 1869.8 | 10.5 22
B 2 | 0.069 94 701 | 5.2398 | 1.2060 | 0.33241 | 0.89308 | 0.8144 | 1850.1 | 1859.1 | 1869.2 | 12.8 12
C 4 | 0133 12.9 916 | 5.4471 | 0.7973 | 0.34597 | 0.49916 | 0.7281 | 19153 | 1892.3 | 1867.1 | 10.0 -3.0
D 4 | 0209 215 1446 | 52484 | 05679 | 0.33231 | 039569 | 0.7990 | 1849.6 | 1860.5 | 1872.8 | 6.3 14
BCD5-25/29| A 4 | 0.040 18.5 1309 | 5.1527 | 0.5126 | 0.32870 | 0.26033 | 0.6938 | 1832.1 | 1844.8 | 18593 6.9 1.7
B 2 | 0022 342 2363 | 52191 | 0.3736 | 0.33254 | 025989 | 0.7944 | 1850.7 | 1855.7 | 18614 | 42 0.7
C 3| 0.069 35.0 2387 | 52233 | 05040 | 0.33329 | 043069 | 0.8918 | 18543 | 18564 | 1858.8 | 4.1 03
BCD5-85 A 1| 0183 12,6 887 | 5.2146 | 0.8514 | 0.33298 | 0.53904 | 0.7469 | 1852.8 | 1855.0 | 1857.5 | 104 0.3
B 3| 0201 6.2 476 | 5.1388 | 1.3837 | 0.32851 | 0.68112 | 0.6741 | 1831.1 | 1842.5 | 18554 | 19.1 1.5
BCD6-05 A 1 | 0011 1.6 195 | 5.1739 | 3.2371 | 033079 | 0.94593 | 0.6574 | 1842.2 | 18483 | 18552 | 49.5 0.8
B 3 | 0010 25 253 | 5.1402 | 24223 | 032922 | 0.63625 | 0.6770 | 1834.6 | 18428 | 1852.0 | 373 1.1
C 3| 0.047 13.6 985 | 51713 | 1.1618 | 0.33017 | 0.95614 | 0.8678 | 1839.2 | 1847.9 | 1857.7 | 10.5 1.1
D 3| 0.008 10.6 796 | 5.0317 | 1.0891 | 032338 | 0.73793 | 0.7723 | 1806.2 | 1824.7 | 18458 | 127 25
E 3| 0.005 52 433 | 5.1701 | 1.6976 | 0.33275 | 1.01380 | 0.7081 | 18517 | 1847.7 | 18432 | 22.0 -0.5
BCDS-13 A 3| 0157 192 1322 | 4.9341 | 05788 | 032124 | 035885 | 0.7481 | 1795.8 | 1808.1 | 18223 7.1 1.7
Foskor B 2 | 0074 248 1717 | 5.0729 | 0.6206 | 032769 | 0.51630 | 0.8687 | 1827.2 | 1831.6 | 1836.6 | 5.6 0.6
C 3| 0083 82.0 5464 | 5.0337 | 02730 | 032535 | 021514 | 09030 | 18158 | 1825.0 | 18355 | 22 12
D 3| 0043 215 1512 | 4.8447 | 05566 | 0.31444 | 037926 | 0.7795 | 1762.5 | 1792.7 | 18280 | 6.4 4.1
E 2 | 0.064 35.0 2392 | 5.0169 | 0.5198 | 0.32424 | 0.44704 | 0.9000 | 18104 | 18222 | 18357 | 4.1 1.6
F 4 | 0120 19.2 1330 | 5.0433 | 05316 | 032567 | 028921 | 0.7157 | 1817.3 | 1826.6 | 18372 | 69 12
LIG, | BCDI-12 A 1| 0125 6.8 418 | 5.0013 | 04968 | 0.32064 | 038945 | 0.7950 | 1792.8 | 1819.5 | 18502 | 5.5 3.1
Sﬁfﬁ B 3 | 0103 54 360 | 4.6167 | 0.8136 | 029742 | 0.79122 | 09420 | 1678.5 | 1752.3 | 18415 5.0 8.8
C 3 | 0104 44 291 | 48561 | 0.6161 | 0.31276 | 0.58550 | 0.9241 | 17543 | 17947 | 18419 | 43 48
D 1| 0091 2.7 213 | 5.0646 | 2.2279 | 0.32529 | 2.19496 | 0.9488 | 1815.5 | 18302 | 18469 | 12.8 1.7
BCD5-25/29| D 6 n.d. 3.1 227 | 5.0836 | 0.7416 | 0.32318 | 0.65343 | 0.8975 | 18052 | 18334 | 18655 59 32
BCD5-28 A 4 | 0113 9.8 612 | 49729 | 0.4896 | 0.31799 | 0.42750 | 0.8837 | 1779.9 | 1814.7 | 18550 | 4.1 4.0
B 6 | 0182 122 741 | 5.0122 | 0.3446 | 0.31989 | 0.27691 | 0.8195 | 1789.2 | 1821.4 | 18584 | 3.6 37
C 4 | 0153 4.1 264 | 47660 | 0.7286 | 0.30493 | 0.47102 | 0.7133 | 1715.7 | 17789 | 1853.9 | 93 75
D 5 | 0.168 53 340 | 4.7058 | 0.5502 | 0.30166 | 0.47969 | 0.8639 | 1699.5 | 17683 | 18504 | 5.0 82
BCD5-78 A 10 | 0.082 28.1 1717 | 49507 | 0.2263 | 0.31772 | 020345 | 0.9049 | 1778.6 | 1810.9 | 1848.4 1.7 38
B 2 | o115 8.9 599 | 5.0834 | 0.9191 | 0.32619 | 0.88889 | 0.9374 | 1819.9 | 18333 | 18486 | 58 1.6
C 2 | 0.060 12.7 842 | 4.9727 | 0.6274 | 031960 | 0.60451 | 09369 | 1787.8 | 18147 | 1845.7 | 4.0 3.1
D 2 | o121 21 154 | 5.0442 | 14559 | 032417 | 139671 | 0.9263 | 1810.1 | 1826.8 | 18458 | 10.0 1.9
BCDS-12 A 2 | 01 1.5 122 | 5.1944 | 24545 | 033599 | 239187 | 09361 | 1867.3 | 1851.7 | 18342 | 157 -18
NKWE B 2 | nd 1.4 139 | 5.1683 | 3.2339 | 033525 | 3.18290 | 0.9461 | 1863.8 | 18474 | 1829.0 | 19.0 | -19
C 5 | 0121 43 280 | 5.0784 | 0.6162 | 0.32690 | 0.52986 | 0.8471 | 18234 | 1832.5 | 18429 | 59 1.1
D 51 0153 8.1 506 | 5.1204 | 0.5475 | 0.32914 | 0.53279 | 0.9567 | 18342 | 1839.5 | 18455 | 29 0.6
BCDS-14 A 5 | 0.056 577 3518 | 5.0055 | 0.1475 | 0.32174 | 0.13183 | 0.8971 | 1798.2 | 18203 | 1845.6 12 26
Foskor B 4 | 0109 15.1 927 | 4.8972 | 0.3259 | 0.31567 | 0.28024 | 0.8706
C 5 | 0.056 454 2783 | 4.9263 | 0.1640 | 0.31712 | 0.14210 | 0.8699
D 2 | 0164 74 487 | 5.0487 | 0.8143 | 032489 | 0.77257 | 0.9221

‘n = number of baddeleyite crystals.

*Th/U model ratio inferred from ***Pb/**Pb ratio and age of sample.

°Pb" = radiogenic lead; Pbc = total common lead (initial + blank lead).

‘measured ratio, corrected for fractionation and spike.

‘isotopic ratios corrected for fractionation (0.1% per amu for Pb [LIG]), spike calibration, blank and residual initial common Pb.

Initial common Pb corrected with isotopic compositions from the model of Stacey and Kramers (1975) for the age of the sample.

Procedural blank levels at LIG (Stockholm) were 1.0 pg for Pb and 0.24ig for U at the time these analyses were performed, and typically at 0.5 pg
for Pb and 0.1 pg for U at JSGL.



Appendix C

Table 2. Major and trace element geochemistry of Kaapvaal dykes and Mashonaland sills.

Sample | BCD1- | BCD1- | BCD1- | BCDS- | BCD5- | BCD5- | BCDS5- | BCD5- | BCD6- | BCDS- | BCD8- | BCD8- | BCD5-
12 18 21 25 28 29 78 85 05 12 13 14 55
Sio, 50.25 48.48 50.34 49.65 49.01 49.36 49.73 48.72 48.57 49.41 49.77 48.57 49.58
AlLO, 15.01 12.66 13.89 14.88 14.7 16.46 13.12 13.67 12.41 13.25 12.56 11.22 16.37
Fe O, 13.96 17.6 14.14 10.7 13.88 10.36 15.96 15.15 17.02 17.37 16.47 20.14 13.97
MgO 5.22 4.99 6.75 9.41 7.3 8.24 5.65 6.77 5.52 5.00 5.20 4.18 4.48
CaO 9.19 9.15 10.49 11.15 10.42 11.6 9.57 9.89 9.45 9.49 9.43 8.28 9.48
Na,0 2.77 2.3 2.15 1.71 2.25 1.79 2.19 2.10 1.99 1.94 2.11 2.18 2.84
K,0 0.93 0.82 0.45 0.26 0.35 0.29 0.75 0.42 0.76 0.73 0.65 1.14 0.86
TiO, 1.66 2.58 1.15 0.84 1.31 0.77 2.03 1.70 2.40 2.40 2.11 3.01 1.72
MnO 0.19 0.23 0.2 0.17 0.2 0.16 0.21 0.22 0.24 0.22 0.23 0.25 0.18
PO, 0.2 0.26 0.11 0.11 0.14 0.08 0.25 0.20 0.27 0.27 0.21 0.45 0.22
L.O.L 0.3 0.6 0 0.8 0.1 0.6 0.2 0.39 0.7 0.32 0.53 0.2 0
Tot. 99.71 99.67 99.72 99.73 99.72 99.75 99.69 99.32 99.39 |100.42 99.29 99.61 99.74
Sc 33.00 40.00 45.00 39.00 41.00 36.00 42.00 41.77 44.80 30.03 47.41 43.00 32.00
v 317.00 |461.00 |316.00 |250.00 |341.00 |236.00 |370.00 |358.32 |453.15 |359.36 |450.64 |453.00 |316.00
Cr 54.74 61.58 | 136.84 |355.79 |260.00 |287.37 |109.47 |183.85 87.50 69.50 86.31 41.05 68.40
Co 43.70 49.50 54.10 48.10 52.80 45.80 51.80 53.85 49.76 57.76 59.89 57.90 41.30
Ni 89.00 60.00 87.00 |159.00 |110.00 |136.00 74.00 | 111.83 70.42 65.63 59.59 44.00 55.00
Cu 148.70 | 376.10 |163.70 |109.40 |187.90 |119.40 |220.40 |156.96 |209.18 |301.52 |169.79 |389.00 |250.60
Cs 0.80 1.40 1.10 0.90 1.30 1.20 1.60 1.55 2.55 10.52 0.95 2.10 0.60
Rb 28.10 33.00 13.80 10.10 12.70 15.10 26.90 13.16 30.32 34.19 27.03 52.10 26.80
Sr 212.10 | 152.60 |168.40 |126.70 |132.20 |144.50 |143.90 |171.32 |174.82 |154.66 |177.26 |182.80 |174.10
Y 31.70 44.60 23.50 16.60 27.50 14.70 37.50 30.37 41.38 54.08 41.24 62.30 31.50
Zr 140.20 |202.10 79.40 53.80 92.20 46.50 | 16490 |131.35 |173.08 |223.81 |166.80 |292.70 |145.20
Nb 8.20 13.60 4.70 3.10 5.10 2.40 10.60 8.78 11.20 16.63 11.62 18.50 8.80
Ba 258.00 | 188.00 |145.00 65.00 97.00 67.00 |199.00 |150.32 |195.02 |191.04 |115.51 |251.00 |214.00
La 17.90 18.90 9.30 5.50 8.20 4.70 17.20 14.55 19.31 8.48 15.06 27.00 16.70
Ce 39.90 46.70 20.40 12.70 20.00 10.70 40.10 30.71 40.08 26.50 32.88 64.70 37.60
Pr 5.10 5.83 2.79 1.74 2.77 1.50 5.12 4.17 5.46 n.d. 4.67 8.22 4.71
Nd 21.20 26.90 12.30 8.00 13.90 7.10 23.30 19.06 24.79 n.d. 22.45 38.40 20.60
Sm 4.86 6.72 3.14 2.03 3.35 1.86 5.69 5.03 6.35 n.d. 5.24 9.40 4.96
Eu 1.55 2.03 1.09 0.79 1.15 0.71 1.76 1.55 1.88 n.d. 1.88 2.68 1.57
Gd 5.58 7.83 3.63 2.63 4.20 231 6.59 5.47 7.12 n.d. 7.41 11.05 5.68
Tb 0.94 1.40 0.68 0.48 0.77 0.41 1.20 0.89 1.19 n.d. 1.21 1.98 1.01
Dy 5.57 8.37 4.15 2.94 4.68 2.58 6.91 5.81 7.72 n.d. 7.69 11.66 6.13
Ho 1.15 1.75 0.85 0.60 1.00 0.54 1.50 1.19 1.60 n.d. 1.62 2.46 1.22
Er 3.35 5.18 2.60 1.76 2.96 1.52 4.35 3.45 4.72 n.d. 4.68 6.98 3.55
Tm 0.47 0.75 0.39 0.28 0.44 0.25 0.66 0.50 0.66 n.d. 0.66 1.08 0.53
Yb 3.07 5.14 2.43 1.69 2.79 1.50 4.10 3.25 4.60 n.d. 4.53 6.83 3.42
Lu 0.45 0.74 0.36 0.25 0.42 0.23 0.64 0.48 0.63 n.d. 0.66 1.03 0.52
Hf 3.80 5.30 2.20 1.60 2.60 1.30 4.60 3.46 4.83 n.d. 4.77 7.60 4.20
Ta 0.50 0.90 0.30 0.20 0.30 0.10 0.70 0.58 0.71 n.d. 0.74 1.30 0.60
Pb 2.80 4.20 1.80 1.00 1.50 1.00 3.40 3.54 7.82 8.63 3.21 5.90 3.00
Th 2.90 3.90 1.90 1.00 1.70 0.70 4.30 2.05 3.67 15.22 2.16 6.50 3.70
U 0.60 1.30 0.40 0.30 0.50 0.20 1.20 0.50 0.84 10.87 0.50 1.90 0.80
Ga 19.60 20.20 16.70 14.30 17.10 14.50 19.10 n.d. n.d. 19.86 n.d. 21.70 19.90
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