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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 Africagkida iron ores in
South Africa belong to the Neoarchaean to early Paleoproterozoic Transvaal Supergroup. The
largest iron deposits are attributed to the Asbestos Hills Subgfae Ghaap Group, Griqualand
Westbasin These iron deposits are developed along th 2. Z5a erosional unconformity zone
(so-called preGamagara unconformity), where it crosscuts the Banded Iron Formations (BIFS).
The current model of the Fe ore fortioa 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 aildsdykes intersect the
BIFs ard the ore at various stratigraphic levels. The geochemistry, age, and deformation history
of these magmatic intrusions are not well understood. Ailddtstudy of the dolerite intrusions,
including theirpetrography, geochemistry and U/Pb age datag,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 characteristias] aims tcaddressa 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 from
Khumani mine and eight from the ASSMANG exploration camp. From the nine drill cogs,
onesampled notferruginized doleritesfiilom ASSMANG exploration camp) and the rest sampled
ferruginized dolerites. The dolerites have intruded withinBles at various stratigraphic levels

(40 to 300 m) and appear as irregular intrusions, usually 40 to 60 m thick. The dolerites show



differing degrees oélterationand ferruginization, depending on their depths in the drill.core
Representative samplesifinadhe norferruginized rocks are mediurto coarsegrained and dark

grey to darkgreen in color, showing ophitic to subophitic textures. The ferruginized samples are
darkred to brown and are very firgrained, showing significant alteration, which hassealthe

local growth ofsericiteat the expense gilagioclaseMost of the sampled dolerites classify as
basalts to basaltic andesites, and fit in the field of the tholeiite series using the AFMHKgO

- FeO - MgO) ternary diagram. The nderruginized samples have relatively uniform
compositions, whereas the others show considerable variaGmmsverage,he ferruginized
samples have relatively higher2Bs content (630 wt. %) compared to the nderruginized
samples (25 wt. %). Moreover, the meferruginized samples show a significantly narrower
range of the Si® (4855 wt. %), while the ferruginized samples show a wide range of SiO
compositional variation (365 wt. %). Both groups are characterised by similar trace element
patterns, suggestyna 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 bothskioss,

makes it possible to conduct isotopic dating of melt crystallization.

The nonferruginized dolerites yielded Pakfrican ages (ca. 540 Ma), not reported from
the area previously, while some of the inherited cgiefded ages around 1220 Ga. The
ferruginized dolerites yielded an age of 1.6 Ga, indicating that at least one of the ferruginizing
events occurred around 1162 Ga. The fact that the inherited cores from the-feamiginized

dolerites yielded ages between-1.P Ga suggests that feringation was complete 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 agest#ilization anderruginization,

and to yield a better understangiof the iron ore mineralization.

Keywords:

Ferruginization MaremaneDome Wolhaarkop Domg Transvaal Supergrouplron
mineralization Gamagara UnconfirmityAsbestos HIs Subgroup Dolerites; Khumani Mne;
ASSMANG exploration camp



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 locatedhithe Griqualand West basin of the Northern Cape (Fig. 1.1), and is
approximately 90 km longrending northsouth between the towns of Sishen in the north and
Postmasburg in the southaf Schalkwylkand 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).
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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 et2006).



Hematite ore hosted by Banded Iron Formation (BIF) constitutes the majority of the
wor |l dos i r onits.dHglegrademonmoredireJouthsAfrica belong to the &iebaean
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 2.2.0 Ga erosional unconformity zone {salled preGamagara unconformity), where
it crosscuts BIFs. The Fe ores are interpreted to have a supergemeattriputed 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 oars in four textural typedaminated, massive, brecciated and
conglomeratic ore (Smith and Beukes, 2016). These ores are veigrhdg (> 60 wt. % Fe), low
in phosphorus and silica, and are depleted in rare earth elements (REE). The regional dolomite
surface shows two broad, nosttortheast to southsouthwestrending, doubly plunging
anticlines. The larger of these is the MaremaoeP to the east, artie smallenWolhaarkop
Domethe westThe Wolhaarkop Dome is a part of the Maremane Dome, believedietdehed
from it by dextral shearing in the Namaquan part of the NBblaal Orogeny(Eriksson et al.,
2006).Extensive northeadtending normal faults transect the area and have reactivaieverted

normal faults parallel to the limbs of anticlines and domes (Basson 2058).

While it is generally accepted that most of the hyghde hematite iron ore deposits
worldwide are related to processes of enrichment of Precambriafoimoations, 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 progosed.



Schalkwykand 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 Suppgravhere fine
laminations represent the original sedimentary structwas Schalkwykand Beukes, 1986).
Supergene deposits occur immediately below a major erosional unconformity and grade
downwards into unmineralized banded iron formation (Fig. 1.2ukBs 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 CampbellréBubgroup were elevated above the paleo water table. Deep
sinkholes formed in the Campbellrand dolomites during subsequent Kkarstification, which were
later filled by the collapsed remains of the Asbestos Hills Subgrbog.development of the
Manganore IrorFormation and the underlying Wolhaarkop Breccia was a resulicaiessive
peneplanation and karstification (slumped Asbestos Hillsgroup) ¥an Schalkwyland Beukes,
1986).Later oxidation of the Manganore Iron Formation, which took place during tiesl pe
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 FormatioBohalkwylkand
Beukes, 1986). The ore grades into oxidized BIF (mostih®fKuruman Iron Formation) from

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

Iron Formation in paleginkhole structures (Fig. 1.2) (Alchin et al., 2008).
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Fig. 1.2. Schematic diagram illustrating thetsej of ancient supergene hematitesin a karstic
depression (modified aft@eukestal., 2003).

Conversely, a hydrothermal model deposit is proposed by Fairey et al. (2019), which
suggests a possible Late Neoproterozoic hydrothermal flow. According to Fairey-anthous,
the carbonate rocks of the Campbellrand Subgroup were deposited, and sothgegerlain by
BIF of the Asbestos Hills Subgroup (Fig. 1.3Ahe tectoniactivity led to the development of a

regional anticlinal structure known as the Maremane Dome. This tilting and related uplift was

11



followed by erosion of both the Asbestos Hidlsd 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 subsurfacedkstification processes began within the dolomitic rocks of the Campbellrand
Subgroup(Eriksson et al., 2006). Adescribed byon PlehweLeisen and Klemm (1995), the
karstification would have preferentially (though not exclusively) developed along zdnes o
weakness caused by tectonic activity. Where BIF @msdtie dolomites, sulBurface cave systems
developed. It was during this period of erosion that the Doornfontein conglomerates were

deposited within the sinkholes.

Clearly, the residual contents dristic 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
overpinting and likely upgrading of the ore through Mn remobilisation that would have occurred
during a regional fluilow event in the late Neoproterozoic. This event likely involved evolved,
warm, oxidized, basinal brines that were enriched in alkalis #atired earthmetak, such as Na,
K, Ba, Li, and Sr. The brines were responsibletf@ralkali metasomatic alteration of the iron ores
and may have even contributed, in parttte further dissolution of Campbellrand dolomites
(Fairey et al.,, 2019)The ®urce 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).

12
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Fig. 1.3. Hydrothermal model of iron ore formation in the Maremane DémBeposition of the
Campbellrand and Asbestos Hills Subgroups.Tilting and uplift followed by erosion and
dissolution of the Campbellrand dolomit€s. Continued dissolution and slumping of BIF into
karstic sinkholes. Deposition of the Blinkklip breccia and Doornfontein conglomé&atduid
influx, upgrading of BIF to Fere and leaching of Na, Si, and K. Related metasomatism of
manganese ores and degition 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 ferruginizedThere is no clear iron upgrade of the ore or BIF associated withttiigions
(Smith and Beukes, 2016), considering that very little literatupFesentedn these dolerites.
Information about the age of these dolerites and how they got ferrugiraigeéchplications 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., 2008jsanterpreted to have
intruded into the Transvaal Supergroup during late Proterozoic times. In other areas, localised
mafic intrusions are prominent in the Leeuwfontein and Klipbankfontein orebodittse 3ishen
deposit, a sill is commonly found betwethe ore and the underlying BIF and is generally less
than 2 m in thickness (Smith and Beukes, 2016)h&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 Domi® get insight intdhe alteration history of the depogittotal 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 &2©19)
collected fran drill cores from the Kolmela area, similar to those of the present study collected
from the ASSMANG exploration cametrographic and geochemical studies of the gabbroic
intrusiveweredone to determine minerals that are present, mineral interaatidriextures. The
samples exhibéd different levels of alteration that may be linked to different enrichment
processesApparently, he samples collected raber om A f r e s h 0 lygvadthbredo t o |
gabbro of high Fe enrichment. Makganye (2019)sifsl two alteration events associated with

the gabbros from her study, sericitization and chloritization.
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The study of Makganye (2018ptedthatthe age and environment at which the studied
gabbro formed was not known, ath assumption was made thdtey are older than the
enrichment processesvidence from thin sections also show that these alterations have stabilised
the epigenetic Fexides (hematite) and do not require external Fe to enrich surrounding rocks.
Conclusions were made th#te gabbropreserved may suggest two hypogene enrichment

processegMakganye2019).

Micke (1994) defines ferruginization as the alterations owing to weathering close to the
surface in the presence of irbearing aqueous solutions. The intensity of such alteratsons
proportional to:a) the time the rocks are exposed to these alteration proce3sks;quality of
water circulation through the rocks) the porosity of the rocksl) the grain size of minerals of
the rocks;e) the Eh and pH conditions of aqueous solutions;farlde climatic conditions. The
alterations during ferruginization are characterized by the presence of unstable precursor minerals.
These minerals decompose either into pseudomorphic alteration profieicteexprecursors, 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 littelogiesin the area. The BIFs are among
other rocks tht have been crosait by several magmatic intrusions (which may include Karoo
age doleritesas well agntrusions that are believed to be older. Thus, the aim of this study is to
investigate the Fenrichment of the intrusions and use it as a proxydoonding the different
stages of alteration that affected the differeneRBchment processes comparative study of the
reddening of the studied dolerites with known regional dolerites is imparitive to define the extent
of ferruginization. The Karoo diexites are well known and studiede to their significant volume

and exposure in South Africand therefore with bettéteratureavailable(e.g., Neumann et al.,

15



2011; Galerne et al., 2008; Encarnacion et al., 1996®.to the publishegdeochemical database
available on Southern African dolerites)d the youngest dated dolerites in proximity with the
Griqualand West Basin, a geochemical comparison was therefore madesfeitnce to the
Karoo dolerites This was done in ordeo gain abetter understanding in terms of the magma
characteriation of the studied dolerites, andrifer on the extent of alteration in samples collected

to the ideal composition @dolerite and defend the studied ferruginized dolerites.

1.3 Thesis statement

Dolerite can be defined asn@ediumgrained mafic intrusive rock whose main components
are plagioclase feldspar anlihopyroxene, often emplaced in dykes and sMsiltiple dolerite
intrusionsintersect the BIFs and ore at various stratigiragevels. Athough these intrusiorare
highly ferruginized themselves, there is no clear iron upgrade of the ore or BIF associated with the
sills (Smith and Beukes, 2016). Thereitttd literature published on these intrusidqesy, Smith
and Beukes, 201&riksson et al., 20Q6hence the need to study them in order to understand their
emplacement history and be able to mtiecorrelation of the drill cores. A major concern for
mining the iron ore is to have reliable stratigraphic markers when correlatirgpdes with each
other and with the regional stratigraphy. Additionatiyes orthese n t r uemplacemeni and
crystallization as well as postmplacemenhistoriesmight constrainthe agés) of ferruginization
and the time of iron mineralizatipto further understanthe 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 Dooflested

samples represer{fl) nonferruginized (2) hydrothermallyaltered and ferruginized, (3)and

16



ferruginized dolerites. Due to problematic access during the COVID19 pand@ahitie fact that
only the western side of the Maremane Dome is exposed (Smith and B20ké}¥a limited set
of samplesvascollected from the Maremane Dome, whilee majority of the samples are from

the Wolhaarkop Dome.

The study aims to address the emplacement of thie in&fusions and connect it to the
geological history otheMaremane Dome, characterize them geochemically and petrographically,
and analyse thgotentialof the mafic intrusions to serve as time markers for the iron ore formation.
The study also aids iclassifying the type of magma source for the mafic intrusions, the various

alterationtypespresent, as well as the degree of ferruginization.

This research performs optical petrographyte sampled dolerites in order to understand
their mineralogy, mineral replacement textures and any alteration present. SEM (Scanning
Electron Microscope) analysis helps furtlvapture optical images of accessory phases such as
zirconsthat may be present. @ECAN (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
baddeleyte, which were used for-Bb dating of the mafic intrusions. Geochemuaahlysesf
the mafic intrusions ere used to classify the intrusions and to understand their origin. A
geochemistry software tool, GCKit, was used to plot various geochemical geaphorder to
interpretthe geochemistry and the type of magma source for the studied doleritessdlkefrom
this studywere compared to the honours work of Makganye (2019), who studied the petrography
and geochemistry of intrusive gabbro associatigll tve Wolhaarkop Domi® getinsight irto 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 aessory minerals that are robust to age resetting bytaimgperature
deformation, including primary magmatic zircon and baddeleyitas 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 kplomtion 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 minlegatraction 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

TheGriqualand West basin of tiNdeoarcheaiPaleoproterozoic Transvaal Supergrasp,
locatedin the Northern Cape Provincandhosts all of the iron ore in the region (Alchin &t a
2008). The Supergroup was deposited in two distinct-taritrolled 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)verlying a basement of Archean gtengneisses, 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 Wol®enqidtsdrif
sediments, unconformably overlain by the BlaBkeef 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-22d80Ma, Pickard,
2003), has been enriched to ore grades, i.e, 6@ wt. %, and tb ores within this unit make up
the bulk of the higkgrade iron ores in the region (Alchin et al., 2008). The Griquatown lron
Formation (ca. 249Q440 Ma, Beukes, 1978), interpreted to show a subsequent drop in relative
sea level (Johnson et al., 2019)edies 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 shalater, storm dominated epeiric sea
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environments, whees the Kuruman Iron Formation, characterised by the orthochemical iron

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

Botswana
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Fig. 2.1. Distribution of the Transvaal Supergroup in southern Africa, indicating the location of
the Transvaal anriqualand 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
occured 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 orebearing iron formation (Smith and Beukes, 2016). Locallgepd sinkholes
developed in the dolomites, into which the overlying iron formation collapsed (Alchin et al., 2008).
Large to super large deposits of higlade iron ore are only developed in these karstic laterite

settings (Smith and Beukes, 2016; Alchirakt 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 Subd24ib + 6 Ma, Gutzmer and Beukes,
1998)of the Ghaamgroup is composed of mudstone, siltstone, quartzite and iron formaaods

overliesthe Asbestos Hills Subgroup (Smith and Beukes, 2016).

Younger clastic sediments of shales, quartzites, and conglomerates of the Gamagara
Formation unconformablgverlie the Ghaap Group rocSmith and Beukes, 201650ome of the
conglomerates;omposedalmost entirely of hematite, constitute lowgade iron ore (Alchin et
al., 2008). The Gamagara Formation is characterised by a red bed successiancanclive
of the Mapedi Formation of the Olifantshoek Supergream Schalkwyland Beukes, 1986). The
Formation is overlain by the Paleoproterozoic Postmasburg Gtauged over italong the Black
Ridge Thrust. The Postmasburg Group has been folded during subsequent deformation (Alchin et

al., 2008).

The Gamagararosionalunconformity (2.22.0 Ga) occurred at the time of the lower Elim
Group (~2050 M3 of the Olifantshoek Supergup 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 Postmsburg (Alchin et al., 2008).

The Makganyene diamictite, which marks a {angle unconformity, comprisesassive
to poorly bedded diamictite, pebbly sandstone and siltstone, shale, and mudstone up to 100 m
thick, interpreted as piedmont glacial and gldaonal assemblages (Alchin et al., 2008). The
Ongeluk lavas (600 m thick)f the Postmasburg Grouwyere extruded under water in a marginal
basin within the continental setting of the Kaapvaal craton, and comprise essentially tholeiitic

basaltic andesiteg\[chin 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 222213 Ma (Cornell et al., 1996) with-Bb

whole rock analysis

To summarize, the Transvaal SupergrouthmGriqualand Wesbasincomprises 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 byangey unconformity, marked by the
Makganyene diamictiteA major unconfornty, which is known as th&amagarainconformity
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 Maare and Wolhaarkop domes

The Maremane Dome (MD) appears as a sgroular, halfmoon structure (Fig. 2.2) and
is described as a domal anticline with strata dipping at less than 10° in an arc to the north, east and
south (Fig. 2.3)an Schalkwykand Beukes, 1986). The dome is interpreted to have formed as a
result of fold interference between ndrsbuth and eastwesttrending fold systems and thrusting,
which resulted in double plunging, mushrotype fold (Alchin et al., 2008). The folding et
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 claséigtured and ferruginous carkaie 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 (Figidh Bdchalkwyk
and Beukes, 1986). The westerif mmasked by strata of the younger Gamagara Formations and
those of the Makganyer@ngeluk Formations that, in turn, have been thrust on top of the

Gamagara Formatiowgn Schalkwykand Beukes, 1986; Smith and Beukes, 2016). In particular,
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the Koegas n 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

etal., 2018).
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Fig. 2.2. Regional geological map of the Maremane Dome region (modified/afte3chalkwyk
and Beukes, 1986). The location of the Wolhaarkop Dome is also indicated thétautk of the
sampled drill holesvere drilled (indicated by greeand red circles for fresh and ferruginized drill
core samples), with one sampled drillhole located on the Khumani Mine property.

The Wolhaarkop chetireccia unconformably overlies carbonates of the Campbellrand

Subgroup (Alchin et al., 2008). The Wolhkap 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 collgpaedSchalkwykand
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 Schalkwykand 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 rerbgved
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 dnoteemical and clastic
sediments of the Koegas Subgroup. The Koegas Subgranpusn, unconformably overlain by
diamictite of the Makganyene Formation, upon which lavas oOiingduk Formation have been
subaqueously extruded. A clastic successioroafjlomerates, shales, flagstones, and quartzites
of the Gamagara Formation was deposited above an unconformity surface formed on the upper
parts of the Asbestos Hills Subgrofigriksson et al., 2006).his unitof the Gamagara Formation
has been correlatedith the Mapedi Formation (Beukes and Smit, 1987) and constitutes the
lowermost unit of the Olifantshoek Supergroup, which is the oldest recognisbddesquence
in the region. Dwyka Tillite and Kalahari Group sediments both unconformably overlie the

Olifantshoek Supergroup rocks within the Maremane Dome(&rdesson et al., 2006).
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Fig. 2.3. Northi south crosssection 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 stoitkersive, nortfi southtrending,
steep, predominantly wedtpping, normal and inverted normal faults, notably prevalent within

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

To summarizthe tectonic evolution of the area presented by Friese and ARBOTY, 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 prem nortfi southstriking, west
dipping normal faults. Continued rifting and subsequent reactivation of the older nertheast
trending Ventersdorp rift system in the Archaean basement formed a depository for the-volcano
sedimentary Postmasburg Group. Thdespread extrusion of the mafic Ongeluk lavas at ~2220

Ma was followed by the deposition of the manganiferous Voélwater Subgroup.
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Subsequent easdlirected crustal compressidfdlahari orogeny at ~2.38.22 Ga) formed
mainly largescale regionalnorth-trending k folds (e.g., Maremae 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 lbodies o
the Olifantshoek Supergroup within a rift system superimposed on the Postmasburg Group rift
depository. A second episode of edsected crustal compression during the Keis Orogeny at
~18301730 Ma led to renewed inversion of the Olifantshoek Supergteppsitory, folding and

thrustingthe 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 thepsacrustal sequences of the Ventersdorp,
Griqualand West and Olifantshoek Supergroapavell as Paleoproterozoic (~1.8 Ga) folding and
eastverging thrusting that cstacross the craton and defathe units of boththe Griqualand

West and OlifantshoeRupergroups.

The NamaqudNatal Orogeny at ~1.15.0 Ga(Friese et al., 19953long the southern
margin of the Kaapvaal Craton affected most of the area and is more significant in effect than the
subsequent po$teis deformational events (e.g. Cape Orogany310240 Ma(Hélbich, 1992)
and Gondwana breakup at 20P0 Ma) (Visser, 1998).The northnorthwestdirected crustal
compression of the Namagiatal Orogeny resulted in the development of -eastheast
trending k folds and formation of aJrFs fold interference pattern, minor sinistral strgig
reactivation of the north/soutttriking fault system and the formation of extensional rorth
northwest/souttsoutheasstriking fracture/fault zones (Alchin et al., 2008). Figure 2.4 below

summarizeshe stratigraphy of the Maremane Dome.
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Fig. 2.4. Stratigraphy of the Maremane Dome area (Cagiayl, 2002).

The

such as the Sishen and Khumani deposits in the nadtBa@ashoek 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 ifemajor interference fold structure known as the Maremane Dome

(Alchin and Botha, 2006)The highgrade hematite ores are only developed in areas where the
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Mapedi unconformity transects the BIF (Smith

Maremane Dome, mimicked on a smaller scale by the Wolhaarkop Dome to the whest of
Ma r e ma n es sobDtbemdedmination, may have partly resulted from dextral shearing in the
Namaquan part of the NamagNatal Orogeny(Basson et al., 2018 Subsequent tectonism,
including the breakup of Gondwana and fAdrican reworking, appear to have had onlyaor

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 etl., 2008), and is believed to have undergone similar orogenic
episodes and extensional events. The northeasiing 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 theKeis Terrane to the west and NamadNetal 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 (Kolomel&a) is characterised by tight to opepright folds. The
western side has tight overturned folds that induced the formation of the thrust structures found in

the area west dhe WD (Erikkson et al., 2006)
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Fig. 2.5. Integrated geological interpretation map around the Kolomela area eciobss of the
Wolhaarkop Dome as obtained from gravity and outcrop data (Alchin and Botha, 2006).

The Wolhaarkop Dome is interpreted as arfdid related to the Kalahari Orogenlyat
occurred at ~35-2.22 Ma (Friese and Alchir2007). During the Kei®rogeny, there was an east
west crustal contraction that produced eastvearected 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 (thrustbps alocalised high degree of ferruginization of highly brecciated BIF
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(Otto and Britz, 2016)Tight, eastverging overturned folds dominate along the western margins
of the Wolhaarkop Dome. Foldse orientedipright on the eastern limb with axial trasdsking
north-northeast, whereas the axial traces change to-sotith in the southern extension of the
Dome (Frise and Alchin, 2007)Westvergent overturning in the central part of the dome is
interpreted as minor badklding related to rampinggainst the rigid basement formed by the
Maremane Dome (Friese and Alchin, 2007). Reactivation of earlier noiteeastwesistriking

faults, predominantly southeadipping faults (related to the Ventersdorp rift system at ~2.88

Ga) and later edsweststriking 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 ihe Griqualand Westegion

Van Schalkwykand Beukes (1986) noted that the iron oreh@Griqualand West Basin
mainly occurin four types: laminated, massive, brecciatatl conglomeratic ores (Fig. 2.6), the
latter forming part of the Gamagara/Mapedi-teti succession. The Sishion ore deposits
represent supergene enrichments of the Manganore Iron Formation in areas where it collapsed into
paleasinkhole structures (Beukes, 1978; Alchin et al., 2008). The Khumani deposit represents a
southern extension of the Sishen depositrdioee, 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 origindy 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 tsreduat Sishen and

Khumani. Conglomeratic ore is generally more common at Beesbsmcially towards the north
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of the deposit, than at the Sishen and Kolomela deposits (Smith and Beukes, 2016). Ore types at
KolomelaMine were initially thought to be siitar 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,
conglomedtic, 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).

a) Laminated

d) Brecciated

Fig. 2.6. Examples aire 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 Doornfonteineiber of the Elim Groumf Olifantshoek
Supergroupas well as highly aluminous diaspeteh shalesan Schalkwylkand 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). Theas#mon of the lower Elim Group coincides with

the weathering and unconformity that took plate 2.0 Ga (Smith and Beukes, 2016).

2.4 A summary ofnafic magmatie@ventsin SouthernAfrica

Dolerite intrusions in Sou#rn Africa have been dated as old as the Archean Hugese
includes dolerites in the northern agalstern part of the Kaapvaal Craton, commonly within the
Limpopo Belt with ages ranging from Archean to Mesozoic (Uken and Watkeys, 1980 and
Watkeys (197) reported the three main trends of theaeoo diabase: northwest, gasest,
and northeast. fie earliest trend emplacedas the northwest, and this wessutilized duing
Bushveld Complex times at ~2.0 Ga, and at ~1.4 Ga\Waserberg Group dyke@Jken and
Watkeys, 1997)The summary below characterizes some of the recognized mafic magmatic rocks

in Southern Africaadopted from Uken and Watkeys (1997).

Theca.3.0 Ga dolerite dykes are northwest trending, and they are associated wih the
3.0 GaPongola rift system. Thea.2.8 Ga Ventersdorpelated dyke swarmns orientedalong a
northeast trend and follows the main axis of ¢the2.7 Ga Ventersdorp rift system. Easest
trending diabase dykes are dated to be around 2.06 Ga and coincideevBilishveld Complex

axis, and are associated with cratoide eastwest 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 coverhe estwest trend of the diabase dykes suggests that the
compressiowas 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. 1.1 Ga dolerite dykes suggeai associatiorwith the Umkondo Large Igneous
Province (LIP) characterized by the emplacement of large volumes of magma®@xfp
(Winter, 2014). The Umkondo LIP waapidly emplaced (1112108 Ma De Kocket al., 201%
into the Kalahari craton of southern Africauring Rodinia assembiffheUmk ondo i ntr usi
geochemistry indicates significant partial melting of the-soitinental mantldithosphere

(SCLM) and requires a transient thermal anomaly in the m@dé&ocket al, 2014)

The ca. 19AL70 Ma Karoo dolerites are associated with the Mesozoic fragmentation of
Gondwana, and the emplacement of nohthwest, northeast and northisouthtrending dykes
along the northern and eastern Kaapvaal Craton margins (Uk&Watkelys, 1997). Early Jurassic
dolerite intrusions (sills and dykes) ateuadant in the Karoo Basin in South Africthe Karoo
doleritesform part of the Karod.arge IgneousProvince (LIP) in South Afda. Neumann et al.
(2011) focused on the evolutionaristory of the melts that gave rise to the Karoo dolerites, and
proposed that the primary melts were derived from-lgbibspheric midocean ridge basalt
(MORB) source mantlé®Ar/3°Ar age determinations suggest ttize emplacement of the Karoo
Continertal Flood Basalt (CFB) lasted from 184 to 176 Waley and Knight, 2001)However,
U/Pb zircon ages suggest that in some parts of the Karoo Basin, includidglten Valley Sill
Complex GVSO), volcanism and sill emplacement may have occurred as aliset at about

182.5 Ma (Encarnacion et al., 1996; Svensen et al., 2007).
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CHAPTER Sampling andMethodology

3.1 Sample collection

A total of 46 sampleswascollected from nine diamond drill cores, of which eight drill
cores weresampledrom the Assmag exploration camp, and one from the Khumani Mirehle
1 below shows the GPS (global positioning system) location of the sampled drilled holes, and the
types ofanalyses 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 boreholeeghgositiors of the analysed

samples.

Thirty-four samples were selected for geochemistry Z&samples were prepared for thin
sections that were used for opticalcroscopypetrographic studyOf the thin sections prepared,
two samples were used finequantitative evaluation of minerals by scanning electron microscopy
(QEMSCAN) and for baciscattered electron (BSE) images. Zircon separation for U/Pb
geochronology waattempted foseven samplesndthe preparation of mounted slides &@d

and BSE imagig weredone forthe twosamples where zircons weseccessfuy extracted
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Table 1. Diamond boreholes used for this study and the analyses done for each sample.

MKRnKMpny! Xopn®pp YIZI Hyc MpU noddtnéeg {Z
From (m) To(m) Sample No Analysis done Laboratoty
227.55 227.85 A0l Optical petrography UFS
Bulk geochemistry UFS
230.55 230.85 A02 Optical petrography UFS
Bulk geochemistry UFS
232.50 232.80 A03 Optical petrography UFS
Bulk geochemistry UFS
299.55 299.85 A04 Optical petrography UFS
Bulk geochemistry UFS
305.55 305.85 A05 Optical petrography UFS
Bulk geochemistry UFS
311.55 311.85 A06 Optical petrography UFS
Bulk geochemistry UFS
319.00 319.30 A07 Optical petrography UFS
Bulk geochemistry UFS
323.00 323.30 A08 Optical petrography UFS
Bulk geochemistry UFS
U/Pb geochronology, SEM  SU
332,55  332.85 A09  Petrography UFS
Bulk geochemistry UFS
336.30 336.60 A10 Optical petrography UFS
Bulk geochemistry UFS
344.00 344.30 All Optical petrography UFS
Bulk geochemistry UFS
347.55 347.85 Al12 Optical petrography UFS
Bulk geochemistry UFS
U/Pb Geochronology, SEM UJ
QEMSCAN UCT
- YMKYpPp XMdpcPomMYEI HTCc pHU nndcmé {Z HocC
From (m) To(m) Sample No Analysis done Laboratoty
63.30 63.50 BO1 Optical petrography uwc
Bulk geochemistry UCT
68.30 68.50 B02 Optical petrography uwc
Bulk geochemistry UCT
73.30 73.50 BO3 Optical petrography uwc
Bulk geochemistry UCT
U/Pb geochronology uJ
QEMSCAN + BSE UCT
78.30 78.50 B0O4 Optical petrography uwc
Bulk geochemistry UCT
85.90 86.10 B05 Geochemistry uwc
Petrography UCT
93.40 93.60 B06 Geochemistry uwcC
Petrography UCT
99.30 99.50 BO7 Geochemistry uwc
Petrography UCT
104.30 104.50 BO8 Optical petrography uwcC
Bulk geochemistry UCT
U/Pb geochronology UJ
YyKMKMpPA XMyH®nyYE Hyc MpUd mnodtTté {Z H
From (m) To(m) Sample No Analysis done Laboratory
63.50 63.70 co1 Optical petrography uwc
Bulk geochemistry UCT
107.80 108.00 C02 Bulk geochemistry UCT

H H cC bprondn onpr dXnmvrén d9pso Y1 ZA aHYYlcy M pHE Lafy XONIC(EA X yE

From (m) To(m) Sample NoAnalysis done Laboratory
140.00 140.30 D01 Bulk geochemistry UCT
¢bnnmno XmMnc®nYX Hyc mMoU pcodnoé¢ {ZX
From (m) To(m) Sample NoAnalysis done Laboratory
112.89 113.06 EO1 U/Pb geochronology UJ
114.32 114.42 EO02  Optical petrography uwc
Bulk geochemistry UCT
116.86 117.00 EO3 Optical petrography UuwcC
125.00 125.18 EO4 Optical petrography uwc
Bulk geochemistry UCT
¢bnnnnc XMHY®cYXI Hyc mMpU mpdpmé { =
From (m) To(m) Sample NoAnalysis done Laboratory
68.87 68.97 FO1 Optical petrography uwc
69.11 69.12 F02 Optical petrography uwc
Bulk geochemistry UCT
69.82 69.93 FO3 Optical petrography uwc
Bulk geochemistry UCT
¢bnnnanmp XmMcpdnyYEI Hyc MpU mpodndé {Z
From (m) To (m) Sample NoAnalysis done Laboratory
105.92 106.13 G01 Optical petrography UwcC
110.47 110.61 G02  Optical petrography uwc
110.91 111.07 G03 Bulk geochemistry UCT
¢bnnmnmMm XHNpPpyYE Hyc MoU ncodnoé {Z
From (m) To (m) Sample NoAnalysis done Laboratory
215.50 215.70 HO1 Optical petrography uwc
nnd apodHdé 93 YK dzY BukBeochémjsts ucT
246.73 246.80 HO02 Optical petrography uwc
Bulk geochemistry UCT
U/Pb geochronology uJ
246.80 247.14 HO3 Optical petrography uwc
Bulk geochemistry UCT
234.90 235.00 HO4 Bulk geochemistry UCT
235.58 235.69 HO5  Optical petrography uwc
235.70 235.76 HO06 Optical petrography uwcC
235.80 236.10 HO7 Optical petrography uwc
Bulk geochemistry UCT
237.58 237.72 HO8  Optical petrography uwc
Bulk geochemistry UCT
¢bnnnod XMMy®dPHYEZ Hyc wmMpU nconné {Z
From (m) To (m) Sample NoAnalysis done Laboratory
90.50 90.23 101 Optical petrography UuwcC
95.53 95.75 102 U/Pb geochronology uJ
101.02 101.15 103 Optical petrography uwcC
102.53 102.70 104 Optical petrography uwcC
104.01 104.15 105 Optical petrography UuwcC

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 thickpes#jons of the
analysed samples and variations in hostk lithology.

36



3.2 Sample preparation

3.2.1 Thin section preparation

A total of 40 samples were prepared for petrographic analggmlished thin section®f
which 15 samples were prepared at the University of the Free State (the A group sampl25S), and

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

3.2.2 Heavy mineral separation

Zircon separation was carried out @vensamplesat Stellenbosch University, of which
two samples are neierruginized (A0O8 and Al12), anfive are ferruginized samples (BOB0S,
EO01, HO2 and 102). 200g of each sample was crushed using a jaw crusher and milled to a fragment
size of 350 um. Heavy minerals were separated from lighter minerals through panning, and were
left to dry. Ferromagnetic mineral grains were removed from #&ayh mineral fractiorby a
magnetic separatioiihe 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 fmoagnetic at 1.5 A. The nemagnetic
fraction was then taken for &ey liquid separation, using diiodomethane, which has a density of
3.20 g/cmi. Sincezircon has a density of 4.6 g/énit sinks together with other heavy minerals in
the dilodomethane liquid solution. The heavy mineral fractvasthen collected and wast 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 hpio#ing individual zircon grains from the

heavy and nomagnetic fraction using an optical microscope. The individual zircon grains were
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mounted on doublsided transparent adhesive tape and subsequently embiddedch
diameter circular epoxy mounts for polishing. In order to study their internal structure, back
scatteedelectron (BSE) andathodoluminescence (CL) images of all analyzed zircon grains were

obtained using a Philips XL 40 scanning electron mzwps.

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 UTVO.63XC cameraThin sectionslides from the B to | group samples were
studied using an optical petrographic micros¢dgikon Optiphoti 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 microdop@EMSCAN analysis
at University of @Gpe Town waslone 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 sasplkand BO3.
QEMSCAN isanSEM-based automated mineral analyzer. The analytical technique employs EDS
(energy dispersive spectromgtdetectors and a software package, enabling a rapid discrimination
of minerals without reliance on visual judgments, where mineral identificati@sex on the EDS
and BSE (badiscattered electron) values. The analysis was carried out at the University of Cape

Town (UCT) using a FEI Quanta 650F field emissionig@anning electron microscope (FEG
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SEM), equipped with two Bruker energy dispersivecsppmeters, and a Spectral Analysis Engine

(SAE). BSE imaging operated at RS accelerating voltage, and D& beam current.

Analysed phases were classified as specific mineral species according to their BSE
brightness and chemical composition utilizingiscover, a usedeveloped mineral reference
library known as SIP (Species Identification Protocol). During the QEMSCAN analysis, a detailed
database of statisticallgpresentative mineral particle information is built up, which was later

interrogatedusing knowledge of the samples to help classify the mineral phases.

Table 2. QEMSCAN operational statistics for sample Al12 {ieoruginized dolerite) and B03

(ferruginized dolerite).

Operational Statistics Sample A12 Sample B0O3
Company: Sarafina UWC Sarafina UWC
Operation: Sarafina A12 Sarafina BO3
Survey:

07/07/2021
Date: 14:20 05/05/2021 14:57
Product:
Mass Flow (units): 100 100
Fraction: 5000/+0 5000/+0
Mass Percent (%): 100 100
Minimum Size (um): 0 0
Maximum Size (um): 50000 50000
Measurement: Al2 BO3
Measurement Parameters
General
Machine ID: 0 0
Mode
Sip: CuS2 GeoScience CGi.1
Measurement Mode: Fieldlmage Fieldimage
Scan Mode Fieldlmage Fieldimage
Search Mode: Standard Standard
Fields
Magnification 176 176
Height (points): 200 200
Width (points): 200 200
Size (um): 1172.16 1172.16



Maximum to scan:
Points

Horiontal Spacing (um):
Vertical Spacing (um):
Particle Rejection

Maximum Shape Factor:

Maximum Number of
Particles:

Minimum BSE:
Target Mineral:
X-rays

Xray Counts:
Measurement Statistics
General

Marked as Bad:
Status:

Timing

Start:
End:

Elapsed (h:m:s):
Fields

Total Scanned:
Intercepts

Number:

Length (um):

BSE

Total (points):

Total aboverhreshold
(points):

Packing Density (%):
X-rays

Total Acquired (points):

225

5.86
5.86

Ignored

5000

1000

False
Complete

07/07/2021

15:46
08/07/2021 4:11

12:24:13
225

3100
55417295.24

9000000

0
0

9437107

169

5.86
5.86

Ignored

5000

1000

False
Complete

05/05/2021 15:56
05/05/2021 23:20

7:24:25

169
2949
40139973.63

6760000
0

0
0

6560360

3.5 SEMf separated zircons

Zeiss Merlin FE SEM, a higlesolution field emission scanning electron microscope with

a range of beam flexibility was used for this analysithatCentral Analytical Facility (CAF) at

Stellenbosch University. It has detectors for secondary electronackiscattered electrons,

cathodoluminescence, and scanning transmission electron microstiogyn grains in the
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prepared mounts were documented and characterized by BSE and CL imagingetfhbe of

preparation othe sevenzircon samples for geochronologl analysis is outlined under section

3.2.1 and 3.2.2. Table 3 below is the summary of the analytical conditions for the arfaBisis o

and BSE imaging of zircons.

Table 3. Analytical
University.

Analytical
conditions

Mount:
Conductive coating:
Electron

Microscope:

Software:

Detectors:

Accelerating voltage
(EHT):

Working distance:

Beam Current:

conditions for CL and BSE imaging of zircons at CAF, Stellenbosch

Doublesided carbon tape on aluminium SEM stubs
Gold 8 nm (Leica EM ACE200)
Zeiss Merlin (Carl Zeiss Microscopy, Germany)

SmartSEM (Zeiss electron imaging) @xtdiord Aztec (Oxford Intruments, Oxfordshire OX1
5QX, UK)

Backscattered Electron Detector (BSD) (Carl Zeiss Microscopy) and Energy Dispaysive
Spectroscopy (EDS) Oxford Instruments® XMar2f) cathodoluminescence detector (CL

20kV (BSE, CL, and EDS)
5mm (BSE), 9.5m (EDS), #m (CL)

10nA (BSE, CL, and EDS)

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

samples were coated with gold and placethe Al SEM stubs. The physical limitations of EDS

do not allow for the analysis of elements lighter tharon (B), therefore the elemeritgdrogen

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

detectable concentration (MDC) limit f&DS analysis is 0.1 w.
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3.6 Geochronology

One nonferruginized ample (A8) was analyzed for U/Pb datiof zircon grainsat the
University of Stellenbosch, and the other siamples (A12, BO3B08, EO1, HO2 and 102) were
analyzed at the University of Johannesburg. APbJage data obtained at the Central Analytical
Facility (CAF), Stellenbosch University, were acquired by laser ablation soajlector sector
field inductively coupled plasma mass spectrometry -@RICP-MS) employing a Thermo
Finnigan Element2 mass spectrometer coupled to a Resonetics Resolution S155 laseimer
ablation system. All age data presented here were obtained by single spot analyses with a spot
diameter of 20 um and a crater depth of approximatelg@pm. The methods employed for
analysis and data processing are described in detail by Fr&exdéds (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 Concordiaage; n= 17). This age is, within error, in agreement with the accepted Isotope
Dilution-Thermal lonization Mass Spectrometry age of 1065Mal(Wiedenbeck et al., 1995).

Full analytical details and the results for all quality control materials analysed areeceip Table
4. Common Pkcorrection, composition and uncertainty method from Stacey and Kr&h9a1s)
was appliedThe calculation of concordia ages and plotting of concordia diagrams were performed

using Isoplot/Ex 3.0 (Ludwig, 2003).

For the sampleanalysed at the University of Johannesburdpllsotopes were measured
by the lase@ablation multi-collector ICP-MS using an ASI Resonetics 193 nm Excimer laser
ablation system and a Thermo Scientific iCAP {B. The laser spot size used was 25 pm
diameter, with a fluence of 1.4 J/énand 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 N\dST for quantifiation of the concentrations

and zircon G<lL (from Jackson et al., 2008)r the age information.
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Table 4. LASFICP-MS U-Th-Pb dating methodologgmployed at th€AF, Stellenbosch University.

Laboratory and Sample Preparation
Laboratory name

Sample type / mineral

Sample preparation

Imaging

Laser ablation system

Make, Model & type

Ablation cell & volume

Laser wavelength

Pulse width

Fluence

Repetition rate

Spot size

Sampling mode / pattern

Cell carrier gas

Pre-ablation laser warm-up (background collection)
Ablation duration

Wash-out delay

Cell carrier gas flows

ICP-MS Instrument

Make, Model & type

Sample introduction

RF power

Make-up gas flow

Detection system

Masses measured

Integration time per peak

Total integration time per reading
Sensitvity

Dead time

Data Processing

Gas blank

Calibration strategy

Reference Material info

Data processing package used / Correction for LIEF
Mass discrimination

Common-Pb correction, composition and uncertainty
Uncertainty level & propagation

Quality control / Validation
Other information

Central Analytical Facility, Stellenbosch University

Igneous zircons

Conventional mineral separation, 1 inch resin mount, 1 um polish to finish
CL

Resonetics Resolution S155, ArF Excimer Coherent CompexPro 110
Laurin Technology S155 double Helix large volume cell

193 nm

20 ns

2.8 Jlcnt (measured with external energy meter above sample funnel)
5.5Hz

20 pm

20 um single spot analyses

100% He, Ar andNnake-up gases combined using injectors into double Helix sampling funnel
3 cleaning shots followed by 20 seconds background collection

15 seconds

15 seconds

330 ml/min He

Thermo Finnigan Element2 single collector HR-SF-ICP-MS
Via Nylon 10 tubing

1350 W

910 ml/min Ar & 0.03 ml/min N

Single collector secondary electron multiplier

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

4 ms

1 sec (represents the time resolution of the data)

30000 cps/ppm Pb

6 ns

20 second on-peak

Zircon GJ-1 used as primary reference material; zircon 91500 used as secondary reference material (Quality Cc
91500 (Wiedenbeck et al. 1995); GJ-1 (Jackson et al. 2004)

In-house spreadsheet data processing using intercept method for LIEF correction

Standard-sample bracketing with 207Pb/206Pb and 206Pb/238U normalized to reference material GJ-1
204-method, Stacey and Kramers (1975) composition at the projected age of the mineral, 5% uncertainty assign
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 propagat
91500: Concordia age = 1068 + 4 Ma (2s, MSWD = 0.55)

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 whotek major and trace elements. Twettiyee
samples were analyzed at the University of the Free State (UFS)1aadhples were analyzed
at the University of Cape TowyCT). Major oxides and selected trace elements were analyzed
using Xray 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 wee used for XRF major and trace element measurements, respectively. The fusion discs
were generated by weighing ougaf sample into a crucible. The crucible was then placed in an
oven at 110 °C overnight and weighed afterward to determine wt.@6 (Adrbed volatile
content). The sample was thkeatedat 850 °C for four hours to remove all structural volatiles
(e.g., HO and CQ) and oxidise all Fe to Bg and weighed again to determine wt. % loss on
ignition (LOI). Flux fusion disks were made usidg g of ignited sample powder added to 6 g of
Claisse flux beads containing 57% Li tetrabord® 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 Claiss®&14 automated fluxer) and poured into a Ptuldao form a fusion disc. The
powder pellets were made from @®f 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 attheUFS, the XRF facility atheUCT houses a Panalytical Axios XRF spectrometer
and is set up to analyse a wide range of major and trace elements in prepdrethterials.
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 Ova%operformedising fused
disks prepared with lithium borate flux. Trace elemeamtoentrations were measured on pressed

powder brigquettes 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 penned separately but, at both labs, calibration was performed using a
series of welicharacterized natural rock powder standard reference materials issued by
organisations such as MINTEK, the United States Geological Survey and the Geological Survey
of Jamn, 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. Absorpiershancement effects were
corrected through iterative correction routines employing mass attenuation coefficients.
Additionally, spectral line overlaps (e.g., Rbth YKp were corrected using routines based on
spiked blank analyses (e.g., by determining relationship between Rbkntensity and RbK
intensity at the Ylgpeak position using samples with variable Rb concentrations and zero Y

concentration).
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CHAPTER 4: RESULTS

4.1 Handsample 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 (E)gT8e intrusions occur
at variousdepths(40-300 m) and appear as single dykes or sills, usually about 60 m thick (Fig.
3.1).The logging information foeach of the sampled drill hole from Khumafine is presented
in Appendix A, while those from Assnmay Exploration camp are presented in AppendixTig
A-group are the noferruginized dolerites, while the-group are the ferruginized and chlorite
altered dolerites. The rest of the samples are ferruginized dolerites (Tdkguig@4.1 shows the
location of the sampledrill holes The dolerites show differing degrees 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 imagenage taken on 29 December 20ZHowing the
locations of the sampled boreholes.

The A-group samples have a massive texture and aréemarginized. Thg are darkgrey
to darkgreen in colar, and mediungrained (1-4 mm) (Fig. 4.2A). Bimineralic mineral
assemblages amgresentin most samples. The mineralogy is composed of elongated whitish

feldspar and dark pyroxene crystals,endrashornblende (< ol. %) is present in some samples.
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Samples from the top of therill core are less competent than the samples ftbe lower
stratigraphic levelsThe A-group samples are the only nfErruginized samples, while the rest of

the samples preserve different degrees of ferruginizaBamples from the Aroup drill core

show a variation in the alteration degree with depth. The degree of alteration is higher in samples
in the upper stratigraphgf the intrusion in the drill core, where sericite has replaced plagioclase.

These samples gerally show a phaneritic texture with a medignain crystal size distribution.

The ferruginized samples are dark reddish to brgeedominantly of a microcrystalline
texture (<0.1 mm)and are mostly completely altered, hence with the naked eye idischenfer
their mineralogical compositionThe B-group samples are reddishown in colour, and
ferruginized, sometimes with patches of clay fillings (Fig. 4.2B). They are dominantly of an
aphanitic textur€0.1-1 mm), with some samples being cresst by calcitic veins.The Ggroup
samples are red to brownish in colour, have an aphanitic texture asigjlatly weathered. They
are strongly ferruginized groypas recognizedrom hand specimens. Similarly, the-dboup
samplesarereddish to brown in colowvith microcrystalline texturg¢Fig. 4.2D). Calcite veins
occur within the Egroup samples, which alsbave a dark brown colour and are highly
ferruginized. The Eroup samples are dominantly aphanitic, while some tend to be of a
microcrystalline textureCompared to the Eand Ggroup samples, the-group samples tend to
show a lower degree of ferruginization. Thaup samplefiave a brownisktolour with an
aphanitic texturé~1 mm) The Ggroup samples are slightly weatherbdve a microcrystalline
texure(with a grain size<0.1 mm) The H-group samples have a fine crystallit@xture,with
chlorite alteration common in sampiesthe upper stratigraptof the intrusion (Fig. 4.2C), while
sericite alteration becomes dominant towardddier stratigrapit levels A greenish to brown

colour ispresenamongst the chloritaltered samplesyhereasa brownish colour is dominant in
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the sericite altered sangd. The chloritealtered samples also show veins commonly filled with
clay and areweakly ferruginized compared to the seriedgitered samples. From the hand
specimes, it appears that the chloritization occurred prior to the secgraday alteration (Fj.
4.2C). The kgroup samplediave a microcrystalline textur@nd are highlyferruginized, with

calcitefillings along fractures.

Fig. 4.2. Representative samples from the nine drill holes collected for this study. A) Medium
grained norferruginizeddolerite samplérom group A showing a massive texture and composed
of plagioclase and pyroxenB) Aphanitic texturednd ferruginized dolerite frorthe B-group

with secondary patchglayfillings. C) HigHy ferruginized andgample from the @roupwith an
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apahanitic textureD) Ferruginized samplérom D-group with a microcrystalline texture. E)
Ferruginized sample from thedtoup with calcite veins filling the fractures. Aphanitic textured
dolerite sample othe F-group, showing a low degree of ferruginization compared to the other
ferruginized dolerites. G) Ferruginized dolerftem Ggroup,with a microcrystalline texture. H)
Chlorite-altered ferruginized dolerite with a fine crytstalline texture from Ehgroup with talc

and calcite veins. 1) Ferruginized doleritem I-group with microcrystalline texturevith minor
calcite veins.

4.2 Optical microscopy

The altered Agroup samples shomineral composition dominated by figgained sericite
as a replacement pha&® vol. %) (Fig. 4.3 BC), whereasnediumgrained subhedrainaltered
plagioclase makes um 3 vol. %, with interstitial clinopyroxene (27 vol. %%amples from the
middle part of the intrusion are meditgrained and commonly shawphitic to subophitic textures
(Fig. 4.3 EF). Interlocking textures are alpoesenbetweerplagioclase and clinopyroxene phases
(Fig. 4.3 HI), where theplagioclase is oikocrystic, with a larger grain size than the clinopyroxene.
The unaltered doleriteamples 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. % sulphidesgides

(usually chalcopyrite and hematite) as accessory minerals.

51



Fig. 4.3. Norferruginized dolerite samples from thegfoup, where (A) shows sample A03, which
is takenfrom the upper stratigraphywithin the drill corefrom 232.5 235.8 m depth, and mmore
alteredcompared to the other samplé€B) Planepolarized light (PPL) and (C) crogsolarized

light (XPL) optical microscopic images of sample A03, showlagioclase clinopyroxene, and
replacement textures of seitization. (D) Sample A06 taken from the midstiatigraphy of the
intrusion from 311.55311.85 m depth. (E) PPL and (F) XPL photomicrographs of sample A06
showinga lower degree of alteratiarinterlocking textures arpresentbetween the plagioclase
and clinopyroxene. (G) Sample A10 takewardsthe ttomof thestratigraphy of thentrusion

from 336.3 336.60 m depth. (H) PPL and (IXPL images of sample A1lhawing oikocrystic
plagioclase. Plagioclase Plag, clinopyrox@e= Cpx and sericite= Ser.

The ferruginized samples show significant alteration, which had caused local growth of
sericite at the expense of plagase. Quartts presentn theferruginized samples (Fig. 4.4-8,
E-F). The B and Ggroup doleritegKhumani mine and Asmang exploration camgspectively

show almost completeradicatiorof theigneous texture by sericiggowth (96 vol. %), with poor

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

texture of primary igneous phases of plagioclase by sericite.

02 ; ~_C01

Fig. 4.4. Ferruginized dolerite samples with XPL and PPL optical microscopy images. A) Sample
B02, its PPLimage in B), and XPL image in C), shows almost complete replacentieapoimary
igneous texture by sericite, and quagpresents a secondary minera¥lore sericite is common

in the Bgroup dolerite compared to the-@oup dolerite. D) Sample COE) its PPL image and

F) XPL image, showing sericitalteration 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 agibclase, Ser = sericite, Qtz = quartz.
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The E and Ggroup samples (ferruginized, Assmang exploration camp) are also dominated
by sericite alteratiof®5 vol. %), with minor occurrences of plagioclase and clinopyroxene (2 vol.
%), opaque minerals (2 vdl), and secondary anhedral quartz (1 vol. %) (Fig. 4G)Bn the F
and tgroup samples (altered, Assmang exploration campje iseomplete replacemeif the

primary igneous texturey sericiteandanhedral grains of opaque minerals (Fig. 45 E

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 mineralsD) Sample FO2 and its PPL and XPL imagésven in E) and F)
respectively. There is complete replacenaodrihe primary igneougexture, withonly fainttraces

of former plagioclase (orange circlés E). Plag = plagioclase, Ser = sericite, Qtz = quartz,
Cpx= clinopyroxene
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Similar to the Agroup samples, the-group dolerites (ferruginized and altered, Assmang
exploration camp) showavariation in mineradgy alongwith stratigraphiadepthin the drill core
The samplesrom the upper stratigraphof the intrusion show morehlorite alteratiopwith talc
veins and fractures (Fig. 4.6-@). Chlorite alteration is alspresentowards the bottom part of
the intrusion (Fig. 4.6 ), and is less intense at tlosver stratigraphyf the intrusion Sericite
becomes dominant towaadhe middle and bottomart of the stratigraphy within thentrusion
(Fig. 4.6 GI), with secondary calcite veins that also become more abundant towards the bottom.
The chloritealtered dolerites (Fyroup dolerites) show plagioclase altered to sericitel an
clinopyroxene altered to chlorite. Quartz occurs in varying graessas veinswhile calcite
usually occurs as veins, @ coating the voids. Sericite is present as an alteration phases of

plagioclaseChlorite usually occurs as veins or rims aroaftdred minerals (Fig. @).

With regards to opaque minerasulphides of chalcopyrite are common in the -non
ferruginized samplesA¢-group, Fig. 4.7A-B), while hematite and magnetite occur mostly in the

ferruginized sampk(e.g from Bgroup,Fig. 4.7GD).
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Fig. 4.6. A) Sample HO1 taken closer to tigper stratigraphyof the intrusion, showing talc
fillings in veins. B) PPL and C) XPL images of a thin section of sample HO1 showing chlorite
alteration. D) Sample HQ3howing chlorite and sericite alteration in E) PPL and F) XPL images.
G) Sample HO8 showing mosericitization than chloritization, asompaed to samples closer to

the upperstratigraphyof the intrusion. H) PPL and I) XPL images showing secondarytealci
veins. @l = chlorite, Cal = calcite.
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BOS

Al12

Fig. 4.7. A) Norerruginized sample Al12, showing chalcopyrite (Cpy) and hematite (Hem) in
reflected light (RL) microscopic image B). C) Ferruginized sample B0O5 showing magnetite (Mag)
and hematite (Hem) in Riinfage D).

4.3 SEM and QEMSCAN analysis

SEM and QEMSCAN analgs were done to help classify and map out the mineral phases
present in the ferruginized and nferruginized samples. This also helped to determine the
presence of accessory minerals like zir@md baddeleyitehat can be used in carrying out
geochronoloal analysis. In general, the optical microscopy and QEMSCAN analysis show
similar variationsn the mineral phases preséetween the ferruginized and the Flerruginized
dolerites.The analysed area of the polished section for sample BO3 was 1& dip,lwhile that

for sample A12 was 2 by 2 cm.
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The Al12 sample was picked to represent the-feomginizeddoleritesas this reported
higherbulk Zr content (149 ppm) and is the less altered dolerite fromip@Ap(Fig. 4.8; Tables
5-6). Plagioclasepyroxene and quartare present as the major mineral phases, and are hosts for

accessory phases zircon, baddeleyite, and apatite

Sample BO3with Zr of 296 ppm) was picked to represent the ferruginized dolerites as the
B group samples yielded higher Zbundancecompared to the othederruginized dolerites.
Muscovite and quartz are the major mineral phases in sampledg®8senting the ferruginized
sanples, with secondaryquartzin a mass of altered plagioclag€ig. 4.9). The ferruginized
dolerite mostly have zircon, as well as minor apatite and baddekyiteutileas accessory phases

(Fig. 4.9; Tables ®).
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ferruginized dolerite). Plagioclase and pyroxene presentas the major mineral phases, azck
hosts for accessory phases zircon, baddelegitd apatite. Orangerédme indicates the position

Fig. 4.8. A) Overview BSE image and B) QEMSCAN image of the same area in sample A12 (non

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

the distribution of acessory minerals such as apatand pyrite.
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Mineral
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M Magnetite
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O .
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Fig. 4.9. A) Overview BSE image and B) QEMSCAN mappade of sample B0O3 (ferrugaed
dolerite). Quartz and muscovitee presentas the major mineral phases, and accessory phases
are zircon and baddeleyitdhe orangebox indcates the position dheimage sbwn in C). C)
Zoomedin image from B), showinmineral phases presericcessory phasasclude ilmenite,
magnetiteand 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 (um) (Equivalent Sphere Diafoeteample A12

is dominated by plagioclase and pyroxene, winbg bf sample BO& dominated by quartz and

mica.No pyrite, plagioclase, pyroxene;fldspar or chloriteweredetected in sample BO3. While

there is rutile/anatase detected in sample B08,was not detected in sample A12. The presence

of chlorite in sample A12 is attributed to the fact that some of thderaimginized dolerite samples

are chloritealtered, while the presence of mica in sample B0O3 is the result of sericitization.

lImenite and magnetite have higher mineral mass and volume percemagample B03

compared to sample AlZFigure 4.10 is a graphical representation of the phase differences

between the two samples as determined by QEMSCAN.

Table 5. Results of modal phase gs&l of samples Al2 (neferruginized), and B03

(ferruginized) by QEMSCAN.

Mineral Mass (%)
Quartz

Muscovite
lImenite

Zircon
Baddeleyite
Apatite
Rutile/Anatase
Magnetite

Pyrite

Pyroxene
Plagioclase
K-feldspar
Chlorite

Other

Mineral Volume (%)
Pyrite

Pyroxene
Plagioclase
K-Feldspar

Sample Al12

4.10
3.15
1.34
0.01
0.00
0.37

4.10
0.13
39.63
43.91
2.14
0.59
0.52

0.08
36.51
48.41

2.38

Sample B03
32.23
54.26
4.18
0.02
0.00
0.00
1.53
7.78
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Quartz

Mica

Chlorite
Tkmagnetite
IImenite
Apatite

Zircon
Baddeleyite
Rutile/Anatase
Other
Calculated ESD Size (un
Pyrite
Pyroxene
Plagioclase
K-Feldspar
Quartz

Mica

Chlorite
Timagnetite
lImenite
Apatite

Zircon
Baddeleyite
Rutile/Anatase
Other

4.58
3.23
0.57
2.62
0.85
0.35
0.00
0.00

0.40

20.64
99.81
136.17
17.04
32.84
19.65
11.76
30.86
16.98
11.86
9.10
10.92

10.51

35.80
56.01

4.41
2.58
0.00
0.01
0.00
1.19

62.20
84.74

26.66
24.53
11.26
9.52
9.81
22.19

ESD = Equivalent Sphé&®ameter
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Fig. 4.10. Comparison of mineral phase percentage (vol. %) in saipand BO3.

A higher number otircon and baddeleyite graineredetected in the ferruginized sample

B03, compared to the nderruginized doleritsample A12 (Table 7). A total of 752 zircon grains

were detected in sample B0O3, while 299 zircon grains were detected in samplde8pize a

larger scanned arebn addition, 32 baddeleyite grains detected in sample A12, and 134 in sample

B03.In both sanples the zircon and baddeleyite grains are mostly in the rangd 0f.bn particle

size. The biggest zircon grain was detected in sample B03 (in the rang@91i80), while the

biggest zircon grains in sample Al2 are in the range e20lpm. Conversgl the biggest

baddeleyite grain was detected in sample Al12 (in the range-b6% 30m), while the biggest

baddeleyite grains in sample BO3 are in the range -@04sm (Table 7).
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Table 7. Zircon and baddeleyite grain size distribution in sample A12 and B03

Sample A12

Grain size of zircon (um)
0-5
5-10
1015
1520
20-25
25-30
30-35
3540
Total
Grain size of baddeleyite (um)
0-5
5-10
10-15
1520
20-25
25-30
30-35
3540
4045
4550
50-55
Total

Sample B0O3
Particle Count
0 0
288 723
1 8
10 16
0 3
0 1
0 1
0 0
299 752
0 0
28 118
0 5
3 11
0 0
0 0
0 0
0 0
0 0
0 0
1 0
32 134
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BSE images of sam@é12 and BO3 were capturedrom SEM spot analysisample A12
reveals plagioclase and pyroxene as the major phases. llmeaitesas exsolution lamellae in
magnetite (Fig. 4.11A). Accessory minerals identifissihga user developenhineral reference
during QEMSCAN analysiwere chalcopyrite and galena (Fig. 4.1183ing present in very small
grains < 10 pum in diameteSampé BO3 is predominantly composed of secondary sericite and
guartz,as themajor host for zircon and baddeleyite (Fig. 4.11C). Accessory minerals are oxides

like magnetite (Fig. 4.11D).

i v 0
vV | 69.1ym | 133 m UCT QEMSCAN 600 x | €

Fig. 4.11. A) BSE overview image of sample A12, afeonginizeddolerite sample showing
plagioclase (Plag), clinopyroxene (Cpx), and ilmenite (lIlm) 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 ferrugine@rite sample showing secondary sericite
(Ser), and quartz (Qz) as the major mineral phase hosting accessory minerals like zircon (Zrn)
and baddeleyite (BdyD) Magnetite (Mag) ispresentin the ferruginized dolerite, hosted by
quartz.
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Figure 4.12 shws accessory phases of zircon and baddeleyite in samples A12 and BO3.
Zircon and baddeleyite are hosted in plagioclase in sample A12 (Fig.-B)l hasted in quartz
in sample BO3 (Fig. 4.120). Grains in sample A12 have higher aspect ratio (more elahgate

acicular) thann sample B03.

021 ’ ol MW 5 pe—

Fig. 12.itsof o(Zrn) and baddeleyite dg)risin » nnferruginize dolerite
sample Al12, and €)) ferruginized dolerite sample B0O3.

4.4 Geochronology

Zircon analysis from BSE and CL imaging (from sample A08-ieoruginized dolerite)
shows that the zircon grains are-80 um in length, and euhedral, which is common in rapidly

crystallized, porphyritic, sulgolcanic intrusions (Corfu et al., 2018). Thiecon 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 inletrtaitore Fig.
4.134.14). Some zircon grains have inberited core but contain mineral inclusions (Fig. 4.15),

while figure 4.13 shows that there can be bolterited core andhclusions in the core.

Fig. 4.13. A) CL and B) BSE images of a zircon grain from sample A08, showibggBt.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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A
544 Ma

Fig. 4.14. A) CL and B) BSE images of a zircon grain from sample A08, showingragGLcore
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
indicatingdifferent 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 inthe nonferruginized samples were dated using-M&E-ICP-MS, and
yielded ages between 510 and 1250 Ma. Howevecateordia age determined was 540 * 5 Ma
n = 15(Fig. 4.16) for he nonferruginized dolerites. dble 8 shows theBPb data for sample A08.
Mounted zircon grains analysed from sample AO8 are present&égpendix2A, andthe CL
images of analyzed zircon grains from sample AO8 are presented in Appenddo2&rsely,

sample A12 did not yield a successful age.
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= O Z 0088 |
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o
f by g 0,086
g o 4
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AOB (n = 15)
0,08 Concordia Age = 540 £ 5 Ma
400 0,082 (20, decay-const. errs ignored)
MSWD (of conc. & equiv.) = 0.44,
| Probability {of conc. & equiv.) =0.99
0.0402 e 1'0 v a5 o e 0,080 — e
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Fig. 4.16. A) UPb Concordia diagram showing agdsterminedrom zircon grains from nen
ferruginizeddolerite sample AQ& = 23 Analysed rims of zircons yield ages from 535 Ma,
whereas the Clbright inherited coregive older ages between 94200 Ma. B) Concordia age
fromrims ofthe nonferruginized dolerite sampl&08 n = 15,at 540 + 5 Ma.
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Tabe 8. LA-SFICP-MS results from analysed zircons from the {fiemuginized dolerite sample A08.

RATIOS AGES [Ma] Conc.
Sample Analysis U [ppm]® Pb [ppm]°Th[ppm]® Th/U® TP/t 257 Tpp/~yt 24" rhe®  TPb/ P 27 TppU 25 Tpp Py 25 Tpp/Tpr 2 %
ADg A08-01 288 48 155 0.54 1.665 0.071 0.167 0.006 0.850 0.072 0.002 995 42 995 36 996 46 100
A0g A0B-02 375 34 24 0.06 0.700 0.031 0.089 0.003 0.830 0.057 0.001 EEE] 24 &5z 20 481 &4 115
A0g A08-03 106 18 15 0.14 1.644 0.076 0. 166 0.006 0.791 0.072 0.002 987 45 991 36 979 &7 101
A0g A08-04 343 30 51 0.15 0.709 0,039 0.087 0.003 0.683 0.058 0.002 544 30 539 20 565 86 95
ADg A0B-05 386 38 125 0.32 0.893 0.035 0.098 0.004 0.836 0.066 0.002 648 28 605 22 801 50 76
ADg ADB-06 LG5l 49 114 0.21 0.714 0.031 0.088 0.003 0.831 0.058 0.001 547 24 L45 20 Lt &3 EL]
ADB  ADB-D7 400 a5 27 0.07 0700 0.030 0 0087 0003 06837 0.089 0001 539 23 536 19 551 51 g7
ADg A08-08 763 60 36 0.05 0.631 0.027 0.079 0.003 0.843 0.058 0.001 497 21 489 18 535 50 91
ADg A0B-09 325 28 45 0.14 0.701 0.031 0.088 0.003 0.828 0.058 0.001 EEE] 24 &a1 20 EEE] 54 102
A0g A08-10 257 22 107 0.42 0.700 0.042 0.086 0.003 0.627 0.058 0.003 EEE] 32 534 20 L] 102 96
A0g A08-11 183 37 77 0.42 2,220 0.108 0.200 0.007 0.755 0.080 0.003 1187 58 1177 43 1207 63 98
A0g A0B-12 202 42 &0 0.25 2,281 0.107 0.208 0.008 0.781 0.080 0.002 1206 B 1209 44 1202 &g 101
ADg A0B-13 335 30 130 0.39 0.706 0.031 0.088 0.003 0.815 0.058 0.001 542 24 L5 20 528 B 103
Alg A08-14 281 53 105 0.37 1,995 0.088 0,182 0.007 0.818 0.077 0.002 1114 49 1114 40 1112 a1 100
ADg A08-15 328 29 212 0.65 0.704 0.031 0.088 0.003 0.820 0.058 0.001 541 24 543 20 533 55 102
ADg ADB-16 205 18 72 0.35 0.709 0.032 0.088 0.003 0.803 0.058 0.002 ELE! 24 L45 20 EEl] &g 101
ADa A0B-17 401 35 168 0.42 0.692 0.030 0.087 0.003 0.826 0.058 0.001 534 23 535 19 530 54 101
ADg ADB-18 188 16 140 0.74 0.691 0.032 0.086 0.003 0.780 0.058 0.002 533 25 535 19 527 64 101
A0g A0B-19 271 24 111 0.41 0.713 0.048 0.089 0.003 0.584 0.058 0.003 &a7 36 &a7 21 &g 115 100
A0g A08-20 1162 100 396 0.34 0.695 0.035 0.086 0.003 0.724 0.058 0.002 536 27 531 19 L] 76 95
ADg A0B-21 1017 90 302 0.30 0.708 0.030 0.088 0.003 0.836 0.058 0.001 544 23 546 20 533 51 102
ADg A08-22 281 24 62 0.22 0.702 0.032 0.087 0.003 0.785 0.058 0.002 540 25 539 19 546 62 99
ADg ApDB-23 LE52 96 217 0.39 1.780 0.076 0.174 0.006 0.841 0.074 0.002 1038 44 1035 37 1045 46 EE]

U and Pb concentrations and Th/U ratios are calculated relative to GJ- 1 reference zircon
®Carrectedfor hackground and within-run Ph/U fractionation and normalised to reference zircon GJ-1 (ID-TIMS values/measured value); g 25 calculated using (zu?PszuEPb)X(mUXMEPb * 1/137.88)

2EIEF‘b/mU and the 2EI-"'/BSU ratio

Rhoisthe error correlation defined as the guotient of the propagated errors of the
*CQuadratic addition of within-run errors (2 D) and daily reproducibility of GJ-1 (2 D)

*Corrected for mass-hias by normalisingto GJ-1 reference zircon (¥0.6 per atomic mass unit) and cormmon Ph usingthe model Ph com position of Stacey & Kramers(1975)
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The samplesfrom ferruginized dolerites werehallengingto agedate, as therepared
samples aréerruginized themselveshus prohibitingeffective hand pickingOut of five samples
that were processed for heavy mineral separation, only a siigten grain from sample B0O3
yielded an age of 1594 M#&ig. 4.17) the only ferruginized sample out of the five ferruginized
samples analyzed taegjd a usable agéTable 9) The attempted zircon grains picked for U/Pb

dating are presented Appendix3.

1594 Ma

Fig. 4.17. CL image adn anhedral fragment od zircon grain from ferruginized dolerite sample
B03, the only analysed ferruginized samgiat yielded avalid age, 1594 Mgthe spot age is
indicated with the orange circle)
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Table 9. LAICP-MS results from analysed zircofiem sample B03, B08, A12, 102, HO2, and E@4th only one analyses point
yielding a usable age

Sample Analysis  **pp %pp “’pp “%pp 22rh =y %ppAy  2Pp/P%%PL2PhP U (calc) U Ph **PhiPfU Age (Ma)  *Pb/”Pb Age (Ma) **Pb/”U(calc) Age (Ma) **U/*®Pb Age (Ma)  **Pb/**Pb
BO3 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
BO3 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 6.78 458 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 0.03 458 0.78 493.32 0.22 11084.11 4893.86 6298.61 11046.90 -7.86

102 102-08-1 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

HO2 HO2-03-1 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

HO2 HO2-04-1 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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4.5Geochemical analysis

Major element (in wt. %) and trace element (in ppm) data from analyzeftmaginized
and ferruginized samples are presented in Tables 10 and 11, respectivelygiidwe Alolerite
samples (notfierruginized, Assang exploration camp) show a comparatively narrow range of
SiO, content (48.865.13 wt. %), whereas the-@oup samples (ferruginized, Khumani mine)
show a wide range of SpOcompositional variation (30.2685.52 wt. %). The rest of the
ferruginized samgls from Assmang exploration camp show Si@nhtent ranging between -&b
wt. %. The FeOscontent in the Agroup dolerites show a comparatively narrow rangeld Ovt.
%), whereas the ferruginized dolerites show a wide range6fz compositional variation (1-5
29 wt. %), with most of the variation seen amongst the chialiéged Hgroup samples (Table
10). MgO is higher in the neferruginized samples {8 wt. %), compared to the ferruginized
samples (045 wt. %) The A-group doérites contain 0-4..8 wt. % TiQ (Table 10). The altered

dolerites (samples from-Bo H-group) show TiQcontent in the range of GR7 wt. %
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Table 10. Major element geochemistry (in wt. %).

HoleID SamplelD Depth  SiO, TO, ALO, Fe0, Mg0  MnO ca0 Na,O K,0 P,0, Lol Total
1-4-150A AD1 227.6 52.9 0.6 12.1 11.1 8.9 0.2 6.7 0.2 5.9 0.1 2.7 101.4
1-4-150A A02 2306 527 14 145 12.5 5.9 0.2 9.6 0.2 15 0.1 2.1 100.6
1-4-150A A03 2326 520 0.6 12.8 10.6 7.9 0.1 6.1 0.2 7.8 0.1 2.1 100.3
1-4-150A A04 2996 547 0.8 13.6 12.7 5.9 0.2 7.7 1.7 2.6 0.1 19 101.8
1-4-150A A0S 305.6 50.5 0.9 13.1 11.4 7.2 0.2 7.7 2.2 5.3 0.1 1.3 99.9
1-4-150A A06 3116 506 16 14.4 13.8 6.1 0.2 9.9 2.3 1.0 0.2 0.7 100.7
1-4-150A A07 3190 496 16 14.8 13.7 5.6 0.2 9.4 2.4 1.1 0.2 0.9 99.3
1-4-150A A08 323.0 495 18 13.6 15.1 5.7 0.2 95 2.3 0.9 0.2 0.8 99.6
1-4-150A A09 3326 4838 18 12.9 14.8 5.5 0.2 9.3 2.2 0.9 0.2 36 100.2
1-4-150A A10 3363 503 18 13.5 14.8 5.5 0.2 9.1 2.3 1.0 0.2 0.4 98.9
1-4-150A All 3440 551 16 13.1 13.8 47 0.2 7.7 2.3 0.8 0.2 17 101.2
1-4-150A A12 347.6  49.7 18 13.4 14.6 5.5 0.2 9.5 25 0.7 0.2 05 98.5
XK1-85 B01 31.3 30.3 3.7 24.0 29.4 0.0 0.2 0.1 0.2 5.9 0.1 43 98.1
XK1-85 B02 63.3 38.4 3.6 30.8 12.5 0.1 0.1 0.1 0.2 5.9 0.2 6.6 98.6

XK1-85 803 73.3 57.5 35 20.4 11.0 0.1 0.1 0.1 0.2 5.7 0.1 3.0 101.6

XK1-85 B04 78.3 51.4 23 15.9 20.4 0.8 0.1 0.2 0.1 4.8 0.0 33 99.4

XK1-85 BOS 85.9 61.8 2.2 16.0 10.7 12 0.0 0.2 0.1 4.8 0.0 28 99.9
XK1-85 BO6 93.4 65.5 23 17.3 6.0 12 0.0 0.4 0.1 5.4 0.2 33 101.8
XK1-85 BO7 99.3 42.3 2.9 20.4 23.1 0.2 0.3 0.2 0.2 6.0 0.1 3.2 98.8
XK1-85 BOS 1043 432 3.0 21.0 23.7 0.2 0.3 0.2 0.2 6.1 0.1 3.1 101.1
8-1-150 co1 63.5 51.6 18 16.4 20.7 0.8 0.1 05 0.2 4.2 0.2 33 99.7
8-1-150 o2 107.8  47.3 2.2 21.0 19.7 13 0.1 0.4 0.2 55 0.2 38 101.8
TNO0035 Do1 140.0  49.0 12 16.2 17.6 35 0.1 24 0.2 4.0 0.1 39 98.4
TNO0143 E02 1143 605 23 25 43 0.1 0.0 0.1 0.2 16 0.0 7.7 99.4
TNO0143 E04 1250  50.3 2.3 21.8 15.2 0.1 0.2 0.1 0.3 5.9 0.0 36 99.6
TNO0006 FO2 69.1 57.9 12 12.3 14.6 2.0 0.4 07 0.3 2.9 0.2 7.4 99.9
TNO0O0G F03 69.8 58.4 12 12.1 14.5 2.0 0.4 0.6 0.3 3.2 0.2 6.6 99.4
TNO0O15 G03 1109 488 13 13.9 27.7 0.3 0.2 03 0.4 3.8 0.2 3.0 99.8
TNOO141 HO1 2155 541 19 17.0 2.2 3.4 0.6 a8 0.1 5.7 0.2 9.2 99.3
TNO0141 HO2 2067 374 12 10.6 26.2 3.5 0.6 6.0 0.6 37 0.1 9.0 99.0
TNOO141 HO3 247.1 428 16 14.6 15 5.2 1.2 10.5 1.4 4.0 0.2 15.4 98.5
TNOO141 HO4 2349 596 18 16.3 2.9 26 0.2 2.7 0.2 5.9 0.2 5.7 98.2
TNO0141 HO7 2362 652 19 17.2 15 15 0.0 1.2 0.2 5.6 0.2 38 98.5
TNO0141 HOS 237.2 647 0.9 9.2 12.0 2.0 0.1 25 0.2 2.4 0.1 45 98.7
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Table 11. Trace element geochemistrypjm).

Hole ID Sample ID Se¢ v Cr Co Ni Cu Zn As Rb Sr Y Zr Nb Ba Pb Th u
1-4-150 A A0l 25.0 209.0 440.0 46.0 113.0 73.0 68.0 2.0 137.0 133.0 22.0 72.0 3.0 503.0 18.0 bdl bdl
1-4-150 A AD2 25.0 200.0 310.0 42.0 105.0 83.0 68.0 2.0 214.0 148.0 23.0 71.0 3.0 324.0 20.0 bdl bdl
1-4-150 A AD3 33.0 201.0 323.0 42.0 106.0 84.0 71.0 3.0 215.0 148.0 23.0 73.0 3.0 310.0 20.0 3.0 4.0
1-4-150 A AD4 320 254.0 30.0 55.0 57.0 103.0 70.0 bdl 68.0 121.0 22.0 85.0 4.0 362.0 18.0 3.0 bdl
1-4-150 A AQS 32.0 341.0 66.0 58.0 65.0 145.0 116.0 2.0 48.0 137.0 34.0 143.0 9.0 164.0 4.0 4.0 bdl
1-4-150 A ADG 38.0 332.0 93.0 54.0 63.0 128.0 103.0 1.0 44.0 161.0 32.0 130.0 7.0 175.0 6.0 3.0 bdl
1-4-150 A AD7 37.0 327.0 56.0 54.0 61.0 130.0 101.0 1.0 47.0 163.0 30.0 123.0 7.0 209.0 6.0 7.0 bdl
1-4-150 A ADE 37.0 362.0 65.0 60.0 66.0 166.0 120.0 2.0 40.0 156.0 36.0 150.0 8.0 166.0 3.0 6.0 3.0
1-4-150 A A0S 33.0 351.0 63.0 60.0 62.0 157.0 116.0 bdl 39.0 155.0 36.0 147.0 8.0 212.0 5.0 6.0 bdl
1-4-150 A AlDQ 37.0 360.0 65.0 62.0 56.0 160.0 114.0 2.0 310 143.0 34.0 143.0 2.0 172.0 2.0 4.0 bdl
1-4-150 A All 31.0 308.0 34.0 54.0 40.0 117.0 72.0 bdl 359.0 126.0 31.0 153.0 8.0 159.0 8.0 5.0 3.0
1-4-150 A Al12 33.0 357.0 71.0 59.0 62.0 154.0 112.0 2.0 29.0 147.0 35.0 145.0 8.0 211.0 3.0 7.0 bdl
XK1-3501 BO1 34.0 362.0 bdl 128.0 44.0 9.0 8.0 69.0 108.0 192.0 32.0 300.0 15.0 625.0 bdl 25.0 bdl
XK1-85 02 BO2 42.0 205.0 52.0 47.0 33.0 15.0 5.0 21.0 101.0 346.0 29.0 293.0 14.0 1408.0 bdl 11.0 bdl
XK1-8503 BO3 36.0 279.0 44.0 36.0 34.0 13.0 5.0 10.0 95.0 169.0 33.0 296.0 15.0 290.0 bdl 11.0 3.0
XK1-85 04 BO4 43.0 400.0 bdl 108.0 137.0 41.0 39.0 29.0 175.0 27.0 29.0 201.0 10.0 447.0 bdl 10.0 7.0
XK1-85 05 BOS 27.0 407.0 21.0 47.0 92.0 57.0 20.0 7.0 144.0 8.0 38.0 211.0 9.0 251.0 bdl 6.0 bdl
XK1-85 06 BOG 27.0 437.0 56.0 27.0 72.0 49.0 19.0 6.0 174.0 9.0 22.0 214.0 9.0 391.0 bdl 5.0 bdl
XK1-85 07 BO7 44.0 208.0 11.0 97.0 164.0 13.0 8.0 39.0 101.0 28.0 39.0 257.0 10.0 681.0 bdl 14.0 bdl
XK1-85 08 BOB 42.0 202.0 13.0 97.0 157.0 12.0 9.0 39.0 99.0 28.0 41.0 253.0 11.0 670.0 bdl 16.0 bdl

8-1-150 o1 45.0 382.0 bdl 93.0 504.0 15.0 37.0 25.0 104.0 19.0 32.0 169.0 8.0 335.0 bdl 7.0 bdl
8-1-150 co2 45.0 318.0 bdl 105.0 160.0 7.0 30.0 35.0 150.0 41.0 31.0 166.0 8.0 201.0 bdl 8.0 7.0
TNOOO35 Do1 42.0 307.0 bdl 100.0 141.0 11.0 25.0 34.0 142.0 39.0 30.0 176.0 7.0 185.0 bdl 9.0 3.0
TN0O0143 E02 34.3 172.4 204.0 bdl 70.7 17.9 7.0 - 56.2 7.5 15.7 220.3 4.1 234.1 5.8 11.8 bdl
TNOO143 E04 429 307.6 365.3 23.7 155.0 36.7 12.7 - 205.1 38.8 27.2 214.3 4.3 454.3 11.5 7.3 11.9
TNOOOOG FO2 36.5 306.0 62.9 46.5 24.0 44.3 220.8 - 133.1 27.0 24.3 145.6 bdl 918.0 13.2 8.6 5.3
TNO0006 FO3 354 306.8 122.9 52.0 23.8 45.0 226.8 = 144.0 22.8 23.9 159.5 bdl 11254 8.7 9.0 4.6
TNOOOL15 G03 28.7 267.5 275.3 26.6 35.8 78.6 23.0 - 98.7 244 20.7 127.9 bdl 238.7 16.9 8.8 bdl
TNOO141 HO1 31.0 343.0 241.0 17.0 45.0 45.0 18.0 21.0 179.0 36.0 43.0 190.0 bdl 205.0 bdl 8.0 3.0
TNOO141 HO2 23.8 332.8 77.4 44.3 517 20.0 21.0 - 135.9 321 18.2 113.9 bdl 166.5 31.2 7.3 6.5
TNO0141 HO3 314 387.0 131.6 18.3 37.9 15.2 17.6 . 117.5 37.7 41.8 154.2 bdl 196.1 7.3 7.1 bdl
TN0O0141 HO4 334 337.3 182.8 12.4 40.4 14.8 16.9 - 193.4 204 11.9 178.5 bdl 229.2 5.9 6.4 9.3
TNO0141 HO7 17.9 285.9 181.4 6.9 434 19.3 14.0 - 168.9 16.9 15.0 184.8 1.5 226.2 7.3 7.6 7.0
TNOO141 HO8 15.7 150.0 264.2 26.3 165.2 21.0 25.7 - 70.0 141.2 10.5 82.5 bdl 33427 20.3 7.0 bdl

-: was not analysed
bdl: below detection limit
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Many of thesampled thick intrusion@0-60 m) and are represented by only one or a few
samples (Fig. 3). Sample$rom the same driltore are therefore shown with the same symbol in
the figures The data were plotted in diagrams using the GeoChemical Data toolkit (GCDKkit;
Janousek et al., 2008lost of theanalysedlolerites classify as basalts to basaltic andesites with
tholeiitic, subalkaline affinity; a few evolved sampldassify as alkalbasalts (Fig. 4.18)The
geochemical data of the studied dolerites is plaibgeéther with that of the KaradNeumann et
al, 2011; Galerne etl.a 200§ as well as the wholeock data from the previous study on the
gabbroic intrusions associated with the Wolhaarkop Dome (Makganye), 29 Appendix

section, Table AJA3.
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Fig.4.18. Nb/Y versus Zr/Ti@diagram (after Winchester and Floyt077).The studied samples

are plottedtogether with samplesom Makganye (2019), while thgeochemical 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 frone tGeoRoc geochemical database.
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High K>O (57 wt. %) (Table 10) and P@A.8-20 ppm) (Table 11) contenteafound in
samples of Agroup that areemar theupper stratigraphgf the intrusion, while KO is lower in the
middle and at the bottom of the intrusion (0.0 wt. %). Otherwise there are no systematic
variationspresentin the KO content of the samplésom altered group8-1. Exceptfor some
outliers, especially thehlorite-altered and fermginized (Hgroup, Table 10)the ferruginized
samples haven average &igher FeOs content (1529 wt. %), whereas the ndarruginized

samples have relatively uniform & content (1614 wt. %).

The nonferruginized samples #@roup) defineweaktrendsof decreasing concentrations
of TiO2, FeOs and BOs with increasing MgO (Fig. 4.29A positive correlation ipresenbetween
K20 and MgO. Moreover, the-8roup samples show no correlation in the S€a0O, AbOs, and
NaO vs MgO diagramaVith a clusteed plotpresenin the Karoo dolerites in the Ma, CaO and
K20 vs MgO diagrams, most of the nt@rruginized dolerites (Ayroup) plot in proximity to the
Karoo doleritesConversely, the ferruginized samples shmwincrease i15i0,, with relatively
similar MgO content Diagrams of TiQ, Al203, FeOs and BOs vs MgO show ndrends forthe
ferruginized sample3 he studied nosferruginized dolerites show a high CaO (8.5 wt. %) and

NaO (0.22.5 wt. %) content compared to the ferruginized dolerites.
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samplesThe 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 worlof Galerne et al. (2008).
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The majority of the dolerites have uniform Rirmalizedwhere PM igrimitive mantle
as defined by McDonough and Su995) trace element patterns showing mild enrichment in the
most incompatible elements relative to the compatible eler(eigt¥dn = 4.510; Ry =40.5500;
the subscript N indicates normalization to PMsampleprimitive mantle Fig. 4.2). Both the

ferruginized and the neferruginized groups show similar Nb and Pb pattéFing 4.204.21)

- Legend
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Fig. 4.2Q Trace element concentrations normalized to Primitive Mantle (PM; McDonough and
Sun, 1995), showing the comparison of studmea-ferruginized dolerites with those from
Makganye (2019) and the Karoo dolerifesm Neumann et al. (2011) and Galerne e{2008).
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CHAPTER 5: DISCUSSION

5.1 Summary of the results

The studied intrusions occur at various stratigraphic le¥81&@E00m) and are commonly
as single bodiegl0 to 60 m thick. Thatudieddolerites 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 uppestratigraphic levelof the core are more altered,
comparedo thoseat the bottonof the core with reference to the depth along drill corébe
degree of alterationsually increases with an increase in the degree of ferruginization, which is
observed in hand specimens and in thin sectibns.nonrferruginized doleriteare darkgrey to
dark-green in colour (Fig. 4.2A). Their grain size ranges from fine to medium, and their
mineralogical composition is dominated by plagioclase and pyrox@uaversely, the
ferruginized dolerites are reddish to brown in colour (Fig.BH2 They are softdlay-like) and
domianted by microcrystalline textyfgence their mineralogical composition is hard to infer from
hand specimengdydrothermally alterecnd ferruginized dolerites represent chlorite alteration
dominant in the upper siigraphy of the intrusion, while sericitization becomes dominant towards

the bottom stratigraphy.

The nonferruginized dolerites generally shaikocrystic plagioclasérig. 4.3H-1), which
are commonly seen in less altered samples (usuatlyediottom stratigraphy of the intrusion
within the corg, whereassericitization (Fig. 4.3B-C) is common in intrusios atthe upper
stratigraphyof the intrusionin the core Alteration in the ferruginized dolerites is dominated by
sericite Fig. 4.44.5), which ha grown at the expense of plagioclaSenversely, quartz and

muscovite are the major mineral phases in the ferruginized dolerite sample (Fig. 4.9), which are

82



products of mineral alteratipwith ferruginization accompanied by silicificatiow/hile some of

the altered samples are enriche®i@, there is a negative correlation betw&esOs andSiO..

Traces of primary textures are preserved in the ferruginized doleritd-{@e4.5E) and
this confirmsthat the ferruginized samples were indeed dolerites before ferruginization. From the
optical mineralogical observation, theree aat least two alteratiotypes characterized the
secondary replacement of plagioclase by sericite, andhlogitization of pyroxene (Fig. 4.6),
which may result from hydrothermal fluids activity. Both sericite and chlorite alteration are present

in the Hgroup samples (Fig. 4.6).

Accessory phases in the nferruginized dolerites include apatite, zircon and minor
baddeleyitewhile the ferruginized dolerite mostly have zircon, with minor apatite and baddeleyite.
Furthermore, sulphides like pyrite, chalcopyrite and galenprasentvithin the nonferruginized
dolerite (Fig. 4.7, 4.8; Tables®, whereasron oxides such as agnetite and hematite amgre

presenin the ferruginized dolerites-{g 4.7; 4.9, Tables-b).

The major element geochemistry shows significant variationsadhe set of dolerites,
with the change in the degree of ferruginization. The ferruginiaeks have higher Tigcontent
(3.7 wt.%, Table 10) compared to the néerruginized dolerites (1.8 wt. %). However, the TiO
of the nonferruginized doleritess consistent with the content of basaHiedesitic rocks, which
hardly exceeds 3.2 wt. % (Maghiro and Shido, 1975). Accordingthe ferruginized dolerites
have more ilmenite (FeTHKp (as seen in QEMSCAN imagdsg 4.84.9) compared to the nen

ferruginized dolerites.

The nonferruginized dolerites yielded Pakfrican ages (ca. 540 Ma), not reped from

the area previously, while some of the inherited ctioes these samplegelded ages around 1.2
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1.0 Ga.Only one usable age was determined from the ferruginized dolerite, and thi Ga;
indicating that at least one of the ferruginizingeets occurredfter 1.6 Ga. The fact that the
inherited cores from the nderruginized dolerites yielded ages betweerll@®Ga suggests that

ferruginization was complete by this time.

5.2 Comparison witlprevious 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 néerruginized dolerites) classify as baga#dndesites, 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 seri€big. 5.1). In the tectonic classification diagram based on Ti and
Zr of Pearce (1982), theonferruginized dolerites plot within the micean ridge basalts
(MORB) field, while the older more ferruginized dolerites plot in withlate lava settings (Fig.

5.1), showing enrichement of Ti and Zr in the ferruginized dolerites. Most of the dofesites
the Maremane Dome and those of the Karoo dolerites plot within the same areas, namely MORB

(mid- ocean ridge basalts) and witkptate lavas.

The fact that both series of néerruginized and the ferruginized dolerites show a linear
trend suggests aimilar magmaype 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 ireenrichment trend is observed in the AFM {8aK>0, FeOs3, MgO)
diagram (Fig. 5.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 ekaline series, due to the fact that they have

significantly lower FgOz + 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 thengoarison 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 thisudy and that of Makganye (2019), as well as the Karoo dolerites.
The Afresho sampl es o0 & conmtkatpa of pE5 wt. 200whi Xhe h a v e
altered samples range from-48 wt. %. In contrast, ferruginized samples from Makganye (2019)

haveSiO, concentrations betweerd® wt. %

Higher MgO, CaO and N® abundance is observed in the fierruginized dolerites
compared to the ferrugized doleritesKig. 4.19, and accordinglythe mineral phases within the
nonferruginized dolerites are donated by plagioclase amidthgpyroxene The higher AlOzand
K20 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 structdiee difference in chemistrig
isochemical attributed to the secondary sericite replacement of plagioclase to forpmfonmang

felsic silicates and preserving SIO
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The trace element data shows that the more ferruginized dolerites have higher Zr content
compared to the less feginized dolerites (Table 11)n comparison to the dolerites from
Makganye (2019), their Afresho, ferruginized
depletion in Ba, Nb and SFig. 4.204.21). The nofferruginized samples from the current study
shows relative enrichment in Ba, Nb and Sr (Fig. 4.20), while the ferruginized dolerites show
relative depletion in Srand an enrichment in Zr, Ti and Y(Fig. 4.21) The enrichment in
immobile elements in altered samples is duan@ss/volume loss, as rasult of alteration.
Ferruginized dolerites from Makganye (2019) have the highest range of Fe&d (8@ %),
compared to those from this study {30 wt. %). AbservebyMakgaany e ( 20 hffgent t hei r
f resh depgenerallytnore iliceotisan fresh gabbroimtrusions. e nonferruginized
dolerites from the study of Makganye (2019) hangher SiQ content compared to the Karoo
dolerites(Fig. 4.194.20. CaO and N# content are higher in the Karoo dolerites, compared to
the dolerites fom this study and those from Makganye (2019). This suggests that the studied
dolerites and those from Makganye (2019) have undergone major alteration aridshaieir

original composition, and not as O6fresh6é as p

Total rangs in MgO and Si@ for the Karoo dolerites are 216.8 and 485 wt. %
respectively, but most of the Karoo dolerites lie within the rargevb % MgO and 4&3 wt. %
SiOx. The Karoo dolerites are characterised by enriched trace element patterns, dagabés
of depletion in NbTa relative to light rare earth elements, negative to positive Pb anomalies, and
mild to moderate enrichment in initial $fig. 4.204.21), which are among the many geochemical
features common to many CFBs. Neumann et al. (2pddposes that the primary melts of the
Karoo dolerites were derived from slithospheric midocean ridge basalt (or ocean island basalt)

source mantle and had acquired a weak subduction signature (relative depletioianaNd
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mildly enriched Sr asliserved through the ndrrruginized dolerite patterred the current study

Fig.4.20.

5.3 Deformation history of the Maremane Dorard the studied samples

Asdiscussedh Chapter2, the Maremane Dome has undergone three compressive orogenic
episodesind several extensional events (Alchin et al., 2008) (Fig. 5.3), and these had a pronounced
effect on the formation, erosipand preservation of iron mineralization of the Maremane Dome

and surrounding environment (Friese and Alchin, 2007).

Figure 5.2shows how the intrusion of the studied dolerites fit into the regional history of
the Dome. The Dome was apparently intruded by mafic magmas around lafieG#heKeis
orogenic event. These dolerites are altered and ferruginized. Hence, it can be dedackedshat
oneferruginizaion eventoccurred after sometime 1G&a.However, this was the only relaible age
yielded from the ferruginized dolerites, therefotas inot sufficient to make final interpretations.
Noneheless,if the age were to be justified, this woutgean that the ferruginized dolerites had to

be present prior to the ferruginizing everiffgy. 5.2)
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Deformation history of the Maremane Dome

12 3 4 5 ]
Wi 1 | ?
2500 Ma 2000 Ma 1500 Ma 1000 Ma 500 Ma
{ } 1 I I i I
Supergene Fe Epigenetic Fe *Ferruginized *Fresh dolerite inherited *Fresh dolerite: 540 Ma

mineralization
2.2-2.06 Ga (Evans
etal.,, 2002)

addition 1.86 - dolerite: 1.6 Ga cores: 1.2-1.0Ga

1.73Ga

(Cousins, 2016)

*: This study 1: Passive margin rifting (2.4 Ga)

Kalahari Orogeny 2220 -2100 Ma
2: Continued rifting and reactivation of Ventesdorp rift system (2.3 Ga)

Keis Orogeny 1830- 1730 Ma
3: East directed crustal compression- F1 folds (2.2-2.1 Ga)

Namaqua Natal Orogeny 1150 - 1000 Ma

I copperton mineralization: 1.3-1.2 Ga
(Bailie and Gutzmer {2011})

4: Uplift, erosion and unconformity (2.2- 2.0 Ga)
S5: East directed crustal compression (1.8- 1.7 Ga)

6: North-northwest directed crustal compression- F2- F3 folds (1.1-1.0Ga)

Fig.5.2 Deformation history of the Maremane Dorniiee age®f the orogenies and extensional
events are taken from Alchin et al. (2008). The2( Ga supergene Fe mineralization ages are
taken from the study of Evans et al. (2002) BedKocket al. (2008), while the epigenetic Fe
enrichment age (1.84..73 Ga) vasproposed by the study of Cousins (2016).

The age range for the main supergenefomning event that upgraded the Asbestos Hills
Subgroup in the Maremane Dome obtained througlopagnetic study is approximately 2.22 to
2.06 Ga (Evans et al., 2002g Kocket al., 2008). The supergene iron mineralization coincides
with the eastirected crustal compressitratoccurredduring the Kalahari Orogeny at 222200
Ma andresulted in tle regional nortirending k folds. Moreover, the age also coincides with the
regional unconformity, the Gamagara Unconformitirich occurred at ~2-2.0 Ga. During this
time, the Dome was also extrudedrgfic 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 eventssagglest 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 iroenrichment event(s)

Based on a single avdilke datapoint,ite ferruginized doleriteisom group Byielded an
age of ~ 1.6 Ga, an agemparabldo the 1.71.4 Ga Waterberg dykéelken and Watkeys, 1997
The age obtained algrecededhe 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 evefBailie and Gutzmer, 2011)Hence the
ferruginization of the studied dolerites might petentially related to the 1.6a Copperton

mineralization by hydrothermal enrichment (Bailie and Gutzmer, 2011)

The 540 Ma age yielded from the nfarruginized dolerites is of Pakfrican age (~800
500 Ma), which closely dates tdné zircon UPb 519.1 + 4.2 Ma of the Abbabis granitein north
west Namibia (about 870 km from the MD) (Longridge et al., 201IBis intrusion age has not
been recorded before the MD. There may have been other episodes of dolerite intrusions in
southern Africa that are possibly better related to thdietl dolerites in time and locatiohhe
lack of ferruginization in the 540 Ma intrusion suggests that the-oale hydrothermal processes
were completed by this time. Further isotopic dating of larger numbers of samples and, possibly,
by means of otlremineral 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 Raffrican orogenic episode is described by Kennedy (1964) as
a major orognic event in earth history, during which the convergence and accretion of a number
of cratons and terranes formed numerous orogenic belts thatatdse African continent (Gray
et al., 2008). Extension of P&irican belts into southern Africa may hawffected 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 NasNad@laProvince, and the
PantAfrican orogenic belts relative to the Maremane Ddmedified after Cornell et al., 2006)
Location of the Maremane Dome is represented byetthatar, while that of the Coppertonpaesit

is represented bthered circle.

5.4 Dolerite intrusions as chrorgiratigraphic markers

The dolerite intrusions represent at letisee 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 doleritesudngantially definecnd
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 i2gioa. The MD was
affected by mafic magmatism, which dated as early as 2.2 Ga (e.g., Ongeluk lahasefRl.,

2008), the 1.6 Gdolerites (presently ferruginized, this study), and the 540 Maferonginized
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dolerites (this study). The 1.6 Ga dolesinay have beeamplaced during the late stages of the
Keis Orogeny,and hadpostdatedhe epigentic Fe addition of ~1.8673 Ga.The 12-1.0 Ga
yielded from thenherited coresf the nonferruginized doleriteand coinciding to th&lamaqua
Natal Orogenyndicates that the dome haddergone orogenic episoddich may be related to
the Namaqua Natal Orogeny (Fig. &3). The nonferruginized doleritesvereemplaced at 540

Ma (ParrAfrican orogeny) andive an indication that ferruginization was completed by this time.

The wiquitous dolerite intrusionsay potentiallyserve 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 yielddadegenerations of derite intrusions gives reference to
atime marker. The 1.6 Ga dolerites preceded some of the ferruginization activity, while the 540
Ma dolerites were emplaced after the ferruginizing ewafhiile the ferruginized dolerites do not
host iron mineralization themselves, this indicates that the ferruginizimg enag have not been
related to the iron mineralization, thatthe intrusions did not provide a reducing environment for
further ironenrichment. The neferruginized younger dolerites thatedatedat 540 Ma indicate
thatthe iron mineralizationvas completed before 540 Mahile iron exploration in the MD is
primarily focused on the stratigraphy around the known host unit (the Asle#ito Subgroup)

and theferruginized strata.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

1. Threetypes of dolerites were sampled, ferruginized (Khumani and Assiaydypthermally

altered and ferruginized (Assman@ndthe nonferruginized (Assmang) dolerites.

2. The norferruginized dolerites show ophitic to saphitic textures, while the ferruginized

dolerites show replacement textures by serigitth faint traces obikocrystic texture

3. Both series belong to thate basalts, indicating a MORB source for the studied dolerites.

4. Three ages were obtained: 1.6 Ga for ferruginized samples, suggestigmatic episodafter
the deposition of thieis Orogeny, and the ireenrichment event(s) around that time isgpdially
related to the 1.5 Ga Copperton mineralization by hydrothermal enrichment12000Ma of
inherited cores within noeferruginized dolerite, possibly related to the Namaqua Natal Orogeny;

540 Ma in fresh dolerites.

5. The age 540 Ma was not reped from the area previously and potentially indicates the

Maremane Dome was affected by the fAdincan Orogeny.

6. Hypogene alteration events may have led to sericitization and ferruginization, which took place

between 1.6 Ga and 540 Ma.

7. Dolerite intusions within the iron ore formation of the Maremane Dome can serimas
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 dérger 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

Appendix1A
Borehole log of XK1_85 (Bgroup samples) from Khumani Mine

B- group

HOLE ID Depth_From Depth_To Stratigraphy Lithology

XK1 85 0.00 10.69 Kalahari OVERBURDEN

XK1 85 10.69 23.00 Marthaspoort QUARTZITE

XK1 85 23.00 44.15 Marthaspoort QUARTZITE

XK1 85 44.15 55.31 Sishen shale  SHALE

XK1 85 55.31 57.70 Sishen shale FLAGSTONE

XK1 85 57.70 61.17 Doornfontein HEMATITE

XK1 85 61.17 108.90 Intrusive DYKE Sampled dolerite
Wolhaarkop

XK1 85 108.90 125.70  breccia CHERT

XK1_85 125.70 196.31  Dolomite DOLOMITE
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Appendix 1B

Lith logs of drill holes collected from Assmang Exploration camp.

Hole Name: 1_4_150A
Segment Start Depth: 0.00

Hole Name: 8_1_150
|Segment Start Depth: 0.00

A- group ~oa

End Depth: 350.55 Absent

Ili [
288888

C- group

End Depth: 182.48

[
288883
Doomfontein

Intrusive

Makganyene
lerite

Manganore

I‘o* 11471

Sampled dol

Sampled dolerite

erite

=

[Scale 1:766

lerite

Paling Shale

Rooinekke

Sishen Shale
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Hole Name: TN00035

D- group

End Depth: 170.53

T T T T
o38883 | 23888883
dolerite

[Scale 1:715

e

Nelani

Paling Shale

Rooinekke

Sishen Shale

Hole Name: TN00143

E- group

led dolerite

Scale 1:614

Sishen Shale
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Hole Name: TN00006 F- group —ghan Hole Name: TN00015 G- group ~haie
Segment Start Depth: 0.00 End Depth: 128.60 Absent [segment End Depth: 165.48 Absent
@# ST RS T
IEEEEEE |l||ll||l| cambelrand
NeL oB888838| 288888 o88883 | a88888 ambel
: Doornfontein
NEL
ey Intrusive Intrusive
NEL
= Kalahari Kalahari
NEL
o Makganyene Makganyene
ROOU
ROOU
m Manganore Manganore
oo |
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Sampled dolerite Nelani Nelani
IOngeauk Iomemn
Paling Shale Paling Shale
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Unknown Unknown
Isue 1:540 lmnm Iwm"p Iseale 1:694 b118:21 Iwm"p

105




106



