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ABSTRACT 
 

The Maremane Dome (MD) lies in the Griqualand West basin of the Northern Cape and 

hosts iron (Fe) ore deposits, which are among the richest in South Africa. High-grade iron ores in 

South Africa belong to the Neoarchaean to early Paleoproterozoic Transvaal Supergroup. The 

largest iron deposits are attributed to the Asbestos Hills Subgroup of the Ghaap Group, Griqualand 

West basin. These iron deposits are developed along the 2.2-2.0 Ga erosional unconformity zone 

(so-called pre-Gamagara unconformity), where it crosscuts the Banded Iron Formations (BIFs). 

The current model of the Fe ore formation is a supergene origin, attributed to the leaching of the 

silica component from the BIFs as a result of alteration at the surface, with the largest deposits 

developed within karst environments. Multiple ferruginized dolerite sills and dykes intersect the 

BIFs and the ore at various stratigraphic levels. The geochemistry, age, and deformation history 

of these magmatic intrusions are not well understood. A detailed study of the dolerite intrusions, 

including their petrography, geochemistry and U/Pb age dating, can potentially provide robust 

markers for the iron mining industry and improve the understanding of the geological history of 

the region. Present research focuses on these magmatic intrusions, their textural, mineralogical, 

and geochemical characteristics, and aims to address a need for the mining industry to have reliable 

stratigraphic markers and control when correlating drill cores with each other and with the regional 

stratigraphy.  

A total of 40 dolerite samples was collected from nine diamond drill cores, one from 

Khumani mine and eight from the ASSMANG exploration camp. From the nine drill cores, only 

one sampled non-ferruginized dolerites (from ASSMANG exploration camp) and the rest sampled 

ferruginized dolerites. The dolerites have intruded within the BIFs at various stratigraphic levels 

(40 to 300 m) and appear as irregular intrusions, usually 40 to 60 m thick. The dolerites show 
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differing degrees of alteration and ferruginization, depending on their depths in the drill core. 

Representative samples from the non-ferruginized rocks are medium- to coarse-grained and dark-

grey to dark-green in color, showing ophitic to subophitic textures. The ferruginized samples are 

dark-red to brown and are very fine-grained, showing significant alteration, which has caused the 

local growth of sericite at the expense of plagioclase. Most of the sampled dolerites classify as 

basalts to basaltic andesites, and fit in the field of the tholeiite series using the AFM (Na2O + K2O 

- FeO - MgO) ternary diagram. The non-ferruginized samples have relatively uniform 

compositions, whereas the others show considerable variations. On average, the ferruginized 

samples have relatively higher Fe2O3 content (6-30 wt. %) compared to the non-ferruginized 

samples (2-15 wt. %). Moreover, the non-ferruginized samples show a significantly narrower 

range of the SiO2 (48-55 wt. %), while the ferruginized samples show a wide range of SiO2 

compositional variation (30-65 wt. %). Both groups are characterised by similar trace element 

patterns, suggesting a similar source for both series. The QEMSCAN (Quantitative Evaluation of 

Minerals by Scanning Electron Microscopy) mapping shows the presence of accessory apatite, 

baddeleyite, and zircon (0.0018, 0.0024, and 0.0128 vol. % respectively) in both series, which 

makes it possible to conduct isotopic dating of melt crystallization.  

The non-ferruginized dolerites yielded Pan-African ages (ca. 540 Ma), not reported from 

the area previously, while some of the inherited cores yielded ages around 1.2-1.0 Ga. The 

ferruginized dolerites yielded an age of 1.6 Ga, indicating that at least one of the ferruginizing 

events occurred around 1.6-1.2 Ga. The fact that the inherited cores from the non-ferruginized 

dolerites yielded ages between 1.2-1.0 Ga suggests that ferruginization was complete by this time.  
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Further isotopic dating of larger numbers of samples and, possibly, by means of other 

mineral phases, is recommended to better constrain the age of crystallization and ferruginization, 

and to yield a better understanding of the iron ore mineralization. 

Keywords: 

Ferruginization; Maremane Dome; Wolhaarkop Dome; Transvaal Supergroup; Iron 

mineralization; Gamagara Unconfirmity; Asbestos Hills Subgroup; Dolerites; Khumani Mine; 

ASSMANG exploration camp. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Research background 
 

The Maremane Dome (MD) has been prospected for iron mineralization since the 19th century 

and hosts iron ore deposits, which are amongst the richest in South Africa (Smith and Beukes, 

2016). The MD is located in the Griqualand West basin of the Northern Cape (Fig. 1.1), and is 

approximately 90 km long, trending north-south between the towns of Sishen in the north and 

Postmasburg in the south (van Schalkwyk and Beukes, 1986). The largest mines currently within 

the Dome are Sishen and Khumani (located at the northern margin of the Dome), and Beeshoek 

and Kolomela (located at the southern margin of the Dome). 

 

Fig. 1.1. Distribution of the Transvaal Supergroup in southern Africa, indicating the position of 

the Maremane Dome between Sishen and Postmasburg in the Griqualand West region of the 

Northern Cape Province (modified after Eriksson et al., 2006). 
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Hematite ore hosted by Banded Iron Formation (BIF) constitutes the majority of the 

worldôs iron economic deposits. High-grade iron ores in South Africa belong to the Neoarchaean 

to early Paleoproterozoic Transvaal Supergroup. The largest iron (Fe) deposits are attributed to the 

Asbestos Hills Subgroup of the Ghaap Group, Griqualand West, and are located within the 

Maremane and Wolhaarkop domes (Smith and Beukes, 2016). These iron deposits are developed 

along the 2.2-2.0 Ga erosional unconformity zone (so-called pre-Gamagara unconformity), where 

it crosscuts BIFs. The Fe ores are interpreted to have a supergene origin, attributed to the leaching 

of the silica component from the BIF as a result of alteration at the surface, and the largest deposits 

were developed within karst environments (Smith and Beukes, 2016). The Fe mineralization in 

the Griqualand West region occurs in four textural types: laminated, massive, brecciated and 

conglomeratic ore (Smith and Beukes, 2016). These ores are very high-grade (> 60 wt. % Fe), low 

in phosphorus and silica, and are depleted in rare earth elements (REE). The regional dolomite 

surface shows two broad, north-northeast- to south-southwest-trending, doubly plunging 

anticlines. The larger of these is the Maremane Dome to the east, and the smaller Wolhaarkop 

Dome the west. The Wolhaarkop Dome is a part of the Maremane Dome, believed to be detached 

from it by dextral shearing in the Namaquan part of the Nama-Natal Orogeny (Eriksson et al., 

2006). Extensive northeast-trending normal faults transect the area and have reactivated or inverted 

normal faults parallel to the limbs of anticlines and domes (Basson et al., 2018). 

While it is generally accepted that most of the high-grade hematite iron ore deposits 

worldwide are related to processes of enrichment of Precambrian iron formations, the processes 

involved in the Maremane Dome mineralization still remain unclear (Alchin and Botha, 2006). 

Different mechanisms for the formation of the iron deposits in the MD have been proposed. van 
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Schalkwyk and Beukes (1986) developed a model, which suggests supergene formation of the iron 

mineralization. The iron deposits are believed to have developed through supergene leaching of 

silica from the primary banded Kuruman Iron Formation (Asbestos Hills Subgroup), where fine 

laminations represent the original sedimentary structures (van Schalkwyk and Beukes, 1986). 

Supergene deposits occur immediately below a major erosional unconformity and grade 

downwards into unmineralized banded iron formation (Fig. 1.2) (Beukes et al., 2003). The Fe 

deposits developed through supergene leaching of silica from the iron formation host rock under 

oxidizing conditions. During a period of epeirogenesis in the Maremane Dome, the Asbestos Hills 

Subgroup and later the Campbellrand Subgroup were elevated above the paleo water table. Deep 

sinkholes formed in the Campbellrand dolomites during subsequent karstification, which were 

later filled by the collapsed remains of the Asbestos Hills Subgroup. The development of the 

Manganore Iron Formation and the underlying Wolhaarkop Breccia was a result of successive 

peneplanation and karstification (slumped Asbestos Hills Subgroup) (van Schalkwyk and Beukes, 

1986). Later oxidation of the Manganore Iron Formation, which took place during the period of 

erosion, formed the hematite iron ore. The oxidation event occurred prior to the deposition of the 

Gamagara Formation and after the deposition of the Makganyene Formation (van Schalkwyk and 

Beukes, 1986). The ore grades into oxidized BIF (mostly of the Kuruman Iron Formation) from 

the Gamagara unconformity downwards. Brecciation resulted from the slumping of the Manganore 

Iron Formation in paleo-sinkhole structures (Fig. 1.2) (Alchin et al., 2008). 
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Fig. 1.2.  Schematic diagram illustrating the setting of ancient supergene hematite ores in a karstic 

depression (modified after Beukes et al., 2003). 

 

 Conversely, a hydrothermal model deposit is proposed by Fairey et al. (2019), which 

suggests a possible Late Neoproterozoic hydrothermal flow. According to Fairey and co-authors, 

the carbonate rocks of the Campbellrand Subgroup were deposited, and subsequently overlain by 

BIF of the Asbestos Hills Subgroup (Fig. 1.3A). The tectonic activity led to the development of a 

regional anticlinal structure known as the Maremane Dome. This tilting and related uplift was 
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followed by erosion of both the Asbestos Hills and underlying Campbellrand Subgroup rocks, 

prior to the deposition of the Mapedi Formation of the Olifantshoek Supergroup (Figure 1.3B). 

This led to the development of a regional erosional unconformity. During this period, both surficial 

and subsurface karstification processes began within the dolomitic rocks of the Campbellrand 

Subgroup (Eriksson et al., 2006). As described by von Plehwe-Leisen and Klemm (1995), the 

karstification would have preferentially (though not exclusively) developed along zones of 

weakness caused by tectonic activity. Where BIF overlies the dolomites, sub-surface cave systems 

developed. It was during this period of erosion that the Doornfontein conglomerates were 

deposited within the sinkholes.  

Clearly, the residual contents of karstic sinkholes are not only a function of the composition 

of the rocks being dissolved at the time, but also of the composition of previously overlying 

dolomites that had already been dissolved. Fairey et al. (2019) further describe a hydrothermal 

overprinting and likely upgrading of the ore through Mn remobilisation that would have occurred 

during a regional fluid-flow event in the late Neoproterozoic. This event likely involved evolved, 

warm, oxidized, basinal brines that were enriched in alkalis and alkaline earth metals, such as Na, 

K, Ba, Li, and Sr. The brines were responsible for the alkali metasomatic alteration of the iron ores 

and may have even contributed, in part, to the further dissolution of Campbellrand dolomites 

(Fairey et al., 2019). The source of metals enriched in the hydrothermal fluid is still largely 

undetermined, but a likely source of sodium and potassium could have been primary evaporitic 

material from the Campbellrand carbonate rocks and possibly also the Asbestos Hills BIF (Fairey 

et al., 2019). 
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Fig. 1.3. Hydrothermal model of iron ore formation in the Maremane Dome. A. Deposition of the 

Campbellrand and Asbestos Hills Subgroups. B. Tilting and uplift followed by erosion and 

dissolution of the Campbellrand dolomites. C. Continued dissolution and slumping of BIF into 

karstic sinkholes. Deposition of the Blinkklip breccia and Doornfontein conglomerate. D. Fluid 

influx, upgrading of BIF to Fe-ore and leaching of Na, Si, and K. Related metasomatism of 

manganese ores and deposition of alkali assemblages (Fairey et al., 2019). 

 

Notably, abundant dolerite sills/dykes occur within the Maremane and Wolhaarkop domes, 

intruding the main BIFs and hematite ores at various stratigraphic levels. These intrusive bodies 

are ferruginized. There is no clear iron upgrade of the ore or BIF associated with the intrusions 

(Smith and Beukes, 2016), considering that very little literature is presented on these dolerites. 

Information about the age of these dolerites and how they got ferruginized has implications for the 

supposed supergene processes.  
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Known occurrences include an altered gabbroic sill (about 30 m thick) that separates the 

iron ore from the underlying host banded iron formation in the Kolomela area. Another sill is 

hosted by the banded iron formation at Kolomela (Alchin et al., 2008) and is interpreted to have 

intruded into the Transvaal Supergroup during late Proterozoic times. In other areas, localised 

mafic intrusions are prominent in the Leeuwfontein and Klipbankfontein orebodies. At the Sishen 

deposit, a sill is commonly found between the ore and the underlying BIF and is generally less 

than 2 m in thickness (Smith and Beukes, 2016). At the Kolomela deposit, the contact between the 

laminated iron ore and the gabbroic sill is sharp. However, the contact between the laminated iron 

ore and the underlying banded iron formation or the upper contact is usually gradational (Alchin 

et al., 2008). 

1.2 Previous study 
 

Makganye (2019) studied the petrography and geochemistry of intrusive gabbro associated 

with the Wolhaarkop Dome to get insight into the alteration history of the deposit. A total of 3 drill 

holes were selected based on their intersection with gabbro, with a total of 18 samples from the 

different boreholes (Makganye, 2019). The samples from the study of Makganye (2019) are 

collected from drill cores from the Kolomela area, similar to those of the present study collected 

from the ASSMANG exploration camp. Petrographic and geochemical studies of the gabbroic 

intrusive were done to determine minerals that are present, mineral interaction, and textures. The 

samples exhibited different levels of alteration that may be linked to different enrichment 

processes. Apparently, the samples collected ranged from ñfreshò gabbro to intensely weathered 

gabbro of high Fe enrichment. Makganye (2019) classified two alteration events associated with 

the gabbros from her study, sericitization and chloritization.  
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The study of Makganye (2019) noted that the age and environment at which the studied 

gabbro formed was not known, and an assumption was made that they are older than the 

enrichment processes. Evidence from thin sections also show that these alterations have stabilised 

the epigenetic Fe-oxides (hematite) and do not require external Fe to enrich surrounding rocks. 

Conclusions were made that the gabbro preserved may suggest two hypogene enrichment 

processes (Makganye, 2019). 

Mücke (1994) defines ferruginization as the alterations owing to weathering close to the 

surface in the presence of iron-bearing aqueous solutions. The intensity of such alterations is 

proportional to: a) the time the rocks are exposed to these alteration processes; b) the quality of 

water circulation through the rocks; c) the porosity of the rocks; d) the grain size of minerals of 

the rocks; e) the Eh and pH conditions of aqueous solutions; and f) the climatic conditions. The 

alterations during ferruginization are characterized by the presence of unstable precursor minerals. 

These minerals decompose either into pseudomorphic alteration products after the precursors, or 

they are completely dissolved. Specific elements or groups of elements are removed, whereas 

others (especially Fe), accumulate.  

The iron enrichment has affected most of the lithologies in the area. The BIFs are among 

other rocks that have been cross-cut by several magmatic intrusions (which may include Karoo 

age dolerites) as well as intrusions that are believed to be older. Thus, the aim of this study is to 

investigate the Fe-enrichment of the intrusions and use it as a proxy for recording the different 

stages of alteration that affected the different Fe-enrichment processes. A comparative study of the 

reddening of the studied dolerites with known regional dolerites is imparitive to define the extent 

of ferruginization. The Karoo dolerites are well known and studied due to their significant volume 

and exposure in South Africa, and therefore with better literature available (e.g., Neumann et al., 
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2011; Galerne et al., 2008; Encarnación et al., 1996). Due to the published geochemical database 

available on Southern African dolerites, and the youngest dated dolerites in proximity with the 

Griqualand West Basin, a geochemical comparison was therefore made with reference to the 

Karoo dolerites. This was done in order to gain a better understanding in terms of the magma 

characterization of the studied dolerites, and to infer on the extent of alteration in samples collected 

to the ideal composition of a dolerite and defend the studied ferruginized dolerites. 

1.3 Thesis statement 
 

Dolerite can be defined as a medium-grained mafic intrusive rock whose main components 

are plagioclase feldspar and clinopyroxene, often emplaced in dykes and sills. Multiple dolerite 

intrusions intersect the BIFs and ore at various stratigraphic levels. Although these intrusions are 

highly ferruginized themselves, there is no clear iron upgrade of the ore or BIF associated with the 

sills (Smith and Beukes, 2016). There is little literature published on these intrusions (e.g., Smith 

and Beukes, 2016; Eriksson et al., 2006), hence the need to study them in order to understand their 

emplacement history and be able to make the correlation of the drill cores. A major concern for 

mining the iron ore is to have reliable stratigraphic markers when correlating drill cores with each 

other and with the regional stratigraphy. Additionally, clues on these intrusionsô emplacement and 

crystallization, as well as post-emplacement  histories might constrain  the age(s) of ferruginization 

and the time of iron mineralization, to further understand the regional geology of the Griqualand 

West basin at large.  

Samples of dolerite intrusions were collected in 2020 and 2021 from the drill cores at Khumani 

Mine and Assmang exploration camp, from both Maremane and Wolhaarkop Domes. Collected 

samples represent (1) non-ferruginized (2) hydrothermally altered and ferruginized, (3) and 
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ferruginized dolerites. Due to problematic access during the COVID19 pandemic, and the fact that 

only the western side of the Maremane Dome is exposed (Smith and Beukes, 2016), a limited set 

of samples was collected from the Maremane Dome, while the majority of the samples are from 

the Wolhaarkop Dome.  

The study aims to address the emplacement of the mafic intrusions and connect it to the 

geological history of the Maremane Dome, characterize them geochemically and petrographically, 

and analyse the potential of the mafic intrusions to serve as time markers for the iron ore formation. 

The study also aids in classifying the type of magma source for the mafic intrusions, the various 

alteration types present, as well as the degree of ferruginization. 

This research performs optical petrography on the sampled dolerites in order to understand 

their mineralogy, mineral replacement textures and any alteration present. SEM (Scanning 

Electron Microscope) analysis helps further capture optical images of accessory phases such as 

zircons that may be present. QEMSCAN (Quantitative Evaluation of Minerals by Scanning 

Electron Microscopy) analysis aids in classifying the mineral phases present, without reliance on 

visual judgments. It also helps to determine the presence of accessory phases like zircon and 

baddeleyite, which were used for U-Pb dating of the mafic intrusions. Geochemical analyses of 

the mafic intrusions were used to classify the intrusions and to understand their origin. A 

geochemistry software tool, GCD-kit, was used to plot various geochemical graphs in order to 

interpret the geochemistry and the type of magma source for the studied dolerites. The results from 

this study were compared to the honours work of Makganye (2019), who studied the petrography 

and geochemistry of intrusive gabbro associated with the Wolhaarkop Dome to get insight into the 

alteration history of the deposit. In addition, the studied dolerites were also compared to the well-

known Karoo dolerites, comparing their geochemical composition and characterization.  
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   The search for accessory minerals that are robust to age resetting by high-temperature 

deformation, including primary magmatic zircon and baddeleyite, has necessitated the 

geochronological study of the mafic intrusions. This also helped to understand the emplacement 

history of the dolerites and further constrain the age of ferruginization. This will further fill the 

gaps in the evolutional development and stratigraphy of the Griqualand West Basin as a unit.  

The results of this study can be used as a tool facilitating iron exploration in the MD and   

reconstruction of the formation and evolutional development of the rocks composing the MD. 

Reliable and ubiquitous time/stratigraphic markers are essential for making informed decisions in 

iron ore exploration projects and mineral extraction processes. The gap in knowledge of the mafic 

intrusions within the iron ore of the MD will be addressed, while the economic geology sector of 

South Africa will benefit from better timing constraints on the formation of the iron deposits and 

better determination of the formation and deformation history of the deposits. In addition, the study 

will improve the existing knowledge of the deformation history of the MD, and the tectonic events 

of the Proterozoic in southern Africa at large. 
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CHAPTER 2: GEOLOGICAL SETTING 
 

2.1 Regional geology: Transvaal Supergroup 
 

The Griqualand West basin of the Neoarchean-Paleoproterozoic Transvaal Supergroup, is 

located in the Northern Cape Province, and hosts all of the iron ore in the region (Alchin et al., 

2008). The Supergroup was deposited in two distinct fault-controlled basins on the Archean 

Kaapvaal craton: the Transvaal basin in the east and Griqualand West basin in the west (Fig. 2.1) 

(Alchin and Botha, 2006), overlying a basement of Archean granite gneisses, greenstones and 

lavas of the Ventersdorp Supergroup (Alchin et al., 2008). The deposition of the Transvaal 

Supergroup in the Griqualand West basin begins with siliciclastic Wolkberg-Schmidtsdrift 

sediments, unconformably overlain by the Black Reef Quartzite, which grades into the 

Campbellrand carbonate rocks (Johnson et al., 2019). In the Maremane Dome area, the oldest rocks 

of the Transvaal Supergroup are the carbonate platform sediments (dolomites with minor 

limestone, chert and shale) of the Campellrand Subgroup (2521 ± 3 Ma, Sumner and Bowring, 

1996) of the Ghaap Group. A unit of banded iron formation of the Asbestos Hills Subgroup (2520-

2430 Ma, Alchin et al., 2008) conformably overlies these carbonates. Locally, the upper portion 

of the banded iron formation, known as the Kuruman Iron Formation (ca. 2480-2460 Ma, Pickard, 

2003), has been enriched to ore grades, i.e, Fe > 60 wt. %, and the ores within this unit make up 

the bulk of the high-grade iron ores in the region (Alchin et al., 2008). The Griquatown Iron 

Formation (ca. 2490-2440 Ma, Beukes, 1978), interpreted to show a subsequent drop in relative 

sea level (Johnson et al., 2019), overlies the Kuruman Iron Formation. Beukes (1980) noted that 

the two iron formations differ in that the Griquatown Iron Formation, mainly composed of the 

allochemical sediments, was deposited in shallow-water, storm dominated epeiric sea 
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environments, whereas the Kuruman Iron Formation, characterised by the orthochemical iron 

formations, was developed in the basin (Griqualand West).  

 

Fig. 2.1. Distribution of the Transvaal Supergroup in southern Africa, indicating the location of 

the Transvaal and Griqualand West basins. A simplified stratigraphy of the Transvaal Supergroup 

in the Transvaal and Griqualand West areas is also shown (from Smith and Beukes, 2016). 

 

Dissolution and karstification of the upper dolomitic unit of the lower Ghaap Group 

occurred during uplift and erosion of the Transvaal strata. Siliceous chert breccia, known as the 

Wolhaarkop Breccia, developed, marking a dissolution surface between the dolomite and the 

overlying ore-bearing iron formation (Smith and Beukes, 2016). Locally, deep sinkholes 

developed in the dolomites, into which the overlying iron formation collapsed (Alchin et al., 2008). 

Large to super large deposits of high-grade iron ore are only developed in these karstic laterite 

settings (Smith and Beukes, 2016; Alchin et al., 2008). In this region, the enriched sections of the 
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Asbestos Hills Subgroup in these karstic slump structures are also known as the Manganore 

Formation (Smith and Beukes, 2016). The Koegas Subgroup (2415 ± 6 Ma, Gutzmer and Beukes, 

1998) of the Ghaap group, is composed of mudstone, siltstone, quartzite and iron formations, and 

overlies the Asbestos Hills Subgroup (Smith and Beukes, 2016).   

Younger clastic sediments of shales, quartzites, and conglomerates of the Gamagara 

Formation unconformably overlie the Ghaap Group rocks (Smith and Beukes, 2016).  Some of the 

conglomerates, composed almost entirely of hematite, constitute lower-grade iron ore (Alchin et 

al., 2008). The Gamagara Formation is characterised by a red bed succession and is a correlative 

of the Mapedi Formation of the Olifantshoek Supergroup (van Schalkwyk and Beukes, 1986). The 

Formation is overlain by the Paleoproterozoic Postmasburg Group, thrusted over it along the Black 

Ridge Thrust. The Postmasburg Group has been folded during subsequent deformation (Alchin et 

al., 2008).  

The Gamagara erosional unconformity (2.2-2.0 Ga) occurred at the time of the lower Elim 

Group (~2050 Ma) of the Olifantshoek Supergroup deposition, after folding and uplift of the 

Transvaal Supergroup strata (Smith and Beukes, 2016). Diamictites of the Makganyene Formation 

and lavas of the Ongeluk Formation have been thrust over the Gamagara Formation sediments in 

the vicinity of Postmasburg (Alchin et al., 2008).  

The Makganyene diamictite, which marks a low-angle unconformity, comprises massive 

to poorly bedded diamictite, pebbly sandstone and siltstone, shale, and mudstone up to 100 m 

thick, interpreted as piedmont glacial and glaciofluvial assemblages (Alchin et al., 2008). The 

Ongeluk lavas (600 m thick) of the Postmasburg Group were extruded under water in a marginal 

basin within the continental setting of the Kaapvaal craton, and comprise essentially tholeiitic 

basaltic andesites (Alchin et al., 2008). The lavas have been dated at 2240 ± 57 Ma (Walraven et 
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al., 1982), 2239  ± 90 Ma (Armstrong, 1987) and 2222 ± 13 Ma (Cornell et al., 1996) with U-Pb 

whole rock analysis. 

To summarize, the Transvaal Supergroup in the Griqualand West basin comprises mixed 

siliciclastic units; the lower unit is known as the Ghaap Group and the upper unit is referred to as 

the Postmasburg Group. These units are separated by a low-angle unconformity, marked by the 

Makganyene diamictite. A major unconformity, which is known as the Gamagara unconformity, 

separates the Transvaal Supergroup from the overlying Keis Supergroup. The unconformity is also 

correlated with the base of the Olifantshoek Supergroup. 

 

2.2 Local geological and structural setting: The Maremane and Wolhaarkop domes 
 

The Maremane Dome (MD) appears as a semi-circular, half-moon structure (Fig. 2.2) and 

is described as a domal anticline with strata dipping at less than 10º in an arc to the north, east and 

south (Fig. 2.3) (van Schalkwyk and Beukes, 1986). The dome is interpreted to have formed as a 

result of fold interference between northïsouth- and eastïwest-trending fold systems and thrusting, 

which resulted in double plunging, mushroom-type fold (Alchin et al., 2008). The folding event 

of the Maremane Dome postdates the extrusion of the Ongeluk basaltic andesites at ~2.2 Ga, but 

precedes the deposition of the Gamagara Formation at 2.0 Ga. Basement rocks in the Maremane 

Dome area are composed of clastic-textured and ferruginous carbonate rocks of the Campbellrand 

Subgroup of the Transvaal Supergroup (Fig. 2.4), locally associated with beds of ankerite chert 

(Alchin and Botha, 2006). Only the eastern half of the Dome is exposed (Fig. 2.2) (van Schalkwyk 

and Beukes, 1986). The western half is masked by strata of the younger Gamagara Formations and 

those of the Makganyene-Ongeluk Formations that, in turn, have been thrust on top of the 

Gamagara Formation (van Schalkwyk and Beukes, 1986; Smith and Beukes, 2016). In particular, 
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the Koegas Iron Formation, Makganyene Diamictite, and Ongeluk Lava were thrust eastwards 

over the Gamagara Formation, along what has been interpreted as a thrust or tectonic 

unconformity, known as the Black Ridge Thrust or Makganyene Unconformity (Fig. 2.4) (Basson 

et al., 2018). 

 

Fig. 2.2. Regional geological map of the Maremane Dome region (modified after van Schalkwyk 

and Beukes, 1986). The location of the Wolhaarkop Dome is also indicated, where the bulk of the 

sampled drill holes were drilled (indicated by green and red circles for fresh and ferruginized drill 

core samples), with one sampled drillhole located on the Khumani Mine property. 

 

The Wolhaarkop chert-breccia unconformably overlies carbonates of the Campbellrand 

Subgroup (Alchin et al., 2008). The Wolhaarkop breccia is thought to have formed as a result of 
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solution collapse and cavity formation within the underlying dolomites, into which the overlying 

banded iron formations of the Asbestos Hills Subgroup have collapsed (van Schalkwyk and 

Beukes, 1986). An important feature of the MD is that it preserves pockets of the Manganore Iron 

Formation in karstic slump structures (Fig. 2.3) (Beukes, 1978), where large to super large deposits 

of high-grade iron ore are developed.  

van Schalkwyk and Beukes (1986) have shown that the Manganore Iron Formation is a 

lateral correlative of the Kuruman and Griquatown Iron Formation of the Asbestos Hills Subgroup. 

In the vicinity of the MD, the Griquatown Iron Formation has been almost entirely removed by 

erosion along an unconformity separating the banded iron formations from the overlying clastic 

sediments of the Gamagara Formation (Alchin et al., 2008). South of the Maremane Dome, the 

iron formations of the Asbestos Hills Subgroup are overlain by mixed chemical and clastic 

sediments of the Koegas Subgroup. The Koegas Subgroup is, in turn, unconformably overlain by 

diamictite of the Makganyene Formation, upon which lavas of the Ongeluk Formation have been 

subaqueously extruded. A clastic succession of conglomerates, shales, flagstones, and quartzites 

of the Gamagara Formation was deposited above an unconformity surface formed on the upper 

parts of the Asbestos Hills Subgroup (Eriksson et al., 2006). This unit of the Gamagara Formation 

has been correlated with the Mapedi Formation (Beukes and Smit, 1987) and constitutes the 

lowermost unit of the Olifantshoek Supergroup, which is the oldest recognised red-bed sequence 

in the region. Dwyka Tillite and Kalahari Group sediments both unconformably overlie the 

Olifantshoek Supergroup rocks within the Maremane Dome area (Eriksson et al., 2006).  
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Fig. 2.3. Northïsouth cross-section through the Maremane Dome (Smith and Beukes, 2016). 

 

The Maremane Dome has undergone three compressive orogenic episodes and several 

extensional events (Alchin et al., 2008), and these had a pronounced effect on the formation, 

erosion and preservation of iron mineralization in the Maremane Dome and surrounding environs 

(Friese and Alchin, 2007). Dominant structures comprise strike-extensive, northïsouth-trending, 

steep, predominantly west-dipping, normal and inverted normal faults, notably prevalent within 

the western half of the dome (Basson et al., 2016).  

To summarize the tectonic evolution of the area presented by Friese and Alchin (2007), the 

first major extensional event occurred as passive margin rifting along the western margin of the 

Kaapvaal craton at the end of Ghaap Group times, during deposition of the Asbestos Hills 

Subgroup at 2430 Ma. This resulted in the formation of prominent northïsouth-striking, west-

dipping normal faults. Continued rifting and subsequent reactivation of the older northeast-

trending Ventersdorp rift system in the Archaean basement formed a depository for the volcano-

sedimentary Postmasburg Group. The widespread extrusion of the mafic Ongeluk lavas at ~2220 

Ma was followed by the deposition of the manganiferous Voëlwater Subgroup.  
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  Subsequent east-directed crustal compression (Kalahari orogeny at ~2.35-2.22 Ga) formed 

mainly large-scale regional, north-trending F1 folds (e.g., Maremane anticline) and inversion of 

the Postmasburg Group rift structures. Uplift, erosion and the formation of a regional angular 

unconformity was succeeded by deposition of sedimentary units and intrusion of mafic bodies of 

the Olifantshoek Supergroup within a rift system superimposed on the Postmasburg Group rift 

depository. A second episode of east-directed crustal compression during the Keis Orogeny at 

~1830-1730 Ma led to renewed inversion of the Olifantshoek Supergroup depository, folding and 

thrusting the older rock units eastwards over the cratonic cover (Friese and Alchin 2007).  

The interpretation of seismic reflection profiles (Tinker et al., 2002) across the western 

Kaapvaal Craton identified a thickening of the supracrustal sequences of the Ventersdorp, 

Griqualand West and Olifantshoek Supergroups, as well as Paleoproterozoic (~1.8 Ga) folding and 

east-verging thrusting that cuts across the craton and deforms the units of both the Griqualand 

West and Olifantshoek Supergroups.  

The Namaqua-Natal Orogeny at ~1.15-1.0 Ga (Friese et al., 1995) along the southern 

margin of the Kaapvaal Craton affected most of the area and is more significant in effect than the 

subsequent post-Keis deformational events (e.g. Cape Orogeny at ~310-240 Ma (Hälbich, 1992) 

and Gondwana breakup at 200-120 Ma) (Visser, 1998). The north-northwest-directed crustal 

compression of the Namaqua-Natal Orogeny resulted in the development of east-northeast-

trending F3 folds and formation of a F2ïF3 fold interference pattern, minor sinistral strike-slip 

reactivation of the north/south-striking fault system and the formation of extensional north-

northwest/south-southeast-striking fracture/fault zones (Alchin et al., 2008). Figure 2.4 below 

summarizes the stratigraphy of the Maremane Dome. 

 



27 
 

Fig. 2.4. Stratigraphy of the Maremane Dome area (Carney et al., 2002).  

The Dome encloses South Africaôs largest iron mine producers (Smith and Beukes, 2016), 

such as the Sishen and Khumani deposits in the north and Beeshoek and southern Sishen (known 

as Kolomela) in the south (Fig. 2.1). The mineralization is primarily exposed along the western 

margin or in the central part of the major interference fold structure known as the Maremane Dome 

(Alchin and Botha, 2006). The high-grade hematite ores are only developed in areas where the 
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Mapedi unconformity transects the BIF (Smith and Beukes, 2016).  The ñasymmetryò of the 

Maremane Dome, mimicked on a smaller scale by the Wolhaarkop Dome to the west of the 

Maremane Domeôs southern termination, may have partly resulted from dextral shearing in the 

Namaquan part of the Namaqua-Natal Orogeny (Basson et al., 2018). Subsequent tectonism, 

including the breakup of Gondwana and Pan-African reworking, appear to have had only a minor 

effect on the region (Basson et al., 2018). 

The Wolhaarkop Dome (WD) is located approximately 9 km southwest of Postmasburg 

town and 65 km south of Sishen Mine (Fig. 2.2). It is an overturned anticline replicating the larger 

Maremane Dome (Alchin et al., 2008), and is believed to have undergone similar orogenic 

episodes and extensional events. The northeast-trending Wolhaarkop Dome is situated in the 

Kolomela Mine property (Fig. 2.2, 2.5), and is the main structure in the Kolomela area bordered 

by the Keis Terrane to the west and Namaqua-Natal metamorphic province to the south. WD 

formed due to the mild open folding of rocks following the deposition of the Transvaal Supergroup. 

The eastern side of the WD (Kolomela area) is characterised by tight to open, upright folds. The 

western side has tight overturned folds that induced the formation of the thrust structures found in 

the area west of the WD (Erikkson et al., 2006).  
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Fig. 2.5. Integrated geological interpretation map around the Kolomela area and section of the 

Wolhaarkop Dome as obtained from gravity and outcrop data (Alchin and Botha, 2006). 

 

The Wolhaarkop Dome is interpreted as an F1 fold related to the Kalahari Orogeny that 

occurred at ~2.35-2.22 Ma (Friese and Alchin, 2007). During the Keis Orogeny, there was an eastï

west crustal contraction that produced eastward-directed thrusting on the west of this antiform; 

these thrust faults are the reason for the duplication of the stratigraphy (Alchin et al., 2008). The 

zone of high strain (thrusts) has a localised high degree of ferruginization of highly brecciated BIF 
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(Otto and Britz, 2016). Tight, east-verging overturned folds dominate along the western margins 

of the Wolhaarkop Dome. Folds are oriented upright on the eastern limb with axial traces striking 

north-northeast, whereas the axial traces change to north-south in the southern extension of the 

Dome (Frise and Alchin, 2007). West-vergent overturning in the central part of the dome is 

interpreted as minor back-folding related to ramping against the rigid basement formed by the 

Maremane Dome (Friese and Alchin, 2007). Reactivation of earlier northeastïsouthwest-striking 

faults, predominantly southeast-dipping faults (related to the Ventersdorp rift system at ~2.78-2.64 

Ga) and later eastïwest-striking faults (related to crustal relaxation following the Keis orogeny) 

have not noticeably impacted the geometry and position of the ore bodies at Kolomela (Alchin et 

al., 2008). 

2.3 Overview of the iron deposits in the Griqualand West region 
 

Van Schalkwyk and Beukes (1986) noted that the iron ores in the Griqualand West Basin 

mainly occur in four types: laminated, massive, brecciated, and conglomeratic ores (Fig. 2.6), the 

latter forming part of the Gamagara/Mapedi red-bed succession. The Sishen iron ore deposits 

represent supergene enrichments of the Manganore Iron Formation in areas where it collapsed into 

paleo-sinkhole structures (Beukes, 1978; Alchin et al., 2008). The Khumani deposit represents a 

southern extension of the Sishen deposit. Therefore, the general stratigraphy and ore types in the 

northern parts of Khumani are very similar to those encountered at Sishen. However, the ores at 

Khumani occurred in outcrop and suboutcrop before mining production began, whereas those at 

Sishen originally dipped below the Gamagara and Kalahari lithologies (Smith and Beukes, 2016). 

Commonly, the Beeshoek ore bodies are preserved in localized, smaller depressions in the form of 

sinkholes, with the general stratigraphy and ore types similar to those encountered at Sishen and 

Khumani. Conglomeratic ore is generally more common at Beeshoek, especially towards the north 
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of the deposit, than at the Sishen and Kolomela deposits (Smith and Beukes, 2016). Ore types at 

Kolomela Mine were initially thought to be similar to those at Sishen Mine, although there are 

distinct differences in their chemistry, physical and metallurgical properties, with intervals being 

classified according to their texture and inferred genesis (laminated, massive, clastic, 

conglomeratic, brecciated and detrital) (Basson et al., 2018). The only BIF present at Kolomela 

appears to be that of the Kuruman Iron Formation, with the Griquatown Iron Formation having 

been removed by erosion (Alchin et al., 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6. Examples of ore types (Basson et al., 2018). 
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Hematite ore is pervasive throughout the region but is especially prolific in the vicinity of 

the Maremane Dome (van Schalkwyk and Beukes, 1986). The iron ores are overlain by 

conglomeratic iron ores of the Doornfontein Member of the Elim Group of Olifantshoek 

Supergroup, as well as highly aluminous diaspore-rich shales (van Schalkwyk and Beukes, 1986). 

Conglomeratic ores are interpreted as erosion products of laminated and massive ores or partly 

hematized iron formation and are found on or near the unconformity defining the base of the 

Gamagara Formation (Alchin et al., 2008). The deposition of the lower Elim Group coincides with 

the weathering and unconformity that took place at ~ 2.0 Ga (Smith and Beukes, 2016).  

2.4 A summary of mafic magmatic events in Southern Africa 
 

Dolerite intrusions in Southern Africa have been dated as old as the Archean age. These 

includes dolerites in the northern and eastern part of the Kaapvaal Craton, commonly within the 

Limpopo Belt, with ages ranging from Archean to Mesozoic (Uken and Watkeys, 1997). Uken and 

Watkeys (1997) reported the three main trends of the pre-Karoo diabase: northwest, eastïwest, 

and northeast. The earliest trend emplaced was the northwest, and this was re-utilized during 

Bushveld Complex times at ~2.0 Ga, and at ~1.4 Ga post-Waterberg Group dykes (Uken and 

Watkeys, 1997). The summary below characterizes some of the recognized mafic magmatic rocks 

in Southern Africa, adopted from Uken and Watkeys (1997). 

The ca. 3.0 Ga dolerite dykes are northwest trending, and they are associated with the ca. 

3.0 Ga Pongola rift system. The ca. 2.8 Ga Ventersdorp-related dyke swarm is oriented along a 

northeast trend and follows the main axis of the ca. 2.7 Ga Ventersdorp rift system. Eastïwest-

trending diabase dykes are dated to be around 2.06 Ga and coincide with the Bushveld Complex 

axis, and are associated with craton-wide eastïwest compression. Early Bushveld sills step 
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upwards and outwards from the dyke swarm in both a northward and southward direction into the 

Transvaal Supergroup cover. The east-west trend of the diabase dykes suggests that the 

compression was active during the Bushveld Complex times, and may have also controlled syn-

Bushveld gold mineralization in the Pilgrim's Rest area, which directly overlies the dyke swarm. 

The ca. 1.11 Ga dolerite dykes suggest an association with the Umkondo Large Igneous 

Province (LIP), characterized by the emplacement of large volumes of magma (2x106 km3) 

(Winter, 2014). The Umkondo LIP was rapidly emplaced (1112ï1108 Ma, De Kock et al., 2014) 

into the Kalahari craton of southern Africa during Rodinia assembly. The Umkondo intrusionsô 

geochemistry indicates significant partial melting of the sub-continental mantle lithosphere 

(SCLM) and requires a transient thermal anomaly in the mantle (De Kock et al., 2014).  

The ca. 190-170 Ma Karoo dolerites are associated with the Mesozoic fragmentation of 

Gondwana, and the emplacement of north-northwest-, northeast-, and northïsouth-trending dykes 

along the northern and eastern Kaapvaal Craton margins (Uken and Watkeys, 1997). Early Jurassic 

dolerite intrusions (sills and dykes) are abundant in the Karoo Basin in South Africa. The Karoo 

dolerites form part of the Karoo Large Igneous Province (LIP) in South Africa. Neumann et al. 

(2011) focused on the evolutionary history of the melts that gave rise to the Karoo dolerites, and 

proposed that the primary melts were derived from sub-lithospheric mid-ocean ridge basalt 

(MORB) source mantle. 40Ar/39Ar age determinations suggest that the emplacement of the Karoo 

Continental Flood Basalt (CFB) lasted from 184 to 176 Ma (Riley and Knight, 2001). However, 

U/Pb zircon ages suggest that in some parts of the Karoo Basin, including the Golden Valley Sill 

Complex (GVSC), volcanism and sill emplacement may have occurred as a short pulse at about 

182.5 Ma (Encarnacion et al., 1996; Svensen et al., 2007). 
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CHAPTER 3: Sampling and Methodology 

 

3.1 Sample collection 
 

A total of 46 samples was collected from nine diamond drill cores, of which eight drill 

cores were sampled from the Assmang exploration camp, and one from the Khumani Mine. Table 

1 below shows the GPS (global positioning system) location of the sampled drilled holes, and the 

types of analyses done for each sample. New borehole IDs are used for the sake of easy referral to 

the boreholes. For instance, samples from borehole 1/4/150_A, will be referred to as the A group 

samples. Figure 3.1 shows the strip logs of sampled boreholes and depth positions of the analysed 

samples. 

Thirty-four samples were selected for geochemistry, and 40 samples were prepared for thin 

sections that were used for optical microscopy petrographic study. Of the thin sections prepared, 

two samples were used for the quantitative evaluation of minerals by scanning electron microscopy 

(QEMSCAN) and for back-scattered electron (BSE) images. Zircon separation for U/Pb 

geochronology was attempted for seven samples, and the preparation of mounted slides and CL 

and BSE imaging were done for the two samples where zircons were successfully extracted.  
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Table 1. Diamond boreholes used for this study and the analyses done for each sample. 

 

мκпκмрлψ! ϪорлΦрр ƳΣ нуϲ мрϥ пфΦтлέ {Σ ннϲ роϥ лтΦпмέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

From (m) To (m) Sample No Analysis done Laboratoty From (m) To (m) Sample NoAnalysis done Laboratory

227.55 227.85 A01 Optical petrography UFS 140.00 140.30 D01 Bulk geochemistry UCT

Bulk geochemistry UFS

230.55 230.85 A02 Optical petrography UFS

Bulk geochemistry UFS From (m) To (m) Sample NoAnalysis done Laboratory

232.50 232.80 A03 Optical petrography UFS 112.89 113.06 E01 U/Pb geochronology UJ

Bulk geochemistry UFS 114.32 114.42 E02 Optical petrography UWC

299.55 299.85 A04 Optical petrography UFS Bulk geochemistry UCT

Bulk geochemistry UFS 116.86 117.00 E03 Optical petrography UWC

305.55 305.85 A05 Optical petrography UFS 125.00 125.18 E04 Optical petrography UWC

Bulk geochemistry UFS Bulk geochemistry UCT

311.55 311.85 A06 Optical petrography UFS

Bulk geochemistry UFS

319.00 319.30 A07 Optical petrography UFS From (m) To (m) Sample NoAnalysis done Laboratory

Bulk geochemistry UFS 68.87 68.97 F01 Optical petrography UWC

323.00 323.30 A08 Optical petrography UFS 69.11 69.12 F02 Optical petrography UWC

Bulk geochemistry UFS Bulk geochemistry UCT

U/Pb geochronology, SEM SU 69.82 69.93 F03 Optical petrography UWC

332.55 332.85 A09 Petrography UFS Bulk geochemistry UCT

Bulk geochemistry UFS

336.30 336.60 A10 Optical petrography UFS ¢bлллмр ϪмсрΦпуƳΣ нуϲ мрϥ мрΦпфέ {Σ ннϲ рпϥ ннΦуфέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

Bulk geochemistry UFS From (m) To (m) Sample NoAnalysis done Laboratory

344.00 344.30 A11 Optical petrography UFS 105.92 106.13 G01 Optical petrography UWC

Bulk geochemistry UFS 110.47 110.61 G02 Optical petrography UWC

347.55 347.85 A12 Optical petrography UFS 110.91 111.07 G03 Bulk geochemistry UCT

Bulk geochemistry UFS

U/Pb Geochronology, SEM UJ ¢bллмпм ϪнпфΦруƳΣ нуϲ моϥ псΦпоέ {Σ ннϲ рпϥ мтΦмтέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

QEMSCAN UCT From (m) To (m) Sample NoAnalysis done Laboratory

215.50 215.70 H01 Optical petrography UWC

·Yмκур ϪмфсΦомƳΣ нтϲ рнϥ ллΦсмέ {Σ ноϲ ллϥ лрΦнфέ 9Σ YƘǳƳŀƴƛ aƛƴŜBulk geochemistry UCT

From (m) To (m) Sample No Analysis done Laboratoty 246.73 246.80 H02 Optical petrography UWC

63.30 63.50 B01 Optical petrography UWC Bulk geochemistry UCT

Bulk geochemistry UCT U/Pb geochronology UJ

68.30 68.50 B02 Optical petrography UWC 246.80 247.14 H03 Optical petrography UWC

Bulk geochemistry UCT Bulk geochemistry UCT

73.30 73.50 B03 Optical petrography UWC 234.90 235.00 H04 Bulk geochemistry UCT

Bulk geochemistry UCT 235.58 235.69 H05 Optical petrography UWC

U/Pb geochronology UJ 235.70 235.76 H06 Optical petrography UWC

QEMSCAN + BSE UCT 235.80 236.10 H07 Optical petrography UWC

78.30 78.50 B04 Optical petrography UWC Bulk geochemistry UCT

Bulk geochemistry UCT 237.58 237.72 H08 Optical petrography UWC

85.90 86.10 B05 Geochemistry UWC Bulk geochemistry UCT

Petrography UCT

93.40 93.60 B06 Geochemistry UWC ¢bлллоф ϪммуΦнƳΣ нуϲ мрϥ лсΦллέ {Σ ннϲ рпϥ нпΦлоέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

Petrography UCT From (m) To (m) Sample NoAnalysis done Laboratory

99.30 99.50 B07 Geochemistry UWC 90.50 90.23 I01 Optical petrography UWC

Petrography UCT 95.53 95.75 I02 U/Pb geochronology UJ

104.30 104.50 B08 Optical petrography UWC 101.02 101.15 I03 Optical petrography UWC

Bulk geochemistry UCT 102.53 102.70 I04 Optical petrography UWC

U/Pb geochronology UJ 104.01 104.15 I05 Optical petrography UWC

From (m) To (m) Sample No Analysis done Laboratory

63.50 63.70 C01 Optical petrography UWC

Bulk geochemistry UCT

107.80 108.00 C02 Bulk geochemistry UCT

уκмκмрл ϪмунΦпуƳΣ нуϲ мрϥ млΦттέ {Σ ннϲ рпϥ нпΦпуέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

¢bлллор ϪмтлΦроƳΣ нуϲ мрϥ луΦтсέ {Σ ннϲ рпϥ нпΦпнέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

¢bллмпо ϪмпсΦпƳΣ нуϲ моϥ рсΦлоέ {Σ ннϲ рпϥ орΦрлέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

¢bллллс ϪмнуΦсƳΣ нуϲ мрϥ мфΦфмέ {Σ ннϲ рпϥ нсΦфуέ 9Σ !ǎǎƳŀƴƎ 9ȄǇƭƻǊŀǘƛƻƴ /ŀƳǇ

UJ: Universuty of Johannesburg

UWC: University of the Western Cape

UFS: University of the Free State

SU: Stellenbosh University

UCT: University of Cape Town
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Fig. 3.1. Borehole logs of studied drill cores showing the intrusion thickness, positions of the 

analysed samples and variations in host-rock lithology. 
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3.2 Sample preparation 
 

3.2.1 Thin section preparation 
 

A total of 40 samples were prepared for petrographic analysis in polished thin sections, of 

which 15 samples were prepared at the University of the Free State (the A group samples), and 25 

samples were prepared at the University of the Western Cape (B to I group samples). 

 

3.2.2 Heavy mineral separation 
 

Zircon separation was carried out on seven samples at Stellenbosch University, of which 

two samples are non-ferruginized (A08 and A12), and five are ferruginized samples (B03, B08, 

E01, H02 and I02). 200g of each sample was crushed using a jaw crusher and milled to a fragment 

size of 350 µm. Heavy minerals were separated from lighter minerals through panning, and were 

left to dry. Ferromagnetic mineral grains were removed from the heavy mineral fraction by a 

magnetic separation. The rest of the heavy mineral grains were induced with electric current, firstly 

at 0.4 A, then to 0.8 A, and finally at 1.5 A. Zircon is non-magnetic at 1.5 A. The non-magnetic 

fraction was then taken for heavy liquid separation, using diiodomethane, which has a density of 

3.20 g/cm3. Since zircon has a density of 4.6 g/cm3, it sinks together with other heavy minerals in 

the diiodomethane liquid solution. The heavy mineral fraction was then collected and washed in 

distilled water and acetone. The samples were left to dry overnight. 

 

3.2.3 Zircon mounting and preparation of mounts 
 

 The final separation step was made by hand-picking individual zircon grains from the 

heavy and non-magnetic fraction using an optical microscope. The individual zircon grains were 
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mounted on double-sided transparent adhesive tape and subsequently embedded in 1-inch-

diameter circular epoxy mounts for polishing. In order to study their internal structure, back-

scattered electron (BSE) and cathodoluminescence (CL) images of all analyzed zircon grains were 

obtained using a Philips XL 40 scanning electron microscope.  

3.3 Optical Petrography 
 

Thin section slides from the A group samples were studied at the Department of Geology, 

University of the Free State, with an Olympus BX51 optical microscope equipped with an 

Olympus 162 U-TVO.63XC camera. Thin section slides from the B to I group samples were 

studied using an optical petrographic microscope, Nikon Optiphot ï Pol, at the Microscopy 

Laboratory of the Department of Earth Science at UWC. The microscope is equipped with a Canon 

DSLR D5000 microscope camera.  

3.4 QEMSCAN 
 

Petrographic analysis involving the scanning electron microscope by QEMSCAN analysis 

at University of Cape Town was done to further understand the degree of alteration, define the 

rock-forming and accessory phases present, and look for any deformational history based on 

textures. 

QEMSCAN and BSE analysis on polished slides was done on samples A12 and B03. 

QEMSCAN is an SEM-based automated mineral analyzer. The analytical technique employs EDS 

(energy dispersive spectrometry) detectors and a software package, enabling a rapid discrimination 

of minerals without reliance on visual judgments, where mineral identification is based on the EDS 

and BSE (back-scattered electron) values. The analysis was carried out at the University of Cape 

Town (UCT) using a FEI Quanta 650F field emission gunïscanning electron microscope (FEGï
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SEM), equipped with two Bruker energy dispersive spectrometers, and a Spectral Analysis Engine 

(SAE). BSE imaging operated at 25 kV accelerating voltage, and 10 nA beam current.  

Analysed phases were classified as specific mineral species according to their BSE 

brightness and chemical composition utilizing i-discover, a user-developed mineral reference 

library known as SIP (Species Identification Protocol). During the QEMSCAN analysis, a detailed 

database of statistically representative mineral particle information is built up, which was later 

interrogated, using knowledge of the samples to help classify the mineral phases.  

Table 2. QEMSCAN operational statistics for sample A12 (non-ferruginized dolerite) and B03 

(ferruginized dolerite). 

Operational Statistics Sample A12 Sample B03 

Company: Sarafina UWC Sarafina UWC 

Operation: Sarafina A12 Sarafina B03 

Survey:     

Date: 
07/07/2021 

14:20 05/05/2021 14:57 

Product:     

Mass Flow (units): 100 100 

Fraction: 5000/+0 5000/+0 

Mass Percent (%): 100 100 

Minimum Size (µm): 0 0 

Maximum Size (µm): 50000 50000 

Measurement: A12 B03 

Measurement Parameters     

General     

Machine ID: 0 0 

Mode     

Sip: CuS2 GeoScience Cu v0.1 

Measurement Mode: FieldImage FieldImage 

Scan Mode FieldImage FieldImage 

Search Mode: Standard Standard 

Fields     

Magnification 176 176 

Height (points): 200 200 

Width (points): 200 200 

Size (µm): 1172.16 1172.16 
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Maximum to scan: 225 169 

Points     

Horiontal Spacing (µm): 5.86 5.86 

Vertical Spacing (µm): 5.86 5.86 

Particle Rejection     

Maximum Shape Factor: Ignored Ignored 
Maximum Number of 
Particles: 5000 5000 

Minimum BSE: 0 0 

Target Mineral:     

X-rays     

X-ray Counts: 1000 1000 

Measurement Statistics     

General     

Marked as Bad: False  False  

Status: Complete Complete 

Timing     

Start: 
07/07/2021 

15:46 05/05/2021 15:56 

End: 08/07/2021 4:11 05/05/2021 23:20 

Elapsed (h:m:s): 12:24:13 7:24:25 

Fields     

Total Scanned: 225 169 

Intercepts   2949 

Number: 3100 40139973.63 

Length (µm): 55417295.24   

BSE   6760000 

Total (points): 9000000 0 
Total above Threshold 
(points): 0 0 

Packing Density (%): 0 0 

X-rays     

Total Acquired (points): 9437107 6560360 

 

3.5 SEM of separated zircons 
 

Zeiss Merlin FE SEM, a high-resolution field emission scanning electron microscope with 

a range of beam flexibility was used for this analysis at the Central Analytical Facility (CAF) at 

Stellenbosch University.  It has detectors for secondary electrons, backscattered electrons, 

cathodoluminescence, and scanning transmission electron microscopy. Zircon grains in the 
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prepared mounts were documented and characterized by BSE and CL imaging. The method of 

preparation of the seven zircon samples for geochronological analysis is outlined under section 

3.2.1 and 3.2.2. Table 3 below is the summary of the analytical conditions for the analysis of CL 

and BSE imaging of zircons. 

Table 3. Analytical conditions for CL and BSE imaging of zircons at CAF, Stellenbosch 

University. 

Analytical 
conditions  

Mount: Double-sided carbon tape on aluminium SEM stubs 

Conductive coating: Gold 8 nm (Leica EM ACE200) 

Electron 
Microscope: Zeiss Merlin (Carl Zeiss Microscopy, Germany) 

Software: 
SmartSEM (Zeiss electron imaging) and Oxford Aztec (Oxford Intruments, Oxfordshire OX13 
5QX, UK) 

Detectors: 
Backscattered Electron Detector (BSD) (Carl Zeiss Microscopy) and Energy Dispersive X-ray 
Spectroscopy (EDS) Oxford Instruments® XMax 20 mm2; cathodoluminescence detector (CL) 

 
Accelerating voltage 
(EHT): 20 kV (BSE, CL, and EDS) 

Working distance: 5 mm (BSE), 9.5 mm (EDS), 7 mm (CL) 

Beam Current: 10 nA (BSE, CL, and EDS) 

 

Gold (Au) and aluminium (Al) were automatically excluded from the analysis since the 

samples were coated with gold and placed on the Al SEM stubs. The physical limitations of EDS 

do not allow for the analysis of elements lighter than boron (B), therefore the elements hydrogen 

(H), helium (He), lithium (Li) and beryllium (Be) were not included in the analysis. The minimum 

detectable concentration (MDC) limit for EDS analysis is 0.1 wt. %. 
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3.6 Geochronology 
 

One non-ferruginized sample (A08) was analyzed for U/Pb dating of zircon grains at the 

University of Stellenbosch, and the other six samples (A12, B03, B08, E01, H02 and I02) were 

analyzed at the University of Johannesburg. All U-Pb age data obtained at the Central Analytical 

Facility (CAF), Stellenbosch University, were acquired by laser ablation single-collector sector-

field inductively coupled plasma mass spectrometry (LA-SF-ICP-MS) employing a Thermo 

Finnigan Element2 mass spectrometer coupled to a Resonetics Resolution S155 excimer laser 

ablation system. All age data presented here were obtained by single spot analyses with a spot 

diameter of 20 µm and a crater depth of approximately 15-20 µm. The methods employed for 

analysis and data processing are described in detail by Frei and Gerdes (2009) and Cornell et al. 

(2016). The international zircon reference standard 91500 (Wiedenbeck et al., 1995) has been used 

as a secondary standard for quality control and repeated single spot analysis yielded an age of 1068 

± 4 Ma (Concordia age; n = 17). This age is, within error, in agreement with the accepted Isotope 

Dilution-Thermal Ionization Mass Spectrometry age of 1065 ± 1 Ma (Wiedenbeck et al., 1995). 

Full analytical details and the results for all quality control materials analysed are reported in Table 

4. Common Pb-correction, composition and uncertainty method from Stacey and Kramers (1975) 

was applied. The calculation of concordia ages and plotting of concordia diagrams were performed 

using Isoplot/Ex 3.0 (Ludwig, 2003).  

For the samples analysed at the University of Johannesburg, U-Pb isotopes were measured 

by the laser-ablation multi-collector ICP-MS using an ASI Resonetics 193 nm Excimer laser 

ablation system and a Thermo Scientific iCAP ICP-MS. The laser spot size used was 25 µm 

diameter, with a fluence of 1.4 J/cm2 and an ablation rate of 2 Hz. All analyses consisted of a 15 s 

blank signal, followed by 30 s of ablation. The program LADR (www.norsci.com) was used for 
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data reduction, using glass reference material NIST-610 for quantification of the concentrations 

and zircon GJ-1 (from Jackson et al., 2004) for the age information.  
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Table 4. LA-SF-ICP-MS U-Th-Pb dating methodology employed at the CAF, Stellenbosch University. 

Laboratory and Sample Preparation

Laboratory name Central Analytical Facility, Stellenbosch University

Sample type / mineral Igneous zircons 

Sample preparation Conventional mineral separation, 1 inch resin mount, 1 µm polish to finish

Imaging CL

Laser ablation system

Make, Model & type Resonetics Resolution S155, ArF Excimer Coherent CompexPro 110

Ablation cell & volume Laurin Technology S155 double Helix large volume cell

Laser wavelength 193 nm

Pulse width 20 ns

Fluence 2.8 J/cm
-2
 (measured with external energy meter above sample funnel)

Repetition rate 5.5 Hz

Spot size 20 µm

Sampling mode / pattern 20 µm single spot analyses

Cell carrier gas 100% He, Ar and N2 make-up gases combined using injectors into double Helix sampling funnel

Pre-ablation laser warm-up (background collection) 3 cleaning shots followed by 20 seconds background collection

Ablation duration 15 seconds

Wash-out delay 15 seconds

Cell carrier gas flows 330 ml/min He

ICP-MS Instrument

Make, Model & type Thermo Finnigan Element2 single collector HR-SF-ICP-MS

Sample introduction Via Nylon 10 tubing 

RF power 1350 W

Make-up gas flow 910 ml/min Ar & 0.03 ml/min N2
Detection system Single collector secondary electron multiplier

Masses measured 202, 204, 206, 207, 208, 232, 233, 235, 238

Integration time per peak 4 ms

Total integration time per reading 1 sec (represents the time resolution of the data)

Sensitvity 30000 cps/ppm Pb

Dead time 6 ns

Data Processing

Gas blank 20 second on-peak

Calibration strategy Zircon GJ-1 used as primary reference material; zircon  91500 used as secondary reference material (Quality Control)

Reference Material info 91500 (Wiedenbeck et al. 1995); GJ-1 (Jackson et al. 2004)

Data processing package used / Correction for LIEF In-house spreadsheet data processing using intercept method for LIEF correction

Mass discrimination Standard-sample bracketing with 207Pb/206Pb and 206Pb/238U normalized to reference material GJ-1

Common-Pb correction, composition and uncertainty 204-method, Stacey and Kramers (1975) composition at the projected age of the mineral, 5% uncertainty assigned

Uncertainty level & propagation Ages are quoted at 2 sigma absolute, propagation is by quadratic addition. 

Reproducibility and age uncertainty of reference material and common-Pb composition uncertainty are propagated.

Quality control / Validation 91500: Concordia age = 1068 ± 4 Ma (2s, MSWD = 0.55)

Other information For detailed method description see Frei and Gerdes (2009) and Cornell et al. (2016).
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3.7 Geochemistry 
 

Thirty-four samples were analyzed for whole-rock major and trace elements. Twenty-three 

samples were analyzed at the University of the Free State (UFS), and 11 samples were analyzed 

at the University of Cape Town (UCT). Major oxides and selected trace elements were analyzed 

using X-ray fluorescence spectrometry (XRF). At UFS, major elements and trace elements were 

determined by using a Panalytical Axios XRF spectrometer. Fusion discs and pressed powder 

pellets were used for XRF major and trace element measurements, respectively. The fusion discs 

were generated by weighing out 2 g of sample into a crucible. The crucible was then placed in an 

oven at 110 °C overnight and weighed afterward to determine wt. % H2O
- (adsorbed volatile 

content). The sample was then heated at 850 °C for four hours to remove all structural volatiles 

(e.g., H2O and CO2) and oxidise all Fe to Fe3+, and weighed again to determine wt. % loss on 

ignition (LOI).  Flux fusion disks were made using 0.7 g of ignited sample powder added to 6 g of 

Claisse flux beads containing 57% Li tetraborate- 43% Li metaborate with a small amount of LiBr 

as a releasing agent. The mixture was then melted and homogenized in a Pt crucible over a gas 

flame (in a Claisse M4 automated fluxer) and poured into a Pt mould to form a fusion disc. The 

powder pellets were made from 10 g of the sample (mixed with 2.5 g of Hoescht wax powder as 

binder), placed into a die and compressed with 10 tons of pressure to create the powder pellet. 

Like at the UFS, the XRF facility at the UCT houses a Panalytical Axios XRF spectrometer 

and is set up to analyse a wide range of major and trace elements in prepared solid materials. 

Routine analysis of eleven major elements, Fe, Mn, Ti, Ca, K, S, P, Si, Al, Mg and Na (with Ni 

and Cr when Ni and Cr concentrations exceed 2000 ppm or 0.2 %) was performed using fused 

disks prepared with lithium borate flux. Trace element concentrations were measured on pressed 

powder briquettes and intensity data are corrected for mass absorption/enhancement and spectral 
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interferences. International rock standards were used for calibration. XRF major and trace element 

measurements were performed separately but, at both labs, calibration was performed using a 

series of well-characterized natural rock powder standard reference materials issued by 

organisations such as MINTEK, the United States Geological Survey and the Geological Survey 

of Japan, prepared in an identical manner as the samples analyzed.  In all cases, calibration curves 

of known concentration versus measured analyte peak intensities, corrected for background, were 

used to obtain elemental concentrations in unknowns. Absorption and enhancement effects were 

corrected through iterative correction routines employing mass attenuation coefficients. 

Additionally, spectral line overlaps (e.g., RbKɓ on YKŬ) were corrected using routines based on 

spiked blank analyses (e.g., by determining the relationship between RbKŬ intensity and RbKɓ 

intensity at the YKŬpeak position using samples with variable Rb concentrations and zero Y 

concentration).   
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CHAPTER 4: RESULTS 
 

4.1 Hand-sample description 
 

Samples were collected from the diamond drill cores that belong to the Khumani mine and 

the Assmang exploration camp (Fig. 2.2). The dolerite bodies mostly intruded into rocks of the 

Doornfontein Member, the Wolhaarkop breccia, as well as the BIFs (Fig. 3.1). The intrusions occur 

at various depths (40-300 m) and appear as single dykes or sills, usually about 60 m thick (Fig. 

3.1). The logging information for each of the sampled drill hole from Khumani Mine is presented 

in Appendix 1A, while those from Assmang Exploration camp are presented in Appendix 1B. The 

A-group are the non-ferruginized dolerites, while the H-group are the ferruginized and chlorite-

altered dolerites. The rest of the samples are ferruginized dolerites (Table 1). Figure 4.1 shows the 

location of the sampled drill holes. The dolerites show differing degrees of alteration and 

ferruginization (Fig. 4.2). It is also observed that dolerite intrusions closer to the iron ore are more 

ferruginized than those away from the iron ore bodies.  
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Fig. 4.1. LANDSAT Google Earth image (image taken on 29 December 2024) showing the 

locations of the sampled boreholes.  

 

The A-group samples have a massive texture and are non-ferruginized. They are dark-grey 

to dark-green in colour, and medium-grained (1-4 mm) (Fig. 4.2A). Bimineralic mineral 

assemblages are present in most samples. The mineralogy is composed of elongated whitish 

feldspar and dark pyroxene crystals, whereas hornblende (< 2 vol. %) is present in some samples. 
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Samples from the top of the drill core are less competent than the samples from the lower 

stratigraphic levels. The A-group samples are the only non-ferruginized samples, while the rest of 

the samples preserve different degrees of ferruginization. Samples from the A-group drill core 

show a variation in the alteration degree with depth. The degree of alteration is higher in samples 

in the upper stratigraphy of the intrusion in the drill core, where sericite has replaced plagioclase. 

These samples generally show a phaneritic texture with a medium-grain crystal size distribution. 

The ferruginized samples are dark reddish to brown, predominantly of a microcrystalline 

texture (< 0.1 mm) and are mostly completely altered, hence with the naked eye it is hard to infer 

their mineralogical composition. The B-group samples are reddish-brown in colour, and 

ferruginized, sometimes with patches of clay fillings (Fig. 4.2B). They are dominantly of an 

aphanitic texture (0.1-1 mm), with some samples being cross-cut by calcitic veins. The C-group 

samples are red to brownish in colour, have an aphanitic texture and are slightly weathered. They 

are strongly ferruginized group, as recognized from hand specimens. Similarly, the D-group 

samples are reddish to brown in colour with microcrystalline texture (Fig. 4.2D). Calcite veins 

occur within the E-group samples, which also have a dark brown colour and are highly 

ferruginized. The E-group samples are dominantly aphanitic, while some tend to be of a 

microcrystalline texture. Compared to the E- and G-group samples, the F-group samples tend to 

show a lower degree of ferruginization. The F-group samples have a brownish colour with an 

aphanitic texture (~1 mm). The G-group samples are slightly weathered, have a microcrystalline 

texure (with a grain size <0.1 mm). The H-group samples have a fine crystalline texture, with 

chlorite alteration common in samples in the upper stratigraphy of the intrusion (Fig. 4.2C), while 

sericite alteration becomes dominant towards the lower stratigraphic levels. A greenish to brown 

colour is present amongst the chlorite-altered samples, whereas a brownish colour is dominant in 
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the sericite altered samples. The chlorite-altered samples also show veins commonly filled with 

clay and are weakly ferruginized compared to the sericite-altered samples. From the hand 

specimens, it appears that the chloritization occurred prior to the secondary clay alteration (Fig. 

4.2C). The I-group samples have a microcrystalline texture and are highly ferruginized, with 

calcite fillings along fractures. 

 

Fig. 4.2. Representative samples from the nine drill holes collected for this study. A) Medium-

grained non-ferruginized dolerite sample from group A, showing a massive texture and composed 

of plagioclase and pyroxene. B) Aphanitic textured and ferruginized dolerite from the B-group 

with secondary patchy clay fillings. C) Highly ferruginized and sample from the C-group with an 
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apahanitic texture. D) Ferruginized sample from D-group with a microcrystalline texture. E) 

Ferruginized sample from the E-group with calcite veins filling the fractures. F) Aphanitic textured 

dolerite sample of the F-group, showing a low degree of ferruginization compared to the other 

ferruginized dolerites. G) Ferruginized dolerite from G-group, with a microcrystalline texture. H) 

Chlorite-altered, ferruginized dolerite with a fine crytstalline texture from the H-group with talc 

and calcite veins. I) Ferruginized dolerite from I-group with microcrystalline texture with minor 

calcite veins. 

 

4.2 Optical microscopy 
 

The altered A-group samples show mineral composition dominated by fine-grained sericite 

as a replacement phase (70 vol. %) (Fig. 4.3 B-C), whereas medium-grained subhedral unaltered 

plagioclase makes up to 3 vol. %, with interstitial clinopyroxene (27 vol. %). Samples from the 

middle part of the intrusion are medium-grained and commonly show ophitic to subophitic textures 

(Fig. 4.3 E-F). Interlocking textures are also present between plagioclase and clinopyroxene phases 

(Fig. 4.3 H-I), where the plagioclase is oikocrystic, with a larger grain size than the clinopyroxene. 

The unaltered dolerite samples from the bottom contact of the intrusion within the drill core show 

a polymineralic composition, consisting of about 49 vol. % plagioclase (plag), and 48 vol. % 

clinopyroxene (px), 1 vol. % sericite as an alteration phase, and 2 vol. % sulphides and oxides 

(usually chalcopyrite and hematite) as accessory minerals.  
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Fig. 4.3. Non-ferruginized dolerite samples from the A-group, where (A) shows sample A03, which 

is taken from the upper stratigraphy within the drill core from 232.5- 235.8 m depth, and is more 

altered compared to the other samples. (B) Plane-polarized light (PPL) and (C) cross-polarized 

light (XPL) optical microscopic images of sample A03, showing plagioclase, clinopyroxene, and 

replacement textures of sericitization. (D) Sample A06 taken from the middle stratigraphy of the 

intrusion from 311.55- 311.85 m depth. (E) PPL and (F) XPL photomicrographs of sample A06 

showing a lower degree of alteration. Interlocking textures are present between the plagioclase 

and clinopyroxene. (G) Sample A10 taken towards the bottom of the stratigraphy of the intrusion 

from 336.3- 336.60 m depth. (H) PPL and (I): XPL images of sample A10, showing oikocrystic 

plagioclase. Plagioclase = Plag, clinopyroxene = Cpx and sericite = Ser. 

 

The ferruginized samples show significant alteration, which had caused local growth of 

sericite at the expense of plagioclase. Quartz is present in the ferruginized samples (Fig. 4.4 B-C, 

E-F). The B- and C-group dolerites (Khumani mine and Asmang exploration camp, respectively) 

show almost complete eradication of the igneous texture by sericite growth (96 vol. %), with poor 

preservation of primary igneous phases of plagioclase and pyroxene (3 vol. %). Quartz (1 vol. %) 
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occurs as a secondary mineral. The D-group samples also show almost complete replacement 

texture of primary igneous phases of plagioclase by sericite. 

 

Fig. 4.4. Ferruginized dolerite samples with XPL and PPL optical microscopy images. A) Sample 

B02, its PPL image in B), and XPL image in C), shows almost complete replacement of the primary 

igneous texture by sericite, and quartz is present as a secondary mineral. More sericite is common 

in the B-group dolerite compared to the C-group dolerite. D) Sample C01, E) its PPL image and 

F) XPL image, showing sericite alteration, primary igneous minerals plagioclase and 

clinopyroxene, and minor secondary quartz. Sericite preserves an outline of primary plagioclase 

that is now completely replaced (upper left). Plag = plagioclase, Ser = sericite, Qtz = quartz. 
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The E- and G-group samples (ferruginized, Assmang exploration camp) are also dominated 

by sericite alteration (95 vol. %), with minor occurrences of plagioclase and clinopyroxene (2 vol. 

%), opaque minerals (2 vol. %), and secondary anhedral quartz (1 vol. %) (Fig. 4.5 B-C). In the F-

and I-group samples (altered, Assmang exploration camp), there is complete replacement of the 

primary igneous texture by sericite and anhedral grains of opaque minerals (Fig. 4.5 E-F).  

 

Fig. 4.5.  A) Ferruginized sample E02 with calcite veins, B) its PPL and C) XPL images, showing 

sericite alteration with minor remnants of plagioclase and clinopyroxene, and secondary quartz 

and opaque minerals. D) Sample F02 and its PPL and XPL images shown in E) and F), 

respectively. There is complete replacement of the primary igneous texture, with only faint traces 

of former plagioclase (orange circles in E).  Plag = plagioclase, Ser = sericite, Qtz = quartz, 

Cpx= clinopyroxene. 
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Similar to the A-group samples, the H-group dolerites (ferruginized and altered, Assmang 

exploration camp) show a variation in mineralogy along with stratigraphic depth in the drill core. 

The samples from the upper stratigraphy of the intrusion show more chlorite alteration, with talc 

veins and fractures (Fig. 4.6 A-C). Chlorite alteration is also present towards the bottom part of 

the intrusion (Fig. 4.6 D-F), and is less intense at the lower stratigraphy of the intrusion. Sericite 

becomes dominant towards the middle and bottom part of the stratigraphy within the intrusion 

(Fig. 4.6 G-I), with secondary calcite veins that also become more abundant towards the bottom. 

The chlorite-altered dolerites (H-group dolerites) show plagioclase altered to sericite and 

clinopyroxene altered to chlorite. Quartz occurs in varying grain sizes as veins, while calcite 

usually occurs as veins, or is coating the voids. Sericite is present as an alteration phases of 

plagioclase. Chlorite usually occurs as veins or rims around altered minerals (Fig. 4.6).  

With regards to opaque minerals, sulphides of chalcopyrite are common in the non-

ferruginized samples (A-group, Fig. 4.7A-B), while hematite and magnetite occur mostly in the 

ferruginized samples (e.g from B-group, Fig. 4.7C-D). 
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Fig. 4.6. A) Sample H01 taken closer to the upper stratigraphy of the intrusion, showing talc 

fillings in veins. B) PPL and C) XPL images of a thin section of sample H01 showing chlorite 

alteration. D) Sample H03, showing chlorite and sericite alteration in E) PPL and F) XPL images. 

G) Sample H08 showing more sericitization than chloritization, as compared to samples closer to 

the upper stratigraphy of the intrusion. H) PPL and I) XPL images showing secondary calcite 

veins. Chl = chlorite, Cal = calcite.  
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Fig. 4.7. A) Non-ferruginized sample A12, showing chalcopyrite (Cpy) and hematite (Hem) in 

reflected light (RL) microscopic image B). C) Ferruginized sample B05 showing magnetite (Mag) 

and hematite (Hem) in RL (image D).  

 

4.3 SEM and QEMSCAN analysis 
 

SEM and QEMSCAN analyses were done to help classify and map out the mineral phases 

present in the ferruginized and non-ferruginized samples. This also helped to determine the 

presence of accessory minerals like zircon and baddeleyite that can be used in carrying out 

geochronological analysis. In general, the optical microscopy and QEMSCAN analysis show 

similar variations in the mineral phases present between the ferruginized and the non-ferruginized 

dolerites. The analysed area of the polished section for sample B03 was 1.6 by 1.6 cm, while that 

for sample A12 was 2 by 2 cm. 
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The A12 sample was picked to represent the non-ferruginized dolerites as this reported 

higher bulk Zr content (149 ppm) and is the less altered dolerite from the A-group (Fig. 4.8; Tables 

5-6). Plagioclase, pyroxene, and quartz are present as the major mineral phases, and are hosts for 

accessory phases of zircon, baddeleyite, and apatite.  

Sample B03 (with Zr of 296 ppm) was picked to represent the ferruginized dolerites as the 

B group samples yielded higher Zr abundance compared to the other ferruginized dolerites.  

Muscovite and quartz are the major mineral phases in sample B03, representing the ferruginized 

samples, with secondary quartz in a mass of altered plagioclase. (Fig. 4.9). The ferruginized 

dolerite mostly have zircon, as well as minor apatite and baddeleyite, and rutile as accessory phases 

(Fig. 4.9; Tables 5-6).  
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Fig. 4.8. A) Overview BSE image and B) QEMSCAN image of the same area in sample A12 (non-

ferruginized dolerite). Plagioclase and pyroxene are present as the major mineral phases, and are 

hosts for accessory phases zircon, baddeleyite, and apatite. Orange frame indicates the position 

of panel C). C) A detailed image of area B), showing the exsolution texture of ilmenite in magnetite, 

the distribution of accessory minerals such as apatite and pyrite.  
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Fig. 4.9. A) Overview BSE image and B) QEMSCAN mapped image of sample B03 (ferruginized 

dolerite). Quartz and muscovite are present as the major mineral phases, and accessory phases 

are zircon and baddeleyite. The orange box indicates the position of the image shown in C). C) 

Zoomed-in image from B), showing mineral phases present. Accessory phases include ilmenite, 

magnetite and rutile. 
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Table 5 shows the modal analysis of minerals identified from the QEMSCAN field images. 

The mineral mass (%), volume (%) and ESD (µm) (Equivalent Sphere Diameter) for sample A12 

is dominated by plagioclase and pyroxene, while that of sample B03 is dominated by quartz and 

mica. No pyrite, plagioclase, pyroxene, K-feldspar, or chlorite were detected in sample B03. While 

there is rutile/anatase detected in sample B03, this was not detected in sample A12. The presence 

of chlorite in sample A12 is attributed to the fact that some of the non-ferruginized dolerite samples 

are chlorite-altered, while the presence of mica in sample B03 is the result of sericitization. 

Ilmenite and magnetite have higher mineral mass and volume percentages in sample B03 

compared to sample A12. Figure 4.10 is a graphical representation of the phase differences 

between the two samples as determined by QEMSCAN. 

Table 5. Results of modal phase analysis of samples A12 (non-ferruginized), and B03 

(ferruginized) by QEMSCAN. 

Mineral Mass (%) Sample A12 Sample B03 

Quartz 4.10 32.23 

Muscovite 3.15 54.26 

Ilmenite 1.34 4.18 

Zircon 0.01 0.02 

Baddeleyite 0.00 0.00 

Apatite 0.37 0.00 

Rutile/Anatase  1.53 

Magnetite 4.10 7.78 

Pyrite 0.13   

Pyroxene 39.63   

Plagioclase 43.91   

K-feldspar 2.14   

Chlorite 0.59   

Other 0.52   

Mineral Volume (%)    

Pyrite 0.08   

Pyroxene 36.51   

Plagioclase 48.41   

K-Feldspar 2.38   



62 
 

Quartz 4.58 35.80 

Mica 3.23 56.01 

Chlorite 0.57   

Ti-magnetite 2.62 4.41 

Ilmenite 0.85 2.58 

Apatite 0.35 0.00 

Zircon 0.00 0.01 

Baddeleyite 0.00 0.00 

Rutile/Anatase  1.19 

Other 0.40   

Calculated ESD Size (µm)    

Pyrite 20.64   

Pyroxene 99.81   

Plagioclase 136.17   

K-Feldspar 17.04   

Quartz 32.84 62.20 

Mica 19.65 84.74 

Chlorite 11.76   

Ti-magnetite 30.86 26.66 

Ilmenite 16.98 24.53 

Apatite 11.86 11.26 

Zircon 9.10 9.52 

Baddeleyite 10.92 9.81 

Rutile/Anatase  22.19 

Other 10.51   

ESD = Equivalent Sphere Diameter  
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Fig. 4.10. Comparison of mineral phase percentage (vol. %) in samples A12 and B03.  

 

A higher number of zircon and baddeleyite grains were detected in the ferruginized sample 

B03, compared to the non-ferruginized dolerite sample A12 (Table 7). A total of 752 zircon grains 

were detected in sample B03, while 299 zircon grains were detected in sample A12, despite a 

larger scanned area. In addition, 32 baddeleyite grains detected in sample A12, and 134 in sample 

B03. In both samples, the zircon and baddeleyite grains are mostly in the range of 5-10 µm particle 

size. The biggest zircon grain was detected in sample B03 (in the range of 30-35 µm), while the 

biggest zircon grains in sample A12 are in the range of 15-20 µm. Conversely, the biggest 

baddeleyite grain was detected in sample A12 (in the range of 50-55 µm), while the biggest 

baddeleyite grains in sample B03 are in the range of 15-20 µm (Table 7).
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Table 7. Zircon and baddeleyite grain size distribution in sample A12 and B03. 

 Sample A12 Sample B03 

Grain size of zircon (µm) Particle Count 

0-5 0 0 

5-10 288 723 

10-15 1 8 

15-20 10 16 

20-25 0 3 

25-30 0 1 

30-35 0 1 

35-40 0 0 

Total 299 752 

Grain size of baddeleyite (µm)   

0-5 0 0 

5-10 28 118 

10-15 0 5 

15-20 3 11 

20-25 0 0 

25-30 0 0 

30-35 0 0 

35-40 0 0 

40-45 0 0 

45-50 0 0 

50-55 1 0 

Total 32 134 
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BSE images of samples A12 and B03 were captured. From SEM spot analysis, sample A12 

reveals plagioclase and pyroxene as the major phases. Ilmenite occurs as exsolution lamellae in 

magnetite (Fig. 4.11A). Accessory minerals identified using a user developed mineral reference 

during QEMSCAN analysis were chalcopyrite and galena (Fig. 4.11B), being present in very small 

grains < 10 µm in diameter. Sample B03 is predominantly composed of secondary sericite and 

quartz, as the major host for zircon and baddeleyite (Fig. 4.11C). Accessory minerals are oxides 

like magnetite (Fig. 4.11D).   

Fig. 4.11. A) BSE overview image of sample A12, a non-ferruginized dolerite sample showing 

plagioclase (Plag), clinopyroxene (Cpx), and ilmenite (Ilm) as the major mineral phases. 

Accessory sulphides like chalcopyrite (Ccp) and galena (Gn) are shown in detailed panel B). C) 

Overview BSE image of sample B03, a ferruginized dolerite sample showing secondary sericite 

(Ser), and quartz (Qz) as the major mineral phase hosting accessory minerals like zircon (Zrn) 

and baddeleyite (Bdy). D) Magnetite (Mag) is present in the ferruginized dolerite, hosted by 

quartz.  
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Figure 4.12 shows accessory phases of zircon and baddeleyite in samples A12 and B03. 

Zircon and baddeleyite are hosted in plagioclase in sample A12 (Fig. 4.12A-B), hosted in quartz 

in sample B03 (Fig. 4.12C-D). Grains in sample A12 have higher aspect ratio (more elongated to 

acicular) than in sample B03. 

Fig. 4.12. Habits of zircon (Zrn) and baddeleyite (Bdy) grains in A)-B) non-ferruginized dolerite 

sample A12, and C)-D) ferruginized dolerite sample B03. 

 

4.4 Geochronology 
 

Zircon analysis from BSE and CL imaging (from sample A08, non-ferruginized dolerite) 

shows that the zircon grains are 60-80 µm in length, and euhedral, which is common in rapidly 

crystallized, porphyritic, sub-volcanic intrusions (Corfu et al., 2018). The zircon grains commonly 
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show concentric zoning, which indicates different growth stages in the magma (Fig. 4.13). The 

brighter core in CL images in some grains  suggests the presence of an inherited detrital core (Fig. 

4.13-4.14). Some zircon grains have no inherited core but contain mineral inclusions (Fig. 4.15), 

while figure 4.13 shows that there can be both inherited core and inclusions in the core.  

 

Fig. 4.13. A) CL and B) BSE images of a zircon grain from sample A08, showing CL-bright core 

of older age (995 Ma), and younger rim with concentric growth zoning (539 Ma). Mineral 

inclusions are also seen in the core. 
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Fig. 4.14. A) CL and B) BSE images of a zircon grain from sample A08, showing a CL-bright core 

of older age (987 Ma), and a younger rim (544 Ma).  

 

 

Fig. 4.15. A) CL and B) BSE images of a zircon grain from sample A08, showing concentric zoning 

indicating different episodes of magmatic growth. The core yielded an age of  541 Ma, suggesting 

that there was no core inheritance.  
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The zircons in the non-ferruginized samples were dated using LA-MC-ICP-MS, and 

yielded ages between 510 and 1250 Ma. However, the concordia age determined was 540 ± 5 Ma, 

n = 15 (Fig. 4.16) for the non-ferruginized dolerites. Table 8 shows the U-Pb data for sample A08. 

Mounted zircon grains analysed from sample A08 are presented in Appendix 2A, and the CL 

images of analyzed zircon grains from sample A08 are presented in Appendix 2B. Conversely, 

sample A12 did not yield a successful age.  

Fig. 4.16. A) U-Pb Concordia diagram showing ages determined from zircon grains from non-

ferruginized dolerite sample A08, n = 23. Analysed rims of zircons yield ages from 535-545 Ma, 

whereas the CL-bright inherited cores give older ages between 900-1200 Ma. B) Concordia age 

from rims of the non-ferruginized dolerite sample A08, n = 15, at 540 ± 5 Ma. 
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Table 8. LA-SF-ICP-MS  results from analysed zircons from the non-ferruginized dolerite sample A08. 
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The samples from ferruginized dolerites were challenging to age date, as the prepared 

samples are ferruginized themselves, thus prohibiting effective hand picking. Out of five samples 

that were processed for heavy mineral separation, only a single  zircon grain from sample B03 

yielded an age of 1594 Ma (Fig. 4.17), the only ferruginized sample out of the five ferruginized 

samples analyzed to yield a usable age (Table 9). The attempted zircon grains picked for U/Pb 

dating are presented in Appendix 3. 

 

Fig. 4.17. CL image of an anhedral fragment of a zircon grain from ferruginized dolerite sample 

B03, the only analysed ferruginized sample that yielded a valid age, 1594 Ma (the spot age is 

indicated with the orange circle).  
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Table 9. LA-ICP-MS  results from analysed zircons from sample B03, B08, A12, I02, H02, and E01, with only one analyses point 

yielding a usable age.  

Sample Analysis 204Pb 206Pb 207Pb 208Pb 232Th 238U 206Pb/238U 207Pb/206Pb207Pb/235U(calc)238U/206Pb 206Pb/238U Age (Ma) 207Pb/206Pb Age (Ma) 207Pb/235U(calc) Age (Ma) 238U/206Pb Age (Ma) 206Pb/204Pb

B03 B03a-08 - 1 7.58 463.45 59.03 6.64 46.28 378.68 0.28 0.12 4.50 3.57 1593.89 1914.47 1730.13 1590.61 1002.97

B03 B03a-32 - 1 54.52 60.04 58.78 58.20 6.59 4.70 3.06 0.88 371.98 0.33 9028.32 5060.20 6012.61 9035.49 18.42

B08 B08a-09 - 1 6.78 4.58 4.47 4.82 4.43 0.41 2.83 0.88 339.14 0.35 8657.22 5052.47 5919.04 8640.27 12.06

A12 A12 - 1 -1.21 0.65 0.56 0.52 0.16 0.03 4.58 0.78 493.32 0.22 11084.11 4893.86 6298.61 11046.90 -7.86

I02 I02-08 - 1 53.88 54.62 59.31 58.42 7.93 1.27 11.30 0.97 1501.62 0.09 16176.74 5191.78 7427.49 16119.83 20.40

H02 H02-03 - 1 4.59 1.98 1.67 2.24 0.43 0.18 2.66 0.77 283.87 0.36 8371.69 4864.11 5738.97 8511.52 8.11

H02 H02-04 - 1 12990.53 12686.19 11459.45 9842.75 99.45 148.68 14.68 0.98 1974.63 0.07 17744.54 5204.28 7705.38 17755.63 15.43

E01 E1 - 1 619.73 486.08 528.17 529.97 23.55 12.82 9.07 0.94 1178.99 0.11 14890.08 5156.01 7182.07 14895.76 15.48
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4.5 Geochemical analysis 
 

Major element (in wt. %) and trace element (in ppm) data from analyzed non-ferruginized 

and ferruginized samples are presented in Tables 10 and 11, respectively. The A-group dolerite 

samples (non-ferruginized, Assmang exploration camp) show a comparatively narrow range of 

SiO2 content (48.80-55.13 wt. %), whereas the B-group samples (ferruginized, Khumani mine) 

show a wide range of SiO2 compositional variation (30.29-65.52 wt. %). The rest of the 

ferruginized samples from Assmang exploration camp show SiO2 content ranging between 37-65 

wt. %. The Fe2O3 content in the A-group dolerites show a comparatively narrow range (10-14 wt. 

%), whereas the ferruginized dolerites show a wide range of Fe2O3 compositional variation (1.5-

29 wt. %), with most of the variation seen amongst the chlorite-altered H-group samples (Table 

10). MgO is higher in the non-ferruginized samples (4-8 wt. %), compared to the ferruginized 

samples (0.1- 5 wt. %).The A-group dolerites contain 0.4-1.8 wt. % TiO2 (Table 10). The altered 

dolerites (samples from B- to H-group) show TiO2 content in the range of 0.9-3.7 wt. %.  
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Table 10. Major element geochemistry (in wt. %). 
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Table 11. Trace element geochemistry (in ppm). 
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Many of the sampled thick intrusions (40-60 m) and are represented by only one or a few 

samples (Fig. 3.1). Samples from the same drill core are therefore shown with the same symbol in 

the figures. The data were plotted in diagrams using the GeoChemical Data toolkit (GCDkit; 

Janousek et al., 2006). Most of the analysed dolerites classify as basalts to basaltic andesites with 

tholeiitic, subalkaline affinity; a few evolved samples classify as alkali-basalts (Fig. 4.18). The 

geochemical data of the studied dolerites is plotted together with that of the Karoo (Neumann et 

al, 2011; Galerne et al., 2008) as well as the whole-rock data from the previous study on the 

gabbroic intrusions associated with the Wolhaarkop Dome (Makganye, 2019), see Appendix 

section, Table A1-A3. 



77 
 

 

Fig.4.18. Nb/Y versus Zr/TiO2 diagram (after Winchester and Floyd, 1977). The studied samples 

are plotted together with samples from Makganye (2019), while the geochemical results for the 

Karoo dolerites compared to this study are from Neumann et al. (2011), including the previous 

work of Galerne et al. (2008), retrieved from the GeoRoc geochemical database. 
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High K2O (5-7 wt. %) (Table 10) and Pb (18-20 ppm) (Table 11) content are found in 

samples of A-group that are near the upper stratigraphy of the intrusion, while K2O is lower in the 

middle and at the bottom of the intrusion (0.7-1.0 wt. %). Otherwise there are no systematic 

variations present in the K2O content of the samples from altered groups B-I. Except for some 

outliers, especially the chlorite-altered and ferruginized (H-group, Table 10), the ferruginized 

samples have on average a higher Fe2O3 content (15-29 wt. %), whereas the non-ferruginized 

samples have relatively uniform Fe2O3 content (10-14 wt. %). 

The non-ferruginized samples (A-group) define weak trends of decreasing concentrations 

of TiO2, Fe2O3 and P2O5 with increasing MgO (Fig. 4.19). A positive correlation is present between 

K2O and MgO. Moreover, the A-group samples show no correlation in the SiO2, CaO, Al2O3, and 

Na2O vs MgO diagrams. With a clustered plot present in the Karoo dolerites in the Na2O, CaO and 

K2O vs MgO diagrams, most of the non-ferruginized dolerites (A-group) plot in proximity to the 

Karoo dolerites. Conversely, the ferruginized samples show an increase in SiO2, with relatively 

similar MgO content. Diagrams of TiO2, Al2O3, Fe2O3 and P2O5 vs MgO show no trends for the 

ferruginized samples. The studied non-ferruginized dolerites show a high CaO (6.7-9.5 wt. %) and 

Na2O (0.2-2.5 wt. %) content compared to the ferruginized dolerites.  

 



79 
 

 

Fig. 4.19. MgO plots vs SiO2, CaO, Na2O, K2O TiO2, Al2O3, Fe2O3 and P2O5 in the studied 

samples. The studied samples are compared to the Karoo dolerites and dolerite samples from 

Makganye (2019). Data on the Karoo dolerites is from Neumann et al. (2011), including the 

previous work of Galerne et al. (2008).
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The majority of the dolerites have uniform PM-normalized (where PM is primitive mantle 

as defined by McDonough and Sun, 1995) trace element patterns showing mild enrichment in the 

most incompatible elements relative to the compatible elements (e.g YN = 4.5-10; RbN = 40.5-500; 

the subscript N indicates normalization to PM or sample/primitive mantle; Fig. 4.21). Both the 

ferruginized and the non-ferruginized groups show similar Nb and Pb patterns (Fig. 4.20-4.21). 

Fig. 4.20. Trace element concentrations normalized to Primitive Mantle (PM; McDonough and 

Sun, 1995), showing the comparison of studied non-ferruginized dolerites with those from 

Makganye (2019) and the Karoo dolerites from Neumann et al. (2011) and Galerne et al. (2008). 
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Fig. 4.21. Trace element concentrations normalized to Primitive Mantle (PM; McDonough and 

Sun, 1995), showing the comparison of studied ferruginized dolerites with those from Makganye 

(2019) and the Karoo dolerites from Neumann et al. (2011) and Galerne et al. (2008). 
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CHAPTER 5: DISCUSSION 

 

5.1 Summary of the results 
 

   The studied intrusions occur at various stratigraphic levels (40 to 300 m) and are commonly 

as single bodies, 40 to 60 m thick. The studied dolerites usually intrude within the BIFs, rocks of 

the Doornfontein Member, and less commonly, in the Wolhaarkop breccia and the Campbellrand 

dolomite (Fig. 3.1). Dolerites at the upper stratigraphic levels of the core are more altered, 

compared to those at the bottom of the core, with reference to the depth along drill cores. The 

degree of alteration usually increases with an increase in the degree of ferruginization, which is 

observed in hand specimens and in thin sections. The non-ferruginized dolerites are dark-grey to 

dark-green in colour (Fig. 4.2 A). Their grain size ranges from fine to medium, and their 

mineralogical composition is dominated by plagioclase and pyroxene. Conversely, the 

ferruginized dolerites are reddish to brown in colour (Fig. 4.2 B-I). They are soft (clay-like) and 

domianted by microcrystalline texture, hence their mineralogical composition is hard to infer from 

hand specimens. Hydrothermally altered and ferruginized dolerites represent chlorite alteration 

dominant in the upper stratigraphy of the intrusion, while sericitization becomes dominant towards 

the bottom stratigraphy. 

The non-ferruginized dolerites generally show oikocrystic plagioclase (Fig. 4.3 H-I), which 

are commonly seen in less altered samples (usually at the bottom stratigraphy of the intrusion 

within the core), whereas sericitization (Fig. 4.3 B-C) is common in intrusions at the upper 

stratigraphy of the intrusion in the core. Alteration in the ferruginized dolerites is dominated by 

sericite (Fig. 4.4-4.5), which has grown at the expense of plagioclase. Conversely, quartz and 

muscovite are the major mineral phases in the ferruginized dolerite sample (Fig. 4.9), which are 
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products of mineral alteration, with ferruginization accompanied by silicification. While some of 

the altered samples are enriched in SiO2, there is a negative correlation between Fe2O3 and SiO2.   

Traces of primary textures are preserved in the ferruginized dolerite (i.e., Fig. 4.5 E) and 

this confirms that the ferruginized samples were indeed dolerites before ferruginization. From the 

optical mineralogical observation, there are at least two alteration types characterized: the 

secondary replacement of plagioclase by sericite, and the chloritization of pyroxene (Fig. 4.6), 

which may result from hydrothermal fluids activity. Both sericite and chlorite alteration are present 

in the H-group samples (Fig. 4.6).  

Accessory phases in the non-ferruginized dolerites include apatite, zircon and minor 

baddeleyite, while the ferruginized dolerite mostly have zircon, with minor apatite and baddeleyite. 

Furthermore, sulphides like pyrite, chalcopyrite and galena are present within the non-ferruginized 

dolerite (Fig. 4.7, 4.8; Tables 5-6), whereas iron oxides such as magnetite and hematite are more 

present in the ferruginized dolerites (Fig 4.7; 4.9, Tables 5-6). 

The major element geochemistry shows significant variation across the set of dolerites, 

with the change in the degree of ferruginization. The ferruginized rocks have higher TiO2 content 

(3.7 wt. %, Table 10) compared to the non-ferruginized dolerites (1.8 wt. %). However, the TiO2 

of the non-ferruginized dolerites is consistent with the content of basaltic-andesitic rocks, which 

hardly exceeds 3.2 wt. % (Miyashiro and Shido, 1975). Accordingly, the ferruginized dolerites 

have more ilmenite (FeTiO3) (as seen in QEMSCAN images, Fig 4.8-4.9) compared to the non-

ferruginized dolerites. 

The non-ferruginized dolerites yielded Pan-African ages (ca. 540 Ma), not reported from 

the area previously, while some of the inherited cores from these samples yielded ages around 1.2-
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1.0 Ga. Only one usable age was determined from the ferruginized dolerite, and this is ~1.6 Ga, 

indicating that at least one of the ferruginizing events occurred after 1.6 Ga. The fact that the 

inherited cores from the non-ferruginized dolerites yielded ages between 1.2-1.0 Ga suggests that 

ferruginization was complete by this time.   

5.2 Comparison with previous study 

The major and trace element data from the study of Makganye (2019) and the Karoo 

dolerites are presented in the appedix section, under Table A1 and A2 respectively. The studied 

dolerites (both ferruginized and non-ferruginized dolerites) classify as basaltic andesites, and also 

plot in the field of as subalkaline basalts (Fig. 4.18). Most of the studied dolerites plotted in the 

field of the tholeiitic basalt series (Fig. 5.1). In the tectonic classification diagram based on Ti and 

Zr of Pearce (1982), the non-ferruginized dolerites plot within the mid-ocean ridge basalts 

(MORB) field, while the older more ferruginized dolerites plot in within-plate lava settings (Fig. 

5.1), showing enrichement of Ti and Zr in the ferruginized dolerites. Most of the dolerites from 

the Maremane Dome and those of the Karoo dolerites plot within the same areas, namely MORB 

(mid- ocean ridge basalts) and within-plate lavas.  

The fact that both series of non-ferruginized and the ferruginized dolerites show a linear 

trend suggests a similar magma-type of source for both series, with Zr enrichment in the 

ferruginized dolerites (Fig. 5.1A). With the ferruginized dolerites from this study and that of 

Makganye (2019), an iron-enrichment trend is observed in the AFM (Na2O+K2O, Fe2O3, MgO) 

diagram (Fig. 5.1 B), with most of the samples plotting in the field of tholeiite series (with the non-

ferruginized dolerites and Karoo dolerites plotting closely together). However, most of the chlorite 

altered samples from this study plot in the calc-alkaline series, due to the fact that they have 

significantly lower Fe2O3 + MgO content than any other dataset.   
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Fig. 5.1. A) Tectonic classification diagram after Pearce (1982) and B) AFM plot of the samples 

after Irvine and Baragar (1971), showing the comparison of studied dolerites with those from 

Makganye (2019) and the Karoo dolerites from Neumann et al. (2011) and Galerne et al. (2008). 

 

In terms of the major oxides, a similar composition is observed between the non-

ferruginized dolerites from this study and that of Makganye (2019), as well as the Karoo dolerites. 

The ñfreshò samples of Makganye (2019) have SiO2 concentration of 50-65 wt. %, while the 

altered samples range from 40-75 wt. %. In contrast, ferruginized samples from Makganye (2019) 

have SiO2 concentrations between 4-40 wt. %.  

Higher MgO, CaO and Na2O abundance is observed in the non-ferruginized dolerites 

compared to the ferruginized dolerites (Fig. 4.19), and, accordingly, the mineral phases within the 

non-ferruginized dolerites are dominated by plagioclase and orthopyroxene. The higher Al2O3 and 

K2O content (Fig. 4.19) within the ferruginized dolerites is attributed to the sericite alteration, 

which would take up more Al and K in its chemical structure. The difference in chemistry is 

isochemical, attributed to the secondary sericite replacement of plagioclase to form mica, forming 

felsic silicates and preserving SiO2.  
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The trace element data shows that the more ferruginized dolerites  have higher Zr content 

compared to the less ferruginized dolerites (Table 11). In comparison to the dolerites from 

Makganye (2019), their ñfreshò, ferruginized and altered samples show similar pattern with 

depletion in Ba, Nb and Sr (Fig. 4.20-4.21). The non-ferruginized samples from the current study 

shows relative enrichment in Ba, Nb and Sr (Fig. 4.20), while the ferruginized dolerites show 

relative depletion in Sr, and an enrichment in Zr, Ti and Y.  (Fig. 4.21). The enrichment in 

immobile elements in altered samples is due to mass/volume loss, as a result of alteration. 

Ferruginized dolerites from Makganye (2019) have the highest range of FeO (30-50 wt. %), 

compared to those from this study (10-30 wt. %). As observed by Makganye (2019), their óapparent 

fresh doleritesô are generally more siliceous than fresh gabbroic intrusions. The non-ferruginized 

dolerites from the study of Makganye (2019) have higher SiO2 content compared to the Karoo 

dolerites (Fig. 4.19-4.20). CaO and Na2O content are higher in the Karoo dolerites, compared to 

the dolerites from this study and those from Makganye (2019). This suggests that the studied 

dolerites and those from Makganye (2019) have undergone major alteration and have lost their 

original composition, and not as ófreshô as presented by Makganye (2019). 

 Total ranges in MgO and SiO2 for the Karoo dolerites are 2.1-16.8 and 48-65 wt. % 

respectively, but most of the Karoo dolerites lie within the range 5-9 wt. % MgO and 48-53 wt. % 

SiO2. The Karoo dolerites are characterised by enriched trace element patterns, variable degrees 

of depletion in Nb-Ta relative to light rare earth elements, negative to positive Pb anomalies, and 

mild to moderate enrichment in initial Sr (Fig. 4.20-4.21), which are among the many geochemical 

features common to many CFBs. Neumann et al. (2011) proposes that the primary melts of the 

Karoo dolerites were derived from sub-lithospheric mid-ocean ridge basalt (or ocean island basalt) 

source mantle and had acquired a weak subduction signature (relative depletion in Nb-Ta, and 
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mildly enriched Sr as observed through the non-ferruginized dolerite patterns of the current study, 

Fig.4.20).  

 

5.3 Deformation history of the Maremane Dome and the studied samples 
 

As discussed in Chapter 2, the Maremane Dome has undergone three compressive orogenic 

episodes and several extensional events (Alchin et al., 2008) (Fig. 5.3), and these had a pronounced 

effect on the formation, erosion, and preservation of iron mineralization of the Maremane Dome 

and surrounding environment (Friese and Alchin, 2007).  

Figure 5.2 shows how the intrusion of the studied dolerites fit into the regional history of 

the Dome. The Dome was apparently intruded by mafic magmas around 1.6 Ga, after the Keis 

orogenic event. These dolerites are altered and ferruginized. Hence, it can be deduced that a least 

one ferruginization event occurred after sometime 1.6 Ga. However, this was the only relaible age 

yielded from the ferruginized dolerites, therefore, it is not sufficient to make final interpretations. 

Nonetheless,  if the age were to be justified, this would mean that the ferruginized dolerites had to 

be present prior to the ferruginizing event/s (Fig. 5.2). 
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Fig.5.2. Deformation history of the Maremane Dome. The ages of the orogenies and extensional 

events are taken from Alchin et al. (2008). The 2.2-2.06 Ga supergene Fe mineralization ages are 

taken from the study of Evans et al. (2002) and De Kock et al. (2008), while the epigenetic Fe 

enrichment age (1.86- 1.73 Ga) was proposed by the study of Cousins (2016). 

 

The age range for the main supergene ore-forming event that upgraded the Asbestos Hills 

Subgroup in the Maremane Dome obtained through paleomagnetic study is approximately 2.22 to 

2.06 Ga (Evans et al., 2002; De Kock et al., 2008). The supergene iron mineralization coincides 

with the east-directed crustal compression that occurred during the Kalahari Orogeny at 2220-2100 

Ma and resulted in the regional north-trending F1 folds. Moreover, the age also coincides with the 

regional unconformity, the Gamagara Unconformity, which occurred at ~2.2-2.0 Ga. During this 

time, the Dome was also extruded by mafic Ongeluk Lavas at 2220 Ma. A study by Cousins (2016) 

shows that hydrothermal modifications are identified in various units of the Gamagara Formation 

and seem to occur as separate events, and suggests a possibility that the genesis and/or epigenetic 

modification of the ore bodies of the Transvaal Supergroup may be casually linked to the same 
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fluid-migration event/s. The fact that the 1.6 Ga dolerites are ferruginized suggests that there 

was/were other iron-enrichment event(s). 

  Based on a single available datapoint, the ferruginized dolerites from group B yielded an 

age of ~ 1.6 Ga, an age comparable to the 1.7-1.4 Ga Waterberg dykes (Uken and Watkeys, 1997). 

The age obtained also preceded the Copperton mineralization, which is dated close to 1500 Ma 

(Cooper, 1990). Copperton is about 200 km from Postmasburg, and the mineralization is widely 

accepted to be related to hydrothermal events (Bailie and Gutzmer, 2011). Hence the 

ferruginization of the studied dolerites might be potentially related to the 1.5 Ga Copperton 

mineralization by hydrothermal enrichment (Bailie and Gutzmer, 2011). 

The 540 Ma age yielded from the non-ferruginized dolerites is of Pan-African age (~800-

500 Ma), which closely dates to the zircon U-Pb 519.1 ± 4.2 Ma of the Abbabis granitoids in north-

west Namibia (about 870 km from the MD) (Longridge et al., 2018). This intrusion age has not 

been recorded before in the MD. There may have been other episodes of dolerite intrusions in 

southern Africa that are possibly better related to the studied dolerites in time and location. The 

lack of ferruginization in the 540 Ma intrusion suggests that the large-scale hydrothermal processes 

were completed by this time. Further isotopic dating of larger numbers of samples and, possibly, 

by means of other mineral phases, is recommended to better constrain the age brackets of 

ferruginization, and to yield a better understanding of the iron ore mineralization. 

The ca. 820 and 500 Ma Pan-African orogenic episode is described by Kennedy (1964) as 

a major orogenic event in earth history, during which the convergence and accretion of a number 

of cratons and terranes formed numerous orogenic belts that cross-cut the African continent (Gray 

et al., 2008). Extension of Pan-African belts into southern Africa may have affected or contributed 

to the deformational characteristiscs of the Maremane Dome.  
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Fig. 5.3 Simplified geological map of southern Africa showing the location of the Copperton 

deposit on the eastern margin of the Namaqua Sector of the Namaqua-Natal Province, and the 

Pan-African orogenic belts relative to the Maremane Dome (modified after Cornell et al., 2006). 

Location of the Maremane Dome is represented by the red star, while that of the Copperton deposit 

is represented by the red circle. 

 

5.4 Dolerite intrusions as chrono-stratigraphic markers 
 

The dolerite intrusions represent at least three generations of mafic magmatic episodes 

within the MD. Based on the present study and the ages yielded, the research questions are 

answered as follows: 

The emplacement and deformation ages of the dolerites are substantially defined and 

connected to the geological history of the Maremane Dome. The dolerite dating yielded ages which 

help better in understanding the deformation history of the Maremane Dome region. The MD was 

affected by mafic magmatism, which dated as early as 2.2 Ga (e.g., Ongeluk lavas; Alchin et al., 

2008), the 1.6 Ga dolerites (presently ferruginized, this study), and the 540 Ma non-ferruginized 
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dolerites (this study). The 1.6 Ga dolerites may have been emplaced during the late stages of the 

Keis Orogeny, and had postdated the epigentic Fe addition of ~1.86-1.73 Ga. The 1.2-1.0 Ga 

yielded from the inherited cores of the non-ferruginized dolerite and coinciding to the Namaqua 

Natal Orogeny indicates that the dome had undergone orogenic episode which may be related to 

the Namaqua Natal Orogeny (Fig. 5.2-5.3). The non-ferruginized dolerites were emplaced at 540 

Ma (Pan-African orogeny) and give an indication that ferruginization was completed by this time. 

The ubiquitous dolerite intrusions may potentially serve as time markers for the iron ore 

formations, with more dating required to justify the age yielded from the ferruginized dolerites. 

The fact that the dolerite dating yielded three generations of dolerite intrusions gives reference to 

a time marker. The 1.6 Ga dolerites preceded some of the ferruginization activity, while the 540 

Ma dolerites were emplaced after the ferruginizing event. While the ferruginized dolerites do not 

host iron mineralization themselves, this indicates that the ferruginizing event may have not been 

related to the iron mineralization, or that the intrusions did not provide a reducing environment for 

further iron enrichment. The non-ferruginized younger dolerites that are dated at 540 Ma indicate 

that the iron mineralization was completed before 540 Ma, while iron exploration in the MD is 

primarily focused on the stratigraphy around the known host unit (the Asbestos Hills Subgroup) 

and the ferruginized strata. 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 
 

1. Three types of dolerites were sampled, ferruginized (Khumani and Assmang), hydrothermally 

altered and ferruginized (Assmang),  and the non-ferruginized (Assmang) dolerites. 

2. The non-ferruginized dolerites show ophitic to sub-ophitic textures, while the ferruginized 

dolerites show replacement textures by sericite, with faint traces of oikocrystic texture.  

3. Both series belong to tholeiitic basalts, indicating a MORB source for the studied dolerites. 

4. Three ages were obtained: 1.6 Ga for ferruginized samples, suggesting a magmatic episode after 

the deposition of the Keis Orogeny, and the iron-enrichment event(s) around that time is potentially 

related to the 1.5 Ga Copperton mineralization by hydrothermal enrichment; 1000-1200 Ma of 

inherited cores within non-ferruginized dolerite, possibly related to the Namaqua Natal Orogeny; 

540 Ma in fresh dolerites.  

5. The age 540 Ma was not reported from the area previously and potentially indicates the 

Maremane Dome was affected by the Pan-African Orogeny. 

6. Hypogene alteration events may have led to sericitization and ferruginization, which took place 

between 1.6 Ga and 540 Ma. 

7. Dolerite intrusions within the iron ore formation of the Maremane Dome can serve as time 

markers. The 1.6 Ga dolerites preceded some of the ferruginization activity, while the 540 Ma 

dolerites were emplaced after the ferruginizing event. 

8. Further isotopic dating of larger numbers of samples and, possibly, by means of other mineral 

phases, is recommended to better constrain the age of ferruginization, and to yield a better 

understanding of the iron ore mineralization. 
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Appendix 
 

Appendix 1A 

Borehole log of XK1_85 (B- group samples) from Khumani Mine.  
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Appendix 1B 

Lith logs of drill holes collected from Assmang Exploration camp. 
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