
Unravelling the timing and distribution 

of Paleoproterozoic dyke swarms in 

the eastern Kaapvaal Craton, South 

Africa 

Camilo Esteban Gaitan Valencia 
Dissertations in Geology at Lund University, 

Master’s thesis, no 578 
(45 hp/ECTS credits)  

Department of Geology 

Lund University 
2019 



 

 



 

 

Unravelling the timing and 

distribution of Paleoproterozoic dyke 

swarms in the eastern Kaapvaal 

Craton, South Africa 

Master’s thesis 
Camilo Esteban Gaitan Valencia 

Department of Geology 
Lund University 

2019 



 

 

Contents  

1 Introduction ......................................................................................................................................................... 7 

2 Regional Geology ................................................................................................................................................ 8 

2.1  Pretoria Group 8 

3 Sample localities .................................................................................................................................................. 9 

3.1  KwaZulu Natal Province 9 

3.1.1 ENED-03 and ENED-03R 9 

3.1.2 ENED-03S and ENED-03SN 11 

3.2  Mpumalanga Province 12 

3.2.1 BCD8-05 12 

3.2.2 BCD18-05B 12 

4 Methodology and analytical Protocol .............................................................................................................. 13 

4.1 Geochronology 13 

4.2 Geochemistry 13 

5 Results ................................................................................................................................................................ 13 

5.1 Geochronology 13 

5.1.1 BCD18-05B 13 

5.1.2 ENED-03 15 

5.1.3 ENED-03S 15 

5.1.4 BCD8-02 15 

5.2 Geochemistry 15 

6 Discussion .......................................................................................................................................................... 16 

6.1 U-Pb data interpretation 16 

6.2 Timing and geochemistry of the Mashining event 17 

6.3 Timing and geochemistry of the Black Hills event 17 

6.4 New definition of dyke swarms  in eastern Kaapvaal Craton 19 

6.5 Potential global correlations 20 

7 Conclusions ........................................................................................................................................................ 21 

8 Acknowledgements ........................................................................................................................................... 21 

9 References .......................................................................................................................................................... 21 

   

Cover Picture: Mafic black dyke intruding a white host granitic rock. Photo taken by Ashley Gumsley. 



 

 

Unravelling the timing and distribution of Paleoproterozoic dyke 

swarms in the eastern Kaapvaal Craton, South Africa 

CAMILO ESTEBAN GAITAN VALENCIA 

Gaitan Valencia, Camilo E., 2019: Unravelling the timing and distribution of Paleoproterozoic dyke swarms in the 

eastern Kaapvaal Craton, South Africa. Dissertations in Geology at Lund University, No. 578, 23  pp. 45 hp (45 

ECTS credits). 

Keywords:  Kaapvaal, Mashining, Black Hills, dyke events, U-Pb geochronology, baddeleyite, geochemistry.  

Supervisor(s): Ulf Söderlund (Lund University) and Ashley Gumsley (Lund University) 

Subject: Bedrock Geology 

Camilo Esteban Gaitan Valencia, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, 

Sweden. E-mail: ca3263ga-s@student.lu.se  

Abstract: In this study, I present emplacement ages, petrography and the geochemical composition of doleritic 
dykes and one sill from the eastern and south-eastern area of the Kaapvaal Craton. These results refine the previous 
2253 ± 45 and 2202 ± 74 Ma ages of the Mashining event to ca. 2168 Ma, and shows that this swarm is intermixed 
with the younger 1875-1835 Ma Black Hills dyke swarm. Geochemical data of the Mashining swarm suggest these 
dykes may acted as feeders of ca. 2.2 Ma Hekpoort magmatism within the Pretoria Group. A Southern extension of 
Mashining magmatism in the Kaapvaal Craton is represented by the ENED-03 dyke, herein dated to 2168 ± 7 Ma. 
However, despite this age match, there are considerable geochemical differences. The trend of the Black Hills dyke 
parallels the older ca. 2168 Ma Mashining dykes within the Transvaal sub-basin. Further north, in the area of the 
Archean basement, it extents close to the ca. 1.85 Ga Soutpansberg Group basin, suggesting a possible connection 
and a common magmatic event. The northerly trend of Black Hills dykes just northeast of the Transvaal sub-basin 
seems to be locally deflected by older NE-trending fracture zones and dykes that belong to a major ca. 2.70-2.66 Ga 
NE-trending swarm. Echelon and dyke patterns, thus suggest that the trend of Black Hills dykes in that area was 
controlled by former regional paleo-stresses and fracture zones. The definition of the ca. 2168 Ma age for the 
Mashining magmatic event on the Kaapvaal Craton indicates possible connection to coeval magmatic events in the 
Wyoming, Dharwar and Superior Cratons.  



 

 

Paleoproterzoiska diabasgångsvärmar i östra Kaapvaal kratonen, 
Sydafrika – deras kristallisationsåldrar och geografiska 

utbredning 

CAMILO ESTEBAN GAITAN VALENCIA 

Gaitan Valencia, Camilo E., 2019: Avslöja tidpunkten och distributionen av Paleoproterozoic dyke svärmar i östra 
Kaapvaal Craton, Sydafrika.Examensarbeten i geologi vid Lunds universitet, Nr. 578, 23 sid. 45 hp. 

Nyckelord:  Kaapvaal, Mashining, Black Hills, intrusioner händelser, U-Pb geokronologi, baddeleyit, geokemi 

Handledare: Ulf Söderlund (Lunds Universitet) och Ashley Gumsley (Lunds Universitet) 

Ämnesinriktning: Berggrundsgeologi 

Camilo Esteban Gaitan Valencia, Geologiska institutionen, Lunds Universitet, Sölvegatan 12, 223 62 Lund, 

Sverige. E-post: ca3263ga-s@student.lu.se 

Sammanfattning: I denna uppsats presenterar jag kristallisationsåldrar, petrografi och geokemisk sammansättning 
för diabasgångar och en lagergång i östra och sydöstra Kaapvaal kratonen, Sydafrika. Dessa nya resultat ger mer 

exakta och pålitliga resultat än tidigare dateringar för diabaser tillhörande den s.k. Mashining gångsvärmen, vilka 
daterats till 2253 ± 45 and 2202 ± 74 Ma (Ma = miljoner år). De nya resultaten indikerar en ålder på ca. 2168 Ma, 

samt att denna generation av Mashining diabaser förekommer i samma område som yngre diabasgångar tillhörande 
den s.k. Black Hills svärmen, vilken tidigare åldersbestämts till 1875-1835 Ma. Geokemisk data indikerar att 

Mashining diabaserna kan ha utgjort matargångar till de berömde Hekpoort basalterna som återfinns i ”Pretoria 
Group” i Transvaal bassängen. En diabasgång belägen betydligt längre söderut ger en liknande ålder runt 2168 Ma 
och visar att denna händelsen sannolikt var av regional betydelse. Den nordliga fortsättningen av 1875-1835 Ma 

Black Hills gångar sammanfaller med vulkaniska bergarter i den s.k. Southpansberg bassängen i norr, vilka daterats 
till ca. 1.85 Ga (Ga = miljarder år), och indikerar en möjlig koppling mellan intrusiva och extrusiva bergarter 

tillhörande en och samma magmatiska händelse. Det finns också möjliga kopplingar till likåldriga magmatiska 
provinser/diabasgångsvärmar i Wyoming, Dharwar och Superior kratonerna, vilket kan tolkas som att dessa 

kratoner var belägna i närheten av Kaavaal kratonen för ca 2 miljarder år sedan. 
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1 Introduction  
 
 The study of dyke swarms along the margin 

and within cratons has become one of the most useful 

techniques for reconstructions of supercontinents in 

the Precambrian (e.g. Bleeker 2004;  Ernst et al. 2013;  

Ernst 2014;  Söderlund et al. 2016). Dyke swarms are 

made up of a series of dykes with a specific trend and 

pattern (e.g. linear or radiating). The dykes typically 

belong to a single magmatic event of intrusion, but 

multiple generations of dykes within single swarms are 

not uncommon (e.g. Olsson et al. 2011;Cederberg et 

al. 2016). Many of these swarms are associated with 

Large Igneous Provinces (LIPs) and, if radiating, often 

are inferred to be linked to a mantle plume causing 

extensive magmatism within a relatively short time 

span (1-5 Myr;e.g. Emst & Buchan 2001;  Bryan & 

Ernst 2008;  Ernst 2014). It is widely accepted that one 

or several mantle plumes could lead to continental 

break up and initiate rifting. Ancient events of mafic 

magmatism can be arranged in so called “magmatic 

barcodes” for each craton (e.g. Bleeker & Ernst 2006). 

One or several age matches between crustal blocks 

suggest a “nearest neighbor” relationship within the 

time interval in which matches are identified. 

The Kaapvaal Craton in southern Africa re-

presents one of the oldest pieces of crust on Earth, and 

is the host of a large number of dyke swarms each re-

presenting events of extensional stress and/or magma-

tism (Fig. 1). In the eastern part of the craton, within 

the Archean crust, three regional swarms dominate, all 

comprising ca. 2.70-2.66 Ga dykes that are arranged in 

a radial pattern (Olsson et al. 2011): the NE-trending 

Rykoppies dyke swarm and the SE-trending Badplaas-

Barberton dyke swarm. The latter is intermixed with 

older, ca. 2.97-2.96 Ga dykes, whereas the NE-

trending swarm is intermixed with younger 1.875-

1.835 Ga dykes, referred to as the Black Hills dyke 

swarm (Olsson et al. 2016). As dykes of the NE-

trending swarm intersect the Transvaal Supergroup, 

the dykes appear to become deflected into a more 

NNE-trend toward the south. However, there are some 

uncertainties whether this deflection is apparent or if 

more than one generation of various trends is present 

in this part of the craton. The NNE-trending dykes 

within the Transvaal Supergroup (near Mashining) 

were recently defined by Wabo et al. (2019) as the 

Mashining dyke swarm, and 40Ar/39Ar  geochronology 

indicated an age of ca. 2.2 Ga. Further south the White 

Mfolozi dyke swarm has been defined as a NE-

trending swarm dated at ca. 2.7 Ga (Gumsley et al. 

2016), but other generations of dykes also exist in this 

part of the craton. For instance, Larsson (2015) defi-

ned three ENE-trending generations of dykes (sample 

names from (Larsson 2015)): one dated at ca. 2.73 Ga 

(ENED-08), a second at ca. 2.58 Ga (ENED-09), and 

the youngest at ca. 2.168 Ga (ENED-03), the latter 

similar in age to the Mashining swarm defined further 

north (Wabo et al. 2019). These ca. 2.2 Ga dykes may 

have acted as feeder dykes to Hekpoort, or Machado-

dorp, lavas within the Transvaal Supergroup. 

The aim of this study is to refine the defini-
tion and improve the understanding of different dyke 

swarms in the eastern Kaapvaal Craton. More specifi-
cally, this study seeks the answers to: (1), what is the 

spatial and temporal relationship between the 1.875-
1.835 Ga Black Hills dyke swarm and the Mashining 

dyke swarm, provisionally dated at ca. 2.2 Ga, (2), 
could any of these dyke swarms represent feeder dykes 

of the Hekpoort or Machadodorp lavas, and (3), what 
is the extent of ca. 2.2 Ga magmatism in the eastern 
Kaapvaal Craton. In order to answer these questions, 

U-Pb geochronology was done on baddeleyite using 
isotope dilution-thermal ionization mass spectrometry 

Fig. 1. Geographical distribution of the main dyke swarms 
in the eastern area of the Kaapvaal Craton. Each bar repre-
sents the main trend of dykes for certain generation. Note 
that there are three bars representing the Black Hills 
swarm, one in the Archean Basement, one in the Transvaal 
Supergroup and one in the Bushveld Complex. Modified 
from Larsson (2015), Gumsley (2015) and Eriksson 
(2006). 
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(ID-TIMS), combined with petrography and geoche-
mistry on samples of different trends and generations. 

 

2 Regional Geology 
 

The late Neoarchean to early Paleoprotero-

zoic Transvaal Supergroup (Fig. 2) occurs in southern 

Africa in three sub-basins unconformably overlying 

the Ventersdorp Supergroup on the Kaapvaal Craton. 

These are the Kanye, Griqualand West and Transvaal 

sub-basins. The Transvaal sub-basin is a relatively 

thick (~ 15 km) succession that outcrops around the ca. 

2058 Ma Bushveld Complex (Buick et al. 2001;  Ols-

son et al. 2010;  Cawthorn 2015)  in the north-eastern 

part of the Kaapvaal Craton. The basement in this re-

gion includes the Ventersdorp Supergroup and the 

sporadic so-called protobasinal rocks. Overlying these 

units unconformably is the first succession of the sub-

basin, the Black Reef Formation, which comprises a 

mixture of conglomerates, sandstones and volcanic 

rocks. Overlying the Black Reef Formation is the 

Chuniespoort Group (Eriksson et al. 2006). This com-

prises a series of carbonate platform deposits of the 

Malmani Subgroup, the banded iron formations from 

the Penge Formation and a sporadic carbonate succes-

sion on top, the Tongwane Formation (Schröder & 

Warke 2016). Unconformably overlying the Chunies-

poort Group is the Duitschland Formation, some stu-

dies (Coetzee 2001;  Luo et al. 2016;  Schröder et al. 

2016;  Warke & Schröder 2018) have correlated the 

Duitschland Formation with the Rooihoogte Formation 

from the overlying Pretoria Group. This correlation is 

not fully accepted, and some workers have instead 

interpreted the Duitschland Formation as part of the 

Chuniespoort Group (Catuneanu & Eriksson 2002;  

Eriksson et al. 2006). A third alternative suggests that 

the Duitschland Formation represents an unconforma-

bly-bounded unit between the Chuniespoort Group and 

the Pretoria Group  (Lenhardt et al. 2012;  Gumsley et 

al. 2017). This is the alternative favored in this thesis. 

2.1 Pretoria Group  

The mafic intrusions investigated in this 

study, correspond temporally to the Pretoria Group, 

which has a stratigraphy as is seen in Figure 3. The 

Pretoria Group unconformably overlies the Duitsch-

land Formation and is the third succession in the 

Transvaal sub-basin. The lower Pretoria Group is divi-

ded into four formations. The lowermost unit, the 

Rooihoogte Formation, consists of shales with some 

conglomerates and breccias towards the top (Coetzee 

2001). Above this succession is the Timeball Hill For-

mation, which contains two upwards coarsening units 

of shale separated by a sandstone unit and a diamictite 

unit on top (Coetzee 2001;  Coetzee et al. 2006). The 

base of the unit has been dated at 2316 ± 7 Ma (Re-Os 

on pyrite; Hannah et al. 2004) and 2309 ± 7 Ma (U-Pb 

on zircon; Rasmussen et al. 2013), whereas the upper 

part has been dated at 2256  ± 6 Ma and 2266 ± 4 Ma 

(U-Pb on zircon; Rasmussen et al. 2013). Unconfor-

Fig. 2. Geological map of the main units in the studied zone over the Kaapvaal Craton. The two localities carried out in this 
study are marked by the black boxes referring to Figure 4 and 11. Modified from Larsson (2015), Gumsley (2015) and Eriks-
son (2006).  
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mably overlying this succession is the Boshoek For-

mation, a clastic unit consisting of conglomerates, dia-

mictites and sandstones (Coetzee 2001;  Coetzee et al. 

2006;  Schröder et al. 2016;  Gumsley et al. 2017). 

Further upwards in the stratigraphy is the Hekpoort 

Formation, a volcanic unit dominated by basaltic ande-

sites and volcanoclastic sedimentary rocks (Oberholzer 

& Eriksson 2000;  Coetzee 2001;  Lenhardt et al. 

2012;  Schröder et al. 2016). The age of this unit is not 

well-constrained, but some attempts to date the 

Hekpoort Formation have been done: 2236 ± 38 Ma 

(Pb-Pb on whole rock; Cornell et al. 1996); 2225 ± 3 

Ma (Pb-Pb on detrital zircon; Dorland 2004), the latter 

yielding a maximum depositional age, and 2247 ± 10 

Ma (U-Pb on zircon; Schröder et al. 2016). Similarly, 

this age represents a maximum depositional age for 

volcanoclastic quartzites in the Hekpoort Formation.

       

 Unconformably overlying the Hekpoort Forma-

tion is the upper Pretoria Group. This begins with the 

Dwaalheuwel Formation, comprised of shales and con-

glomerates, followed by the Strubenkop Formation 

shales and some subordinate sandstone layers, and 

then the Daspoort Formation, which consists of sands-

tones with minor shale layers (Coetzee 2001;  Eriksson 

et al. 2006).  This latter unit has been dated at 2265 ± 

20 Ma (U-Pb on detrital zircon; Schröder et al. 2016), 

representing a maximum depositional age of the Das-

poort Formation. Above this formation is the Silverton 

Formation which is, primarily composed of shale and 

carbonate rocks. However, it also includes a volcanic 

unit called the Machadodorp Member, composed of 

pyroclastic rocks on the base, followed by lava flows 

and pillow lavas toward the top (Crow & Condie 1990;  

Reczko et al. 1995;  Lenhardt et al. 2012). Overlying 

the Silverton Formation is the Magaliesberg Forma-

tion, which is composed of sandstones layers with 

some interbedded shale lenses (Coetzee 2001;  Eriks-

son et al. 2006;  Schröder et al. 2016). This formation 

has yielded a maximum age of 2214 ± 11 Ma (U-Pb on 

detrital zircon; Schröder et al. 2016). Finally, 

overlying these formations are a series of other forma-

tions (the Vermont, Lakenvalei, Nederhorst, Steen-

kampsberg and Houtenbek), which comprise mainly 

sandstones with some shale layers and rare tuffs. 

These formations are grouped into a single formation 

which Eriksson et al. (2006) refers to as the Rayton 

Formation.  

 Sedimentation on the Transvaal sub-basin and 
the Transvaal Supergroup was terminated by the intru-

sion of the ca. 2.05 Ga Bushveld Complex and related 
volcanic activity of the Rooiberg Group (Walraven 

1997;  Olsson et al. 2010;  Olsson et al. 2011;  Zeh et 
al. 2015). 

 

3 Sample Localities 
 

3.1 KwaZulu Natal Province  
  

Sampling in this province was carried out 

along the White Mfolozi River (Fig. 4). One dolerite 

sill (samples ENED-03S and ENED-03SN) and one 

gabbroic dyke (samples ENED-03 and ENED-03R) 

were collected. In this province granitic Archean rocks 

predominate as host rock to a series of ~20 m wide 

ENE-trending mafic dykes. Dolerite and sills classified 

as part of the Karoo volcanism cut both the granitic 

rock and the mafic dykes (Frick 1988). 

3.1.1 ENED-03 and ENED-03R   

The two samples ENED-03 and ENED-03R 

were collected from a ~20 m wide black doleritic dyke 

trending 85°. It intrudes the granitic host rock and is 

cut by a blocky doleritic sill (Fig. 5). This dyke was 

previously investigated by Lubnina et al. (2010) and 

Larsson (2015), and they referred to this dyke as NL-

14 and ENED-03 respectively. ENED-03R was taken 

Fig. 3. Schematic log from the Pretoria Group. Published 
ages are from: 1) Hannah et al. (2004); 2) Rasmussen et 
al. (2013); 3) Dorland (2004); 4) Schröder et al. (2016); 
5) Cornell et al. (1996). U represents an unconformity.   
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Fig. 4. Simplified geological map and Google Earth image of the studied area in KwaZulu Natal province. It illustrates the 
main units and the location of the samples. Image on the bottom-right zoom in is the distribution and detailed location of the 
samples collected. Modified after 1:250 000 geological series map 2830 – Dundee from the Council for Geoscience. 

Fig. 5. Dyke of samples ENED-03 and ENED-03R seen from the east side of the river. It is a mafic dyke ~20 m wide tren-
ding 85°, its contact with the host rock (granitic white rock) is clear at both sides of the image. In the bottom part of the ima-
ge it can be observed the blocky brownish sill. Photo taken by Ashley Gumsley. 
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laths often altered (Figs. 6 and 7). Alteration minerals 

include sericite and, chlorite, with some amphiboles. 

3.1.2 ENED-03S and ENED-03SN 

These samples were collected from a sill sub-

horizontally overlying the described mafic dyke (Fig. 

8). The sill has a brownish blocky appearance and it 

shows a phaneritic granularity with an intergranular 

texture. Sample ENED-03S does not show signs of 

alteration (Fig. 9) while ENED-03SN displays mode-

rate alteration (Fig. 10). The major mineral phases are 

~20 m east of the ENED-03 sampling site. The dyke 

displays a clear phaneritic crystallinity and an inter-

granular texture. Its major mineral phases are sub-

hedral to euhedral clinopyroxenes and plagioclase 

Fig. 6. Microscopy images of thin section of sample 
ENED-03. A) CPL image showing the general texture of 
the section with strongly altered clinopyroxene and serici-
tized plagioclase. B) In PPL image can be appreciated 
easier the alteration in the dark brown zones at the edges 
of the crystals. 

Fig. 7. Microscopy photographs of sample ENED-03R. 
A) CPL image showing the general texture with the 
major mineral components, clinopyroxene and plagio-
clase, the plagioclase is highly broken down into serici-
te and some of the clinopyroxenes are broken down into 
chlorite and amphiboles. B) In PPL image can be ap-
preciated easier the alteration, it can also be distinguis-
hed the PPL colors from the chlorite and the amphibo-
les  

Fig. 8. This image shows the sub-horizontal contact bet-
ween the brownish blocky doleritic sill that is overlying 
the gabbroic dyke. This is the east side of the river where 
samples ENED-03S (from the sill) and ENED-03 (from 
the dyke) were taken. Photo taken by Anna Salacinska. 

Fig. 9. Microscopy photographs of sample ENED-03S. 
CPL (A) and PPL (B) images shows the intergranular 
texture of the sill. The major mineral phases are clinopy-
roxenes and plagioclase laths, some scarce olivine and 
alteration minerals are in the sample as well. 
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diabases within the Rayton Formation, and shales and 

tuff layers from the Silverton Formation. These are 

cross-cut by ~40 m wide NNE-trending mafic dyke 

(Smit 1986).  

3.2.1 BCD8-05 

This dyke displays a phaneritic granularity 

with an intergranular texture (Fig. 12). The major mi-

neral phases are ribbon-elongated clinopyroxenes with 

highly altered plagioclase. Other minor components 

are opaque minerals, sericite, chlorite, iron oxides and 

baddeleyite within quartz crystals (Fig. 12). 

euhedral clinopyroxenes, zoned plagioclase laths and 

some scarce and small olivines. Minor sericite and 

chlorite can also be seen in the samples. 

3.2 Mpumalanga Province 

Sampling in this province was done in dykes 

cropping out in valleys in the Mashining area near to 

the Klein Spekboom river (Fig. 11). Sample BCD8-05 

was collected by Johan Olsson in 2008 whereas sam-

ple BCD18-05B was collected by Ashley Gumsley in 

2018. The geology in this province is dominated by 

Fig. 10. Microscopy photographs of sample ENED-03SN. 
CPL(A) and PPL(B) image showing the sericitization 
process in a plagioclase crystal. Unlike the previous sill 
sample this one is more altered. 

Fig. 11. Simplified geological map of the studied area in 
Mpumalanga province. It illustrates the main units and the 
location of the samples. Modified after 1:250 000 geologi-
cal series map 2530 – Barberton from the Council for 
Geoscience. 

Fig. 12. Microscopy photographs of dyke BCD8-05. A) 
CPL image showing a highly altered intergranular texture 
and ribbon-elongated clinopyroxenes. B) CPL image sho-
wing baddeleyite crystals found within a quartz crystal.  
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3.2.2 BCD18-05B 

This dyke shows a phaneritic granularity with an inter-

granular texture (Fig. 13). The major mineral phases 

are subhedral elongated clinopyroxenes and euhedral 

plagioclase laths. Other minor minerals including opa-

que minerals, sericite, chlorite and some amphiboles 

can be found as well. 

 

4 Methodology and analytical 
protocol 

  
4.1 Geochronology    

       
 Samples were sawed to remove the most altered 

zones and to split them into smaller pieces before crus-

hing. The smaller pieces were crushed using a sled-

gehammer into pieces less than 1 cm3. Powder was 

produced using an ordinary chrome-steel swing mill. 

Before transferring the powder onto the Wifley water-

shaking table, water plus a few drops of soap were 

added, the latter in order to reduce adhesive forces 

between grains.  Approximately one spoon of the sus-

pended sample (ca 15 grams) was loaded onto the Wi-

fley table. After 2-3 minutes most of the coarser mate-

rial had been washed off and the finest material remai-

ning was collected in a plastic beaker following the 

methodology described in Söderlund& Johansson 

(2002). The collected material was dominated by the 

smallest and densest minerals, i.e. Fe-oxides and sul-

phides, apatite and, baddeleyite. That heavy mineral 

fraction was carefully transferred into a glass Petri 

dish. A hand magnet wrapped in thin plastic cover was 

used to remove the magnetic minerals. Baddeleyite 

was handpicked under microscope, and the best quali-

ty grains were transferred into a new plastic Petri dish.  

       

 In the clean lab, the baddeleyite grains were 

divided into fractions comprising 1 to 3 grains in each, 

before being transferred into pre-washed Teflon capsu-

les. The grains were washed in several steps by adding 

and removing of 7N HNO3 and H2O between each 

step. One cleaning step was performed in 3.5 N HNO3 

on hot plate at ca. 80 °C for ~1 hour. Finally, one drop 

of 233-236U 205Pb spike solution was added together with 

10 drops of 14 M HF and 1 drop of 3.5 N HNO3. Last, 

the Teflon capsules were placed into steel jackets and 

then put in the oven at ~ 190 °C for 2-3 days to ensure 

complete isotopic homogenization of the U and Pb in 

the sample and spike.  

  At the Swedish Museum of Natural History, the 

capsules were opened and put on hot plate to evaporate 

the HF-HNO3 solution. Once dried down, 10 drops of 

6.1 M HCl and one drop of 0.125 M H3PO4 were ad-

ded to each sample, and thereafter left on the hot plate. 

The tiny “phosphatic” drops were mixed with 2 µl of 

silica gel and put onto outgassed Rhenium filaments. 

On the filaments, the gel is progressively heated at a 

current starting at 1 A, finishing when the H3PO4 burns 

off at ~2.4 A, when the sample turns into a white crust. 

Filaments are assembled in the ion source of the TIMS 

Finnigan Triton mass spectrometer for analysis. The 

isotopic 204Pb, 254Pb, 206Pb, 207Pb and 208Pb were 

measured at temperatures between 1180 and 1250 °C. 

Samples yielding high intensities were measured using 

Faraday Cups whereas for low-intensity samples sig-

nals were measured in peak-jumping mode using a 

SEM (Secondary Electron Multiplier). The 233U, 236U 

and 238U were measured at temperatures between 1280

-1350 °C in peak-jumping mode. Finally, data correc-

tions and reporting was done using the Microsoft Ex-

cel based program Isoplot (Ludwig 2003).  

4.2 Geochemistry 

The samples were sawed and crushed to sma-

ller fractions using a sledge hammer and a mallet. A 

fine powder was produced using a tungsten-carbide 

swing mill. Between samples, the tungsten-carbide 

mill was carefully washed in water with soap to avoid 

sample contamination. From each sample approxima-

tely 10 grams of powder were sent to the Bureau Veri-

tas Laboratories in Canada. XRF analyses (X-ray fluo-

rescence) were carried out for major and minor oxides 

and ICP-MS (Inductively coupled plasma mass spec-

trometry) analyses for trace elements. The loss on igni-

tion (LOI) was also measured and reported. The sam-

ples in which the analyses were performed were: 

ENED-03, ENED-03R, ENED-03S, BCD8-02 and 

BCD18-05B.  

 
 
 

Fig. 13. Microscopy photographs of dyke  BCD18-05B. 
A) CPL image showing the intergranular texture, note that 
unlike the previous sample this is less altered and clinopy-
roxenes are not as elongated. B) CPL image showing the 

major mineral components of the dyke, clinopyroxenes 
and plagioclase laths. Minor sericitization on plagioclases 
can be appreciated as well  
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A) B) 

C) 

Fig 14. U-Pb concordia diagrams. Dark grey 
ellipses are fractions taken from other stu-
dies; light grey ellipses are fractions perfor-
med for this study. Upper intercept age was 
calculated for A) and B), anchored regression 
in 0 was calculated for C).   
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5 Results 
 

5.1 Geochronology    

       

 U-Pb TIMS measurements are reported in Ta-

ble 1 and age results are shown in concordia diagrams 

in Figure 14.  

 

5.1.1 BCD18-05B     

      

 Three fractions with moderately brown badde-

leyite grains were analyzed (Fig. 14-A). The Bd-b and 

Bd-c fractions overlap and plot slightly below the con-

cordia, at 0.6 % and 1.1% respectively. The Bd-a frac-

tion plots discordant by 4.2 %. Regression yields up-

per and lower intercepts at 1850 ± 4 and 200 ± 250 

Ma, respectively (MSWD = 1.13). The upper intercept 

of 1850 ± 4 Ma is interpreted as the crystallization age 

for this sample. 

 

5.1.2 ENED-03     

      

 Three fractions of the ENED-03 dyke were 

analyzed by Larsson (2015) and therefore only one 

additional fraction was prepared for this study. Fracti-

on Bd-mff2, comprising three small moderately brown 

baddeleyite grains plot as much as 9.6% discordant. 

Combining analysis of this fraction and the fractions 

measured by  Larsson (2015) give upper and lower 

intercepts at 2168 ± 7 and 108 ± 190 Ma respectively 

(MSWD = 0.41). The upper intercept age is interpreted 

as the crystallization age of the dyke (Fig. 13-B). 

 

5.1.3 ENED-03S     

       

 Some attempts to date the ENED-03S sill were 

performed. However only few tiny baddeleyite-alike 

grains were recovered, the cleaning and dating process 

on these was not successful. 

 

5.1.4 BCD8-02     

       

 One fraction of a single small light brown bad-

deleyite grain was analyzed and regressed together 

with two unpublished analyses that were obtained by 

Johan Olsson in Toronto 2008 (Fig. 14-C). The Bd-a 

fraction plots slightly reversed discordant (0.70%), i.e. 

slightly above the Concordia curve. Regression using 

an anchored lower intercept at 0 Ma yields an upper 

intercept age at ca. ~2168 Ma. This is identical with 

the 207Pb/206Pb date of fraction Bd-a at 2166 ± 27 Ma. 

The upper intercept at 2168 Ma is interpreted as the 

crystallization age BCD8-02. 

 

 

 

5.2 Geochemistry    

       
 Major and trace element analyses are presented 

in Table 2, and geochemical data of the studied sam-

ples are shown in Figs 15 - 17. In the total alkali-silica 

(TAS) diagram (LeBas et al. 1986; Fig. 15) all samples 

plot in the sub-alkaline field and, most of them display 

basaltic composition except the BCD8-02 dyke which 

plots in the andesitic field.    

Table 2.  Major oxides and trace element analyses on 
mafic dykes and a sill from the Transvaal Supergroup.  
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 The rare earth elements (REE) normalization 

diagram to chondrite (McDonough & Sun 1995; Fig. 

16) displays a similar pattern for BCD8-02, ENED-03/

ENED-03R and BCD18-05. These samples show enri-

ched but decreasing light REE (LREE), with a minor 

negative anomaly in Eu, and a flat trend in heavy REE 

(HREE). The sill ENED-03S displays a flat REE 

trend. In the multi-element normalization diagram to 

pyrolite mantle (McDonough & Sun 1995; Fig. 17), all 

samples have similar patterns, although with some 

contrasting anomalies. In the large ion lithophile (LIL) 

elements, the samples show a positive anomaly for Rb 

and a negative anomaly for Ba, excluding ENED-03S 

sill, which has increases from Rb to Ba. The high field 

strength (HFS) elements; including Th and U, also plot 

differently. Dyke ENED-03/ENED-03R displays a flat 

profile, the ENED-03S sill has a negative slope, whe-

reas BCD8-02 and BCD18-05B have a positive slope. 

All the samples show a negative anomaly in Nb, and a 

slight increase in Ta, coupled with Nb. Positive ano-

malies in K and Pb are common for all samples, with 

negative anomalies in P and Sr, excluding the BCD18-

05B dyke which shows a slight increase. The most 

compatible HFS elements show a relatively flat and 

constant trend, with a minor negative Ti anomaly. 

 

6 Discussion 
 

6.1 U-Pb data interpretation  

       
 The ID-TIMS U-Pb geochronology performed 

on baddeleyite from BCD18-05B and ENED-03 yield 

upper intercept dates of 1850 ± 4 and 2168 ± 7 Ma, 

respectively, based on regression of analyses that plot 

slightly to moderately discordant (Fig. 14). MSWD 

values of 1.13 and 0.41 for these samples, suggest the 

upper intercept dates are statistically reliable and are 

thus interpreted as crystallization ages. The 207Pb/206Pb 

Fig 15. TAS diagram after LeBas et al. (1986) with the studied samples. The dashed line represents the division of the 
alkaline and sub-alkaline magmatic series.   

Fig 16. REE diagrams with the studied samples normal-
ized to chondrite after Sun& McDonough (1989).  

Fig 17. Multi-element diagrams with the studied samples 
normalized to primitive mantle after Sun& McDonough 
(1989).  
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date of the single fraction of BCD8-02 dyke is 2166 ± 

27 Ma, and plots slightly above the concordia. As can 

be seen in Figure 14, this fraction and the two analyses 

of sample BCD8-05 (obtained by Johan Olsson during 

his visit at Jack Satterly Laboratory, at the Toronto 

University in Canada) all fall on, or just aside, a 2168 

Ma discordia line. Despite having no definite crystalli-

zation ages for these dykes, they are interpreted to 

belong to the ca. 2168 Ma event of mafic magmatism.  

       

 The lower intercept dates for the BCD18-05B 

and ENED-03 dykes at 200 ± 250 and 108 ± 190 Ma, 

respectively, indicate a possible post-magmatic event 

that caused moderate disturbance of the U-Pb isotopic 

system (Fig. 14). However, baddeleyite grains do not 

show any distinct signs of alteration such as rims or 

frosty crystal surfaces, which is typically seen in bad-

deleyite that have reacted with silica to form second-

ary zircon. However, petrographic studies of thin sec-

tions (see Figs. 6-7, 9-10 and 12-13) reveal that these 

rocks have experienced alteration and fluid activity, in 

contrast to the structurally younger sill in the KwaZulu 

Natal area (samples ENED-03S/-SN). This sill, as-

sumed to belong to the Karoo magmatic event, has a 

pristine mineralogy, as is typical for intrusions of the 

Karoo event. The widespread Karoo magmatism may 

have caused alteration and isotopic disturbance of bad-

deleyite in older mafic intrusions, and as shown in 

Figure 4, Karoo igneous rocks are widespread in the 

sample area. 

6.2  Timing and geochemistry of the 

Mashining event 
 

Before this study, the age of the Mashining event 

was constrained by two amphibole 40Ar/39Ar plateau 

ages of 2253 ± 45 and 2202 ± 74 Ma (Wabo et al. 

2019). These age results are important as they identify 

the Mashining event as a separate dyking event, signif-

icantly older than the 1875 – 1835 Ma Black Hills 

dykes further north (Fig. 22). The new and more pre-

cise U-Pb baddeleyite ages for the BCD18-05B dyke 

and BCD8-02 dyke (the latter being the same dyke as 

the LDB sample in Wabo; et al. (2019) yielding the 
40Ar/39Ar age of 2253 ± 45 and 2202 ± 74 Ma) suggest 

that the true age of these dykes is ca. 2168 Ma (Fig. 

14). 

The geochemical data agrees with the interpreta-

tion that the BCD8-02 dyke is part of the Mashining 

dyke swarm and together with published geochemical 

data (Wabo et al. 2019) help to define a geochemical 

signature for the magmatic rocks of the Mashining 

event. The REE signature of the BCD8-02 dyke dis-

plays an enriched LREE trend and flat HREE trend 

similar to the Mashining data (Wabo et al. 2019; Fig. 

18-A). In the multi-element diagrams (Fig. 19-A), 

dyke BCD8-02 displays positive anomalies for LIL 

incompatible elements (e.g., Rb, Ba and K) and have 

negative anomalies at HFS elements (e.g. Nb, Ta and 

Ti), similar to the Mashining  data-set with the excep-

tion of the negative K anomaly, which is attributed to 

metasomatism alteration (Wabo et al. 2019).  

The newly defined Mashining dyke swarm is 

compared with geochemical data of coeval (i.e. re-

ferred as a similar age range) magmatic events, which 

are the Hekpoort and Machadodorp. The Mashining 

dyke swarm seems to be related to the Hekpoort mag-

matism. Both have similarities in regards of age range, 

REE signature, trace element anomalies and element 

ratios (Fig. 18 - 21). In these, the latter of both sets 

plot towards arc-related basalts (Fig. 20) and above the 

OIB-MORB array (Fig. 21), indicating interaction of a 

common magma source with a crustal component, 

which is further supported by the positive Rb, Th, U  

and negative Nb-Ta, as well as Ti anomalies (Fig. 19; 

Ernst 2014). 

 The 2168 ± 7 Ma dyke ENED-03/-03R is locat-

ed much further to the south (Fig. 22).  Its crystalliza-

tion age together with another dyke age at ca. 2165 Ma 

(Ashley Gumsley, personal communication) make 

them part of the Mashining event, despite the distance 

from the Mashining swarm, and the geochemical dif-

ferences with the similarly magmatic units, i.e., the 

Hekpoort and Mashining, the age is weighted in the 

interpretation (Figs. 18 and 19). The REE signature of 

the ENED-03 dyke, the multi-element and element 

ratio diagrams resembles that of the Black Hills swarm 

(Figs. 18-C and 19-F), but their relationship is unlikely 

given the 300 Myr age difference and spatial separa-

tion up to 300 km. This dyke, therefore, might be part 

of a coeval ENE-trending dyke swarm in the area of 

the White Mfolozi river (Fig. 4). The extent and distri-

bution of ca. 2168 Ma dykes in this area is uncertain 

since previous work reveal the existence of many 

dykes of different generation and trends occur in this 

part of the craton (Gumsley et al. 2013;  Larsson 2015;  

Gumsley et al. 2016).  

 

6.3 Timing and geochemistry of the 

Black Hills event 

 
The age of the Black Hills Dyke swarm spans ca. 

40 Myr, between 1875 Ma and 1835 Ma. Olsson et al. 

(2016) performed dating on dykes of this swarm, espe-

cially the NNE- to NE trending dykes in the area near 

the Transvaal sub-basin of the Transvaal Supergroup. 

Olsson et al. (2016) divided the swarm into two sub-

sets, one slightly older more primitive subset (1875 – 

1856 Ma) with high MgO content (6.8 – 9.4%) and 

one younger, more differentiated subset (1859 – 1832 

Ma) with lower MgO content (4.2 – 5.6%). Dyke 
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Fig. 18. REE diagrams comparing BCD8-02 and ENED-03/ENED-03R dykes against Mashining (Wabo et al. 2019), 
Hekpoort (Humbert et al. 2018) and Machadodorp and data-sets (A and B).  REE diagram comparing BCD18-05B and 
ENED-03/ENED-03R dykes against Black Hills (Olsson et al. 2016) data-set (C). Samples are normalized to chondrite 
after Sun& McDonough (1989).  

Fig 19. Multi-element diagrams comparing BCD8-02 and ENED-03/ENED-03R dykes against Mashining (Wabo et al. 
2019), Hekpoort (Crow & Condie 1990;  Humbert et al. 2018) and Machadodorp (Crow & Condie 1990;  Wabo et al. 
2019) data-sets (A-E). Multi-element diagram comparing BCD18-05B and ENED-03/ENED-03R dykes against Black 
Hills (Olsson et al. 2016) data-set (F). Samples are normalized to chondrite after Sun& McDonough (1989).  
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BCD18-05 yields an upper intercept age at 1850 ± 7 

Ma (Fig. 14-a), which makes it part of the younger, 

more evolved (low MgO) subset of Black Hills dykes. 

Klausen et al. (2010) inferred a LIP origin for the 

Black Hills dykes, whereas Olsson et al. (2016) fa-

vored a back-arc setting as part of amalgamation of the 

Columbia supercontinent. 

Geochemical data of the BCD18-05B dyke agrees 

with the typical geochemical signature of the younger 

subset (1859 – 1832 Ma) of the Black Hills dyke 

swarm. In a REE diagram (Fig. 18-C), the dyke dis-

plays the same signature to the Black Hills dykes, 

which has higher REE content in comparison with the 

other studied units (i.e., Hekpoort and Mashining). 

Multi-element diagrams (Fig. 19-F), also shows simi-

Fig. 20. REE diagrams comparing BCD8-02 and ENED-03/ENED-03R dykes against Mashining (Wabo et al. 2019), Hek-
poort (Humbert et al. 2018) and Machadodorp and data-sets (A and B).  REE diagram comparing BCD18-05B and ENED-03/
ENED-03R dykes against Black Hills (Olsson et al. 2016) data-set (C). Samples are normalized to chondrite after Sun& 
McDonough (1989).  

Fig. 21. REE diagrams comparing BCD8-02 and ENED-03/ENED-03R dykes against Mashining (Wabo et al. 2019), Hek-
poort (Humbert et al. 2018) and Machadodorp and data-sets (A and B).  REE diagram comparing BCD18-05B and ENED-
03/ENED-03R dykes against Black Hills (Olsson et al. 2016) data-set (C). Samples are normalized to chondrite after Sun& 
McDonough (1989).  
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larities in certain anomalies, such as the positive 

anomalies in Th, U and Pb and the negative anomalies 

in Nb, Ta and P. These anomalies likely indicate mag-

ma contamination by continental crust or a subduction 

setting (Ernst 2014), which is confirmed in the element 

ratio diagrams (Figs. 20 and 21), where the BCD18-

05B dyke plots together with the Black Hills dyke 

swarm in the fields of continental flood basalts and arc

-related basalts. In the La/Yb vs Th/Ta diagram (Fig. 

21) the data plots above the mantle array indicating a 

crustal component in the magma source, particularly 

from the lower crust.  

6.4 New definition of dyke swarms in 

eastern Kaapvaal Craton 

 
In Figure 22, the spatial distribution of the main 

dyke events in the eastern Kaapvaal Craton are tenta-

tively illustrated. Olsson et al. (2011) describes a LIP 

event at ca. 2.7 Ga composed by three radiating set of 

dykes, which from south to north are: the Badplaas-

Fig. 22. Simplified map of the eastern margin of the Kaapvaal Craton showing the different dyke events in the area. The blue 
lines represent the Black Hills event (1875 – 1835 Ma), the pink Mashining event and the orange the ca. 2.70 Ga event. Note 
the transition in the trend from the Black Hills swarm from an NNE trend in the Transvaal Sub-basin to an NE trend in the 
Archean Basement. The most southern dykes are classified as Mashining dykes based on their age despite not showing simi-
lar geochemical signature. Modified after Olsson et al. (2016). 

Barberton (SE–trending and intermixed with ca. 2.97-

2.96 Ga dykes), ca. 2.70-2.66 Ga Rykoppies (E – 

trending), and the 2.70-2.66 Ga NE-trending set. The 

Mashining event is defined as a ca. 2168 Ma swarm of 

dioritic-doleritic NNE-trending dykes with an estimat-

ed dyke width of 40 km. As shown in Figure 22, the 

Black Hills swarm spreads across a relatively exten-

sive area, intruding into the Bushveld Complex, the 

Transvaal Supergroup and the Archean Basement far-

thest to the east, and seems, at least in the south, inter-

mixed with the older Mashining dykes.   

        

From the occurrences and distribution of the 

Mashining and the Black Hills dykes, the Black Hills 

dykes can be inferred to follow a trend controlled by 

former regional stresses that define the trend of former 

dyke events (Ernst et al. 1995;  Hou et al. 2010;  Ernst 

2014). Note that in the area near the Transvaal Super-

group, the younger 1.88 – 1.83 Ga Black Hills dykes 

seem deflected in an echelon pattern, following the 
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trend of the 2.7 Ga dykes, as shown in the Google 

Earth inset map of Figure 22. This pattern is interpret-

ed as secondary deformation causing an offset in the 

orientation of the swarm (Ernst et al. 1995;  Ernst 

2014). Further south, the Black Hills dykes follow the 

same NNE-trend as the ca. 2168 Ma Mashining dykes. 

Finally, the trend and extension of the Black Hills 

swarm, which spans to the north close to the ca. 1.85 

Ga Soutpansberg Group basin (Cheney et al. 1990; 

Fig. 22) seems to suggest a likely connection of the 

swarm as feeder of the mafic volcanic rocks found in 

the basin.  

6.5 Potential global correlations 
 

 The definition of the ca. 2168 Ma Mashining 

dyke event in the Kaapvaal Craton leads to the possi-

bility of linking the Kaapvaal Craton to other cratons, 

that host mafic intrusions of the same age. For in-

stance, a Superior – Wyoming connection can be sug-

gested based on paleomagnetic and geochronological 

studies of the ca. 2170 Ma Biscotasing and Payne river 

dyke swarms in the Superior Craton, with doleritic 

dykes in the Wind River area from Wyoming Craton 

(Ernst & Bleeker 2010). Another important event dat-

ed at ca. 2170 Ma is the Dandeli and Bandepalem dyke 

swarms in the Dharwar Craton (French & Heaman 

2010;  Srivastava et al. 2019).  

 

7 Conclusions 
 

• The emplacement age of the Mashining dyke 

swarm is here revised to ca. 2168 Ma, i.e. some 

tens of Myr younger than indicated from re-

cently published 40Ar/39Ar dates (Wabo et al. 

2019). A major portion of Mashining dykes 

occur in the lower Transvaal Supergroup in the 

Mpumalanga area. The Mashining dyke swarm 

is intermixed with the younger, but similar 

trending, dykes of the 1875-1835 Ma Black 

Hills swarm. 

• Towards the north, the NNE-trending Black 

Hills dyke swarm intersects a major NE-

trending dyke swarm, comprising ca. 2.7 Ga 

dykes. In this intersecting area, within the Ar-

chaean basement just east of the Transvaal Su-

pergroup, the Black Hills dykes form an eche-

lon pattern which is readily visible from Google 

Earth images. It thus seems likely that second 

deformation affected the trend of the Black 

Hills swarm and the NE-trending ca. 2.70 Ga 

dykes, whereas within the basin, the Black Hills 

dykes may have followed the NNE trend of ca. 

2168 Ma dykes of the Mashining swarm. 

• The new interpretation of the original trend and 

extension of the Black Hills dykes swarm sug-

gest these could be feeder dykes of the mafic 

volcanic rocks within the Soutpansberg Basin 

further north. 

• Geochronological and geochemical data sug-

gest a direct link between the ca. 2168 Ma 

dykes of the Mashining swarm and Hekpoort 

magmatism, such that the former acted as feed-

er dykes of the Hekpoort volcanic units within 

the Pretoria Group of the Transvaal Super-

group. The Mashining dykes display similar 

geochemical REE signatures and trace element 

ratios as the Hekpoort volcanic rocks. 

• The ca. 2168 Ma age of the ENED-03 dyke 

represents a southern extension of the 

Mashining magmatism. However, there are 

considerable geochemical differences that re-

quire further studies.  

• The ca. 2168 Ma age of the Mashining event 

indicate a possible link to coeval magmatic 

events on a global scale. Intrusions of this age 

occur for instance in the Wyoming, Dharwar 

and Superior cratons. 
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