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U-Pb baddeleyite dating of the White Mfolozi Dyke Swarm
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Abstract: Numerous mafic dykes of different generations and trends intrude the eastern part of the Kaapvaal Cra-
ton. On eastern Kaapvaal, there are three previously investigated dyke swarms that appear to radiate out from the
eastern lobe of the Bushveld Complex. The NE- and E trending branches comprise dykes dated at ca. 2660 Ma,
2685 Ma and 2700 Ma (Olsson et al. 2011). Further south, a NE-trending swarm, here named the White Mfolozi
Dyke Swarm (WMDS), appears to cross cut the ca. 2700 Ma SE trending branch of the radiating swarm. New U-Pb
baddeleyite ages for seven dykes of the WMDS are presented. The three most robust results yield a weighted mean
age of 2661.8 = 2.0 Ma (MSWD = 0.3), taken as a mean age of the WMDS. Taking the errors of the U-Pb results
into account, the results do not rule out the possibility that emplacement of dykes was of very short duration (1
Myr, or even less). These results are identical in age to the NE- and E-trending dykes of the radiating swarm further
north, indicating a possible more extensive event at ca. 2660 Ma. These results also cast some doubt on the inter-
pretation of Olsson et al. (2011), i.e. that the radiating dykes were linked to a mantle plume that caused dyking over
a 40 Myr time period (i.e. from 2700 to 2660 Ma). Rather, a maximum duration of 15 Myr appears to be a better
estimate if assuming the 2660 Ma dykes instead belong to the WMDS, making this swarm up to 400 km in width.
Another possibility is that there are two coeval but chemically different events. The ca. 2660 Ma dykes may be fee-
ders to the lavas of the protobasinal fill sequence at the bottom of Transvaal Supergroup, dated to 2664 + 1 Ma (U-
PDb zircon; Barton et al. 1995).

The geochemistry of the ca. 2660 Ma WMDS are characterized by flat REE-patterns and overall depleted signatu-
res, in contrast to its coeval more northerly dykes which are LREE enriched and show increasing crustal contami-
nation. The 2660 Ma dyking event records either a spatially extensive common event during which magmas were
more contaminated further north than in the south, or two spatially unrelated events.
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U-Pb geokronologi for White Mfolozi Dyke Swarm
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de 2.70-2.66 miljarder ar gamla mafiska gangsviarmarna i dstra delen av Kaapvaal kratonen i Sydafrika. Examens-
arbeten i geologi vid Lunds universitet, Nr. 407, 31 sid. 45 hp .

Sammanfattning: Den Gstra delen av Kaapvaalkratonen i s6dra Afrika ar rikt pé flera generationer av mafiska
gangar med olika riktningar. Dér finns tre gdngsvarmar som tidigare undersdkts och som tillsammans bildar ett
radierande monster med ett gemensamt fokus i Bushveld-komplexets ostra del. De nordostliga och ostliga grenarna
av denna svirm bestér av diabasgingar som blivit daterade till ca 2660, 2685 och 2700 miljoner &r (Olsson et al.
2011). Langre soder ut finns en annan norddstlig gangsvarm, som i detta arbete dopts till White Mfolozi Dyke
Swarm (WMDS). Denna svérm ser ut att skira den sydostliga grenen av den radierande gdngsvarmen. Nya U-Pb
dateringar pa mineralet baddeleyit fran sju olika diabasgangar i WMDS presenteras i detta arbete. Ett viktat medel-
véarde av de tre mest robusta dateringarna ger aldern 2661,8 + 2.0 miljoner ar (MSWD = 0,3). Denna élder kan be-
traktas som en medelalder for WMDS. Med hénsyn till analytiska felen, gér det inte att utesluta att denna géngs-
virm intruderade jordskorpan vildigt snabbt, kanske pé sa kort tid som en miljon &r eller mindre. Aldern for
WMDS ir identisk med de yngsta gangarna i de norddstliga och 6stliga diabasgéngarna langre norrut, vilket indike-
rar att hdndelsen som skapade dessa diabasgangar for ungefar 2660 miljoner ar sedan hade storre utbredning dn vad
man tidigare trott. Mina resultat ifragasatter den tidigare tolkningen som Olsson et al. (2011) gjorde, d.v.s. att den
radierande géngsvirmen var kopplad till en mantelplym som bildade diabasgangar under en utdragen period av 40
miljoner ar (frén 2700 till 2660 miljoner ar). De nya resultaten indikerar att bildningen av diabasgangarna upphérde
for ungefdr 2685 miljoner &r sedan, och att den maximala ldngden av den perioden snarare var ca 15 miljoner ar.
Denna tolkning forutsétter att alla diabasgdngar med en alder runt 2660 miljoner &r bildades av samma tektoniska
héndelse och i sa fall bildar en upp till 400 km bred svirm. De 2660 miljoner ar gamla géngarna kan ha varit matar-
gangar till de omfattande vulkanutbrotten som bildade basaltfléden (“protobasinal fills”) vilka utgdr basen av lager-
foljden i1 Transvaal Supergroup. Dessa &r daterade till 2664 + 1 miljoner &r med U-Pb metoden pa zirkon (Barton et
al. 1995)

De ungefér 2660 miljoner ar gamla WMDS ér geokemiskt karaktériserade av flacka REE-mdnster och har generellt
utarmade signaturer i jimforelse med de jamnariga diabasgéngarna langre norrut. Géngarna i norr 4r mera LREE-
berikade och har generellt en kemi som tyder pa omfattande kontaminering fran jordskorpan. Hiandelsen som skap-
ade diabasgangarna for 2660 miljoner ar sedan visar pa en storskalig magmatisk hiandelse dir kontamineringen fran
jordskorpan paverkade gangarnas kemi ldngre norr &n i1 sdder. Alternativt representerar dessa diabasgéng tva helt
orelaterade, men samtida, hindelser.

Nyckelord: Kaapvaal, White Mfolozi Dyke Swarm, geokronologi, U-Pb, baddeleyit
Handledare: Ulf Soderlund Bitradande handledare: Ashley Gumsley & Martin B. Klausen
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1 Introduction

Throughout most of Earth’s geological history, conti-
nents have constantly been moving across Earth’s sur-
face driven by plate tectonic processes. In cycles of
approximately 500 Ma, supercontinents have been
assembled, broken up and drifted apart (Nance et al.
2014). The most well-known and recent is Pangaea
(300-180 Ma) (e.g. Bradley 2011). Earlier superconti-
nents include Rodinia (1100-600 Ma) (e.g. Li et al.
2008) and Columbia (also named Nuna, 1800-1500
Ma) (e.g. Zhang et al. 2012). There are reasons to
think that originally all, or most of, Archaean crust
was part of a single landmass (Kenorland) or a limited
number of larger cratons (Bleeker, 2003). Vaalbara is
one of the proposed cratons, proposed to encompass
the Kaapvaal and Pilbara cratons. According to Bleek-
er (2003), the break-up of Vaalbara appears to predate
the assembly of Kenorland.

Supercontinent reconstructions involve, among
other methods, precise dating of mafic dyke swarms
and sills. Swarms are emplaced parallel to the rifting
during break-up of continents, or in a radiating pattern
outward from magmatic centres (Ernst et al. 2008).
Dyke swarms, especially those radiating, are often
linked to the arrival of mantle plums forming Large
Igneous Provinces (LIPs). The term LIP has been de-
fined by Coffin and Eldholm (1994) as “massive crus-
tal emplacements of predominantly mafic (Mg and Fe
rich) extrusive and intrusive rock which originate via
processes other than “normal” seafloor spreading”.
The dykes (and sills) represent the “plumbing” system
for mantle-derived magmas as they ascend through the
crust and erupt at Earth’s surface. By studying rem-
nants of LIPs, such as dykes and sills, continents can
be traced back to former nearest neighbours through
comparing the LIP barcode diagrams between two or
more continents (Bleeker & Ernst 2006). In such dia-
gram each dated dyke swarm is illustrated by a hori-
zontal line, i.e. a bar. Multiple age matches shared
indicate the cratons were adjacent (“next neighbours™)
and likely had a common geological history over the
time interval matches occur.

Numerous mafic dykes with different trends
and ages intrude the Archaean basement of the eastern
and south-eastern Kaapvaal Craton. Recent studies
using U-Pb geochronology of mafic dykes and sills in
Kaapvaal have contributed to better constrain links to
the Zimbabwe Craton (e.g. Soderlund et al. 2010) and
Valbaara (Gumsley et al. in progress). This thesis re-
ports new U-Pb baddeleyite ages and geochemistry for
seven NE-trending dykes of the here called ‘’White
Mfolozi Dyke Swarm’’, which is a significant dyke
swarm in the south-eastern portion of the Kaapvaal
craton. The scope is to refine and expand the barcode
record for the Kaapvaal Craton and to investigate geo-
chronological and geochemical relationship between
different (but almost) coeval dyke swarms along the
eastern and south-eastern portion of the craton.

2 Geological setting
2.1 Regional geology

2.1.1 The basement

The Kaapvaal Craton in southern Africa is one of ap-
proximately 35 pieces of crust that was formed in the
Archaean (Bleeker 2003). Together with the Pilbara
Craton in north-western Australia, the Kaapvaal Cra-
ton is one of few cratons that has preserved relatively
pristine rocks of Mesoarchaean age (e.g., De Wit et al.
1992). Since its formation and stabilisation at ca. 3.1 —
3.7 Ga (Brandl et al. 2006) the Kaapvaal Craton has
experienced a complex evolution of tectono-magmatic
events and basin formation from the Mesoarchaean to
the Phanerozoic eons. The complex intrusive history
begins in the Eoarchaean (> ca. 3.60 Ga), and extends
to the end of the Mesozoic era (ca. 0.065 Ga)
(Anhaeusser 2006, Uken & Watkeys 1997). Igneous
intrusions are widespread throughout the Archaean
basement rocks. Supracrustal sedimentary and volcan-
ic rocks cover large parts of the craton, especially in its
western and southern portions (Fig. 1).

In the eastern part of the Kaapvaal Craton, the
biggest exposure of Archaean basement granite-
greenstone terrain is found (Fig. 1). Here, the nucleus
of the Kaapvaal Craton is exposed. It consists of the
Ancient Gneiss Complex (AGC) in Swaziland, and the
Barberton Greenstone Belt in South Africa (De Wit et
al. 1992, Eglington & Armstrong 2004). Several series
of granitoid sub-domains later amalgamated onto this
nucleus to form the Witwatersrand Terrain of the
Kaapvaal Craton (De Wit et al. 1992). Further south,
in northern part of KwaZulu-Natal in South Africa,
Archaean basement is exposed in isolated inliers. This
area is referred to as the south-easternmost window of
Archaean basement according to Klausen et al. (2010)
and Lubnina et al. (2010) (Fig. 2). The Archaean base-
ment is mostly covered by the sedimentary rocks of
Karoo Supergroup, and the Mesoproterozoic rocks of
the Namaqua-Natal Orogen to the south of them.

2.1.2 Sedimentary and volcanic supracrustal cov-
er

On the Eo- to Mesoarchaean basement rocks of the
Kaapvaal Craton, a number of sedimentary and vol-
canic supracrustal successions have been deposited.
The oldest cover succession is the Dominion Group,
which is interpreted to manifest a rifting event on the
centre of the Kaapvaal Craton. It consists of 3074 + 6
Ma felsic volcanics and overlying rift-filling clastic
sedimentary rocks (Armstrong et al. 1991). The Do-
minion Group is unconformably overlain by the Wit-
watersrand and Ventersdorp Supergroups (Marsh
20006).

The Witwatersrand Supergroup is dominated by clastic
sedimentary rocks which are generally upward coars-
ening and are thought to have been deposited in a fore-



land basin. It is host to the world’s largest historical
deposit of placer gold (McCarthy 2006). The age of
these sedimentary rocks is uncertain, therefore the age
of Witwatersrand sedimentation is bracketed between
ca. 2970 and ca. 2714 (Armstrong et al. 1991 &
McCarthy 2006).

East of the Witwatersrand Basin, the Pongola
Supergroup overlies the basement on the south-eastern
Kaapvaal Craton. This basin is composed of bi-modal
volcanics of the Nsuze Group (Gold 2006) at its base.
These are overlain by the Mozaan Group upward-
coarsening clastic sedimentary sequence, which can be
correlated with the West Rand and Central Rand
Groups of the Witwatersrand Supergroup (Beukes &
Cairncross 1991, Gold 2006). It is also possible that
the Nsuze Group may be coeval with the Dominion
Group (Cole 1994). A recent paper by Mukasa et al.
(2013) established a maximum age of the Pongola
Supergroup at 2980 + 10 Ma (U-Pb on zircon from a
lower Nsuze lava unit), and a minimum age of 2954 +
9 Ma (U-Pb zircon on an upper Mozaan lava unit, the
Tobolsk lava).

The Ventersdorp Supergroup is an over 5 km
thick volcanic and sedimentary sequence deposited
rapidly from 2714 to 2709 Ma (U-Pb from zircon in
the lavas) (Armstrong et al. 1991). These ages have
been questioned by de Kock et al. (2012) and Wingate
(1998), who disagrees to the rapid deposition and ar-
gue that the U-Pb zircon age of ca. 2780 Ma on the
Derdepoort basalt reflects the start of volcanism in the
Ventersdorp Supergroup. The whole Ventersdorp se-
quence is deposited in a NE-trending rift structure
(Stanistreet & McCarthy 1991), and the origin of its
associated flood basalts is debated. Stanistreet and
McCarthy (1991) related the flood basalts to the colli-
sion between Zimbabwe and Kaapvaal cratons, alt-
hough Eriksson et al. (2002) argued it was emplaced
as the result of a mantle plume event.

Unconformably overlying the Ventersdorp Su-
pergroup is a series of protobasinal fills, a discrete
sedimentary and volcanic sequence that is interpreted
by Eriksson et al. (2001) to have been deposited in an
E-W trending rift environment. The lava units have
been dated to 2657-2659 Ma (unpublished report,
SACS, 1993) and 2664 = 0.7 Ma using U-Pb zircon
(Barton et al. 1995). On top of these protobasinal fills
lies the entire Transvaal Supergroup, a mainly sedi-
mentary unit that was deposited over an almost 500
Myr time interval from ca. 2600-2100 Ma (Beukes and
Gutzmer, 2006). Today it is preserved in three sub-
basins across Kaapvaal Craton: the Transvaal and
Kanye sub-basins in the north-east and north-west, and
the third basin, the Griqualand West sub-basin, in the
south-western craton, and is also where the youngest
age obtained for a Transvaal unit stem from. Cornell et
al. (1996) reported a 2222+13 Ma (Pb-Pb whole rock)
age from the Ongeluk-Hekpoort Formation. However,
much more sedimentary rock conformably overlies
this volcanic unit, thus the Transvaal sedimentation
continued for some time after ca. 2222 Ma.

The largest layered intrusion in the world, the
economically important Bushveld Complex, intruded
into the Transvaal Supergroup (Cawthorn et al. 2006).
Several ages obtained by different analytical methods
are reported in the literature for the Bushveld Com-
plex. Olsson et al. (2010) reported the first U-Pb bad-
deleyite age for the Rustenburg Layered Suite,
2057.7£1.7 Ma.

Rock units younger than the Bushveld Complex
are grouped together on the map (Fig. 1). These in-
clude among others the sedimentary Waterberg Group
and rocks of the volcanic and sedimentary Soutpans-
berg Group. Both have a composite thickness of 7 km
(Hanson et al. 2004). Younger, major magmatic events
are the ca. 1.1 Ga Umkondo LIP (Hanson et al. 2006)
and the ca. >0.18 Ga Karoo LIP (Duncan & Marsh
2006). The Karoo rocks cover large parts of the
Kaapvaal Craton and its supracrustal successions, as
well as large areas outside the Kaapvaal Craton in
southern Africa. It is thought to be associated to a
mantle plume, and consists of both extrusive and intru-
sive rocks (Duncan & Marsh 2006).

2.1.3 Mafic dykes swarms in the eastern and
south-eastern Kaapvaal Craton

Regardless of their age, Archaean and Proterozoic
diabase dyke swarms piercing the Kaapvaal Craton
generally trend in NW-SE, E-W or NE-SW directions
(Uken & Watkeys 1997). These authors also state that
it is apparent that these main trends were initiated at
different times, even if the trend of a certain dyke
swarm does not necessarily reveal its age. Earlier re-
gional fabrics and structures may have been re-
activated during younger extensional events, hence
having a control on the trends of dykes (Jourdan et al.
2004). Bleeker & Ernst (2006) proposed that dyke
swarms on the Kaapvaal Craton presumably record
continental-scale rifting events. Uken and Watkeys
(1997) have for example suggested that the NE-
trending structures were initiated by Ventersdorp rift-
ing. This prominent NE trend is also observed for dyke
swarms on both the eastern and south-easternmost
basement windows of the Kaapvaal Craton.

In the eastern window, there are three distinct
swarms that radiate out from the eastern lobe of the
Bushveld Complex. Olsson et al. (2010) reports pre-
cise U-Pb ID-TIMS baddeleyite dates for dykes com-
prising all swarms. The northernmost swarm is called
the Black Hills Dyke Swarm. It is composed of a num-
ber of NE- to NNE-trending dykes, of which most
dykes have yielded dates in the at 1875-1835 Ma time
span (Olsson 2012). The two other swarms, are the E-
trending Rykoppies Dyke Swarm (2685.5+5.5 Ma) and
the SE-trending Barberton-Badplaas Dyke Swarm (ca.
2966 Ma and 2698 Ma) (Olsson et al. 2010 & 2011).

However, there is also an older generation of
NE-trending diabase dykes of the Black Hills swarm
that is intermixed with the 1875-1835 Ma dykes. Ols-
son et al. (2011) obtained ages of 2659 + 13 Ma,
2692.4 + 1.4 Ma and 2701 = 11 Ma on three of these
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Fig. 1. A simplified geological map of the Kaapvaal Craton. The framed rectangles depict the study area. Modified from Frick

(1997).

dykes (BCD5-22, 23 and 27). They are of approxi-
mately the same age as the Ventersdorp magmatic
event. These Ventersdorp ages are repeated also within
the E-W trending Rykoppies dyke swarm (Olsson et
al. 2010).

Dolerite dykes and sills of Karoo age are also
frequently found intruding the Kaapvaal Craton and its
cover rocks. Generally, they are unaltered basaltic dol-
erites, compared to the Archaean and Proterozoic
dykes which generally are more altered, basic to inter-
mediate in composition (Uken & Watkeys 1997).

The south-easternmost window of Archaean basement
is located in northern KwaZulu-Natal in South Africa
at approximately 28° south in latitude. It is completely
surrounded by the sedimentary rocks of the Karoo
Supergroup. The Archaean basement here displays
numerous mafic dyke intrusions of various trends, and
sills probably of both Jurassic and Precambrian age
(Klausen et al. 2010). Both Klausen et al. (2010) and
Lubnina et al. (2010) stated that NE-trending and E- to
ENE-trending dyke swarms dominate the area. The

NE-trending dykes were also noted to cut the Pongola
Supergroup in the area, but are absent in the Karoo
cover. In the south-easternmost window, there is only
one dyke which has been dated prior to this study. It is
part of a SE-trending diabase dyke swarm consisting
of ca. 2.87 Ga dykes dated by (Gumsley et al. 2013).
The authors link this swarm to the coeval Hlagothi
Complex, which is a series of layered sills abundant
this region of the craton.

2.1.4 The White Mfolozi Dyke Swarm

The NE-trending diabase dyke swarm in the south-
easternmost basement window is the focus of this
study. The swarm was sampled in and around the
White Mfolozi River, from which its name is derived,
the ‘White Mfolozi Dyke Swarm’. The swarm trends
from 20° to 50° (N)NE and the feldspar phenocrysts
are characteristic of this swarm, as was noted in
Klausen et al. (2010). The phenocrysts vary in size
from a few millimetres up to 10 cm in diameter. In



general, the NE-trending dykes are medium- to coarse-
grained, and some of them show a chilled margin to
their host rock. The width of the dykes vary, but all the
samples used for this study are from dykes ca. 10-30 m
across. The locations of the sampled dykes are shown
in Fig. 2.

lected on an earlier field trip, and the results of two
fractions were reported by Olsson (2012). In this
study, BDC5-04 was re-processed for baddeleyite, and
two more fractions were analysed. All four analyses
are included for calculation of the age of this sample.
Coordinates for the sample sites are provided below .

Samples were collected from dykes both in outcrop
from exposed river pavements, on ridges and from
weathered in situ boulders. Generally, when both con-
tacts of the dyke with the country rock were exposed,
the samples were taken from the central, more coarser,
part of the dyke. If no visible contact could be seen,
the samples were collected where the rock was the
most coarse-grained, since the probability of finding
baddeleyite is greatest in coarse rock.

3 Field geology and petrography

During a field trip in October 2013, 19 samples were
taken in the KwaZulu-Natal and Mpumalanga provinc-
es of South Africa. Suitable diabase dykes were identi-
fied from using Google Earth over the Archaean inli-
ers of the Kaapvaal Craton. Six sampled diabase dykes
yielded a sufficient amount of baddeleyite for geochro-
nology. One additional sample (BCD5-04) was col-
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Fig. 2. Geological maps of the two study areas, which are highlighted in Fig. 1. The larger map shows the field area
in northern KwaZulu-Natal, whereas the inset map shows the area in which samples JR19 and BCD5-04 were ta-
ken. They were sampled approximately 190 km north of the White Mfolozi River. JRO3 are located south of the
large map. Maps are modified after Linstrom (1987).
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Polished thin sections were prepared from all
the JR samples, and studied under optical microscope.
No baddeleyites were found in JR03 and JR12, hence
neither of these samples were dated. They are still as-
sumed to belong to the White Mfolozi dyke swarm
since they have similar trends, are rich in phenocrysts
and and have similar mineralogies as the other dykes.

All samples have a common feature in that no
olivine has been observed. All of them contain chlo-
rite, indicative of lower greenschist facies metamor-
phism. Amphiboles are assumed to be secondary actin-
olite-tremolite through uralitization, but some horn-
blende may be primary.

South African tradition calls for older and
slightly metamorphosed mafic dykes to be called dia-
base, while young and fresh dykes (i.e. from the Karoo
event) are called dolerites.

3.1 JRO3 (S 28.599170° 31.170300°E)

This dyke is over 20 m wide and follows the Mhalutze
River for approximately 800 m (see cover page). The
dyke has a more northerly trend of 016°, which is
slightly different relative to other dykes of the swarm.
Phenocrysts are mostly subhedral, numerous and even-
ly scattered, reaching up to 5 cm in size. The grain size
varies across the dyke, but the central parts are mostly
medium- to coarse-grained. The diabase dyke is cross-
cut by a younger ESE-trending and more fine-grained
mafic dyke (Fig. 3).

iy
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Fig. 3. JRO3 is cross-cut by an ESE-trending dyke. Note the
lack of feldspar phenocrysts in the ESE dyke below the das-
hed line. The lens cap is 7 cm in diameter.

Plagioclase laths are inter-connected almost
throughout the entire thin section, resulting in a
subophitic texture. Some plagioclase is strongly se-
ricitized in the central parts of the crystals (Fig. 8a),
which could possibly be explained by the cores being
more Ca-rich than the rims. All clinopyroxene crystals
show a slight green pleocroism in plane-polarized
light, which indicate initial stages of uralitisation (Fig.
8b). Amphibole, some of which might be primary,
exists together with clinopyroxene and chlorite in the
groundmass. The groundmass also contains some
opaque minerals and subordinate quartz.
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3.2 JRO6 (S 28.14558° E30.95492°)

This dyke is approximately 30 m wide and contains
numerous white to pale pink feldspar phenocrysts. It
outcrops in the Mvunyane River, approximately 2 km
upstream from where it merges with the White Mfolo-
zi River. The dyke has a trend of 048°. Most of the
dyke is medium-grained, but the grain size decreases
towards the contacts where a chilled margin is dis-
played along both contacts. The feldspar phenocrysts
also decrease in size towards the contact. There are no
phenocrysts at the north-western contact, while they
appear all the way along the contact to the south-
eastern side. The size of the phenocrysts varies from
0.5 cm to more than 10 cm, and they are euhedral to
subhedral. Also rounded phenocrysts occur (Fig. 4).
Some of the larger megacrysts show a rim of a pale
white colour. There is no preferred orientation among
them.

Fig. 4. Subhedral to euhedral feldspar phenocrysts occuring
in a mixture of sizes in this 30 m wide dyke.

JRO6 is a coarse-grained diabase where the
plagioclase grains are prismatic but commonly strong-
ly sericitized (Fig. 8c). Clinopyroxene is almost totally
altered, but there are some remnants within secondary
amphibole. This sample has a higher abundance of
amphibole and chlorite than clinopyroxene. A few
small quartz grains are present too. Clinopyroxene has
broken down either to amphibole or a mixture of sec-
ondary brown-coloured minerals (Fig. 8d). Among
them, some are chlorite, which appear more greenish
in colour.

3.3 JRO7 (S 28.12385° E30.84167)

This dyke was sampled along a ridge, shows no con-
tacts to the host rock and consists of boulder scree
(Fig. 5). Although not exposed in situ, the dyke fol-
lows a linear trend assumed to be the original dyke
orientation from which the sample was obtained. The
boulder scree reveals that the minimum width of the
dyke is approximately 15 m. Its trend could be esti-
mated to approximately 023° by visibly following the
dyke downhill and across the Jojosi River to the south-
west. Satellite imagery on Google Earth confirms this
direction. The sample is medium- to coarse-grained
and fresh. It contains anhedral feldspar phenocrysts of
various sizes up to a few millimetres.



Fig. 5. JRO7 was sampled on a ridge dyke crossing the Jojosi
River, which can be seen in the background of this photo.

JRO7 is a medium-grained diabase and has
large phenocrysts of clinopyroxene. Most of them are
altered or chemically zoned at the rims, which can be
seen as changing interference colours when viewed in
crossed polars (Fig. 8e¢). Some clinopyroxene only has
the core intact. The altered rims are rich in fine-
grained dark minerals showing low first-order interfer-
ence colours, possibly chlorite. In this ophitic texture,
there are traces of plagioclase laths (Fig. 8f), but not as
much as is the other samples. The amphibole content
is low too. The matrix consists mostly of plagioclase,
subordinate quartz, amphibole and opaque minerals.

3.4 JR12 (S 28.339030° E 31.368800°)

This dyke trends 050° and is at least 10 m wide. It
crops out as large boulders in the White Mfolozi River
but its contact to the host rock is under the waterline or
covered with sand in the river bed. Numerous feldspar
phenocrysts of variable size (0.5 — 4 cm) are evenly
spread over the outcrop (Fig. 6). Small mm-sized
grains of pyrite are also frequent in this dyke. No bad-
deleyites were recovered from this sample for age da-
ting.

JR12 displays variably altered clinopyroxene,
and some compositional zoning, similar to that seen in
JRO7. Amphibole and chlorite are abundant as second-
ary minerals (Fig. 8g). Some grains of clinopyroxene
appear with amphibole rims. There is also some am-
phibole that is primary. Plagioclase is mostly sericit-
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Fig. 6. The feldspar phenocrysts are of variable size in this
dyke. They show no preferred orientation.
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ized and occurs as large phenocrysts (Fig. 8h) in the
groundmass of medium-grained plagioclase grains,
pyroxene, amphibole, chlorite and accessory quartz
and opaque minerals. Chlorite is more abundant than
amphibole, and sometimes intermixed with secondary
mica and/or oxides.

3.5JR16 (S 28.23483° E 31.14790°)

In the White Mfolozi valley, this dyke crops out ap-
proximately 2.3 km west of Matatane River Lodge. It
is ca. 25 m wide and strikes 050°. The dyke is medi-
um- to coarse-grained and heavily populated with feld-
spar phenocrysts (Fig. 7). In the centre of the dyke the
phenocrysts are 0.5-8 cm long, whereas towards the
dyke contact, they are less than 1 cm. Even though the
water level in the river was very low during sampling,
the contacts to the host rock were mostly under water

or covered by sand.

Fig. 7. Big phenocrysts intermixed with small ones in the
centre of the dyke JR16.

In thin section, this sample appears as a coarse-
to medium-grained diabase with strongly sericitized
plagioclase crystals. It is almost entirely surrounded by
primary mafic minerals or alteration products, with an
ophitic texture. Clinopyroxene grains mainly show
alteration throughout the grains, though some of them
only at the rims however. Some twining is still visible
(Fig. 8i). Amphibole is present, which may be of both
primary (distinct cleavage visible) and secondary (no
cleavage) in origin (Fig. 8j). This sample contains
more quartz, but with less opaque minerals than the
other samples in the groundmass. There are also plagi-
oclase and pyroxene in the groundmass.

3.6 JR17 (S 28,35162° E 31,34177°)
This dyke crops out in the White Mfolozi river valley.
It is a medium-grained dyke that is trending 023°. The
contacts to its host rock are not visible, but the dyke is
estimated to have a width of approximately 10 m.
Studying JR17 in thin section, it has intact
cores of clinopyroxene (Fig. 8k), though most of the
grains are altered, similar to JR16. Before metamor-
phism, clinopyroxene was probably the most dominant
mineral occurring as large phenocrysts in a matrix
dominated by plagioclase with accessory phases.
Chlorite is abundant. Plagioclase is not as altered as in
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Fig. 8. a: A plagioclase phenocryst displaying sericitazion in the centre of the grain (JR03, crossed polars). b: A clinopyroxene
grain partly replaced by amphibole on its right. The Fe-Mg minerals are surrounded by plagioclase (JR03, crossed polars). c:
View of a plagioclase grain displaying typical sericitazion (JR06, crossed polars). d. This image shows the break down of clino-
pyroxene. The core is totally replaced by other minerals, i.e. chlorite, and the rim is starting to decompose (JR06, plane-
polarized light). e. The clinopyroxenes display bright interference colours that change at the rims, presumably because of com-
positional zoning. This particular grain is starting to break down at the bottom right (JR07, crossed polars). f. Small plagioclase
laths are surrounded by mafic minerals with an ophitic texture in this sample. The pyroxene at the bottom left show the same
alteration as the one in b (JR07, Crossed polars). g. Clinopyroxene breaks down mainly to chlorite. The remnants of clinopyrox-
ene displays compositional zoning close to the rims. Some sericitized plagioclase can also be seen (JR12, crossed polars). h.

This whole picture shows a plagioclase phenocryst that is totally sericitized (JR12, crossed polars). i. A twinned clinopyroxene
grain, which has started to break down (JR16, crossed polars). j. Primary amphibole in the bottom right with clinopyroxene
breaking down to secondary amphibole in the top left. The small spots of bright blue interference colours are what are left of the
pyroxene (JR16, crossed polars). k. A former clinopyroxene phenocryst which now is mainly replaced by chlorite (JR17, plane-
polarized light). 1. Picture showing the relatively fresh clinopyroxene grains with compositional zoning. Some of the grains show
twinning. The plagioclase is partly sericitized (JR19, crossed polars). Abbreviations used in the photos are: Plag = plagioclase,
CPX = clinopyroxene, AMPH = amphibole, CHL = chlorite
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most other samples, only minor sericitazion was ob-
served. Plagioclase is the most abundant mineral in the
groundmass.

3.7 JR19 (S 26,648985° E 30,504398°)

This sample is collected far to the north of the previ-
ously described samples (approximately 180 km). It
was taken in south-eastern Mpumalanga of South Afri-
ca. The dyke has negative relief, from where it in-
trudes the host rock of quartzite (Fig. 9). On fresh sur-
faces, it displays a medium-grain size, with only small
and elongated feldspar crystals in a mafic groundmass.
The dyke trends 025° NNE, and has intruded both the
Usushwana Complex, and the overlying Mantonga
quartzite at the base of the Pongola Supergroup.

Fig. 9: This dyke shows negative relief relative to the
country rock into which it intrudes. The sample is taken from
an in-situ boulder in the gully formed from the dyke intrus-

ion. Photo taken by A. Gumsley.

In thin section, this is the best-preserved sample
of all in the current study. Clinopyroxene is largely
fresh, but shows some compositional zoning close to
the rims. Plagioclase laths of different sizes are abun-
dant and display only little sericitazion (Fig. 81). Small
grains of amphibole and chlorite are present, as are
numerous small opaque minerals and a few quartz
grains. The groundmass consists of plagioclase and
small clinopyroxene grains together with a minor
amount of quartz, chlorite and opaque minerals.

3.8 NEDO1 (S 28.210376° E 30.982430°)

This dyke is exposed in the Ntinini River, approxi-
mately 600 m upstream from where it merges with the
White Mfolozi River. The contacts are not exposed,
being covered by sand and water in the river’s flood
plain, which also makes the thickness of the dyke dif-
ficult to assess. The trend is 030° to the north-east, and
only small scattered phenocrysts of plagioclase were
noted in this diabase dyke. This dyke was drilled for
paleomagnetic measurements, but no thin section was
prepared of this sample.

3.9 BCD5-04 (S 26.646720° E 30.521970°)
This dyke was sampled and previously described by
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Olsson (2012), and the reader is referred to his paper
for description. No thin section was made of this sam-
ple.

4 Methods, theory and analytical
protocols

4.1 Geochronology

Baddeleyite is one of the last minerals to crystallize in
a cooling silica undersaturated magma. It is found in
the most fractionated parts of magma, i.e. in interstitial
volumes between earlier-formed Ca-Fe-Mg minerals.
The age of baddeleyite is therefore linked to the time
of crystallisation of mafic rocks (Soderlund et al.
2013). Because of it’s negligible initial Pb content in
its crystal structure, and the high amount of U (several
hundred ppm), baddeleyite is optimal for U-Pb geo-
chronology (Heaman & LeCheminant 1993). Moreo-
ver, baddeleyite is sensitive to metamorphism at rela-
tively low grades, and thus its presence indicated em-
placement, not metamorphism, as it typically develops
rims of polycrystalline zircon in the presence of free
silica.

Baddeleyite extracted from fresh samples typi-
cally yields concordant to nearly concordant analyses.
They might be up to 2 % discordant resulting from
diffusional Pb loss near the crystal surface. Metamor-
phosed samples, however, often display frosty crystal
surfaces made up of zircon. U-Pb dating of such com-
posite grains will typically plot discordant for which
the discordia will be a mixing line with end points
depicted by the ages of the baddeleyite and zircon
components, respectively.

4.1.1 Sample preparation

At the Department of Geology at Lund University, the
rock samples were crushed to pea size using a ham-
mer, before using a ring mill to crush it into a coarse
powder. The powder was mixed with a drop of soap
and water, and suspended before put on the Wifely
Separation Table. Separation of baddeleyite was done
according to the method of Soderlund & Johansson
(2002). After separation, a magnetic pen was used to
remove the magnetic minerals before baddeleyite
grains were picked out under the microscope and
transferred to a petri dish using a homemade plastic
pipette.

For every sample, quality of the separated bad-
deleyites was compared, and the best crystals were
combined into fractions of 1 to 6 crystals each, and put
in separate pre-cleaned Teflon capsules. Every capsule
went through a cleaning process containing several
washing steps in ultra-clean 7N HNO; and H,0. The
capsules were then put on a hot plate for approximate-
ly one hour with a small quantity HNO; and H,O, be-
fore the cleaning procedure was repeated. This proce-
dure was done to limit the Pb blank in the samples
before analysis.



After washing the Teflon capsule containing the
cleaned baddeleyite grains, a spike solution which
consisted of **Pb, **U and **°U was added to every
capsule together with ten drops of concentrated HF.
The capsules were then placed for two days at 200°C
in the oven to dissolve the baddeleyite and homogeniz-
es the initial and spike U and Pb solutions.

At the Laboratory of Isotope Geology in the
Museum of Natural History in Stockholm, the Teflon
capsules were again put on a hot plate until the solu-
tion had evaporated completely. After adding ten
drops of ultrapure 6N HCI to each capsule, one drop of
0.25 N H3PO,4 was added to the samples before dried
down on hotplate. The sample was re-dissolved in 2 pl
Si-gel before loaded onto an out-gassed Re filament.
The filaments were then heated until all the H;PO,4 had
burnt away and the sample turns white-grey on the Re
filament.

4.1.2 Analysis

The analyses were done on a TIMS Finnigan Triton
mass spectrometer at the Laboratory of Isotope Geolo-
gy (LIG). The filaments were heated in a high vacuum
chamber in the mass spectrometer and Pb isotopes
were measured after heating to a temperature range of
approximately 1200-1250°C. **Pb, **Pb, *Pb, *’’Pb
and “®Pb were measured in either static mode with
Faraday Cups, or one at the time in peak-switching
mode with a Secondary Electron Multiplier (SEM)
amplifier. Large samples with strong and stable signals
were preferably measured in static mode. The tempera-
ture was then increased to approximately 1270-1320°C
where 2°U and >*U isotopes were emitted and meas-
ured. An “in-house” program made by Per-Olof
Persson (Natural History Museum, Stockholm) with
calculations following Ludwig (2003) was used for
data handling. TIMS data are presented in Table 1.

4.2 Geochemistry

The samples investigated in this study, and all relevant
samples from the work of Olsson et al. (2010; 2011),
were analysed for both major and trace elements. Sam-
ples in the JR series (03, 06, 07 and 17) were pro-
cessed and analysed at the Central Analytical Facility
(CAF) at the University of Stellenbosch, South Africa
for major elements and trace elements. Major elements
were analysed by X-Ray Fluorescence (XRF), using a
Phillip’s PW1404w instrument with 2,4 kW Rh X-Ray
tube. Major elements were analysed on La-free fused
glass beads and controlled by a range of international
standards (NIST©O). Trace elements were analysed
from the same fused beads, using an Agilent 7500ce
ICP-MS coupled with a Nd-YAG233 nm New Wave
Laser Ablation (LA) system. It operated at a 12 Hz
frequency, using a mixed He-Ar carrier gas. Each sam-
pled was analysed with three spots (each 30 s blank
followed by 60 s data collection), and an average was
calculated. After three samples, standards were run.
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Samples from the work of (Olsson et al. 2010; 2011)
together with JR16, JR19, NED-01 and BCD5-04 were
prepared for analysis at Lund University, Sweden.
Rock samples were sawed and crushed with a sledge
hammer into small pieces. The pieces were hand
picked, in order to avoid phenocrysts of plagioclase
and pieces with saw marks or weathered material. Dia-
base pieces were then milled in a tungsten carbide mill
tray to a very fine powder. The mill tray was thorough-
ly cleaned with water and washing liquid, and dried
between every sample. Approximately 10 g of each
sample was sent to ACME laboratories in Canada for
XRF (X-ray fluorescence spectrometry) analysis of
major elements and ICP-MS analysis for trace ele-
ments. Loss on ignition (LOI) was also measured on
every sample to determine the volatile content. The
XRF analysis was done for major and minor elements
on glass beads, which was prepared from the whole-
rock powder. The sample-to-flux ratio was 1:10, and
the precision was better than + 1% of reported values.
For the ICP-MS, samples were dissolved in 1.5 g lithi-
um meta/tetraborate flux fusion. The resultant molten
bead was rapidly digested in diluted nitric acid solu-
tion.

All XRF major elements and ICP-MS trace
elements are presented in Table 2.

5 Results

5.1 Geochronology

Concordia diagrams illustrating the analyses are
shown in Fig. 10 and analytical data from U-Pb TIMS
dating is shown in Table 1. A total of seven samples
were dated. Each dyke comprised between two and
four analyses, and depending on size and quality of the
baddeleyite grains, every analysis is made up of one to
six crystals.

JRO6

The grains are dark brown and of good quality, though
many grains seem fractured. Two fractions made up of
three and five grains respectively were prepared. The
analyses plot slightly discordant (1-3.5%) and are part-
ly overlapping. A weighted mean of **’Pb/**°Pb yields
an age of 2659 + 5 Ma (MSWD = 1.8), which is inter-
preted to be the best age estimate of the dyke.

JRO7

Two fractions of this sample were analysed compris-
ing three and four grains. Grains are dark brown with-
out any trace of zircon rims. Both analyses plot on the

concordia allowing a concordia age to be calculated at
2664 + 6 Ma (MSWD =0.17).

JR16

Four fractions of good-quality grains were analysed.
They consisted of one to four relatively light brown
grains in each fraction. One fraction plots concordant
at a younger age than the other analyses, resulting in a
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Fig. 10. Concordia diagrams plotted in Isoplot fol-
lowing calculations of Ludwig (2003) for all seven
dykes in the White Mfolozi Dyke Swarm. White
ellipses are analysed fractions not used in the calcu-
lations, grey ellipses were included. Reasons for the
omission are discussed in the text. Weighted mean
207pp/2%Ph ages we calculated for JR06, JR16,
JR17, JR19 and BCD5-04. A Concordia age was
calculated for JRO7 and an upper intercept age was
calculated for NEDO1.



negative lower intercept age in the regression. 90 % of
this sample (white error ellipse) was lost during
mounting onto the Rhenium filament. Therefore, de-
spite plotting concordant this analysis is omitted from
age calculation. The other three ellipses overlap, and a
free regression results in a lower intercept of 358 =+
820 Ma and an upper of 2657 £ 8 Ma. A weighted
mean *"’Pb/**Pb age gives a slightly younger and
more precise result of 2654 + 2 Ma. Two of the three
fractions are concordant within error, and the third
fraction is 2.1% discordant (MSWD = 0.39). The 2654
+ 2 Ma result is taken as the best estimate for the age
of this dyke.

JR17

Four baddeleyite fractions of this sample were ana-
lysed. Brown-coloured transparent baddeleyite grains
were combined into fractions of three to five grains

Table 1. U-Pb TIMS data for all analysed fractions.

each. Three fractions plot discordant (3-5%), and a
weighted mean value yields a precise age of 2659 + 2
Ma (MSWD=1.6). The fourth fraction is concordant,
but plots at a lower age. If this fraction is included in
the weighted mean, the upper intercept is 2655 + 11
Ma, thus a less precise and slightly younger age.
MSWD of 35 indicates scatter beyond analytical un-
certainties, and therefore this analysis is rejected. The
weighted mean of 2659 + 2 Ma is interpreted as the
age of this sample.

JR19

This sample, located close to BCD5-04, comprised
analysis of four fractions, consisting of one to four
grains. One analysis was performed on a single large,
clear grain, while the other fractions consisted of three
to four small grains of moderate to good quality. Three
fractions overlap within error. Two of them plot con-

Sample  Fraction U Pbcl/ 208pp/ WPy +2g0 P/ 20 WTpy) Py 7P/ +20 Concord-
(no. of grains)  Th  Pbtot' 204pp 2 %err 25 % err =Y =8 2Py (Ma) ance
raw’ [corrected]’ [age, Ma]
JRO6 A (5) 6.2 0.151 362.0 12.4375 1.54 0.50059 1.50 2638.0 2616.3 26547 7.7 0.986
B (3) 59 0.102 584.8 12.6469 1.53 0.50682 1.52 2663.7 26435 26615 6.8 0.993
JRO7 A (4) 7.4 0.061 992.3 12.7874 0.94 051143 0.93 26641 26627 26652 43 0.999
B (3) nm* 0281 198.8 126952 1.78 050883 1.77 26573 26516 26616 7.9 0.996
JR16 A (5) 7.2 0.037 16470 12.3847 0.62 0.49873 0.62 2634.0 2608.3 26538 26 0.983
B (1) 83 0128 460.5 126118 1.60 0.50694 1.58 26511 26436 26569 7.3 0.995
C(2) 53 0.152 394.1 12,0950 2.16 0.49586 2.13 2611.8 2596.0 26241 10.4 0.989
D(6) 81 0.078 776.6 125425 110 050467 1.10 26459 26338 26552 45 0.992
JR17 A (5) 131 0.068 793.4 12,3896 0.32 0.49747 0.28 26344 26029 26584 22 0.979
B (3) 98 0018 31823 12,4063 0.34 0.49847 0.32 26357 2607.2 26576 2.1 0.981
C(5) 36 0.014 42082 12,5356 0.33 0.50710 0.31 26454 26442 26463 2.0 0.999
D(3) 83 0.018 32219 121103 0.82 0.48564 0.80 2613.0 2551.8 2660.8 29 0.959
JR19 A (3) 6.1 0.248 185.4 12.6720 1.22 0.50949 1.05 2655.6 26545 2656.4 10.3 0.999
B (1) 84 0125 4815 12.3094 1.71 049934 1.71 26283 26109 26417 69 0.988
C(3) 55 0.149 4171 127810 2.37 051385 2.37 2663.6 26735 2656.2 94 1.006
D(4) 31 0.044 12460 125722 0.65 0.50356 0.60 2648.1 26291 26627 4.3 0.987
NEDO1 A (4) 79 0394 108.8 8.6434 222 035206 2.10 23011 19444 26349 126 0.738
B (3) nm* 0298 172.2 10.4950 1.53 0.42297 1.51 24795 22740 26525 7.5 0.857
C(5) 21 0485 90.7 6.3320 4.39 026027 4.33 20229 14912 26197 213 0.569
BCD5-04 A (2)° 53 0.186 270.8 12,8879 1.23 051883 1.22 26715 2694.2 26543 53 1.015
B (3)° 7.4 0.196 253.7 125149 111 050136 1.10 2643.8 26196 26624 50 0.984
C(3) 6.8 0.082 749.7 127736 1.29 051108 1.29 2663.1 26612 26645 6.8 0.999
D(5) 51 0.189 285.3 12.6248 1.86 0.50506 1.84 26521 26355 26647 86 0.989

"y Pbc = common Pb: Pbtot = total Pb (radiogenic + blank + initial).
%) Measured ratio, corrected for fractionation and spike.

%) Isotopic ratios corrected for fractionation (0.1% per amu for Pb), spike contribution, blank (0.4-1.0 pg Pb and 0.04-0.1 pg U), and initial
common Pb. Initial common Pb corrected w ith isotopic compositions from the model of Stacey and Kramers (1975) at the age of the sample.

*) n.m. = not measured
%) Data from Olsson el al. 2012
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cordant. A weighted mean *°’Pb/Pb age of these
three fractions is 2661 + 4 Ma with a MSWD of 1.2.
The fourth fraction plots concordant with a lower
27pb/2%Pb age of 2641.7 + 6.9 Ma. Including this
fraction in the weighted mean results yields a more
imprecise result of 2657 + 15 Ma, with a MSWD value
of 9.3. Regression of the three grey ellipses yields an
upper intercept age of 2657 + 6 Ma, and a strongly
negative and imprecise lower intercept age of -1367 +
2900. Including the fourth fraction in a free regression
yields a lower intercept age of 805 + 3200 Ma and an
upper intercept age of 2657 + 28 Ma (MSWD = 3.7).
The 2661 + 4 Ma result is the preferred estimate for
the age of this dyke.

NEDO1

Three fractions of three, four and five grains respec-
tively were analysed. The grains show frosty surfaces.
Analyses plot strongly discordant between 49 and
79%. A free regression yielded an upper intercept age
0of 2661 £ 11 Ma and a lower intercept age of 122 + 70
Ma (MSWD = 0.85).

(2012). Another two fractions composed of three and
five grains each were analysed here. The baddeleyite
grains selected for analysis are dark brown and clear.
Some of them are elongated and some were fragments
of presumably elongated crystals. One fraction plots
concordant whereas the other fraction is 3.5% discord-
ant. A regression made of all four analyses yield an
age of 2662 + 3 Ma. Using a forced lower intercept
age at 0 + 100 Ma gives an upper intercept that is iden-
tical if taken the weighted mean of *’Pb/**°Pb, i.e.
2662 +3 Ma (MSWD of 1.5)

5.2 Geochemistry

X-ray fluorescence (XRF) of major elements and in-
ductively coupled mass spectrometry (ICP-MS) of
trace elements are presented in Table 2. Fig. 11 shows
that all dykes in this study are subalkaline. The White
Mfolozi dykes plot in the centre of the basalt field to-
gether with the NE-trending 2660-2700 Ma dykes in
the Mpumalanga and Limpopo provinces. The other
coeval dykes of the Rykoppies swarm are all basaltic
andesites. One sample from the outstanding Rykoppies
dyke proper (BCD1-11), plots as an andesite. There-

BCD5—0{ . fore, except for one 2700 Ma NE-trending dyke, all
Two fractions of this sample were analysed by Olsson basaltic dykes are around 2660 Ma, whereas all Ry-
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Fig. 11. All dykes are classified in the TAS plot after LeBas et al. (1986). Blue diamond with black margin is sample JR03. The
orange square with green margin is BCD5-27. The dashed line are distinguishing alkaline from subalkaline dykes (Irvine &

Baragar (1971).
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Table 2. Major and trace element analyses on Neoarchaean dolerite dykes samples from the Kaapvaal Craton.

Sample IRO3 JROG IRO7 IR16 IR17 JR19 BCD5-04 NEDO1  BCD5-17 BCD5-18 BCD5-19 BCD5-22 BCD5-23  BCD1-09 BCD1-11' BCD5-27 BCD3-08 BCD1-04
Trend (°) 15 48 23 27 23 25 NE 30 20 20 90 =50 =45 90 85 =50 123 115
Age (Ma) § 2659+5 2664+6 2654+2 2659+2 26614 2662+3 2661+11 2662+3° 2662+37 2659 +37 2659+13° 266245 2683 +2° 2686+6° 2701+11° 2692+2° 2698 +4°
Sio, 49,5 48.68 48.06 49.82 48.85 4831 4877 4837 56.02 56.24 5558 50.4 50.58 56.06 61.48 4971 55.91 55.94
Al,05 13.72 13.61 14.97 15.42 14.11 14.91 14.58 14.92 14.49 14.58 14.69 13.39 13.15 14.68 12.68 14.01 11.13 12.48
Fe,0; 1497 14.74 12.93 11.46 13.41 13.28 12.73 13.11 9.21 9.19 956 16.59 16.63 9.09 8.17 15.2 10.65 10.74
MnO 021 0.22 0.2 0.18 0.2 0.19 0.19 0.19 0.12 0.13 013 0.21 0.2 0.13 01272 019 01536 0.171
MgO 494 5.93 6.46 7.06 6.63 6.67 7.23 6.95 4,81 467 4.82 471 4.28 4.84 4,62 5.25 9.49 6.33
ca0 8.88 9.77 10.69 10.01 10.42 9.42 10.43 9.52 8.26 7.27 8.05 8.93 8.22 7.82 6.56 9.22 7.13 8.9
Na,O 2.59 21 2.13 2.21 2.34 2.74 2.26 2.29 3.37 358 3.48 263 2.65 3.49 33 2.47 28 2.65
K,0 074 0.35 0.42 0.59 0.2 0.61 041 0.65 1.25 151 1.08 1.05 148 1.33 1.82 0.99 11 1.42
TiO, 159 1.49 1.16 1 1.26 1.31 1.14 1.27 0.75 0.82 0.79 1.91 232 0.79 0.7016 165 07929  0.8619
P,0s 0.2 0.16 0.13 0.1 0.14 0.12 0.11 0.13 0.12 0.16 0.16 0.26 0.44 0.16 0.14 0.23 0.15 0.16
Cr,05 0.01 0.02 0.03 0.033 0.03 0.032 0.036 0.04 0.014 0.024 0.017 0.009 0.012 0.025 0.0605 0016 01562  0.0707
LO.I 1.42 15 1.69 1.8 1.61 2.2 1.9 2.3 1.3 1.6 1.4 0.4 0.3 13 1.36 0.8 0.89 1.46
TOTAL 98.77 98.57 98.87 99.68 99.20 99.79 99.79 99.74 99.71 99.77 99.76 99.69 99.66 95.72 101.02 99.74 10035  101.18
Sc 3495 40.64 35.53 36 39.81 33 35 36 22 21 23 39 34 21 12.88 35 16.68 204
V 30706 31298 25830 234 284.83 246 231 303 165 170 160 324 276 155 107.60 293 160.22 187
Co 68.05 73.57 80.20 77.6 61.15 61.2 48.8 57.2 38.4 389 39.8 53.6 519 405 33.79 55 51.86 473
Ni 64.25 88.11 12091 49 110.85 69.5 64.8 130 47.2 64.5 44.4 17.8 329 59.7 150.52 273 31848 161
Cu 91.78 88.83 78.20 67.6 90.73 65.9 69.3 713 783 90.8 88.2 211 102.7 82.9 56.38 169.5 76.41 82
Zn 14631 12167 81.99 40 92.54 60 57 82 39 a1 38 34 36 23 90.58 39 85.82 95
Rb 67.59 28.76 32.60 30 9.32 294 10.7 87 41.6 47.1 318 38.9 62.9 49 40.77 38.5 4932 44.9
Sr 17973  157.20 16164 145 143.97 175 148.9 174.2 3359 429.1 344.1 183.7 176.6 3745 457.94 186  329.18 332
Y 3162 29.64 22,75 19.2 24.59 23.6 226 25.1 15.6 19 17.3 403 51.5 20.6 15.79 35 15.70 16.6
Zr 11637 89.93 68.68 57.6 73.52 77.3 711 78.1 110.7 133.2 1237 197.8 285.9 1319 143.95 167 12662 125
Nb 545 3.91 3.05 2.2 3.25 2.9 2.9 3.5 4 4.2 3.8 10.6 16.6 4.2 5.95 8.8 5.43 5.05
Ba 21584 66.37 46.89 99 36.89 106 80 119 371 500 360 238 343 375 375.74 202 262.08 303
La 11.50 5.86 4.34 3.7 4.76 6.6 5.6 5.2 17.5 205 19.4 21.3 327 20 24.23 18.2 19.01 17.97
Ce 26.02 15.15 11.35 9.5 12.26 14.6 13.4 131 35 40.1 38.2 48 74.3 39.8 50.75 40.8 41.39 39.5
Pr 345 2.26 1.75 1.48 1.89 213 2.06 2.02 4.25 4.86 476 6.21 9.17 4.68 5.56 5.28 4.63 459
Nd 16.12 11.99 3.81 7.6 9.39 10.9 10.1 9.8 16.1 214 19.7 27.7 39.1 18.1 20.58 23.5 18.01 1832
Sm 436 3.58 2.79 2.03 2.75 27 2.8 293 3.06 3.81 3.68 5.89 7.83 3.84 411 5.13 3.85 3.92
Eu 1.46 1.29 1.05 0.9 1.10 1.08 1.1 1.13 1.04 1.29 1.14 1.75 2.15 1.23 1.27 157 1.18 13
Gd 5.19 448 3.48 29 3.78 3.9 3.66 3.66 3.4 3.94 353 6.53 8.43 4 3.92 571 3.81 3.95
Th 0.90 0.74 0.61 0.52 0.63 0.66 0.65 0.67 0.55 057 0.59 1.17 1.48 0.62 0.53 1.02 0.52 0.54
Dy 5.83 531 4.26 3.47 4.45 3.8 4.22 2.9 333 335 6.95 8.65 3.2 3.11 5.94 3.10 3.27
Ho 1.19 1.13 0.86 0.81 0.95 0.86 0.96 0.57 071 0.68 1.46 1.83 0.63 0.58 1.26 0.57 0.61
Er 3.62 3.32 2.63 2.31 2.83 2.7 274 1.72 211 2.01 4.43 532 1.99 1.57 3.7 1.57 1.68
Tm 0.49 0.51 037 033 0.40 0.38 041 0.23 0.29 0.28 0.66 0.81 0.29 0.22 0.56 0.22 0.23
Yb 359 3.37 251 2.28 2.86 2.79 251 1.56 1.82 1.76 4.16 5.09 1.73 1.33 3.54 1.35 1.42
Lu 051 0.50 0.41 031 0.41 0.43 04 0.24 0.26 0.23 0.63 0.78 0.28 0.19 0.54 0.19 0.2
Hf 3.21 257 2.03 16 2.05 23 21 3.4 36 3.1 4.9 7.6 33 317 4.6 272 27
Ta 035 0.26 0.18 0.2 0.20 0.2 0.2 0.2 0.3 03 0.2 0.7 11 03 0.36 0.5 030 0.27
Pb 21.26 3.25 1.82 1.4 1.90 0.7 0.5 413 4.2 3.1 3.2 1.3 23 2 12.43 1.6 4.95 4.35
Th 145 0.45 0.30 0.2 0.32 0.6 05 03 2.5 24 25 2.9 4.2 2 2.89 26 241 1.83
u 028 0.12 0.09 <0.1 0.10 0.1 0.1 0.1 0.7 0.5 05 0.8 1.2 05 0.62 0.6 0.45 0.4
Mo 094 0.90 0.63 0.2 0.72 0.2 0.2 3.0 0.5 04 04 0.8 1.2 05 0.7
Cs 1.89 1.09 1.79 2.4 0.67 1.4 1.2 1.1 1 07 05 1.4 3 2 2.2

! BCD1-11is the same dyke as BCD5-82
? Olsson etal. 2010
? Olssonetal. 2011
* Not dated
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Fig. 12. Neoarchaean Kaapvaal Craton dykes plotted in (a) the AFM-diagram with the borderline after Irvine & Baragar (1971)
and (b) the Jensen cation classification diagram by Jensen (1976). The diagrams clearly show that the WMDS has a tholeiitic

character.

koppies dykes and older dykes are more evolved ba-
saltic andesites and andesites.

Fig. 12a shows that basaltic dykes define a
tholeiitic trend, whereas basaltic andesites and ande-
sites (including all Rykoppies dykes) tend to be more
borderline calc-alkaline. Dykes of the WMDS cluster
around the border between Mg and Fe-rich tholeiitic
basalts in Fig. 12b. Again, dykes of the Rykoppies
swarm group together as calc-alkaline dykes regard-
less of being 2660 or 2685 Ma in age. It appears that at
least one 2700 Ma basaltic is also relatively MgO-rich.
Looking into the trace element geochemistry, the rare

earth elements (REEs) display a distinct primitive flat
character for the WMDS (Fig. 13). There is one sam-
ple, however, (JR03; blue diamond with black margin
in previous plots, black-dashed blue line in upcoming
plots) that has a more LREE enriched pattern than the
other seven analysed samples in that swarm, yet not as
LREE enriched as the Rykoppies and older dykes fur-
ther to the north.

Also, the multi-element plot (Fig. 14) shows the
significant difference between the WMDS and the
other coeval sub-swarms on the Kaapvaal Craton. The
WMDS is relatively low in Th, U, LREEs and Zr, ex-
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Fig. 13. The REEs are plotted on a variation diagram and normalized to the chondritic values of Sun & McDonough (1989). The
grey-shaded area define the variation among the other dated Neoarchaean dyke swarms on the Kaapvaal Craton relevant to this

study.
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Fig. 14: Multi-element plot showing 19 elements of the samples normalized to pyrolite mantle (McDonough and Sun, 1995).
The elements are shown from left to right, with increasing compatibility in a small fraction of mantle melt.

hibiting relatively low concentrations of the more in-
compatible elements compared to the less incompati-
ble elements that characterize magmas derived from an
enriched mantle. This results in much less pronounced
Nb and Ta anomalies for the WMDS. The WMDS,
nevertheless, still show some enrichment in Rb, K and
Ba, compared to a more depleted pattern, as well as a
remarkably large spread in Pb anomalies, which
stretch over two orders of magnitude. Two of the more
northerly located WMDS-dykes (JR19 & BCDS5-04
from Mpumalanga) even show negative Pb anomalies,
whereas NEDO1 and the southernmost sample JR03
stand out by having a strong positive Pb anomaly.

In comparison to the WMDS, the Rykoppies
and older dykes all exhibit more enriched patterns. All
of their patterns appear to be LILE/HFSE- and LREE-
enriched, with negative Nb-Ta anomalies, an apparent
subduction or contamination signature, yet a not very
distinct Pb anomaly. Amongst these more evolved
dykes, the Rykoppies dyke, and one of the radiating
2700 Ma dykes have relatively similar patterns that
stand out by having lower HREE (possibly reflecting
residual garnet in its mantle source), and negative P
and Ti anomalies (possibly reflecting apatite and il-
menite fractionation, respectively). The two Limpopo
dykes, and the other radiating 2700 Ma dyke have en-
riched patterns, with higher HREE and negative Sr-
anomalies (indicative of plagioclase fractionation), yet
with the Limpopo and radiating dykes having slightly
different Pb anomalies.
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6 Discussion

6.1 U-Pb data of analysed samples
Regression of three analyses of NEDO1 gives an upper
intercept age of 2661 + 11 Ma, similar to the mean age
of ca. 2662 Ma for the White Mfolozi Dyke Swarm,
despite all three analyses plot strongly discordant. The
baddeleyite grains of this sample are frosty indicating
post-magmatic metamorphism and/or alteration. The
lower intercept of 122 + 70 Ma implies zircon rims
were formed during the ca. 180 Ma Karoo event,
which is present in the area.

Free regressions of JR16, JR17 and JR19 yield
negative or very imprecise lower intercept ages that
include more or less all potential metamorphic events
at which discordance could have developed, such as
the ca. 180 Ma Karoo (Svensen et al. 2012) and the ca.
1.1 Ga Umkondo (Hanson et al. 2006) events. We
chose to use weighted mean **’Pb/*°Pb ages for all
these three samples. This approach does not include
any assumption as to when Pb loss occurred. On the
other hand, the mean **’Pb/*”Pb age only represents a
minimum age if calculated from discordant analyses.
However, in situations when discordance is only mi-
nor, the true emplacement ages can be inferred to fall
within error of the mean **’Pb/**°Pb dates.

Three of the four fractions (A, B and D) of
JR16 overlap, of which two are concordant and within
error. The concordant fraction C indicates a younger
age. The low precision of this analysis is due to a loss




of ca. 90% of the sample during loading onto the Re
filament. In this study this fraction is excluded from
age calculation despite being concordant. When ex-
cluding this fraction, free regression yields an upper
intercept age of 2657.1 £ 7.7 Ma, and an imprecise
lower intercept age of 358 = 820 Ma. Within error, it
allows for discordance being linked to both the Karoo
or the Umkondo magmatic events, or both. The
weighted mean *’Pb/*"°Pb age of 2654 + 2 (MSWD =
0.39) is therefore preferred as the minimum emplace-
ment age of JR16.

The U-Pb data of JRI19 is similar to JR16.
Three fractions are overlapping, whereas a fourth frac-
tion (B) plots concordant and within error but at a
younger age. Adapting the same approach as for JR16,
the three fractions yield an upper intercept age of
2657+6 Ma and a strongly negative and imprecise low-
er intercept age of -1367+£2900. Including the fourth
fraction in a free regression yields a lower intercept
age (8053200 Ma) that embraces all metamorphic
events present in the area. This approach yields an
imprecise upper intercept age of 2657 + 28 Ma, and
the MSWD of 3.7 reveals some scatter beyond analyti-
cal uncertainties alone. Thus, a weighted mean age of
the three overlapping fractions is preferred, yielding a
27pp/2%Pb age of 2661 + 3 Ma (MSWD = 1.1).

JR17 also displays one concordant fraction (C)
of a slightly younger **’Pb/*”°Pb age relative the other
three fractions. A free regression comprising the three
more discordant analyses yields an upper intercept age
of 2656+4 Ma, and a negative lower intercept age
(MSWD = 0.27). The weighted mean of **’Pb/**Pb
dates is 2659+4 Ma but with a slightly higher MSWD
value of 1.6. Nevertheless, this is the preferred age of
this sample though some uncertainty in this estimate is
acknowledged due to discordant nature of analyses.
The two concordant fractions obtained for JRO7 allow
for a concordia age to be calculated. The result is
2664+6 Ma (MSWD = 0.17) and is interpreted as the
age of crystallisation of the dyke.

We have chosen to also use weighted mean
27pb/2%Ph dates on the remaining samples JRO6 and
BCD5-04. They both display clustered analyses at or
very close to the concordia, which means that a regres-
sion (anchored at 0 Ma), and a weighted mean age
yields very similar emplacement ages. Due to the low
degree of discordance for both of these samples, their
respective results are interpreted as reliable crystallisa-
tion ages.

In this study, two analyses of BCD5-04 were
performed, to complement the two pre-existing ana-
lysed fractions of BCD5-04 presented in Olsson
(2012). Combining all four analysed fractions yields a
weighted 2’Pb/*Pb mean age of 2661.8+2.8 Ma.
Considering the fact that three out of four fractions are
concordant and within error, and the last fraction are
almost concordant, this must be considered as a very
robust age for this dyke located in southern Mpuma-
langa.
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6.2 Timing and distribution of the White

Mfolozi dyke swarm

The new U-Pb dating in this paper yield very
similar emplacement ages for all dykes of the WMDS
swarm indicating a very short duration of dyke em-
placement. The three most robustly dated samples
(JRO7, JR19 and BCD5-04) have been chosen to repre-
sent a tentative “mean age” of the WMDS. A weighted
mean of their emplacement ages including errors has
been calculated to 2661.8 = 2.0 Ma (MSWD = 0.3).

The swarm is characteristically feldspar-phyric
and north-east trending. It can be found over a wide-
spread area in northern KwaZulu-Natal and southern
Mpumalanga. The dykes intrude basement rocks and
old quartzites of Pongola Supergroup.

Sampled dykes that did not contain any badde-
leyite, e.g. JRO3 and JR12, may or may not be part of
the same swarm as the dated dykes. They show similar
trends and mineralogy. However, JR03 has a slightly
different trend (015° N), and has a different chemical
signature compared with the rest of the White Mfolozi
dyke swarm (Fig. 14 and 15), indicating either signifi-
cant contamination from the surrounding crust or a
different magma source. Since there are no age data
for this dyke, it cannot be ruled out that the dyke was
emplaced by another event, though this is found un-
likely. Like JRO3, there are more dykes in Mhalutze
River valley that have a more northerly trend than the
WMDS. No baddeleyites have been found in any dyke
from this region. JR12 also lacks geochemical data.
The mineralogy and texture of JR03 and JR12 do not
significantly differ from other dykes. However, these
two samples are located close to the Natal Thrust Front
on the edge of Kaapvaal Craton. The lack of baddeley-
ite may be explained by a stronger metamorphic im-
print close to the thrust front, which may have re-
placed the baddeleyite with zircon. This is further sup-
ported by the observation that JR19, the sample fur-
thest away from the thrust front is the freshest one.
The Natal Thrust Front stem from orogenic events
along the present-day southern margin of the Kaapvaal
Craton at ca. 1,0 — 1,2 Ga (McCourt et al. 2006).

Fig. 16 shows a summary of all U-Pb results of
this study, and compares them to age data published
by (Olsson et al. 2010; 2011). It appears that concord-
ant data sets (JRO7, 19 and BCD5-04) yield slightly
older ages (weighted mean 2661.8 + 2.0 Ma) than
most of the discordant data sets (JR06, 16, 17 and
NEDO1). Considering emplacement ages constrained
from weighted means of **’Pb/*”Pb dates are mini-
mum ages in a strict theoretical sense, one cannot rule
out the possibility the true age of the sample is a few
million years older.

If the concordant data sets represent the most
robust emplacement age, whereas the true age of dis-
cordant sets are slightly older, then practically all
dykes were emplaced in a shorter time interval than
given by the their mean ages. In other words, the cur-
rent U-Pb data do not preclude dykes of the WMDS
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Fig. 15. All WMDS and five coeval dykes from further north (Olsson et al. 2010; 2011) are compared from a chronological
perspective. The weighted mean ages from the three most “robustly dated” dykes (*) are drawn as a line at 2661.8 Ma. Dashed
lines indicate that JR16 and JR17 might be a few million years older.

were emplaced within a very short time interval of 1
Myr, or less.

An event at approximately 2662 Ma would then
be the best mean age of the WMDS. As is shown in
Fig. 15, three E-W trending dykes (BCD5-17, 18 &
19) in northern Mpumalanga (>190 km north of
BCD5-04), are identical in age (2659-2662 Ma; Ols-
son et al. 2010). Moreover, two NE-trending dykes
(BCDS5-22 and 23) further north in southern Limpopo
(approximately 300 km north of BCD5-04) also are
identical in age with the White Mfolozi Dyke Swarm,
indicating that this event might have an even larger
geographical area comprising a ca. 400 km wide dyke
swarm (Fig. 18).

6.3 Three pulses of magmatism on the

Kaapvaal craton
Considering all U-Pb baddeleyite ages of Neoarchaean
dykes located along the eastern portion of the
Kaapvaal Craton, including dykes of the NE-trending
WMDS, the E-trending Rykoppies Swarm, the E-SE-
trending Barberton-Badplaas Swarm and the NE-
trending dykes in Limpopo, it seems like magmatism
was episodic over a 40 Myr time interval, starting at
approximately 2700 Myr ago.
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Three pulses at ca. 2700 Ma, at ca. 2685 Ma
and at ca. 2660 Ma, can be visually illustrated by plot-
ting single fractions from sampled and dated dykes
together in an U/Pb isotope diagram (Fig. 16).

The oldest magmatic pulse, comprising the ca.
2700 Ma dykes are plotted as brown ellipses (Fig. 16
and 17a) and are members of the proposed radiating
swarm (Olsson et al. 2011) east of the Bushveld Com-
plex, represented by the NE-trending dyke BCDS5-27
and the SE-trending BCD3-08 and BCD1-04. BCD1-
04 was earlier reported as 2672.9 + 1.8 Ma by Olsson
et al. (2010), but this age was constrained by a single
fraction. The *’Pb/*Pb age of this analysis must be
considered merely as a minimum age, because of its
relatively strong discordance (5.5 %). The refined age
result presented by Olsson et al. (2011) gave 2698.4 +
3.6 Ma for this dyke, constrained by four moderately
discordant analyses, which testifies this dyke belong to
the oldest pulse. The probable cause of variability in
discordance of baddeleyite from the same sample is
presumably due to baddeleyite that is variably convert-
ed to zircon.

At ca. 2685 Ma, E-W-trending dykes were em-
placed between the ca. 2700 Ma radiating dykes. They
are plotted as blue ellipses (Fig. 16 and 17b) and repre-
sented by BCDI1-09 and BCD5-82 (Olsson et al.
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Fig. 16. All analysed fractions from the Kaapvaal Craton (this study, Olsson et al. 2010 & 2011) are plotted together to illustrate
the three-pulse magmatism suggested in this thesis. Colours indicate approximate age of the dykes. Pink = 2660 Ma, blue =
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played in this diagram for scale reasons. See Fig. 17c¢ for their position on the U/Pb isotope plot.

2010). The ca. 2660 Ma White Mfolozi Dyke Swarm
and coeval dykes in the Rykoppies Swarm (Olsson et
al. 2010) and in Limpopo (Olsson et al. 2011) are plot-
ted as pink ellipses (Fig. 16 and 17¢) and represent the
youngest pulse.

The ca. 2700 Ma swarm (brown ellipses) stand
out in the way that it displays three distinguished
trends of discordance in the concordia diagram with
one main trend plotting along a line that intersects the
concordia at ca. 1850 Ma. This is illustrated both in
Fig. 16 and 17a. The fractions of BCD5-27 plot on or
just below the reference line between 2.7 and 1.85 Ga.
BCD5-27 is influenced by mixing between baddeleyite
and polycrystalline zircon, developed at the time when
the Black Hills swarm was emplaced at ca. 1.85 Ga
(Olsson 2012). Mixing between baddeleyite and poly-
crystalline zircon leads to the ellipses ploting along the
reference (mixing) line. The effect related to emplace-
ment of the Black Hills Swarm can also be observed
on the 2659 = 13 Ma BCD5-22 sample in the same
area as BCD5-27, as its lower emplacement age are
close to 1.9 Ga, when using a free regression (Olsson

et al. 2011). The two other dykes (BCD3-08 and
BCDI1-04) indicate younger discordance that devel-
oped at ca. 1000 and 0 Ma. They are located south of
the Black Hills Swarm and show no effect of the ca.
1.9 Ga Black Hills event. The lower intercept age of
1018 + 130 Ma for BCD1-04 indicates that this dyke
was presumably affected by the ca. 1.1 Ga Umkondo
event, and may have developed polycrystalline zircon
at this time. The cause for the discordance of BCD3-
08 probably relates to diffusional lead loss from bad-
deleyite in recent times, indicated by a lower degree of
discordance and a lower intercept age close to 0 Ma.
The blue ellipses, representing the approximate-
ly 2685 Ma swarm stem from two E-trending dykes.
Their lower intercepts do not overlap, even if they are
only about 19 km apart in the Rykoppies Dyke Swarm.
The youngest ca. 2660 Ma pulse is represented
by pink ellipses and comprise dated dykes in this pa-
per, samples BCD5-17, BCD5-18 and BCD5-19 from
Olsson et al. (2010), and samples BCD5-22 and
BCD5-23 from Olsson et al. (2011). The reported age
of BCD5-23 is 2674 £ 11 Ma. It is constrained by two
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fractions that plot far apart in the concordia diagram. I
have chosen to use only the least discordant fraction
(a, in Olsson et al. 2011) with a *’Pb/**Pb age of
2661.8 = 5.1 Ma as a reliable minimum emplacement
age for this sample. The reference line represents a
regression made from all fractions (solid and striped)
that are pink in Fig. 17c. The reference line intersects
the concordia at the age of 2659.0 + 2.4 Ma. This ca.
2660 Ma swarm consists mostly of NE-trending dykes
except samples BCD5-17-19, which all have an easter-
ly trend. The reason they diverge from a NE trend
might be that they intruded into the crust where an
earlier generation of E-trending dykes (the ca. 2685
Ma dykes of the Rykoppies swarm) already had been
emplaced. Jourdan et al. (2006) argued that basement
control might be a very powerful factor when younger
dykes are to be emplaced, such that dykes may intrude
along trends that deviate from the main stress direc-
tion. This may explain the presence of 2660 Ma dykes
intermixed with older 2685 Ma dykes of the Rykop-
pies swarm. This is the only location where 2660 Ma
dykes deviate from their normal NE trend. In the
northern area, ca. 20 km west of the town Phalaborwa
in the Limpopo province samples BCD5-22 and 23
intrude the bedrock in the same NE direction as the
older BCD5-27 dyke. Satellite imagery over this area
shows that dykes with a NE trend intrude the bedrock
pervasively. Noteworthy is also that ca. 1.85 Ga dykes
are intermixed with dykes of this swarm (Olsson,
2012). Hence, basement control and older zones of
weakness might play an important role here as well. In
northern KwaZulu-Natal, there are no (yet discovered)
dyke swarms present which are older than ca. 2.7 Ga.
This indicates that the NE trend of the White Mfolozi
Dyke Swarm records the overall, and general stress
direction (perpendicular to dyke trend) during the
magmatic events.

6.4 Correlation with volcanic units on the

Kaapvaal Craton
The spread in dyke ages of dykes from the Kaapvaal
Craton (ca. 2660 — 2700 Ma) is coeval with the young-
est rocks of the Venterdorp Supergroup, and its shift to
the protobasinal fills of the Transvaal Supergroup.
There are several ages of lava units in the Ventersdorp
Supergroup (including proto-basin lavas), which could
be correlated to the dykes here studied.

The north-east trend of many dykes on the
Kaapvaal Craton during this time suggests a connec-
tion to Ventersdorp Supergroup, which was deposited
in a series north-east trending graben structures (Uken
& Watkeys, 1997). Ages obtained for different units in
the middle of Ventersdorp stratigraphy reveals that
these units are older than the oldest dated dykes on the
craton. Armstrong et al. (1991) reports an age of 2709
+ 4 Ma for the Makwassie Quartz porphyry and slight-
ly older 2714 + 8 Ma for the underlying basalts of the
Klipriviersberg Group. Both ages are obtained with U-
Pb on zircon grains. The oldest age of the north-east



trending dykes on Kaapvaal Craton is reported by Ols-
son et al. (2011) from BCD5-27 at 2701 = 11 Ma. This
age overlap the Makwassie age within error. It cannot
be ruled out that this dyke is part of a north-east Vent-
ersdorp fabric. The north-east trending dykes cannot,
however, be coupled to the oldest Ventersdorp.
Younger dyking events like the second (ca. 2685 Ma)
of the three pulses are possibly coupled to the younger
Ventersdorp events. Olsson et al. (2010) proposed a
possible correlation between the older (ca. 2685 Ma)
Rykoppies dykes and the basaltic andesite lavas of the
Allanridge formation (upper Ventersdorp Supergroup).
This correlation is further strengthened by Klausen et
al. (2010) and the chemical analysis of the Rykoppies
dykes in this study, revealing that they are also basaltic
andesites (Fig 11).

The ca. 2660 Ma White Mfolozi Dyke Swarm
could most likely be correlated to the lavas in the pro-
tobasinal fill sequence at the bottom of Transvaal Su-
pergroup, which are dated to 2657 - 2659 Ma
(unpublished report, SACS 1993) and to 2664 Ma
from U-Pb zircon (Barton et al. 1995).

6.5 Geochemistry of the White Mfolozi

dyke swarm
The geochemical data clearly distinguishes the WMDS
from other approximately 2.66 - 2.70 Ga old dykes on
the Kaapvaal Craton. This restricts the WMDS to the
south-eastern part of the Kaapvaal Craton. All studied
dykes in this study are depleted basalt in chemical
terms (Fig. 11), and are also characterized by having
conspicuous feldspar megacrysts. However, due to
their medium to coarse grained nature, they should
rather be called microgabbros or diabases. Both the
REE and multi-element diagrams (Fig. 13 and 14)
show that the WMDS is of a characteristically more
chemically depleted in character than other using
chondrite and pyrolite mantle as a normative, unlike
more northerly dykes. This is especially true in the
more incompatible elements, like Zr, the LREEs and
the LIL (Th, U and K), which are low for the WMDS.
This signals that magma generating this swarm was
chemically depleted, and its magmas could have been
derived from a depleted mantle source, which received
no or little crustal contamination during emplacement
in the crust.

Within the White Mfolozi Dyke Swarm, there
are some dykes that stand out. JR03, which were not
dated as baddeleyite was absent, has a more enriched
geochemical character, which is illustrated on both the
REE and multi-element plots where it is marked with a
black-dashed rim. This dyke plots in between the gen-
eral REE compositions of the WMDS and the other
more enriched dykes further north (Fig. 13). Possible
explanations include that JR0O3 is either more exten-
sively crustally contaminated, or that this dyke has a
different origin and is of a different age. Because of
the lack of age data from this dyke, it is impossible to
rule out the latter explanation, but the feldspar pheno-
crysts give good reason to believe that it is part of the
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WMDS. The two White Mfolozi dykes located in
Mpumpalanga (JR19 and BCD5-4, Fig. 2) have a neg-
ative Pb anomaly (Fig. 14), which, together with their
northern location, separates them from the other dykes
in the JR-series. Large variations of Pb concentrations
are not uncommon due to the high mobility of the di-
valent Pb ion however.

6.6 Geochemistry of other Neoarchaean
Kaapvaal dyke swarms

6.6.1 Rykoppies swarm

Dykes of the Rykoppies swarm consist of two well-
established age groups of approximately 2660 and
2685 Ma in age. Those samples are geochemically
calc-alkaline rocks (Fig. 13). However, one of the old-
er dykes (BCDI1-11) has dramatically higher SiO2
content, making it andesitic while the rest of the sam-
ples are classified as basaltic andesites. The REE and
trace element geochemistry are both very consistent
among dykes of the Rykoppies swarm, with no appar-
ent differences with respect to age, suggesting that
they have a common or similar source, or are all
strongly affected by crustal contamination. The Ry-
koppies dyke BCDI-11 is rich in xenoliths, which
support that the crustal contamination may dominate
the geochemical signatures of the Rykoppies dykes
(Klausen et al. 2010).

6.6.2 Limpopo dykes and radiating dykes

The northerly dykes in the Limpopo Province also
show a distinct geochemical similarity to each other,
despite the large age span of ca. 40 Myr between 2659
and 2701 Ma. The dykes have similar trends but the
age span suggests that they might have been emplaced
by different mechanisms. Pre-intrusive zones of weak-
ness in the basement may have controlled the direction
of younger dykes, as is already noted. Also for these
dykes, the host rock seems to have had a big impact on
their common geochemistry. The oldest, NE-trending
Limpopo Dyke sample (BCD5-27, 2701 + 11Ma) does
not appear to have any geochemical similarity to the
coeval SE trending dykes further to the south. In the
geochemical diagrams, they are grouped together as
the ca. 2700 Ma radiating swarm, but BCD5-27 is
marked with green border/dashes to indicate its simi-
larity to the younger NE-trending Limpopo Dykes.
Still, BCD5-27, BCD1-04 and BCD3-08 might be
members of a radiating swarm at 2700 Ma.

6.7 Contradicting the 40 Ma radiating

swarm?
Olsson et al. (2011) proposed a radiating swarm that
originated from a mantle plume impact where the east-
ern lobe of Bushveld complex is located today at ap-
proximately 2700 Ma. The authors attribute all radiat-
ing 2,66-2,70 Ga dykes on the Kaapvaal Craton to this
plume event, despite an apparent large age span of ca.
40 Myr. Considering that the WMDS has been robust-
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ly dated and investigated geochemically, the duration
of dyking related to a mantle plume must be re-
considered.

From their location (Fig. 18), the NE-trending
dykes of the White Mfolozi Dyke Swarm in Mpuma-
langa appear to crosscut the SE-trending branch of the
proposed 2.70-2.66 Ga radiating dyke swarm in Ols-
son et al. (2011), even though it has not been observed
in outcrop. The sample site for NE-trending JR19 and
BCD5-04 are only ca. 32 km west of the SE-trending
BCD3-08. If those three dykes are stretched 20-30 km
along strike northward, the NE dykes will crosscut the
SE dyke, which according to Olsson et al. (2011) is
part of the radiating swarm. The proposed radiating
swarm are emplaced over a time span of 40 Ma, which
contradicts a short-lived mantle-plume event.

The new age data of the White Mfolozi Dyke
Swarm, together with age matching further north (Fig.
15) indicates a separate event being responsible for the
emplacement of all ca. 2660 Ma NE- and E-trending
dykes. This would limit the radiating swarm of Olsson
et al. (2011) to maximum 15 Myr (approximately
2700-2685 Ma). However, geochemical data from ca.
2662 Ma dykes deviate. The White Mfolozi Dyke
Swarm displays a primitive REE pattern, while the ca.
2660 Ma dykes further north and JRO3 display a
slightly LREE-enriched pattern, in accordance with
older dykes in the radiating swarm. Moreover, none of
the dykes outside White Mfolozi dyke swarm contain
the characteristic feldspar megacrysts. This causes
doubt over a common source for all ca. 2660 Ma
dykes. One possibility is that a common mantle source
was increasingly contaminated further north, deeper
into the cratonic hinterland. This can be explained by
thinner continental crust in the southern region, which
is closer to the craton margin. If this is true, a more
extensive crustal contamination affected the northerly
dykes. The dyke geochemistry is then to a large extent
dependent on contamination from the host rock which
they intruded and the dyke swarm is approximately
400 km wide (Fig. 18).

Also supporting a model where the WMDS is
derived from a more primitive source while the other
dykes are more contaminated is the Th/Ta-La/YDb plot
(Fig. 19). All WMDS samples plot on the lower left of
the diagram, where the ratios of depleted and primitive
mantle are present. Overall, all other dykes plot along
the mixing line between upper continental crust and
the primitive mantle. However, if they have been
evolved along the hypothetical mixing curve of
WMDS, they might have a depleted mantle source.
Slight differences between different subgroups with
slightly different multi-element patterns in Fig. 14
might be attributed to slightly different types of crustal
contaminants in areas of the Kaapvaal Craton. The
hypothetical mixing line drawn in Fig. 19 might be
valid for all dykes. The northern dykes might be de-
rived from the same magma source, but their magma is
more evolved along this mixing line, indicating in-
creasing contamination by a thicker crust further north.
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La/Yb
Fig. 19. Th/Ta plotted versus La/Yb. DM=depleted mantle;
PM=primitive mantle; FOZO=focal zone mantle; EM1 and
EM2=enriched mantle sources; HIMU=high-mu source;
UC=upper continental crust; AFC=assimilation-fractional
crystallization trajectory. A hypothetical mixing curve is
drawn in blue for the WMDS.

The north-eastern trend of the dykes stem from
the general stress direction which was acting on the
Kaapvaal Craton during deposition of Ventersdorp
Supergroup. Rifting was going on at ca. 2660 Ma, like
Stanistreet & McCarthy (1991) proposed. The cause
for rifting is not solved by this work, nor is the extent
of the WMDS. Further work will be needed to clarify
their emplacement mechanisms and to which extent
these NE-trending dykes belong to one or more
swarms.

7 Conclusions

o In the south-easternmost basement window on
the Kaapvaal Craton, a swarm of north-east
trending diabase dykes intruded the bedrock at
approximately 2662 Ma. This swarm are char-
acteristically feldspar phyric and shows a de-
pleted geochemical signature. Most of the sam-
ples come from outcrops in and around the val-
ley of the White Mfolozi River, and the name:
White Mfolozi Dyke Swarm (WMDS) is pro-
posed for this swarm. The dykes are all moder-
ately metamorphosed, some more so than oth-
ers. The degree of alteration is generally in-
creasing towards the south, where they are
close to the Natal Thrust Belt.

o The swarm spans over an area at least 190 km
from north to south and 40 km perpendicular to
this trend. However, if the coeval and NE-
trending dykes in Limpopo are part of the same
swarm, it is a major swarm, with a width of
almost 400 km. The WMDS appear to crosscut
the SE trending branch of the 2660-2700 Ma
radiating swarm further to the north, even



though it is not observed in outcrops.

. Coeval dykes occur further north, in the South
African provinces of Mpumalanga and Limpo-
po. They are the NE and E trending branches of
the radiating swarm of this age, but they lack
feldspar phenocrysts. Both of the branches con-
tain dykes of approximately 2660 Ma, and a
generation of slightly older dykes. The 2660
Ma dykes might be emplaced along previous
zones of weakness attributed to reactivation of
tectonic zones of weakness.

. The geochemical signatures for the northern-
most ca. 2.66 Ga dykes differ from the coeval
WMDS. They dykes in the north are more en-
riched, indicating more extensive crustal con-
tamination or a shallower mantle source than
for WMDS. There are two possibilities: one is
that all dykes were derived from a chemically
similar mantle source. It would be a depleted
source and the magma would have been more
evolved the further north it intruded the bed-
rock. The other option is that there were two
simultaneous events going on, with two chemi-
cally distinct magma sources, and that crustal
contamination was limited in both areas.
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