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ABSTRACT

The Gemsbok Sub-basin is situated in the southenestorner of the Kalahari Karoo
Basin and extends south from the Kgalagadi Distidotswana into the Northern Cape
(South Africa); and west into the Aranos Basin {eeast Namibia). The Sub-basin
preserves a heterogeneous succession of Upper oRail@eto Lower Mesozoic
sedimentary and volcanic rocks of the Karoo Supengr Because the succession is
largely covered by the Cenozoic Kalahari Group,dinatigraphy of the succession is not
as well understood as the Main Karoo Basin in SoAfifica. Most research in the
Gemsbok Sub-basin is based on borehole data. Tily $ocuses on the intrabasinal
correlation, depositional environments and proveraof the Karoo Supergroup in the

Gemsbhok Sub-basin in Botswana and Namibia.

Based on detailed sedimentological analyses of &fdehwle cores of the Karoo
Supergroup in the Gemsbok Sub-basin of BotswanaNamdibia, 8 facies associations
(FAs) comprising 14 lithofacies and 2 trace fossisemblage<Cfuzianaand Skolithos

ichnofacies) were identified. The facies assocntigFALl to FA8) correspond to the
lithostratigraphic subdivisions (the Dwyka Groupgcck Group, Beaufort equivalent
Group, Lebung Group [Mosolotsane and Ntane formatiand Neu Loore Formation) of
the Karoo Supergroup. Sedimentological charactesisiof the identified facies
associations indicate the following depositional vimnments: glaciomarine or
glaciolacustrine (FA1, Dwyka Group), deep-waterkéleor sea) (FA2, Ecca Group),
prodelta (FA3, Ecca Group), delta front (FA4, Edgeoup), delta plain (FA5, Ecca
Group), floodplain (probably shallow lakes) (FA6edifort Group equivalent), fluvial
(FA7, Mosolotsane and Neu Loore formations) andliaeo(FA8, Ntane Sandstone

Formation).

The Dwyka Group (FA1) forms the base of the Karope3group in the Gemsbok Sub-
basin and overlain by the Ecca Group deposits. eltypes of deltas exist within the
Ecca Group: fluvial-dominated; fluvial-wave intetian and wave-dominated deltas. The

Gemsbok Sub-basin was characterised by rapid w@pldt subsidence and high sediment



influx during the deposition of the Ecca Group.rBgtaphic and geochemical analyses of
the Ecca Group sandstones revealed immature akodesubarkose type sandstones
dominated by angular to subangular detrital grasosirced from transitional continental

and basement uplifted source areas. The sandstdridtane Sandstone Formation are

classified as subarkoses and sourced from therchatterior provenances.

Key words Gemsbok Sub-basin, Kalahari Karoo Basin, Karoge®group, facies

associations, provenance.
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CHAPTER ONE: INTRODUCTION

1.1 General Introduction

Carboniferous to Jurassic Karoo-aged basins oocomoist southern African countries such
as Namibia, Botswana, South Africa, Malawi, Zamldanbabwe, Swaziland, Tanzania,
Congo and Angola (Fig. 1.1) with exposures crossgitgrnational boundaries (Johnson et
al., 1996; Cairncross, 2001). These basins hawenaulative aerial extent of 4.5 million
km?and a maximum thickness of about 12 km in the satpart of the Main Karoo Basin
(Johnson et al., 1997; Bumby and Guiraud, 2005ngam et al., 2006). The Main Karoo
Basin of South Africa is the largest Phanerozoipod@ional basin in southern Africa,
followed by the Kalahari Karoo Basin, which stretshfrom Namibia (Aranos Basin)
through Botswana (Kalahari Karoo Basin) into Zimval(Mid-Zambezi Basin) (Bordy et
al., 2010).
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Figure 1.1 The distribution of Karoo-aged basins in south&inica (after Johnson et al.,
1996).



The Karoo-aged rocks of South Africa have beertively well studied; largely because of
the abundant terrestrial vertebrate fossils founthese rocks, extensive exposure, fairly
complete stratigraphic succession, extensive fluaghlts and coal resources (Smith, 1990;
Smith et al., 1993; Hancox and Rubidge, 2001; Negel2002; Catuneanu et al., 2005;
Rubidge, 2005; Johnson et al.,, 2006; Bordy et 2010). The Main Karoo Basin has
therefore been considered the reference basinwhibh all other Karoo-aged sequences
are compared (Smith et al., 1993; Johnson et @86)1 In contrast little is known about
Karoo-aged sedimentary basins in the Southern &iridevelopment Community (SADC)
region, mainly due to extensive cover by Kalahawp sands during the latest Mesozoic
and Cenozoic times (Catuneanu et al., 2005; HadddnMcCarthy, 2005). Large parts of
the Kalahari Karoo Basin (Botswana) are coveredhgyKalahari Group sediments and
knowledge of their nature and extent is limitedtwehole studies (Haddon and McCarthy,
2005). This dearth of knowledge impeded inter-belsamd cross-border correlation as well
as the understanding of tectonic framework contglthe deposition of these rocks in
southern Africa. As a result, the Council for Gaesce (CGS), Botswana Department of
Geological Survey (BDGS) and the Namibian Geoldgigarvey Department (NGSD)
developed a joint cross-border Karoo correlationjgmt entitled: ‘The Tri-Nations Karoo
Basin Correlation Project’. The main purpose o$ ttollaborative project is to establish a
broad improved correlative framework for Karoo-agsdquences in South Africa,
Botswana and Namibia, with the primary researclugoon rocks of the Kalahari Karoo
Basin. The current study forms part of the Tri-da Karoo Basin Project and is
specifically intended to address questions of basmnal correlation, depositional

environments and sediment source areas in the alkhroo Basin.

1.2 Tectonic framework of the Karoo-age basins acro  ss southern Africa

The Karoo-aged basins formed during a first ord@lecof supercontinent assembly and
subsequent breakup when Pangaea was under thenioéuof two different tectonic
regimes sourced from the convergent (southern) dimdrgent (northern) margins of
Gondwana (Rust, 1975; Bumby and Guiraud, 2005; rigatau et al., 2005). These two
tectonic regimes resulted in the formation of ddéfg basin types across Africa, with

accommodation generated by tectonic and dynamidsiaa the south and rifting to the



north (Catuneanu et al.,, 2005). The tectonic reginre the convergent margin of

Gondwana were characterised by shallow-angle stiotuof the palaeo-Pacific plate

beneath the supercontinent resulting in the foronabif a retroarc foreland system in South
Africa and related foreland basins in South Aneerintarctica and Australia (Catuneanu
and Elango, 2001; Fig. 1.2, 1.3). North of the Migaroo Basin structural control changed,
giving away to extensional regimes along the eastiete of the African part of Gondwana
and to syneclisic type sag basins on the westetn(Rast, 1975; Catuneanu et al., 2005).
Therefore, the dividing line between the two reginee followed roughly by the present

watershed of the Congo River (Catuneanu et al5200

The eastern basin region developed a complex ysgtem, which extended from the
Zambesi River (Cabora Bassa Basin) to the Hornfat& and the southern margin of the
Arabian Peninsula (Catuneanu et al., 2005). Fromthstm north, the rift system comprises
the Luangwa and Lukasashi basins in Zambia, someast basins (the Metangula basin)
in northern Malawi, straddling Mozambique and Tamaathe Ruhuhu, Illima, Galula and
Selous basins in Tanzania and the Tanga or DuruasnBwhich overlaps the border
between Tanzania and Kenya (Wopfner, 2002; Catwnednal., 2005). The tectonic
history of these rift basins is reflected in thiginofacies successions, which show close
resemblance to one another, indicating that thestution was controlled by similar forces

(Catuneanu et al., 2005).

The Karoo basins in the western region are notelsstudied as their counterparts in the
east, largely because of extensive cover of yousgdiments. Thus information on the
deeper parts of the basin is restricted to a fevelmes (Rust, 1975; Catuneanu et al.,
2005). The western region basins are interpretedsag basins that developed in
depressions between the dividing ridge and hypethetift shoulder thermal swells

associated with the pre-opening history of the ittaOcean (Catuneanu et al., 2005), with
the Congo Basin as the best developed example gdohet al., 1996). They represent
tectonically much quieter environments compareth®eastern rift basins, and exhibited

slower subsidence rates (Catuneanu et al., 2005).
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Figure 1.2 Pan-Gondwanian foreland system generated throogipression, collision and terrain accretion along
the southern margin of Gondwana and the assodiatel&nd basins (modified after Catuneanu and Ela2g01).
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Figure 1.2 Generalised model of the Main Karoo Foreland Basirelation to the Cape Fold Belt, and the infdrre
position of the magmatic arc and subduction zortérsouth (modified after Turner, 1999).



1.3  Stratigraphic review of southern African Karoo- aged basins

The Karoo Supergroup in southern Africa comprisesks which were deposited

successively in glacial, deep marine (includingiite), shallow marine, deltaic, fluvial,

lacustrine and aeolian environments (Johnson ei@96). In southern Africa, the Karoo
Supergroup comprises five groups: the basal Dwylllaved by the Ecca and Beaufort
groups, Molteno, Elliot and Clarens formations dnel Drakensberg Group (Smith et al.,
1993; Johnson et al., 2006).

Smith et al. (1993) reviewed the stratigraphy aedirsentary environments of all the
Karoo-aged basins in southern Africa and recordednges in the tectono-climatic
framework of the Karoo basins of the south-west&ondwana from the late
Carboniferous through to the early Jurassic. Jahesal. (1996) provided an overview of
the stratigraphic correlations of the Karoo Supaugr in basins throughout southern
Africa, pointing out that the Main Karoo Basin obuh Africa developed as a retro-arc
foreland basin and that the rest of the basinsirdracratonic sag basins or rift basins
(Catuneanu et al., 2005).

1.3.1 The Main Karoo Basin of South Africa

The Main Karoo retroarc foreland basin is undertama stable basement comprising the
Kaapvaal Craton in the north and the Namaqua-N&tthmorphic Belt in the south, and
bounded in the south by a fold thrust belt (Cap& FBelt; Johnson et al., 2006). It
contains volcanic and sedimentary rocks of the B&apergroup which range in age
from Late Carboniferous to Middle Jurassic (Johnssnal., 1997). The Karoo
Supergroup preserves a maximum thickness of 12nkthe southeastern portion of the
Main Karoo Basin (Johnson et al., 1996, 1997; Gzdnn et al., 2005, Johnson et al.,
2006). At present, the basin is about 700006 kmareal extent, but was much more

extensive during the Permian (Johnson et al., 2006)

The Karoo Supergroup overlies the Ordovician tdyE@arboniferous Cape Supergroup
sedimentary rocks in the southwest and unconforynabparaconformably overlies the

Natal Group and Msikaba Formation in the east. ricamformably onlaps onto



Precambrian rocks in an inland and northeastwarection (Exploration Consultants
Limited, 1998; Johnson et al., 2006).

1.3.1.1 Stratigraphy and depositional environments of the Main Karoo Basin

Deposition in the Main Karoo Basin began with tleéd_Carboniferous to Early Permian
glacial deposits of the Dwyka Group, followed bye tPermian Ecca Group which
contains significant coal deposits associated dataic, continental slope and lacustrine
deposits. The Ecca Group is overlain by the Midei#emian — Middle Triassic Beaufort
Group consisting of fluvio-lacustrine rocks (Bumagd Guiraud, 2005; Johnson et al.,
2006).

Rocks of the Beaufort Group are in turn overlainhy Late Triassic Molteno Formation
which was deposited under seasonally warm to huwldatic conditions, in a broad,
perennial braided system associated with braidpdaeas of limited extent (Hancox,
2000; Bordy et al.,, 2005; Bumby and Guiraud, 2008).contrast, the overlying
argillaceous Elliot Formation was deposited by hagid low sinuosity fluvial systems
under semi-arid climatic conditions (Hancox, 20Bxrdy et al., 2005). Progressive
aridification led to the deposition of aeolian duwemplexes of the Clarens Formation
(Smith et al., 1993; Johnson et al., 2006). Contaleflood basalts of the Drakensberg
Group are dated at 180 Ma and mark the initiatib@ondwana breakup and the end of
the Karoo sedimentation (Smith et al., 1993; Pwetet al., 2007).

1.3.2 The Kalahari Karoo Basin

The northeast-southwest trending Kalahari KarooirBascurs principally in Botswana
and extends from southeast Namibia (Aranos Basitg,the Northern Cape Province of
South Africa, through Botswana (the main part af Kalahari Karoo Basin) into the
western part of the Limpopo Province of South Adr{orming the Ellisras Basin), and is
continuous with the Mid-Zambezi Basin in Zimbabw@airncross, 1995; Key et al.,
1998; Cairncross, 2001; Advanced Resources Infemadf 2003; Fig. 1.1). This basin is
considered to be an intracratonic basin that forivetdveen the Windhoek Highlands (in

the north) and the Cargonian Highlands (Fig. 1mjhe south during Late Palaeozoic



times (Visser, 1995). It occurs along the southextension of a structural zone that can
be traced from the northeast Africa down to Nam(bigser, 1995).
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Figure 1.4 Continental configuration of the Southern Hemisphduring the late
Palaeozoic times, showing the position of the KalalKaroo Basin and the Main

Karoo Basin in relation to the Windhoek Highlan@srgonian Highlands, Southern
Highlands and South America and Antarctica (afehe¥fler et al., 2006).
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1.3.2.1 Previous studies on the Karoo Supergroup of the Kalahari Karoo Basin

Green (1966) described the regional stratigraphyhef Karoo succession in Botswana
(then called the Karoo System in Bechuanaland) emmkidered the sequence to be
lithostratigraphically correlateable to the Southidan Karoo sequence. During the 1970s
a reconnaissance aeromagnetic survey and geologiEapretation of Botswana was
undertaken to outline the depth and structure séfeent rocks and to determine the nature
and thickness of the overlying Kalahari Group arald¢ Supergroup with a view to assess

the economic potential in the Kalahari Karoo Bg8&leeves, 1978).



Regional geophysical studies also played a furingvortant role in the geological
exploration of the Kalahari Karoo Basin in Botswaiiie Botswana Geological Survey
and Terra Surveys Limited reviewed geophysical datated to the broad geological
structure of southern Africa looking for areas wittigh potential for economic

mineralisation within the Kalahari Karoo Basin (khihs and Reeves, 1980).

Shell Coal Botswana carried out a reconnaissantimglprogramme in the Ncojane area,
southwest Botswana during the late 70’s with thgppse of investigating the possible coal
potential of this relatively unknown part of therda sequence (Clark et al., 1986). This
was followed by “The Kalahari Drilling Project” (82-1982) in western and northern
Botswana, where several boreholes were drilled,t mmbswvhich penetrated the Karoo
sequence and confirmed the existence of a relgtigehtinuous coal-bearing Karoo

sequence throughout western Botswana (Meixner aad,PL984).

More detailed lithostratigraphic studies of the &@rSupergroup in Botswana was
undertaken by Smith (1984), who compiled a repBullétin 26) based on the geophysical
and geological results of follow-up drilling to tAeeromagnetic Survey of Botswana and
also on coal exploration boreholes (Smith, 1984,dp2000). Smith (1984) proposed
seven sub-basins in the Kalahari Karoo Basin (Eif), based on the geological setting
related to the basement features and also to fabeesges. The lithostratigraphy proposed
by Smith (1984) now forms the basis for the strafpdic correlation of the Karoo
Supergroup in the Kalahari Karoo Basin of Botsw@viadie, 2007).

The stratigraphy of the Karoo Supergroup rockshaAranos Basin (Gemsbok Sub-basin,
southeast Namibia) was also studied based on hessHalled for coal exploration during
the early 1980’s (Kingsley, 1985; Hegenberger, }J9Rihgsley (1985) provided a detailed
sedimentological and stratigraphical analysis efHtca Group using 66 boreholes drilled
by CDM Mineral Surveys, Gold Fields Prospecting @amy (Pty) Limited, Agip Coal
USA Inc and Impala Coal. The study provided infotiora to build a sedimentological
model of the Aranos Basin.
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Figure 1.5Karoo sub-divisions in Botswana (after Smith, 1984)

The Petro-Canada International Assistance Cormoratonducted a reconnaissance
seismic survey on behalf of the Botswana Governnret®87 and 1988. This survey was
done in the Nossob-Ncojane Basin (Gemsbok Sub-basith Passarge Basin where five
boreholes (W3, CKP8C-1, Vreda 281, CKP6 and CKPBA}he area were used for

seismic data collection. The seismic data integti@t and conclusion showed that the
crust thickens towards the southeast as the Kalahee (a geophysical lineament along

the 22°E meridian that separates the deep madmetement in the west from the shallow
magnetic basement to the east [Reeves, 1978]) psoaghed. At the same time, the

sedimentary cover progressively thins to the eaggasting that the western edge of the
Kaapvaal Craton is a Precambrian, extended margintizat the thinned Kaapvaal crust
extends westward under western Botswana at ledsir @ the Namibian border (Wright

and Hall, 1990; Stoakes and McMaster, 1990).



Haverslew (1987) studied the petrography drill ceanples from boreholes W2, W3,
CKP8C-1, CKP6 and CKP6A, to evaluate primary contmrsand texture of sandstones,
textural and compositional maturity of sedimentgpakitional environments, diagenetic
mineralogy, lithology, porosity and permeability thle sandstones and useful parameters

for future regional correlation.

Dolby (1990) contributed to the biostratigraphytloé Karoo Supergroup in the Gemsbok
Sub-basin by studying palynology and micropaladogipof one of the deepest boreholes
(Masetlheng Pan-1 or MP1) drilled in southwest B@atisa. The occurrence of two rich
pollen-spore assemblages and rare foraminiferaszaeee recorded from the lower Karoo
Supergroup (i.e., Dwyka to lower Ecca). The lowene (Dwyka) is of Late Carboniferous
(Gzhelian-Kasimovian) age and the upper zone (loftleca) is assigned to an Early

Permian (Sakmarian-Asselian) age.

Haverslew (1990) studied the petrography of the saimples from the MP1 borehole, and
found that the Dwyka Group consisted mainly ofitéd whereas the Ecca Group was
dominated by arkosic and subarkosic sandstoneshwhiere capped by a dolerite sill.
Stoakes and McMaster (1990) recorded a transitiseglience from the Dwyka Group into
the Ecca Group in MP1 borehole, with two upwardrseaing sedimentary successions

overlying the Dwyka Group (Key et al., 1998).

Grill (1997) undertook a detailed facies analydisyarious sedimentary units exposed in
outcrops and the Vreda 281 borehole. He developselqaence stratigraphic framework
and proposed depositional environments for the BdCarboniferous glacial to marine

Karoo record in southern Namibia.

Exploration Consultants Limited (1998) developedegional palynozonation scheme
which was based on palynological analyses of bdeechod field samples of Lower and
Upper Karoo sequences from Namibia, Botswana, Zowieaand Zambia, and published
literature on South African Karoo palynology. Tpeynomorphs indicated a Permian age
for the Lower Karoo sequences (Exploration Conststd.imited, 1998). This company

also carried out a technical evaluation of thegletrm potential of the Karoo sequence of
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Botswana (Exploration Consultants Limited, 1998)isTstudy resulted in the identification
of the deepest parts of Karoo sub-basins such aadldlono and Lephephe Lows’ which

were identified for further petroleum and Coal Béethane exploration.

Key et al. (1998) presented palynological data fromo boreholes drilled in southern
Botswana (Tshabong area), which penetrated Loweondatrata. The palynological
studies indicated that the Dwyka glaciation in sioeitheastern part of the Gemsbok Sub-
basin lasted from ~303 Ma to about 280 Ma (Late @aifbrous to the Early Permian) and
the age of the overlying Ecca Group ranges fromyEar Late Permian. The Kwetla
Formation in southern Botswana is correlated with Beaufort Group in the Main Karoo
Basin on the basis of palynological resuldtohaploxypinus Striatopodocarpitesand
Weylandite} which show close correlation with the Biozonadentified as Late Permian

in the Mikambeni Formation of the Soutpansberg/R&asin (Key et al., 1998).

Bangert et al. (1999) published radiometric agesnfrash-fall tuffs in the glaciogenic
Carboniferous-Permian Dwyka Group of Namibia andtB@\frica, providing ages of 302
+ 3.0 Ma for the Namibian Dwyka and 288 + 3.8 Matlee Prince Albert Formation of
South Africa.

Advanced Resources International in associationh wicales Associates and the
Department of Geological Survey of Botswana, uradétpreliminary coalbed methane
studies between 2001 and 2003. The main study tigegsd the availability and potential
for development of natural gas resources assocwitbdhe coal-bearing sequences of the
Kalahari Karoo Basin (Advanced Resources Internatio2003). The major findings of
this study indicated considerable coalbed methawtegas shale resources in the eastern
part of the Kalahari Karoo Basin. In the westernt pAthe Basin coal seams are thin and
hence this area is not highly prospective for cedlmethane gas (Advanced Resources
International, 2003).

Catuneanu et al. (2005) have established verticdilgs that define the sedimentary fill of

the Karoo basins in the Kalahari Karoo Basin argtioKaroo-aged basins in south-central
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Africa (Fig. 1.6). These vertical profiles definieetlithostratigraphic subdivisions of the

Karoo Supergroup and their large-scale correlation.

Miller (2005) compiled a report, geological mapsdanorehole cross sections of the
Stampriet Artisian Basin (SAB) which is considepmtt of the Aranos Basin. The report
provides an outline of the post-Dwyka Karoo sucoessn the SAB recognising the
Nossob Formation at the base followed by Mukorolbnfadion, Auob Formation, the
Rietmond Formation, Neu Loore Formation, Kalkrarak&8lt Formation, Karoo dolerites
and the Kalahari Group sediments on top. In a sps® publication, Miller (2008)
presented all geological data such as geologicalsnaad borehole cross-sections of the
Stampriet Artisian Basin (SAB) and across the Asand Karasburg Basins. He presented
an idealised stratigraphic section through the Dav@toup of the Aranos and Karasburg
Basins showing the four deglaciation sequencesnia&e up the group, thus revising work
done by Heath (1972), Grill (1997) and Bangert let(2000). Miller also provided a

detailed description of the evolution of the Araaosl Karasburg Basins.

Modie and Le Hérissé (2009) studied and descrit@gnpmorphs for biostratigraphic
classifications of Late Carboniferous to Permiamatatof the Lower Karoo sequence in
two borehole sections, STRAT 1 (in the southweds®ana) and CKP 6 (in the Central
Kalahari Karoo Basin). The two borehole sectionatam well preserved pollen and
spore palynomorphs. Three assemblage zones conuomooth sections were identified:
the Hamiapollenites bullaeformisBiozone, the Cyclogranisporites gondwanensis
Biozone and th@latysaccus papilionis—Striatopodocarpites fuiszone, in ascending
order of stratigraphy. The three assemblages werapared and correlated with
assemblages described from other Gondwana areAficd, Australia, Arabia, South
America and Antarctica. Detailed analysis of taxanf the Kalahari Karoo Basin
indicated a distinct similarity with assemblagesiirthe Parana Basin of South America
and yielded age range from the Late Carboniferd{esimovian—Gzhelian) to latest

Early or possibly earliest Middle Permian (Lateuasian to Early Guadalupian).

12
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1.3.2.2 Stratigraphy of the Kalahari Karoo Basin

Large parts of the Karoo Supergroup rocks in théalai Karoo Basin are covered by
sedimentary rocks of the Cenozoic Kalahari Groupi{s 1984). The extent of the Karoo
rocks is known only from aeromagnetic surveys aratew and mineral exploration
boreholes (Smith, 1984; Modie, 2007; Miller, 200Bue to a well-exposed and complete
Karoo stratigraphy in the Main Karoo Basin and famies between these sequences, the
South African group nomenclature for the Karoo $gpmup (Dwyka, Ecca and Beaufort
groups) has been utilised in the Kalahari KarooimBaalthough Formation names are
different (Modie, 2007). Lithostratigraphicallyhe Kalahari Karoo Basin is informally
sub-divided into the Lower and Upper Karoo, semmraby a regional Mid-Karoo
unconformity (Smith, 1984; Exploration Consultabisited, 1998; Fig. 1.7).

Stratigraphic column of the Karoo Supergroup | Stratigraphic column of the Karoo Supergroup
in the Aranos Basin,Namibia in the southwest Botswana
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Figure 1.7Generalised stratigraphic columns of the Karoo Sympep in the Aranos Basin (I)
and southwest Botswana (1) (modified after Kelet 1998; Miller, 2008).
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The Lower Karoo comprises the basal Dwyka Grougrlain by the Ecca Group and the
Beaufort Group equivalent and the Upper Karoo caseprthe Lebung Group followed by
the Stormberg Lava Group (Smith, 1984; Explorat@@onsultants Limited, 1998). This
succession records basal glacial diamictites ofRkag/ka Group through fluvio-deltaic
sandstone and mudrock units interbedded with ceds lof the Ecca Group, siltstone and
mudrock lacustrine facies of the Beaufort Groupieglant, followed by the fluvial and
aeolian red beds of the Lebung Group, and the bksal flows of the Stormberg Lava
Group (Smith, 1984; Smith et al., 1993; Johnsoal¢t1996; Modie, 2007; Bordy et al.,
2010; Fig. 1.7).

1.3.2.3 Karoo Supergroup sub-divisions in Botswana

Smith (1984) spatially sub-divided the Karoo Supeug in Botswana, along with the Tuli
Basin (Zimbabwe and South Africa), into 7 sub-dmis based on geological setting and
facies changes (Fig. 1.5, 1.8). These are: (1)emes{2) southeast, (3) southern and (4)
northern belts of the Central Kalahari Sub-basgetber with (5) southwest Botswana; (6)
Northeast Botswana and (7) Northwest Botswana. ISulthostratigraphic differences

were documented in each of these sub-divisions.

a) Central Kalahari Sub-basin

The Dwyka Group in the Central Kalahari Sub-basnrepresented by the Dukwi

Formation, which shows extreme thickness variatiues to palaeotopographic influences
(Green, 1966; Smith, 1984). Borehole data indieateaximum thickness of 258 m for the
Dukwi Formation. It has a basal unit which consddtstratified diamictites, conglomerates
and sandstones (Smith, 1984). This is overlainheyfine-grained sandstone of the middle
unit, while the uppermost unit consists of mudssreltstones, diamictites, fissile black

shales and sandstones (Smith, 1984).

The Ecca Group comprises three formations. Thel i&ma Formation is dominated by
grey-black shale with intercalations of siltstongd asandstone in a upward-coarsenings
sequence. The overlying Kweneng Formation constdtsmedium-to-coarse-grained

feldspathic sandstone with dark grey siltstone anbordinate mudstone in a upward-
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finings succession. The uppermost Boritse Format®na sequence of alternating
carbonaceous mudstones, coals, siltstones anceegaiied sandstones (Smith, 1984).

The Kwetla Formation is conformably overlies thebcaaceous mudstones of the Boritse
Formation and it is unconformably overlain by theddlotsane Formation (Smith, 1984).
It consists of pale grey and greenish siltstone amatistone which are commonly

calcareous and non-carbonaceous (Smith, 1984).

The Lebung Group is divided into the lower Moscdois Formation and an upper Ntane
Sandstone Formation. The Mosolotsane Formation e to medium-grained, well
sorted, pinkish red to purplish grey sandstone wiiit little mica and feldspar (Smith,
1984). The overlying Ntane Sandstone Formationfasrly uniform sequence of pinkish to
red-brown, fine- to medium-grained sandstone, prilsnaof aeolian origin. The two
formations are covered by the basaltic lavas ofSteemberg Group (Smith, 1984).

GROUPS SOUTH WEST |KWENENG AND WESTERN | MMAMABULA gﬂ?'}'il’myhig:w Eggv“ﬁ?nmn NORTH WEST | TULIBASIN,
BOTSWANA | CENTRAL KALAHARI e NORTHERN BELT BOTSWANA BOTSWANA
Bobonong
STORMBERG STORMBERG LAVA GROUP (undivided) Lava
LAVA Formation
Nakalatlon Bodibeng Tsheung Sandstone
Ntane Sandstone Formation Sandstone Formation
Sandstone. Formation EEEE—
LEBUNG Thune Formation
- Ngwasha Fm. Savuti P
Dondong Fm. Mosolotsane Formation eorreEm i S Korebo Formation
A — L A T — — A - i —-—
BEAUFORT Kule Fm. Kwetla Fm. Tlhabala Formation ?
equivalent
-—_ 5 Frn. Marakwena
Korotlo Fm. erowe km Eorition Seswle
Boritse Fm. Tlapana Fm. Formation
oA Otshe Fm. Mmamabula Fm.[ Morupule Fm Tale Formation
Kweneng Fm. Mosomane Fm. | Kamotaka Fm. Mea Arkose Fm. ?
) . F Mofdiamogolo
Kobe Fm. Bori Fm. Bori Fm. Makoro Fm. swane Fm. ? Formation
Middlepits Fm.
DWYKA Khuis Fm. DUKWI FORMATION ? 5
Mmalogong Fm.

Figure 1.€ Lithostratigraphyof the Karoo Supergroup in the Kalahari Karoo BadiBotswana (modified after Smith, 1984;
Bordy et al., 2010).Thick dashed line below the wedp Group indicates the Mid-Karoo unconformity.

b) Northeast Botswana

The basal Karoo Supergroup in the northeast Kaldteoo Basin is represented by the
Dukwi Formation which consists of diamictites (Smitt984). The Ecca Group is sub-
divided into three formations; the lower Tswanerfation, middle Mea Formation and

upper Tlhapana Formation. The Tswane Formatiorbbas identified in several boreholes

16



in northeast Botswana; it comprises grey and blaokdstones and siltstones that
conformably overlies the Dukwi Formation. The Meegdse Formation is defined as the
base of the coarse-grained feldspathic sandstoh&hwverlies the Tswane mudrocks or
the basement rocks (Smith, 1984). Overlying the Meeose Formation is the Tlapana
Formation which contains carbonaceous mudstones caaél seams with subordinate
sandstone and grey-brown mudstones (Smith, 1984).

Overlying the Ecca Group in the northeast Kalalkamoo Basin is the Beaufort Group
equivalent consisting of the Tlhabala Formationjolwhs a 91 m thick unit, dominated by
dark grey basal mudstone with minor carbonaceousnga, coaly streaks and siltstone
lenses (Smith, 1984). The Lebung Group overlies Theabala Formation and is
represented by two sandstone formations: the uwyidgrl Mosolotsane Formation
dominated by purplish muddy siltstones, sandstones]s, and conglomerates and the
overlying Ntane Sandstone Formation consisting iné-frained, well sorted, porous
sandstone representing a uniform, widespread aeoint. The Stormberg Lava Group

overlies the Karoo Supergroup in the northeast k@aiaKaroo Basin (Smith, 1984).

C) Northwest Botswana

In northwest Botswana, the Karoo sequence is preden northeast-southwest trending
grabens within the pre-Karoo basement (Smith, 1984#jing to the lack of outcrop, the
distribution of the Karoo sequence is not well kmowut borehole data shows it to
comprise rocks of the Ecca Group, Lebung Groupthadstormberg Group (Smith, 1984).
The Dwyka Group is confirmed to be absent. The Falemation at the base of the Ecca
Group comprises conglomerates, coarse-grained tesnedand dark grey mudstones and is
overlain by the Marakwena Formation consisting @fided conglomerates and sandstones

intercalated with minor silty mudstones (Smith, 498

The overlying Savuti Formation is a successioneaf mudstones, poorly bedded pale-
pink-brick red muddy siltstone (Smith, 1984). Thasal part of the Formation contains
white and pinkish calcite concretions which parsiyrround the few scattered extra-
formational pebbles (Smith, 1984). The succeedindilleng Sandstone Formation of the

Lebung Group is dominated by fine-grained, welltadrand reddish sandstones with
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subangular and subrounded detrital grains andsitben interpreted to represent aeolian
deposits (Smith, 1984). This succession is oveligithe Stormberg Lava Group (Smith,
1984).

d) Tuli Basin

The Tuli Basin of the Kalahari Karoo Basin liesgastern Botswana and extends eastward
into Zimbabwe (the Mazunga Basin) and South Afi€ali-Sabi Trough) (Smith, 1984;
Modie, 2000). The Karoo succession in the TuliiBas isolated from the Central
Kalahari Sub-basin but it is believed to have beamected in earlier times to the Central
Kalahari Sub-basin (Smith, 1984). In the Tuli Badime Karoo Supergroup overlies the
Early Precambrian rocks of the Limpopo Mobile BEhmith, 1984). Post-Karoo fault
systems trending east, northeast-west and south-ams$ parallel to the basin axis
characterise the northern limit of the Karoo oupcio the Tuli Basin (Smith, 1984). The
Dwyka Group is absent in the Tuli Basin of Botswaarad as a result the Ecca Group rocks
overlie an angular unconformity with the Precamrizasement (Smith, 1984). Two
formations are recognised in the Ecca Group: thédibologolo Formation and Seswe
Formation (Smith, 1984; Bordy and Catuneanu, 2002).

The Mofdiahologolo Formation comprises basal muaksto argillaceous sandstones with
10% component of coarse sand and pebbles whiclsermatowards the base, followed by
grey-brown mudstones, fine-grained sandstones #iydnsudstones (Smith, 1984). The
Seswe Formation comprises carbonaceous and noorzarous mudstone formations and
thin coals and it is further divided into two memdehe lower carbonaceous-rich member
with thin coals and the upper non-carbonaceous reen@verlying the Ecca Group is the

Lebung Group sedimentary rocks (Smith, 1984).

The Lebung Group commences with a conglomeratizborwhich is in turn overlain by
the Korebo Formation’s siltstones and fine-grainedndstones with ‘red bed’
characteristics (Smith, 1984). The Korebo Formatbihe Lebung Group is overlain by
the Thune Formation which is a transitional segeent fine-grained sandstones and
siltstones intercalated with coarse-grained samést¢Smith, 1984). The lower part of the

Thune Formation comprises alternation of fine-gedirand silty, well sorted sandstones
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which are greyish to brown in colour and the uppart includes zones with dark green
mottling, calacerous cement and limestone concret{Smith, 1984).

Sedimentary rocks of the Tsheung Formation ovénkeThune Formation rocks, which is
in turn overlain by the Bobonong Lava FormationeTisheung Formation comprises fine-
grained, well sorted, and pink-brown to pale gmagssive sandstones (Smith, 1984). The
Bobonong Formation forms the uppermost part ofkaeo Supergroup in the Tuli Basin
and contains some distinctive basalts which aer¢atated with sedimentary rocks (Smith,
1984).

e) Southwest Botswana (Gemsbok Sub-basin)

The southwest Botswana Sub-basin (commonly refetweds the Gemsbok Sub-basin)
extends south and west into South Africa and Naamniéspectively (Smith, 1984). Because
the Cenozoic Kalahari Group sediments cover mucth@®fGemsbok Sub-basin, the Sub-
basin was identified by aeromagnetic surveys, Seistata and stratigraphic boreholes
(Reeves, 1978; Smith, 1984; Exploration Consultabiited, 1998). The Karoo
Supergroup in the Gemsbok Sub-basin (southweswBois) is subdivided into the basal
Dwyka Group, followed by the Ecca Group, Beauforo@ equivalent and the upper
Stormberg Group (Smith, 1984; Key et al., 1998; Mpd007).

The Dwyka Group comprises basal massive tillitasuaf the Malogong Formation which
is 183 m thick. Overlying the Malogong Formatiorthe Khuis Formation, a 202 m thick
sequence consisting of pebbly mudstones, black rey dissile shales, calcareous
sandstone, banded calcareous siltstone, varvessilsiwne (Smith, 1984; Carney et al.,
1994; Exploration Consultants Limited, 1998).

The Ecca Group consists of two formations: the low®be and the upper Otshe
Formation. Massive, argillaceous, dark grey sitie® characterise the 75 m thick Kobe
Formation, which also contain thin lenses of samss, silty mudstones, and a few bands
of bright coal. Eurydesmga shallow marine bivalve) is present in the ®ltes of this unit
(Smith, 1984; Exploration Consultants Limited, 1R9&€onformably overlying these
sediments is the 218 m thick Otshe Formation (Snii®B84; Exploration Consultants
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Limited, 1998). It is dominated by micaceous, fsandstone interbedded with dark grey
siltstone, coal, sub-arkosic sandstone with dady giltstone and mudstone in a upward-
finings sequence. The Ecca Group is interpretedefmesent shallow-water deposition

formed initially during marine transgression anigtaas prodelta mud (Smith, 1984).

The Kwetla Formation has only been recognised meltmes in the Kule-Ncojane area of
southwest Botswana and is considered the equivaletite Beaufort Group in the Main
Karoo Basin (Smith, 1984; Exploration Consultanisited, 1998; Key et al., 1998). The
Kwetla Formation comprises basal fine-grained swm#s of approximately 15 m in
thickness, grading into dark grey mudstone, upstonzhick, with subordinate sideritic and
limonitic banded siltstone. Some silty micaceousdsaand calcareous nodules are also
present (Smith, 1984; Exploration Consultants Léthjt1998).

A diachronous unconformity separates the Lebunqu@foom the underlying Kwetla or
Otshe formations (Smith, 1984). It consists maoflyed clastics that were deposited under
oxidizing continental conditions (Smith, 1984). Thebung Group is divided into two
formations. The 9 m thick Mosolotsane Formation alihiconsists of conglomeratic
sandstone grading into an upper, 4 m thick red browdstone, is considered to have been
formed in a fluvial environment (Smith, 1984; Borelyal., 2010). This is overlain by the
arenaceous Ntane Sandstone Formation which is @&guaivto the Clarens Formation in the
Main Karoo Basin of South Africa (Smith, 1984; Bgreét al., 2010). The overlying
Stormberg Lava Group is correlated with the Drakeng Group of the Main Karoo Basin
in South Africa. It represents the youngest unittloé Karoo sequence in southwest
Botswana and consists of volcanic rocks such adyfiorystalline dark grey, black, brown

or purple amygdaloidal or massive basalts (Carney. e1994).

1.3.2.4 The Karoo Supergroup in the Kalahari (Arano  s) Karoo Basin, Namibia

There are five known regions of Karoo-age stratdNamibia and these are located in
western Damaraland, Kaokoveld, Owambo, Otjiwarof@matako) and the Aranos Basin
portion of the Kalahari Karoo Basin in Namibia atiee Karasburg Basin (Cairncross,
2001). The Aranos Basin (referred to as Stamprigestan Basin) forms part of the

Gemsbok Sub-basin and extends from southeasterinbidaeast into southwest Botswana
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and south into South Africa (Miller, 2008). The Aos Basin shares an aquifer with
Botswana (southwest Botswana) and South Africatiireestern regions of South Africa),
which is hosted in the Ecca Group rocks of the KeBapergroup and the Kalahari Group
sediments (Ndengu, 2004). The Karoo strata in thggon are covered extensively by
sands, gravels and calcretes of the Kalahari Grioupoutcrop along the northern, western
and southern margins of the basin (Miller, 2008)e Thickness of the Karoo Supergroup in
the Aranos Basin increases towards the centre egiecial steep gradient from the north
(the Ghanzi Ridge; Hegenberger, 1992; Cairncro881R The Karoo Supergroup in the
Aranos Basin is subdivided into the basal Dwyka uprooverlain by the Ecca Group
consisting of Nossob, Mukorob, Auob, Rietmond ahd tippermost Neu Loore and
Kalkrand formations (Miller, 2005; Miller, 2008).h& Dwyka Group reaches thicknesses
up to 460 m and consists of a basal Gibeon Formatiollowed by the Zwartbas,
Sommerau and Gndorner formations (Miller, 2008). These formatiawnsist of basal
diamictite deposited initially under glacial enviraents overlain by a mudstone sequence
containing dropstones and fossils (bivalves, cdnmmains, starfish and gastropods),

which are deposited under marine conditions (Hegeydy, 1992; Cairncross, 2001).

The Ecca Group has been subdivided into three fitonsa the lower arenaceous Nossob
Formation (ranging between 6 m and 15 m in thicknasd consisting of two upward-
coarsening sandstone units with an intercalatetk stane), the middle, shaly Mukorob
Formation (consisting of 75 m to 160 m dark greegeey shale) and the uppermost
sandstone—rich Auob Formation (ranging in thicknésgtween 100 m and 150 m,
comprising coal seams and upward-coarsening dekaguences of medium-coarse-
grained, often micaceous, sandstone with locaféatations of sandy shale) (Miller, 2005;
2008). The Nossob and Auob formations are knowhdst groundwater in the Aranos
Basin (Ndengu, 2004; Miller, 2005).

The Auob Formation is subdivided into five unitsnsisting of three aquifer sandstone
members: they are the lower arenaceous Okonjamabierthhe middle arenaceous Lushof
Member and the upper arenaceous Bethal Memberragedaby two thin carbonaceous
shale members associated with coal (Miller, 200%e lower bituminous shale and coal

horizon is called the Impala Member and the upjitenbnous shale and coal horizon, the
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Geelhout Member (Miller, 2005). The main coal saartocated ~30 m above the base of
the Auob sandstone, and the Upper seam, 50 m ghevmain seam (Cairncross, 2001).
The Rietmond Formation overlies the Auob Formafidiiler, 2008) and is dominated by
laminated dark grey shale with minor thin sandstda&ds. The Rietmond shale is
interpreted to have been deposited during a magmsgression over the entire Aranos
Basin (Miller, 2008). The Whitehill Formation ovie$ the Rietmond Formation and is
well developed in the southwestern part of the AsaBasin (Miller, 2008). It consists
mainly of dark carbonaceous shale and mudstonen&ass, 2001; Miller, 2008). Fossils
such asMesosaurus tenuidensa small crustaceamotocaris tapscotti Eurydesma
mytloides Glossopterisleaves and petrified wood have been found in thieitéMill
Formation (Miller, 2008). A major unconformity septes the Rietmond Formation from
the Neu Loore Formation, uppermost sedimentary ohithe Karoo Supergroup in the
Aranos Basin (Miller, 2005). The Neu Loore Formatiocomprises alternating coarse- to
fine-grained, orange-red to orange brown micaceamsistones and shales (Miller, 2005).
The Karoo Supergroup in the Aranos Basin is cafypyelasalts of the Kalkrand Formation
which are associated with dolerites (Hegenberg@®21 Miller, 1992; Cairncross, 2001;
Miller, 2008).

1.4 Provenance of the rocks in the Kalahari Karoo B asin

Glacial striations recorded from exposures in theld@o River bed, situated south of the
Gemsbok Sub-basin, suggest that the ice sheet wasmgnfrom the Central Kalahari Sub-
basin in a south-western direction during earlydéatimes (Smith, 1984; Fig. 1.9). The
massive tillites intersected by boreholes in thetls@est Botswana contain rock clasts that
include white, pale grey and reddish meta-arkoses cuartzites interpreted to originate
from the Olifantshoek Supergroup, Waterberg Grougransvaal Supergroup, which are
located south-southeast of the Gemsbok Sub-basmti{S1984). The larger boulders
found in these massive tillites are commonly pinylerste, granite, dolerite and other

plutonic type-rocks (Smith, 1984).

Smith (1984) suggested that the Precambrian graniegneiss complex basement to the

south probably acted as a source of detritus ®Eitca Group in the Central Kalahari Sub-

22



basin based on the angular feldspathic natureeotldsts and garnet and mica content of
the sandstones. Reworked sediments from the Wate®Bmup situated to the south of
Botswana may also have contributed to the infilloigthe Central Kalahari Sub-basin
(Smith, 1984). The basement rocks located northefCentral Kalahari Sub-basin are also
believed to have acted as a source of sedimeimgfithe Sub-basin (Smith, 1984). The
Ncojane Sandstone Member of the Ecca Group in s@msihBotswana appears to thin
considerably southwards and especially eastwahdsefiore Smith (1984) suggested that
the source might have been located to the northodhwest in Namibia (Fig. 1.9). The
siliclastic debris of the Karoo Supergroup from #mstern Kalahari Karoo Basin was
predominantly derived from the Cargonian Highlamdghe south with minor contributions
from the eastern and the northern highlands (Sehneét al., 2006; Fig. 1.4). Postulated
palaeocurrent directions for the fine-grained stomks and siltstones of the Beaufort
Group equivalent in the Central Kalahari Karoo Bashow source areas located in the
south (Smith, 1984; Fig. 1.9).

In Namibia, Palaeo-ice flow directions for the low#dlites of the Dwyka Group in the
Aranos Basin show southerly and southwesterly fitngctions (Stollhofen et al., 2000;
Scheffler et al., 2006; Fig. 1.10). The Dwyka Grdiliges, deposited by early glaciation
in the Aranos Basin, contain clasts of the red Rsker Subgroup of the Nama Group
and were probably sourced from the Windhoek Higtidéato the north (Miller, 2008).
Rocks of the Dwyka Group deposited by the secoadigfion in the Aranos Basin have
clasts derived from the east, which were depodigdvesterly flowing ice from the
Cargonian Highlands positioned to the south andhsast (Miller, 2008). Palaeocurrent
data obtained from the turbidite and fluvial baposts of the Nossob Member and Ecca
Group show source directions from the north andnibrthwest (Stollhofen et al., 2000;
Fig. 1.10).
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Figure 1.9 Palaeocurrent directions for the Dwyka Group, EGraup, Beaufort Group and the

Lebung Group in the Kalahari Karoo Basin of Botsadmodified from Smith, 1984 and Bordy et
al., 2010).
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Figure 1.1( Palaeocurrent and palaeo-ice flow directions effeca Group and the
Dwyka Group in the Aranos Basin (after Stollhoférale, 2000).
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1.5 Structural framework of the Kalahari Karoo Basi n

Most of the existing structural data of the Kalah&sroo Basin has been obtained from
geophysical data (i.e., aeromagnetic surveys arginge profiles). The main structural

features bounding the Kalahari Karoo Basin inclutie: Kalahari Line, Zoetfontein fault,

Makgadikgadi Line, Ghanzi-Chobe Belt and the Dantze#, Gariep Belt and the Karoo

dolerite dyke swarm (Fig. 1.11). These major stmed appear to have influenced the
structural evolution and disposition of the Kalahéaroo Basin as well as the distribution
of the Karoo Supergroup within the basin (ExplamatConsultants Limited, 1998; Modie,

2007).
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Figure 1.11 Geophysical map of southern Africa with major stawal elements and cratons (source: Council for
Geoscience).
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1.6  Correlation of the Karoo Supergroup in the Kala  hari Karoo Basin of
Namibia and Botswana

Preliminary stratigraphic correlations between Kla@oo Supergroup rocks of the Kalahari

Karoo Basin and the Main Karoo Basin have beerbbsleed (see Table 1).

The general lithostratigraphic correlation of thar& Supergroup in the Kalahari Karoo
Basin has been made and is based on geologicaigsattd facies changes (Smith, 1984).
Seven sub-basins have been recognised, where Kampergroup sequences were given
local formation names and correlated across Botaw&mith, 1984; Modie, 2007). The
Dwyka Group in the Aranos Basin, Namibia is coteflawith the Malogong and Khuis
formations in southwest Botswana (Smith, 1984; kKewl., 1998). The Nossob Formation
at the base of the Ecca Group in the Aranos Bastnbleen interpreted to be equivalent to
the Ncojane Sandstone Member at the base of the Kolmation in southwest Botswana
(Smith, 1984). The Kobe and Mukorob formations wecgrelated based on character
similarities they share that represent depositiprsimilar sedimentary processes (Smith,
1984). Overlying the Kobe and Mukorob formatione #re Otshe and Auob formations,
respectively. Faulting interrupts the Otshe Fororatin boreholes W2 and W3 in the
southwest Botswana, therefore exact correlatiafificult (Miller, 2008). The uppermost
part of the Otshe Formation in borehole W2, as rilesd by Smith (1984), may correlate
with much of the Auob Formation, even though itegms to lack a lateral equivalent of the
Geelhout Member shale and coal (Miller, 2008).

The Beaufort Group equivalent sedimentary rocks €iav Formation) and the aeolian
Ntane Sandstone Formation have not been recogmmsdde Aranos Basin although
sedimentary units interbedded with the Kalkrandaliascontain large amounts of well
rounded aeolian quartz grains (Miller, 2008). TheuNLoore Formation exhibits the same
characteristics as the Mosolotsane Formation irnthsgest Botswana. Deeply weathered
erosional unconformities at the base of the Mosalo¢ Formation and the unconformity at
the top of the Auob Formation or at the top of Rienhd Formation support correlation of
the Mosolotsane with the Neu Loore Formation inAlnanos Basin (Miller, 2008). Smith

(1984) correlated the Mosolotsane Formation basethe red colour with the red beds of
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the Elliot Formation in South Africa. Miller (20083uggested that the Neu Loore
Formation could correlate with any units rangingage between Late Permian and Early
Jurassic in South Africa. The Mosolotsane Foromafterrestrial red bed succession) in
the Kalahari Karoo Basin of Botswana is litholodjiz@orrelated with the Late Triassic to
Early Jurassic Molteno and Elliot formations in 8oéfrica (Smith, 1984; Bordy et al.,
2010). The Stormberg Lava Group in some parts ¢$\Bana have ages of about 180 + 10
Ma, which are comparable with the dates from theoKa@asalts in South Africa (Smith,
1984).

Table 1 Preliminary correlations of the Karoo Supergroogks in the Kalahari Karoo Basin, Aranos Basin tred
Main Karoo Basin (after Miller, 2008).

Period Group | Kalahari Karoo Kalahari Karoo Main Karoo Basin
Basin (Aranos, Basin (Botswana) (South Africa);
Namibia); (Smith, 1984) (SACS, 1980)
(Miller, 2008)
Jurassic Kalkrand Formation Stormberg Lava Group Drakenslbengnation
Ntane Formation Clarens Formation
Triassic

Elliot Formation
Neu Loore Formation | Mosolotsane Formation Molteno Formation

Kwetla & Kule Burgersdorp Formation
formations Katberg Formation?
Upper Permian Wateford Formation
Tierberg & Fort Brown
formations
Whitehill Formation Whitehill Formation
- - Boritse Formation
Rietmond Formation
Auob Formation Kweneng Formation:
also upper Otshe
Formation .
Mukorob Formation Bori Formation: also Erlrt]ce Alpterg&
) upper Kobe and lowest Ietermaritzburg
Lower Permian | Ecca Otshe formations formations
Nossob Formation Upper Ncojane Member

Top = basal Ncojane
Member at the base of
Carboniferous | Dwyka Dwyka Group Kobe Formation; Dwyka Group
Malogong, Khuis,
Middlepits, Dukwi
formations
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CHAPTER TWO: AIMS AND METHODS

2.1 Introduction

A basic correlative framework of southern Africanardo-age sequences was first
established in the 1980’s and early 1990’s (Sniiff84; Smith et al., 1993; Johnson et al.,
1996). This was reviewed (Exploration Consultantmited, 1998; Cairncross, 2001;
Catuneanu et al., 2005) following the advanceménew basin development theories and
as new data (from hydrocarbon exploration, seigonafiling and palynological studies)
became available, but to date no detailed coroeldbetween has been undertaken. The
main aim of this project is tatilise all available cored borehole data and ditere to
analyse sedimentary rocks, correlate stratigraptty iafer depositional events across the
Kalahari Karoo Basin with a major focus on the GeaksSub-basin. Ultimately, the data
from this study will be used in the developmenteof3D stratigraphic model of the

Gemsbok Sub-basin in the Kalahari Karoo Basin.

2.2  Location of the study area

The study area (the Gemsbok Sub-basin) is situatede southwestern portion of the

Kalahari Karoo Basin (Fig. 2.1). It extends wesinirlongitude 22° E in the Kgalagadi

District of Botswana to the eastern margin of Namifknown as the Aranos Basin),

longitude 20° E. The Karoo Supergroup rocks in@eensbok Sub-basin (study area) are
not exposed due to extensive cover by Cenozoich&al@&roup sediments and therefore
this research is based on borehole data. Borelsked in this study are located in the
north (e.g., boreholes: W1, W2 and W3), east (dgreholes: CKP8C-1, CKP8C and

CKP8A), and west (e.g., boreholes ACP24, 19, 18n® 4) of the Gemsbok Sub-basin.
Previously logged sections from deep boreholes Ntfrilled at the central part of the

Gemsbok Sub-basin) and Vreda 281 (drilled 30 kmtwéshe Namibia and Botswana

international border line) were also used in thiglg.
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Figure 2.1 Geological map of the study area and the locatioth@® boreholes used in this study (after
Hammerbeck and Allcock, 1985).

29



2.2.1 The geological setting of the study area, the ~ Gemsbok Sub-basin

The Gemsbok Sub-basin of Botswana and Namibia usided to the north and northwest
by Precambrian rocks of the Ghanzi-Chobe Belt dw@dDamara Belt (Key et al., 1998;
Ramokate et al., 2000). The Ghanzi-Chobe Belt mhdth the southeastern limit of the
Damara Fold Belt and the western margin of the Kaliakaroo Basin in Botswana (Key
et al., 1998). The Damara Belt consists of metamorpocks (schists, gneisses, phyllites
and amphibolites), igneous rocks (granites), sediarg and metasedimentary rocks
(carbonates and quartzites). The Ghanzi-Chobe d@sitprises felsites, syenite, rhyolite,
siliclastics (arkoses, meta-arkoses, and minoreshametamorphic rocks (schists, gneisses
and metadolerites) and granitiods (Meixner, 1988nBkate et al., 2000; Haddon, 2005).
To the north of the Ghanzi-Chobe Belt, pre-Damabasement rocks comprise gneisses,
granites and schists (Carney et al., 1994).

The basement of the Karoo Supergroup in the GemSlutikbasin is represented by the
Neoproterozoic sedimentary or metasedimentary ragkshe Nama Group (Key and
Ayers, 2000). The Nama Group rocks are in turn daae by weakly metamorphosed
siliclastic rocks of the Ghanzi Group (Key and As;eR000), which forms part of the
Ghanzi-Chobe Belt.

The western and south-western edge of the Gemsliolo&sin is mainly composed of the
Nama Group basement rocks, Namibian metamorphicplex®@s (granitic gneisses,

metasediments and felsic to mafic intrusions, ¢gesnand acidic extrusive rocks) and
Namaqua-Natal metamorphic rocks (Hammerbeck andoél, 1985; Johnson et al.,

2006). The rocks of the Olifantshoek Supergrougn$vaal Supergroup and Waterberg
Group outcrop along the southern margin of the Gak$Sub-basin where they contribute
to the basement of the Karoo Supergroup. Thesesrooksist of sandstones, quartzites,
ironstones, shale, dolomites, breccia and conglateer(Meixner, 1983; Carney et al.,

1994; Key and Ayres, 2000; Johnson et al., 2006 Karoo Supergroup unconformably
overlies Archaean granites and gneisses in the amabstsoutheast of the Gemsbok Sub-
basin (Meixner, 1983). To the northeast of the &swk Sub-basin, the basement of the
Karoo Supergroup is marked by felsic volcanic rogkanitoids and granitic-gneiss rocks
of the Okwa Complex (Meixner, 1983).
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2.3  Methodology

This study utilises logs and cores of 11 previouslifed boreholes in the Gemsbok Sub-
basin of Botswana and Namibia (Fig. 2.1). Theseelhales were drilled either in the
1980's or else over the past 10 years and thereforaprise differing quality of
descriptions of lithologies. The data found in therehole logs have been used to
construct Karoo Supergroup stratigraphy in the Kata Karoo Basin (Smith, 1984;
Kingsley, 1985; Miller 2008). To supplement datdamed from the previously logged
boreholes, visits to the geological surveys of Batsa and Namibia were made and the
borehole cores were relogged in greater detailpmadographed. A representative suite

of samples were collected for detailed analyses.

2.3.1 Literature review

A literature review from scientific reports, exphion data, existing borehole logs,
geophysical data and biostratigraphic data has theeprimary source of information for
this study. This data has been analysed and incatgab into basinal and correlative
models that explain the distribution of the varigigtigraphic units and deposits within
the Kalahari Karoo Basin.

2.3.2 Borehole logging and facies analysis

A total of eleven boreholes from core librariestioé geological surveys of Namibia and
Botswana (Fig. 2.1) were logged for this study. T of borehole logging was to
identify lithofacies based on rock types and lidgpt features such as sedimentary
structures, texture, colour, grain size, compositmd trace fossil content (ichnofacies).
Detailed facies analysis was done using a modifedion of Miall's (1977, 1983, 2000)
lithofacies classification schemeé&he lithofacies and ichnofacies were grouped iaies
associations which represented different kindsegdoditional environments of the Karoo

Supergroup.

Drill cores with sandstone units were sampled fetrggraphic studies and geochemical

analysis.
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2.3.3 Borehole sampling

A total of thirty-five sandstone samples were atilel for thin section analysis from 11
boreholes across the Gemsbok Sub-basin (borehoVhpW?2, W3, CKP8C, CKP8C-1,
CKP8A, ACP3, ACP4, ACP13, ACP19 and ACP24). Sixhese sandstone samples are
of coarse-grained sandstones, fifteen of mediurmgdasandstones and thirteen samples
of fine-grained sandstones. These sandstone samwgles analysed to determine modal
composition (point-count method) and other petrphreal features (texture, grain shape,
roundness). Sixteen sandstone samples from southBatswana were selected for
geochemical analyses; however, there were no samphgdlable for geochemical analyses
from the southeast Namibia boreholes.

2.3.4 Petrographic studies of sandstones

Detrital modes of sandstone suites primarily refldee different tectonic setting of
provenance terranes, although other secondaryrfaicéo, relief, depositional environment,
diagenetic change, transport mechanism, and clialateinfluence sandstone composition
(Dickinson, 1985). Therefore, petrographic composibf sedimentary rocks is important
when constraining provenance and identifying tlwtot@c settings of sedimentary basins.
The quantitative detrital modes of sandstones @andiculated from point counts of thin
sections (Dickinson, 1985Jransport history processes of sandstone suitebeabtained
from careful examination of shape and roundnesgahs, and textural and mineralogical

maturity, which are easily determined in thin saasi (Pettijohn et al., 1987).

The Gazzi-Dickinson’s point-count method was applier quantitative compositional
analysis. A single coarse-grained crystal largeant{0.065mm) was counted as an
individual mineral grain, while a fine-grained ci3fs(<0.065mm) was counted as a lithic
fragment (Dickinson, 1985)n the point count method (Table 2), grains wereuged as
Qm (Monocrystalline quartz), Qp (Ponocrystallinedm), P (Plagioclase), K (K-spar), Lv
(Volcanic or metavolcanic lithic fragments) and (Sedimentary or metasedimentary lithic
fragments). The detrital modes were then recaledléd 100%, excluding matrix, cement,
micas, heavy minerals and carbonate grains (Diockin$985). Values obtained are plotted
on standard triangular diagrams (QFL) showing cositmmal fields associated with

different provenances (i.e., continental block mmances, recycled orogen, magmatic arc
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provenances, arc orogen sources, collision sutuatdraust belt sources and circum-pacific
volcanoplutonic suites [Dickinson, 1988]jhe obtained values were also plotted on QFL
diagrams (Folk, 1980), which show different sandstaypes. For wdal analysis350

pointswere countegber thin section.

Table 2 Classification and Symbols of Grain Types (aftezkihson 1985).

A. Quartzose Grains (Qt or Q = Qm + Qp)
Qt or Q = total quartzose grains
Qm = monocrystalline quartz (> 0.625 mm)
Qp = polycrystalline quartz (or chalcedony)
B. Feldspar Grains (F = P + K)
F = total feldspar grains
P = plagioclase grains
K = Kspar grains
C. Unstable Lithic Fragments (L = Lv + Ls)
L = total unstable lithic fragments

Lv = volcanic or metavolcanic lithic fragments
Ls = sedimentary or metasedimentary lithic fragreent

D. Total Lithic Fragments (Lt = L + Qp)

Lc = extrabasinal detrital limeclasts (not included. or
Lt)

2.3.5 Geochemical analysis of sandstones

Major element geochemistry of sedimentary rocksfisienced by various factors such
as source material, sedimentary processes witlndépositional basin, transportation,
diagenesis, physical sorting and weathering (Bhdat®83; Bhatia and Crook, 1986;
Amstrong-Arltrin et al., 2004). Accordingly, the joaand trace element geochemistry of
sandstones can be used as a powerful tool to deeprovenance and tectonic setting of
sedimentary basins (Bhatia, 1983, Bhatia and Crda8B86, Roser and Korsch, 1986).
Several authors such as Pettijohn et al. (1972) ldadon (1988) have used the
concentration ratios SyAl,O3 vs. NaoO/K,0, FeO3/K,0 to classify sandstones and the
concentration ratios [E®s* + MgO vs. TiO,, Al,O3/SIO,, K;O/N&O and AOy/ (CaO +
NaO), SIQ vs. K;O/NgO] to discriminate tectonic settings of sandstoraex
sedimentary basins (Bhatia, 1983; Bhatia and CA®&i86; Roser and Korsch, 1986;
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Armstrong-Altrin et al., 2004; Armstrong-Altrin anderma, 2005). Some trace element
concentration ratios (La-Th-Sc, Th-Co-Zr/10, ThB€20, La/Scvs. Ti/Zr, Sc/Crvs.
La/Y) are also used to discriminate the provenaame tectonic setting of sandstones
(Bhatia and Crook, 1986).

Sixteen fine to medium-grained sandstone samptas §ix boreholes in the southwest
Botswana were selected for major and trace elemandédyses. The major and trace
element geochemistry of the sandstones was detedmioy X-ray fluorescence
spectrometry (XRF) at the Council for Geosciendmtatory, Pretoria. Major and trace
elements on fused glass discs and wax pellets arekysed using a PANanalytical Axios
X-ray fluorescence spectrometer equipped with aM tkbe. Sandstone samples were
milled at (<75 fraction) for major element analysis and roastedlC®0 °C for at least 3
hours to oxidize Fé and S and to determine the loss of ignition ().OQlass disks for
major element analysis were prepared by fusingrdagted sample and 8 g of 12-22 flux
consisting of 35% LiB@and 64.71% LiB4O; at 1050 °C. A 12 g milled sample wax was
mixed with 3 g of Hoechst and pressed into powdggulette by hydraulic press at a
pressure of 25 ton for trace element analysis. XR& analyses were conducted by Mrs
Corlien Cloete using XRF method documented in @@etd Truter (2001).

2.3.6 3D geological modelling

Stratigraphic data collected from borehole core waaalysed and used to create cross-
sections and 3D block diagrams of the Karoo SupergrA 3D stratigraphic model of the
Kalahari Karoo Basin in the Gemsbok Sub-basin waslbped and provides information
about the geographic distribution of lithostratgna units, facies associations and

depositional environments.
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CHAPTER THREE: SEDIMENTOLOGY

3.1 Introduction

This chapter presents detailed lithologic desaiiof sedimentary rocks of the Karoo
Supergroup in the Gemsbok Sub-basin (study areag existing borehole data and an
extensive literature review on the Kalahari KaroasiB. Eleven boreholes with depths
ranging from 200 m to 795 m were used in this st(fyg. 2.1; App. Fig. 1 - 11). The

major rock types identified in the studied borebaleclude: diamictites, conglomerates,
sandstones, siltstones and mudrocks. The study areers the rocks of the Dwyka
Group, the Ecca Group, the Beaufort Group equitatee Lebung Group (Mosolotsane

Formation and Ntane Formation) and the Neu Loorenadon.

3.2  Facies analysis

Reconstruction of depositional environments of seshtary rocks depends on a thorough
characterisation of the lithofacies and sometimeabies (ichnofacies). A sedimentary
facies is a body of sedimentary rock with speafiaracteristics and it is defined on basis
of lithology, colour, bedding, composition, textuigrain size, sedimentary structures,
palaeocurrent pattern and fossil content (Readi®96; Miall, 2000; Boggs, 2001).
Description of sedimentary facies can be done ith mutcrop and borehole sections
(Reading, 1996).

It is very difficult to interpret depositional emgnments of sedimentary rocks based on
individual and isolated facies (Reading, 1986; 19®Ball, 2000). For instance, an
individual facies (e.g., trough cross-bedded sam@stcan be formed by the same or
different processes that are active in differeqod#ional settings (e.g., beach or channel
or aeolian). Accordingly, in order to make depasitil environmental interpretations of
sedimentary rock succession it is important to rdeitee the relationship of facies to each
other and to distinguish which facies tend to octogether (facies associations)
(Reading, 1986; 1996). Facies associations arepgrofifacies that occur together and

are considered to be genetically or environmentatijated (Reading, 1986; Boggs,
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2001). The association of facies provides additiomwidence which makes

environmental interpretation easier than treataghefacies in isolation (Reading, 1986).

Sedimentary facies in this study were describe@das the lithological characteristics,
bed thickness, grain-size, colour, internal sediamgn structures and trace fossil
assemblage (ichnofacies). Table 3 summarises tihefdcies recognised in the Karoo
Supergroup of the Gemsbok Sub-basin. A modifiegdigarof Miall’s (1977, 1983, 2000)

lithofacies codes and interpretation were usedtlier Karoo Supergroup rocks in the
study area in order to aid in interpretation of @@ponal environments. Stratification or
bedding are characteristic feature of sedimentacks, and are produced mostly by
changes in sedimentation patterns, sediment cotosand/or grain size (Tucker,

1991). Here, bedding is defined as sedimentaryrilayahicker than 1 cm and any fine
scale layering less than 1 cm thick is termed lamam. Fourteen lithofacies and thirteen
ichnofossils were identified in the Karoo Supergrawcks studied in the 11 logged
boreholes in the study area (Gemsbok Sub-basin).

Table 2 Sedimentary lithofacies identified in the Karoop8tgroup boreholes in the
Gemsbok Sub-basin (study area), modified from Mi8l77, 1983, 2000).

Facies code Description

Gem Clast-supported, massive conglomerate
Dmm Matrix-supported, massive diamictite

Dcm Clast-supported, massive diamictite

Bc Clast-supported, massive breccia

Sm Massive or faint laminated sandstone

St Trough cross-bedded sandstone

Sh Horizontally laminated sandstone

Sr Ripple cross-laminated sandstone

Sb Bioturbated sandstone

Fl Laminated sandstone, siltstone and mudrock
Fr Bioturbated massive siltstone and mudrock
Fsm Massive mudrock

Fc Massive to laminated carbonaceous mudrock
C Coal
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3.3 Lithofacies description

3.3.1 Conglomerate lithofacies

3.3.1.1 Lithofacies Gecm - Clast-supported, massive  conglomerate

The conglomerate lithofacies was recorded in bdeeil, at a depth between 101 m to
103 m (Fig. 3.1). It is clast-supported, well sdrtmassive conglomerate with light grey
(N7) to light pinkish grey (5 YR/8/1) colours. Tieatrix is composed of fine-grained
sandstone and siltstone, whereas the clasts areuswed to rounded (ranging from 0.1
cm to 1 cm diameter) and are dominantly quartz-mcltomposition. In borehole W1

(App. Fig. 6), the conglomerate lithofacies is d¢aer by a moderate orange pink (5
YR/8/4)/ moderate red (5 R/4/6) mudrock and sanmgstmit.

3.3.1.2 Lithofacies Dmm - Matrix-supported, massive diamictite

Lithofacies Dmm was recorded in four boreholes (RCRCP4, W3 and CKP8C-1; App.
Fig. 1, 2, 8 and 11) and comprises matrix-supportadssive diamictites. Matrix-
supported, massive diamictites are poorly sorteticamtain £ 80 percent mudrock (pale
brown (5 YR/5/2), dark grey (N3), light olive-gré$ Y/ 6/1) or light greenish grey (5
GY 8/1)) or sandstone (light grey (N7), medium g¢&i)) matrix (Fig. 3.2). The coarse
detrital clasts include angular to subrounded sanés granite and quartzite which range

in size between 0.1 cm and 2 cm.

3.3.1.3 Lithofacies Dcm - Clast-supported, massive  diamictite

Lithofacies Dcm is a clast-supported, poorly sortedssive diamictite that has been
recorded in borehole W3, at a depth between 364.40 392.10 m (Fig. 3.3, App. Fig.
8). It displays massive texture and contains #péfent fine- to medium-grained very
light grey (N8) sandstone and muddy matrix. Litloide Dcm is characterised by
angular, subrounded and rounded detrital clastging from 0.2 cm to 5 cm diameter)
of different rock types (quartizites, ultramaficks such as dolerite and gabbro, granite,

banded ironstones).
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3.3.1.4 Lithofacies Bc — Clast-supported breccia

Lithofacies Bc is a clast-supported, poorly sortwdccia that is present in borehole
CKP8A in the eastern part of the study area (Fig, Bpp. Fig. 9). It is contains £ 10
percent fine-grained to very coarse-grained maand composed of angular clasts
(ranging from 0.1 cm to 7 cm in diameter) of coaludrocks, and sandstone. The
difference between clast-supported, massive didascand clast-supported breccias, is

that the latter is composed entirely of angulastsla

3.3.2 Sandstone lithofacies

3.3.2.1 Lithofacies Sm — Massive or faint laminated = sandstone

This lithofacies is common and occurs in all botekdn the study area. It consists of
massive (Fig. 3.5), fine to very coarse, in plapebbly, sandstones. The sandstones
exhibit a variety of colours, i.e., light grey (N7ight grey white (N8-N9), very pale
orange (10 YR 8/2), very light grey (N8) to yell@higrey (5 Y 7/2) and pale pink grey
(5 YR 8/11). The sandstones are porous in placesceous and occasionally contain
pyrite nodules. Carbonaceous mudrock stringersnaumtrock rip-up clasts (ranging from
0.5 cm to 3.5 cm in diameter) were recorded withi@ sandstones. Massive sandstone
units occur in packages up to 0.5 m thick and feharp contacts with the overlying or
underlying mudrocks or siltstones. These sandstamessometimes interbedded with
laminated, rippled cross-laminated siltstones andnocks.

3.3.2.2 Lithofacies St - Trough cross-bedded sandst  one

Lithofacies St occurs in most boreholes in the wiua, but it is not as common as other
sandstone lithofacies. This lithofacies occursraggh sets (ranging from 10 cm to 15
cm) in fine- to coarse-grained sandstones (Fig. 3Be sandstones are light grey (N7),
yellowish grey (5 Y 7/2), light grey white (N8-N9pale orange (10 YR 8/2) and pale
pink grey (5 YR 8/1) in colour. They are common$saciated with lithofacies Sh and Sr
and tend to be micaceous in places.
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Figure 3.1 Clast-supported, massive conglomerate (lithofaGiem),
borehole W1. Tape measure scale in centimeters.

Figure 3.z Matrix- supported massive dlamlctlte (I|thofac@$nm)
borehole W3. Tape measure scale in centimeters.
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Figure 3.2 Clast-supported, massive diamictite (lithofaciesni),
borehole W3. Tape measure scale in centimeters.
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Figure 3.4 Clast-supported brecua (lithofacies Bc), borehOKP8A.
Tape measure scale in centimeters.
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Figure 3.2 Massive or faint laminated sandstone  Figure 3.€ Trough cross-bedded sandstone (lithofacies
(lithofacies Sm), borehole W1. Tape measure sgale i  St), borehole CKP8A.
centimeters.

3.3.2.3 Lithofacies Sh - Horizontally laminated san  dstone

This lithofacies is common and was recorded intladl boreholes in the study area. It
comprises very fine- to very coarse-grained sam#stoand in places even pebbly
sandstones (Fig. 3.7). Horizontal laminated samgstaend to be micaceous, poorly
cemented and porous in places. Bioturbation, pade(10 R 6/2, probably haematite)
and sulphide nodules are present in places. Thedmbally laminated sandstones are
light grey (N7), light grey white (N8-N9), yellowhsgrey (5 Y 7/2) or pale pink grey (5

YR 8/1) in colour. This lithofacies commonly occumsassociation with lithofacies St,

Sm and occasionally is interbedded with fine-grdiligofacies.

3.3.2.4 Lithofacies Sr — Ripple cross-laminated san  dstone

Ripple cross-laminated sandstone is very scard@mihe boreholes in study area. This
lithofacies occurs as medium-to fine-grained ligtey (N7) to light pink grey (5 YR 8/1)
sandstones (Fig. 3.8). Flaser and wavy beddingomnmon. Ripple cross-laminated
sandstones are found associated with lithofacies Simand Sh and mainly occurs

towards the top of sandstone successions.

3.3.2.5 Lithofacies Sb — Bioturbated sandstone
Bioturbated sandstones are very scarce within dinehmles in the study area. Lithofacies
Sb comprise sandstones which are massive and lébéar (Fig. 3.9). These sandstones

range from very fine-grained to fine-grained and asually light grey in colour (N7).
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Primary sedimentary structures are not easily ifledtdue to presence of bioturbation
stuctures. Lithofacies Sb is usually found in ptaassociated with lithofacies Sm, Sh, St

and Sr and it is present within thicker sandstamesy{up to 55 m).

TOP
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Figure 3.7 Horizontally laminated sandstone (lithofacies Sh),
borehole CKP8C. Tape measure scale in centimeters.
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Figure 3.t Ripple cross-laminated sandstone (lithofacies Sr),
borehole ACP24. Clinorule scale in centimeters.
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Figure 3.€ Bioturbated sandstone (lithofacies Sb), borehole
ACP24. Clinorule scale in centimeters.
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3.3.3 Fine-grained lithofacies
3.3.3.1 Lithofacies Fl - Laminated sandstone, silts  tone and mudrock or laminated
siltstone and mudrock
Lithofacies Fl is very common in boreholes in tiedy area. It consists of interbedded
layers of sandstone, siltstone and mudrock (Fif§j0)3.The sandstone layers that form
this lithofacies are usually massive in texture amge from fine- to very fine-grained
sand. Siltstone layers also show massive beddingay in places show horizontal
lamination. Mudrock layers always have a massivetute. Individual sandstone,
siltstone and mudrock layers range in thicknessi1fétbl cm to 23 cm. The siltstone and
sandstone layers range in colour from grey (N5lgiot grey (N7), and in contrast the
mudrock layers occur in a variety of colours, sasHight green grey (5 G 8/1), pale red
(10R 6/2), moderate reddish brown (10R 4/6), daddish brown (10R 3/4) and greyish
red (10 R 4/2). Ripple cross-lamination structufser, wavy and lenticular bedding,
trace fossils and pale red nodules (probably haehaire often associated with this
lithofacies. This lithofacies is associated witle fithofacies Sm, St, Sh and Sr and has
both sharp and gradational contacts with thesefhtties. In places, it has erosional
contacts with the underlying and overlying sandstbthofacies. Lithofacies Fl is also

associated with lithofacies Fr and diamictites (Dmm

3.3.3.2 Lithofacies Fr - Bioturbated massive siltst  one and mudrock

Lithofacies Fr consists of bioturbated mudrocks amltstones (Fig. 3.11). Primary
sedimentary structures are destroyed or disturbeel siltstones that form this lithofacies
are light grey in colour (N7) and mudrocks are gie9), dark grey (N3) to black (N1) in
colour. Lithofacies Fr is often transitional fronthbfacies Fl to Frand occasionally

contains trace fossils. This lithofacies occurs tigos1 the lower parts of upward-

coarsening successions.

3.3.3.3 Lithofacies Fsm - Massive mudrock

Lithofacies Fsm consists of massive mudrocks (Bi§j2). It is uncommon in boreholes
within the study-area. The mudrocks vary in coland in most places consist of dark
reddish brown (10R 3/4), light grey (N7) to darkegr(N3) and light greenish grey (5 G

8/1) colours. Lithofacies Fsm contains no primaeglismientary structures and occurs
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typically as thin layers (ranging from 0.1 cm to @3) associated or interbedded with
lithofacies Sh, Sm and Fl.
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Figure 3.1C Fine laminated sandstone, siltstone and mudrock
(lithofacies FI), borehole ACP13. Ruler scale idlimieters.
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Figure 3.11 Bioturbated massive mudrock and siltstone (litbigfa Fr),
borehole ACP19.
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Figure 3.1Zz Massive mudrock (lithofacies Fsm), borehole ACP13.
Clinorule scale in centimeters.

3.3.3.4 Lithofacies Fc - Massive to laminated carbo  naceous mudstone

This lithofacies has been identified in most boftekadn the study area and occurs as
massive to faint laminated grey to very dark gmid@)(and black (N1) carbonaceous or
organic rich mudrocks (Fig. 3.13). Lithofacies Farmally occurs in the lowermost part
of a thick (ranging from 90 m to 109 m) upward-gmning successions. Occasionally,

this lithofacies sharply overlies sandstone liticgga (Sm, Sh and St). Lithofacies Fc is
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usually interbedded with fine-grained lithofaci€s, (Fl, Fsm and C) and lithofacies Sh,
Sm and St. The lithofacies Fc also occurs as rilapts within massive sandstones

(lithofacies Sm) in places.

3.3.3.5 Lithofacies C - Coal

Lithofacies C was documented in seven boreholes @14; App. Fig. 2 -7, 9, 11) in the
study area. This lithofacies is black (N1), in gags dull grey (~N1 and N2) and bright
in colour. The thickest coal lithofacies horizoncors in borehole CKP8C-1 (28 m)
followed by coal horizons in borehole CKP8A (7 mygaoreholes W1 and W2 (= 4 m).
In general the coal lithofacies (e.g., borehole A3Pand ACP24) are less than 0.5 m in
thickness and are interbedded with carbonaceousatksl (Fc), siltstones and mudrocks
(FI, Fr). Coal lithofacies in borehole CPK8A and B8C-1 appears to have been baked
as a result of dolerite sills. Most of the coahdiftacies sharply overlie sandstone

successions.
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Figure 3.1Z Carbonaceous mudrocks (lithofacies Fc), boreh®B&C. Tape measure scale
in centimeters.
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Figure 3.1< Coal (lithofacies C), borehole W1. Tape measuatesin centimeters.
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3.4 Invertebrate Palaeontology

3.4.1 Trace Fossils

Trace fossils or ichnofossils are biologically pnodd sedimentary structures that include
the tracks, trails, burrows or borings left by ongans as they move around, create holes
for protection or sift nutrients from sedimentsg¥r1975; Nichols, 1999; Pemberton et
al., 2007). Where body fossils are absent, trassil®provide various alternatives to aid
detailed environmental analysis and interpretaitanistreet et al., 1980). The study of
trace fossils (ichnology) provides information dre tbehaviour of organisms, estimates
of water depth, rate of sedimentation, criteria fthre recognition of deltaic
subenvironments, distinction between wave- andidledominated deltas, and criteria
for the recognition of marine delta abandonmeaiefa (Stanistreet et al., 1980; Nichols,
1999). In broad terms, certain trace fossils otesubf trace fossils (ichnofacies) are
characteristic of a particular environment and eéntain cases of a specific depth range
(Tucker, 1991).

Trace fossils can be divided into two groups: Dsthformed on the sedimentary surface
(mainly preserved in bedding planes and includekgaand trails) by epibenthic
organisms and 2) those formed within the sedimeuatréws and mainly seen on both

horizontal and vertical sections ) by endobentihgaaisms (Tucker, 1991).

Kingsley (1985) reported trace fossil assembladgeSkolithosandCruzianain borehole
cores of the Karoo Supergroup in the Aranos BakMamnibia. Trace fossils recorded by
Kingsely (1985) include&iphonichnugthe retrusive upward movement of the burrower
marked by the meniscate laminae around the cemtva),Diplocraterion or Teichichnus
(U-shaped burrows that migrated upwards [retrug]viel response to deposition), and
Diplocraterion in shoreface beach sandstones. Smith (1984) ribtethody fossil of a

shallow marine bivalv&urydesman the lower part of the Ecca Group.

Borehole cores of the Karoo Supergroup in the sarég are characterised by variety of

trace fossils and include escape structures (fagaghSiphonichnusDiplocraterion
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Rosselig Planolites ThalassinoidesPheobichnusTeichichnusAsterosomaZoophycos
Palaeophycus tubularj£onichnusSchaubcylindrichnuand Skolithos

1) Escape structures (fugichnia)

Escape structures are present in the boreholestesitun the western and northern parts
of the study area (App. Fig. 5, 8). These strustuaee oriented perpendicular to the
bedding and display concave-up laminae (Bhattachagd Bhatthacharya, 2007).

Escape structures have a length ranging from 2.5oc8hcm and diameter ranging from

0.5cmto 1 cm (Fig. 3.15).

2) Siphonichnus

Siphonichnustrace fossils are present in the boreholes siuatethe western and
northern parts of the study area (App. Fig. 1, b, These trace fossils are oriented
perpendicular and oblique to the bedding (Fig. B.$tphonichnudrace fossils show a
much greater length (2.5 cm — 8 cm) compared tahaM@.3 cm — 0.5 cm). They are
characterised by backfill meniscate laminae whiobmgs concave downward orientation
(Stanistreet et al., 1980).

3) Diplocraterion

Diplocrateriontrace fossils are preserved in borehole ACP24. Toeyr as vertical, U-
shaped burrows containing concave-up laminae (spheiwhich are bounded by thin
distinct wall linings (Chamberlain, 1978; Pember&tral., 1992a). These trace fossils are
oriented perpendicular to the beddimgplocraterion has an average length of 7 cm and
a diameter of 1.5 cm (Fig. 3.16).

4) Rosselia

Rosseliawas identified in borehole W3 and it is a vertibalrow with an upper opening
like a bulb (Chamberlain, 1978; Pemberton et &92h). The trace fossil is filled with
fine-grained siltstone, which at the bottom hasudar trace fossils (probabBianolites.
The Rosseliatrace fossil has a length of 4 cm and a bulboweshioyy diameter of 5 cm
(Fig. 3.17).
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Figure 3.1% Horizontal laminated sandstone with fugichnia (Bo)l trace
fossils SiphonichnugSi) andConichnus(Co), borehole ACP24. Clinorule
scale in centimeters.

Figure 3.1€ Horizontal laminated (Sh) sandstone wiiplocratetion
(Di) trace fossil, borehole ACP24. Clinorule scaleentimeters.

Figure 3.17 Massive sandstone (Sm) and horizontal laminatbjl§&ndstone witRosseliaRo) trace fossil and
fugichnia (Fu), borehole W3. Tape measure scateimimeters.

5) Planolites

Planolites are burrows oriented approximately parallel to beslding and sometimes
occur in a circular and elliptical shape in bor@solPemberton et al., 1992R)anolites
burrows diameter range from 0.1 cm to 0.5 cm (Bid8). The lithology filling these
trace fossils is different from the host rock liibgy andPlanolitesdo not have wall
linings. These trace fossils are present in mosghmes in the study area (App. Fig. 1, 4,
5,7,8, 10, 11).
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6) Thalassinoides

Thalassinoidesrace fossils are circular and elliptical in crsgstion, oriented parallel to
the bedding and have diameters ranging from 0.6@acth5 cm (Fig. 3.18). These trace
fossils have distinct thin boundary lining and &Hled with lithology that is similar or
different to the lithology of the host rock (Chambe, 1978; Rotnicka, 2005).

7) Pheobichnus
Pheobichnusrace fossils are circular in shape and orientedlighto the bedding. These

trace fossils are composed of a radial patternrardahie core that is filled with massive,
structureless, well sorted fine-grained sandstd@eedgory and Campbell, 2003; Fig.
3.18).Pheobichnusrace fossils have diameter range between 0.5 chtto. These were
only recognised in borehole ACP24, at depths betw&kl.39 m and 220.18 m (App.
Fig. 5).

8) Teichichnus
Teichichnustrace fossils are vertical, tabular burrows, whare built as successively

tightly stacked upward curving spreiten (Chambarldi978; Pemberton et al., 1992a;
Rotnicka, 2005). Individualeichichnugrace fossils observed in this study have widths
ranging from 2 cm to 2.25 cm, and lengths of alfiobitcm (Fig. 3.19, 3.20)Teichichnus
trace fossils were observed in boreholes ACP3, AQRUMACP24 (App. Fig. 1, 2, 5).

Figure 3.1¢ Massive sandstone (Sm) witPlanolites (Pl), Thalassinoides
(Th) andPheobichnugPh) trace fossils, borehole ACP24. Clinorule scale in
centimeters.
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Figure 3.1¢ Laminated sandstone, siltstone and mudrock (Rb ®ianolites (PI),

ThalassinoidegTh) and Teichichnug(Te) trace fossils, borehole ACP4. Clinorule
scale in centimeters.

Figure 3.20Laminated sandstone, siltstone and mudrock (Flh WéichichnugTe)
trace fossil, borehole ACP24. Clinorule scale inteeters.

9) Asterosoma

Asterosomadrace fossils are circular, composed of concenminigs, inner core filled with
sandstone and the surrounding mudrock ball (Chdaiberl978; Rotnicka, 2005; Fig.
3.21). They have diameters ranging from 0.4 cm&on@.

10) Zoophycos

Zoophycodrace fossils occur as thin muddy lobes (rangmf@ol cm to 0.2 cm), which
are multiple stacked (Chamberlain, 1978; Fig, 3.22)
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< 14 cm >

Figure 3.21 Massive carbonaceous mudrofikc) with Asterosoma(As) and
Thalassinoideg¢Th) trace fossils, borehole W3.

Figure 3.22 Bioturbated mudrock (Fr) with Zoophyco&d) and Asterosoma
(A9 trace fossils, borehole W3. Tape measure scajeritimeters.

11) Palaeophycus tubularis
Palaeophycus tubularisrace fossils are simple burrows oriented pardtbebedding.

They occr as circular or elliptical structures whranges in diameter from 0.2 cm to 0.6
cm (Fig. 3.23). ThéPalaeophycus tubularibave wall linings and filled with with the
same lithology as the host rock (Kim et al., 2005).

X
~A

Figure 3.23 Laminated sandstone, silststone and mudrock (FIth wi
Palaeophycus tubularis(Pa), Schaubcylindrichnus(Sq, Conichnus (Co),
TeichichnugTe) andSiphonichnugSi) trace fossils, borehole ACP3. Ruler scale

in millimeters.
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12) Conichnus

Conichnustrace fossils are vertical oriented burrows witinecthat has U-shape laminae
(Savrda, 2002). They range in length from 1.5 crf tom and have diameter range from
0.5cmto 1 cm (Fig, 3.15, 3.23).

13) Schaubcylindrichnus

Schaubcylindrichnudrace fossil was identified only in borehole ACBBthe depths
between 415 m and 453 m (App. Fig. 1). It occurbarehole section as an oval shape,
which has a vertical axis (0.3 cm) greater thanhbgzontal axis (0.2 cm). The trace
fossil filling is fine-grained and the wall congsbf moderately sorted fine-grained
sandstone (Nara, 2006; Fig. 3.23).

14) Skolithos

Skolithostrace fossils are vertical burrows that are oadmterpendicular to the bedding
and typically show a much greater length compa@dvidth (Chamberlain, 1978;
Pemberton et al., 1992a). The length ranges fréc to 0.5 cm and width is always
less than 0.1 cm. Th8kolithosichnofossils were identified in borehole ACP4 apths
between 336 m and 362 m.

3.4.2 Association between lithofacies and ichnofoss ils

Ichnofacies is defined as the assemblage of traggl$ in association with lithological
information (Nichols, 1999). Two types of ichnofegiexist in the boreholes of the Karoo
Supergroup in the Gemsbok Sub-basin. SKolithos ichnofacies and 2)Cruziana

ichnofacies.

3.4.2.1 Skolithos ichnofacies

Skolithosichnofacies is characterised by predominantly galtand U-shaped burrows of
SiphonichnusConichnus Diplocraterion, Rosseliaandescape structures (Ekdale et al.,
1984; Pemberton et al., 1992; MacEachern et aD7R0Few horizontal burrows are
present and comprisélhalassinoides Palaeophycus tubularis Pheobichnusand

Planolites These ichnofacies is mainly associated with wdegn sandstones (Fig. 3.15 —
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3.18) showing horizontal laminations (Sh) and iacgls mica-sandstones with horizontal
lamination (Sh).

3.4.2.2 Cruziana ichnofacies

Cruzianaichnofacies contains a moderately diverse and pna@tintly horizontal trace
fossil assemblage includinBeichichnus, Schaubcylindrichnus, Palaeophycus lauisy
Planolites Siphonichnus Thalassinoides Conichnus Asterosoma Zoophycos and
Skolithos(Ekdale et al., 1984; Pemberton et al., 1992; NabErn et al., 2007). The
Cruziana ichnofacies is mainly associated with laminateddstones, siltstones and
mudrocks (Fl) and fine-grained lithofacies (Fc, Ht, Fig. 3.19 — 3.23).

35 Facies associations

Eight facies associations (comprising fourteen ofiélcies) and two trace fossil

assemblages (assigned to t@euziana and Skolithosichnofacies) are present in the
Karoo Supergroup rocks in the Gemsbok Sub-basie. détailed descriptions of the

eight identified facies associations has been gbhalow and summarised in Table 4 and
App. Fig. 1 -11.

3.5.1 Description: facies association 1

Facies association 1 consists of diamictite litbefs (Dmm, Dcm) interbedded with
sandstones (Sm), thin mudrock layers (ranging fi@M cm to 1 cm), bioturbated
siltstones and mudrocks (Fr). This facies assama present in four boreholes which
have intersected depths greater than 400 m (Agp.1Fi2, 8, 11) and forms the base of

the Karoo Supergroup in the study area.
The diamictite lithofacies are present throughbet $tudy area and are easily recognised

by their poor sorting, massive mud and sandy madnd the presence of scattered

dropstones of variable lithologies.
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Table 4 Facies associations identified in the boreholegb@iKaroo Supergroup in the Gemsbok Sub-basimtéana and

Namibia.

Facies associations
(FAs)

Lithofacies in order of
abundance

Sedimentary and biogenic structures

FA 8

Sm, St

Well sorted fine-grained sandstones.
Non micaceous sandstones.

FA7

Fsm, FI, Fr, Sm, Sr, Gcm

Reddish mudrocks.

FAG

Fl, Fr, Sr, Sh, Sm

Bioturbation structures. Rareangl-fining
successions.

FA5

Sm, St, Sh, Sr, Fl, Fr, Fc, C, Fsm
Sb

, Upward-fining successions (ranging from £ O
m to 29 m). Erosive based sandstones. Mudr
clasts. Upward-coarsening successions (rang
from 3.5 m to 17.6 m)Cruzianaichnofacies
(SiphonichnusPlanolitesandThalassinoides
Well sorted, clean sandstones wikolithos
ichnofacies $iphonichnusDiplocraterion
Conichnusescape structureBhoebichnus
Planolites ThalassinoidesandPalaeophycus
tubular).

3
ock

jing

Upper part

FA4

Sh, Sm, St, Sr, Sb

Lower part

Fl, Fc, Fr

Upward-coarsening successions (ranging fro
22 m to 65 m). Well sorted and porous
sandstones. Micaceous sandsto@ggziana
ichnofacies ThalassinoidesPlanolites
AsterosomaTeichichnusPalaeophycus
tubularis, ConichnusZoophycosnd

Skolitho3. Skolithosichnofacies Conichnus
RosseliaSiphonichnusnd escape structures)

m

FA3

Fl, Fc, Fsm, Sm

Thinly laminated mudrocks, intesited with
thin massive sandstone layers.

FA2

Sm, Sh, Sr, Fsm, Fc

Upward-fining Bouma cycles.

FAl

Dmm, Fl, Sm, Sh, Sr, Dcm, Fc

Soft-sediment defoiwnmastructuresCruziana
ichnofacies ConichnusTeichichnus
SiphonichnusSchaubcylindrichnuand
Palaeophycus tubulansn borehole ACP3.

Facies association 1 in the western part of theysarea (i.e., boreholes ACP3 and

ACP4), is dominated by matrix-supported diamicti(@nm, Fig. 3.24). In borehole

ACP3, facies association 1 starts at the base aviminated sandstone, siltstone and

mudrock unit (FI) with light grey and dark grey bdack colours, and evidence for

Cruzianaichnofacies Conichnus Teichichnus SiphonichnusSchaubcylindrichnusind

Palaeophycus tubularjsFig. 3.23). The laminated sandstone, siltstoneé amudrock

lithofacies grade upwards into a 12 m thick sanustanit, composed of sandstones

interbedded with thin (range in size between 0.1tem cm) mudrock layers and also
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dominated by soft sediment deformation structucesmgisting of small-scale folds; Fig.
3.25). Sedimentary structures within the sandstomeade massive bedding, horizontal
bedding, ripple cross lamination and load strugurdpward-fining cycles (ranging
between 2 cm to 10 cm) are present within thesdstanes. At a depth of 403.12 m a
gradational contact separates the sandstone dadin@it from the overlying massive,
matrix-supported diamictites (Dmm). Facies assamat in borehole ACP4 consists of
bioturbated dark grey mudrocks (Fl), with minortsgibne lenses (Fl), which grade
upwards into matrix-supported diamictites (Dmm). Mace fossils were identified in

facies association 1 of borehole ACPA4.

In the northern part of the study area (i.e., bokehw3), facies association 1 is
dominated by medium-grained sandstone units (rantf@éckness between 1.5 m to 5 m)
interbedded with both matrix- and clasts-suppodenictites (Dmm, Dcm; Fig. 3.2,
3.3). Here the sandstone units of facies assonidtiare moderately sorted, clean and
occasionally are interbedded with thin carbonacemuslrock (Fc) layers ranging in
thickness from 0.1 cm to 1 cm. Sedimentary strestipresent within these sandstone
units include ripple cross-lamination (Sr), softliseent deformation structures (micro
folds; Fig. 3.25), massive bedding (Sm), contoliedding and load casts. Upward-fining
cycles (ranging in thickness between 0.5 cm anthpare present within the sandstone
units. Alternating mudrock and sandstone layersriievéhe diamictite and sandstone
units in borehole W3 (Fig. 3.26). These alternatimgdrock and sandstone layers range
in thickness from 0.5 cm to 2.5 cm and display upgfaning trends. Horizontal
laminations and cross-laminations are common sedeng structures in facies

association 1 sedimentary rocks in the northerhgfahe study area.

TOP
BASE

Figure 3.2¢ Matrix-supported, massive diamictite (Dmm), borieh&CP3. Clinorule
scale in centimeters.
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Figure 3.25Soft-sediment deformation structures (micro-foldg)rehole W3. Tape
measure scale in centimeters.

TOF

BASE

Figure 3.2€ Clast-supported diamictite (Dcm) and alternatiagers of sandstones and
mudrocks displaying upward-fining cycles, borehd3. Tape measure scale in
centimeters.

In the eastern part of the study area (only boeel@KP8C-1; App. Fig. 11), facies
association 1 lies above a sharp contact, whiclaraggs it from the basement coarse-
grained gabbroic rocks. Facies association 1 in &KB borehole is characterised by
bioturbated grey-greenish mudrocks at the basehngrade into fine- to medium-grained
sandstones interbedded with thin dark grey mudiaydrs (ranging in thickness from 0.2
cm to 1 cm). Overlying the fine- to medium-grairsahdstone is a sharp contact with a
3.5 cm thick pink granite boulder. The granite lgaulis sharply overlain by dark grey
mudrocks with thin siltstone intervals (ranging vbeén 0.5 cm and 1 cm). Cross-

laminations are present within the dark grey mukisocThe dark grey mudrock unit
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grades upwards into a sandstone-rich unit. Thestand unit consists of light grey white
sandstones with massive bedding and scatteredctasts. Overlying the sandstone unit
are laminated light grey, dark grey and light brosiltstones and mudrocks (Fl). These
are characterised by upward-fining trends (1 cntkbhiand the presence of cross-
laminations. The uppermost part of facies assamati in borehole CKP8C-1 is mainly
formed by laminated light grey and dark grey mu#lsoend siltstones with rare cross

laminations and displays upward-fining trends.

3.5.2 Description: facies association 2

Facies association 2 has only documented in théeweand northern parts of the study
area. It is dominated by various sandstone lithegadSm, Sh and Sr), which are

interbedded with massive mudrocks and carbonacemasocks (Fsm and Fc). In most

places, sandstone lithofacies that characterisedassociation 2 are moderately sorted

and clean.

In the western part of the study area, facies d&sog 2 overlies the matrix-dominated
diamictites of facies association 1 with a shanptact. Facies association 2 was observed
only in boreholes ACP3 and ACP4 (App. Fig. 1, 2xdnsists of sandstones, which are
moderately sorted, clean and interbedded with redterg layers of siltstones (range in
thickness from 0.3 cm to 3.5 cm) and massive cabeous mudrocks (range in
thickness from 0.1 cm to 1.5 cm). Sandstones akgaassociation 2 show repetitive
upward-fining trends (Fig. 3.27). These upwardd@isuccessions range in thickness
from 1.5 cm to 5 cm (e.g., borehole ACP4) and «insf medium-grained massive
sandstones with sharp bases, grading upwards mri@aontal laminated, fine-grained
sandstones, ripple cross-laminated, fine-grainedistanes and capped by carbonaceous
mudrocks. Sometimes these upward-fining successionsist of horizontal laminated
sandstones or siltstones with a sharp base ande gupevards into carbonaceous

mudrocks.

In the northern part of the study area, facies@aton 2 is separated by a sharp contact
from the underlying alternating sandstone and neldwmit of facies association 1 (e.g.,

borehole W3; App. Fig. 8). It consists predominardgf moderately-sorted, medium-
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grained and clean sandstones (Fig. 3.28), whicim&gbedded with thin black mudrocks
(up to 1 cm thick), bioturbated siltstones (gredtean 0.5 m thick) and pale-green
mudrocks (up to 0.5 m thick). Sedimentary strugursuch as massive structures,
horizontal laminations, cross-laminations and iracps contorted laminations are
common. Upward-fining cycles (ranging from 5 cm 16 cm), comprising massive,
medium-grained sandstones with erosive bases @Aadprimudrock clasts at the base,
succeeded by laminated and cross-laminated, fiaegn sandstones and finally black
mudrocks are recorded (Fig. 3.29). Pale-green aokdr which occur interbedded with
the medium-grained, clean sandstones, contain satbdands and calcareous nodules in
places.

TOP

BASE

Figure 3.27 Upward-fining cycles within sandstones of facigsaxiation 2 in
borehole ACP4. Clinorule scale in centimeters.

TOF

BASE

Figure 3.2¢ Facies association 2 in borehole W3. Tape measaide in centimeters.
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< Massive mudroc

Parallel-laminated sandstone

Parallel-laminated sandstone

Massive mudrock

Paralle-laminated sandsto

Cross-laminated sandstone

?

Massive sandstone with scoured base

Massive mudrock

BASE

Figure 3.2¢ Upward-fining cycles (red triangles) within thendatone-
dominated facies association 2 in borehole W3. Reted lines show
break between two upward-fining cycles afdindicates unidentified
sedimentary structures. Tape measure scale imuetetis.

3.5.3 Description: facies association 3

Facies association 3 sharply overlies facies agBoni 2 in the western and northern
parts of the study area, and facies associationtiiel east. Facies association 3 is present
in six of the studied boreholes in the study areardholes ACP3, ACP4, ACP19,
ACP24, W3 and CKP8C-1). It is characterised byiektargillaceous succession, which
in the western part of the study area reachesnbkgkof up to 50 m (App. Fig. 1, 2, 4, 5,
7,8, 11, 12, 13), and to the northern (App. Figai®d the eastern (App. Fig. 11) parts of
the study area, thicknesses of about 55 m and 12#spectively. The argillaceous
succession of facies association 3 comprises neassi@ laminated dark grey, black and
greenish grey mudrocks (Fsm, Fl, Fc) which dis@dissile texture in places (Fig. 3.30,
3.31). Thin (less than 1 cm) light grey siltstométsiwere observed within the mudrocks
and they tend to display lenticular bedding strregu Clean sandstone (Sm) layers of

about 5 cm thick are also present within facies@asion 3 mudrocks (Fig. 3.31).
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In the western part of the study area, facies assoc 3 is dominated by dark grey and
greenish grey mudrocks (FI and Fsm) which are latethand massive and occasionally
contain soft sediment deformation structures. Irebole ACP4 in the western part of the
study area, facies association 3 mudrocks arebedeled with sandy units of about 1 cm
thick (Fig.3.30).

TOF

BASE

Figure 3.30Facies association 3 in borehole ACP4. Clinorafdesin centimeters.

In the northern and eastern part of the study ame@st of the facies association 3
mudrocks are dark grey and black in colour withelydlaminated, massive bedding,
lenticular bedding and slump structures in plaéeg.(3.31). Thin (range from 1 cmto 5
cm) clean and moderately sandstone units were \ax$eavithin the black mudrocks of

facies association 3 in borehole W3 in the northgar of the study area. Dolerite sills
have intruded facies association 3 mudrocks in d@bstern part of the study area.
Throughout the basin, facies association 3 mudrtaekssition upwards into arenaceous-

rich units of facies association 4.

TOF

BASE

Figure 3.31Facies association31 in borehole W3. Tape measate in centimeters.
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3.5.4 Description: facies association 4

Facies association 4 is present in all boreholg¢kenstudy area. It consists of a upward-
coarsening succession comprising interbedded rigptess-laminated siltstones and
sandstones (Sr) and laminated sandstones, silsstortemudrocks (FI), which transition

upwards into sandstone-stacked units (Fig. 3.333,33.34). The rocks of facies

association 4 conformably overlie facies assoamBaoocks (App. Fig. 1-2, 4-5, 7-8, 11).

Facies association 4 is easily distinguished froeunderlying facies association 3 and
overlying facies association 5 because of the dantimrenaceous units, ripple cross-
laminations, and thick upward-coarsening trendsdirag from 22 m to 65 m). In places,

facies association 4 shows an upward transitiom f@suzianaichnofacies at the base to

Skolithoschnofacies at the top.

TOP

ASE

oM

Well sorted, massive (Sm) and porous
sandstones of the upper facies association 4.
Clinorule scale in centimeters.

TOP

BASE

Sharp contact (red arrow) between lower
facies association 4 and upper facies
association 4. Laminated sandstones,
siltstones and mudrocks (FI) of lower part of
facies association 4  with Cruziana
ichnofacies. Clinorule scale in centimeters.

Figure 3.32 Upward-coarsening succession of facies associdtiomborehole
ACP4.
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Uppermost facies association 4: well sorted,
massive sandstones (Sm). Tape measure
scale in centimeters.

TOP

BASE

Upper facies association 4: micaceous
sandstones (Sm, Sh) with escape structures.
Tape measure scale in centimeters.

TOP

BASE

Lower facies association 4: interbedded
sandstones (Sm) and bioturbated mudrocks
(Fr). Tape measure scale in centimeters.

Figure 3.33Upward-coarsening succession of facies associdtiarborehole W3.

In the western part of the study area, the lower plafacies association 4 is dominated
by laminated sandstones, siltstones and mudrodkswhich are often associated with
Cruziana ichnofacies (dominated byThalassinoides Teichichnus Palaeophycus

tubularis, Planolites ZoophycosAsterosomaSkolithosandConichnus Fig. 3.32).

In borehole W3 of the northern part of the studgaathe lower part of facies association
4 consists of a 13 m thick succession composedteftiedded siltstones, mudrocks with

subordinate sandstones. The base of the lowersfas®ciation 4 consists of interbedded
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carbonaceous mudrocks (Fc), laminated siltstonels mandrocks (Fl) and bioturbated

mudrocks (Fr; Fig. 3.33). Lenticular bedding is gaeved within the mudrocks.

Laminated siltstones and mudrocks (FI) and biotiedbanudrocks (Fr) are characterised
by a diverse suite of trace fossils (mainly of rizianaichnofacies). Sandstone units
range in thickness from 0.3 m to 0.5 m and arenoit¢erbedded with these mudrocks
and are characterised by sharp bases, massiveed8m) and the presence of pyrite
nodules. The top of the lower facies associatias dominated by micaceous laminated
siltstones and mudrocks (Fl), which display lerntaciedding and bioturbation structures
(Fr; Fig. 3.33). Trace fossils present within tlosvér part of facies association 4 in
borehole W3 includ&halassinoidesPlanolites AsterosomandZoophycos

TOP

BASE

Upper facies association 4: massive sandstones (@th)
pyrite nodules. Tape measure scale in centimeters.

TOP
BASE

Lower facies association 4: ripple cross-laminatétstones
and sandstones (Sr). Tape measure scale in ceatimet

Figure 3.3¢ Upward-coarsening succession of facies associdtiarborehole CKP8C-1.
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In the eastern part of the study area, the lower gfafacies association 4 consists of
laminated sandstones, siltstones and mudrocksviil),plentiful ripple cross-lamination

and few bioturbation structure®lénolites trace fossils; Fig. 3.34). These laminated
sandstones, siltstones and mudrocks are interbediledoarse-grained sandstones with

sharp or erosive basal contacts.

The lower part of facies association 4 grades ug@svamto the arenaceous-rich upper
facies association 4. Thick sandstone units (actated thickness range from 5 m to 60
m), consisting of lithofacies Sh, Sm, St and Sb idate the upper portion of facies
association 4. Medium- to fine-grained sandstonesiidate, although rare units of

coarse-grained to pebbly sandstones were alsodedt.or

In the boreholes situated in the western part efdtudy area, accumulated sandstone
units of facies association 4 reach thicknesset® @6 m, whereas the sandstone units of
the northern part of the study area reach maxinhicknesses of up to 60 m. In the east

of the study-area, these sandstone units do neeex85 m thickness.

In the western part of the study area, the uppér gdafacies association 4 consists of
fine- to medium-grained sandstones that are massivdisplay horizontal bedding.
Internally the sandstones are well sorted, porowdlscéean, although mica-rich sandstone
lithofacies occur. Bioturbation structures witliive sandstones tend to destroy bedding
in most of the horizontally laminated sandstonds).($hese sandstones locally contain
mudrock clasts, pyrite nodules, traces of tBkolithos ichnofacies (dominated by
Conichnustrace fossils) and often interbedded with pebidees sandstone layers (5 cm

to 15 cm in thickness).

Sandstone units observed in the northern part efstndy area are medium- to fine-
grained, micaceous, horizontally laminated (Sh) ewag contain trace fossils assigned to
the Skolithosichnofacies (dominated by escape structu@phonichnusand Rosselia

isp.). In most cases, mica minerals tend to benatigparallel to the orientation to the

bedding within these sandstone lithofacies. Thealiome- to fine-grained micaceous
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sandstones grade upwards into cleaner, porous, seetéd, medium- to fine-grained
sandstones characterised by massive-, horizomtdltraugh cross-bedding (Sm, Sh, St).

Sandstone lithofacies that dominate the upper dirtacies association 4 in the eastern
part of the study area consists of medium- to §reaned, clean and well sorted to
moderately sorted sandstones. These sandstonesiaecous and poorly cemented in
places. The sandstones of facies association 4uauwally massive, horizontally

laminated, and porous and in places contain mudctadts and pyrite nodules. Coarse-
grained to pebbly-sized sandstone layers (2 cnOtom in thickness) sometimes were
recorded with the medium- to fine-grained sandstol® trace fossils are recorded from

the sandstones of the upper facies associationhieastern part of the study area.

Two cycles of upward-coarsening (App. Fig. 7, @ntts produced by facies association 3
and 4 are present in the northern part and thealgydrt of the study area (i.e., reference
borehole MP1). An individual upward-coarsening ®sston in the northern part of the

study area range in size from 100 m to 109 m.

3.5.5 Description: facies association 5

Facies association 5 is present in all boreholawenstudy area and it is dominated by
sandstone lithofacies and fine-grained lithofacasanged in upward-fining cycles.
Locally, upward-coarsening successions (3.5 m t® I# thick) produced by these
lithofacies were also documented. Individual upwlamdhg successions of facies
association 5 ranges in thickness from + 0.3 m 9on® and stacked upward-fining
successions vary from 5 m to 67 m across the Ssinb&yclic upward-fining
successions are dominant in the western and egsaeis of the study area compared to
the northern part of the study area (App. Fig.,13,2, 6, 7, 8, 10, 11). Facies association
5 in the western and eastern parts of the study mrelominated by more than three
upward-fining cycles. In the northern part of thedy area, facies association 5 consists

of two to three upward-fining cycles.

Upward-fining successions observed are mainly ctansed by sharp or erosive bases,

coarse-grained to pebbly massive sandstones, wgrathes upwards into medium- to
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fine-grained horizontally laminated (Sh), trougloss-bedded (St) and rippled cross-
laminated (Sr) sandstones, and eventually fineagdalithofacies (FI, Fr, Fsm, Fc and C)
at the top (Fig. 3.35, 3.36). The coarse-grainedatnbly sandstones that form the basal
parts of the upward-fining successions are normatgsive, poorly-sorted and in places
contain rip-up clasts of mudrock and coal (Fig.73.3yrite and pale red (probably
haematite) nodules were also observed within tipesely-sorted sandstones. No trace
fossils were found associated with sandstones @égaassociation 5 within the study
area. Occasionally, the massive, poorly sorted sands are abruptly capped by fine-
grained lithofacies. Fine-grained lithofacies tlcap most sandstone units are usually
bioturbated, and often display wavy, flaser andid¢etar bedding. Few trace fossils

(Planoliteg were found within the fine-grained lithofacies.

——» Fine-grained lithofacies (FI, Fr, Fsm, Fc
and C).

Poorly sorted sandstones (Sm) with erosive
bases and mudrock clasts.

Figure 3.35Upward-fining successions of facies association 5.
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Figure 3.36 Upward-fining succession from sandstones (Sh, 18x,a6
the base grading upwards into bioturbated siltstam@ mudrock (Fr)
and carbonaceous mudrocks (Fc) interbedded with twals (C).
Borehole CKP8C. Tape measure scale in centimeters.
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Figure 3.37 Poorly sorted, pebbly massive sandstones (Sm) with
carbonaceous mudrock clast sharply overlain byidated sandstone,
siltstone and mudrock lithofacies (Fl). Borehole R3C. Tape measure
scale in centimeters.

Upward-coarsening successions identified in faagsociation 5 consist of laminated
siltstones and mudrocks (Fl), bioturbated massiwednocks and siltstones (Fr) and
carbonaceous mudrocks (Fc) at the base which gragesrds into rippled cross-
laminated (Sr) and horizontally laminated (Sh) saoes (Fig. 3.38). The mudrocks and
siltstones that form the basal parts of these wpwaarsening successions, in places
display lenticular, wavy and flaser bedding, tracdsPlanolites Siphonichnusand
Thalassinoideswhich are ofCruzianaichnofacies(Fig. 3.39). Most of the sandstone
units that form the upper parts of the upward-ce@irsy successions contain lot of mica
minerals. The upward-coarsening successions wendyr@bserved in the western part
of the study area. Here, thick, porous, well sortestlium- to fine-grained sandstones (29
m to 50 m thick) are present within facies assamiab. These thick sandstone units
mainly overlie fine-grained lithofacies (Fc, C, H) occasionally poorly sorted coarse-
grained sandstones. Trace fossils assigned to Skelithos ichnofacies (mainly
Siphonichnus Diplocraterion Conichnus escape structure$hoebichnus Planolites
Thalassinoidesand Palaeophycus tubularnswere observed in borehole ACP24 (depth
211.39 m — 220.18 m) and associated with well dortdean, thick medium-grained

sandstone units.

—» Ripple cross-laminated sandstones (Sr).

> Fine-grained lithofacies (Fl, Fr and Fc).
» Coal (C).

Figure 3.38Upward-coarsening successions of facies assoeitio
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Figure 3.3¢ Carbonaceous mudrocks (Fc) wRlanolitestrace fossil grading
upwards into ripple cross-laminated sandstonesofSgcies association 4,
borehole ACP24. Clinorule scale in centimeters.

Coal lithofacies within the study area are mairdgaiated with carbonaceous mudrocks
(Fc), laminated siltstones and mudrocks (Fl) andtusbated mudrocks (Fr). Coal
normally occurs on top of massive, coarse-grairaistone units (App. Fig. 2, 3, 4, 10,
11) with a sharp contact, and in places overliewang-fining successions (i.e., W1).
Coals in places are in turn overlain by upward-seaing successions (ranging in
thickness from 3.5 m to 17.6 m) and by massive stanés and fine-grained lithofacies
(Fl, Fr, Fc). The thickness of coal lithofaciesigarfrom one borehole to the other.

Coals in the western part of the study area aratively thin (ranging in thickness
between 10 cm to 80 cm). These coals occur intedzbavith sandstone units, which are
bounded at the base and on top by sharp contadtsnaplaces occur above thick
sandstone units of facies association 4 and belpwartd-coarsening successions
(ranging from 3.5 m to 17.6 m) of facies assocraBo(App. Fig. 4). In borehole ACP19,
coal lithofacies are interbedded with pebbly, sHzaped sandstones (Sm). Coal
lithofacies in boreholes ACP4 and ACP13 underlmes association 4 sandstones units
and are overlain by upward-coarsening successvamsh in places are in turn overlain
by thick (29 m) well sorted sandstones (App. FigB3)2 In borehole ACP24 (App. Fig. 5),
coal deposits occur between stacked upward-coagesniccessions (ranging from 3 m to
8 m), which underlie thick (50 m) sandstone units.
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In the northern part of the study area, coal liéloeés range in thickness between 3 m and
4.82 m. Two coal horizons (lower and upper) havwenhdentified within the boreholes in
the northern part of the study area (App. Fig.8.-The lower coals occur above the first
or lower upward-coarsening cycle produced by faassociation 3 and 4 and the upper

coals occur above the second or upper upward-auagseycle.

In borehole W2 and W3, coals have an average thgkiof 3 m and occur above fine-
grained lithofacies or coarse-grained sandstonkgvare in turn underlain by sandstone
lithofacies of facies association 5 and facies @asion 4 (App. Fig. 7, 8). The coals in
these two boreholes are overlain by sandstones @@rfige-grained lithofacies (Fl, Fr,
Fc), and occur below or above the thick (100 m @ in) upward-coarsening cycle
produced by facies association 3 and 4. In boreWtdlecoals (up to 4.82 m thick) occur
above the second delta cycle and overlain at l®asne upward-fining cycle (App. Fig.
6).

Within the study area, the thickest coals occuthm eastern part of the study area (i.e.,
CKP8C and CKP8C-1; App. Fig. 10, 11), where they @y to 28 m thick. Dolerite sills
intruded most of the coal lithofacies in the eastaart of the study area. Coal lithofacies
in the eastern part of the study area occur aboaese-grained sandstones in a sharp
contact and are overlain sharply by fine-graindublacies (Fl, Fr, Fc) interbedded with
thin (less than 0.2 m) medium-grained sandstongs,unihich are in turn overlain by

stacked upward-fining successions with no coals.

3.5.6 Description: facies association 6

Facies association 6 has been identified onlyemibrthern and eastern parts of the study
area. It is dominated by homogeneous non-carbonacsgtistone successions (Fig. 3.40)
ranging between 32 m to 164 m in thickness. Thigeta association conformably

overlies facies association 5 (App. Fig. 6, 7,110,

Siltstone (Fl) successions of facies associatiareGnterbedded with thin mudrocks (less
than 0.5 m in thickness) and fine-grained mass8ma)( horizontally laminated (Sh) and

ripple cross-laminated (Sr) sandstones (normabg khan 0.5 m thick, rarely up to 3 m
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thick). The siltstones are mainly light grey in @al with few greyish orange pink,
moderate reddish brown, light pink grey and veryeparange colours. Bioturbation
structures (see lithofacies Fr; Fig. 3.40), caloasenodules and pale red (probably

haematite) nodules (Fig 3.41) were observed.

Upward-fining successions (ranging from 0.3 m tm@are locally present within facies
association 6 and comprise sandy siltstones withupi clasts of carbonaceous mudrocks

at the base, which grades upward into sandy siést@nd siltstones (e.g., borehole W2;
App. Fig. 7).
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Figure 3.4( Bioturbated siltstones (Fr) of facies associaBdn borehole CKP8A. Tape measure scale
in centimeters.
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Figure 3.41 Siltstones (Fsm) with pale red nodules (probaldarhatite), borehole CKP8A. Tape
measure scale in centimeters.

3.5.7 Description: facies association 7

Facies association 7 was only observed in four Hmes (App. Fig. 3, 4, 6, 7) in the
western and northern parts of study area. It e®iflacies association 5 in the western part
of the study area and facies association 6 rockisamorthern part of the study area. This
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facies association in the western study area hasvarage thickness of approximately 56
m, and in the northern part of the study area ramgéhickness from 5 m to 21 m.

In the western part of the study area, facies @soc 7 comprises mudrocks and
siltstones which are dark reddish brown, pale grdyish red and light grey in colour,
massive and laminated (lithofacies Fsm and Fl) va#iicareous nodules (Fig. 3.42).
Dolerites intruded facies association 7 mudrockcessions in borehole ACP13 (western
part of the study area; App. Fig. 3). In the namthgart of the study area, facies association
7 is characterised by a basal conglomerate (Gewhich grades upward into medium-
grained, reddish sandstones (Sm, Sr) and lamirtatedassive moderate reddish brown
mudrocks (FI, Fsm) arranged in a upward-fining abter (i.e., borehole W1; Fig. 3.43,
3.44; App. Fig. 6).

3.5.8 Description: facies association 8

This facies association occurs only in the nortlaard eastern parts of the study area (App.
Fig. 6, 8, 9, 10, 11). Facies association 8 ovefleies association 6 in the northern part of
the study area and in the eastern part of the stwelst it overlies facies association 6.
Facies association 8 is characterised by fine-gdhisandstones, which are clean,
moderately to well sorted and massive in textuig.(B.45). Cross-bedding (St) is also

present within these sandstones but is not prewvasnmassive bedding (Sm). The

sandstone lithofacies characterising this facieso@ation do not contain any mica

minerals and are light brown, very pale orange\ang light grey.
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Figure 3.4z Reddish mudrocks (Fsm) of facies
association 7 in borehole ACP13. Core tray carifi 6
m of core.
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Figure 3.4% Basal clast-supported conglomerate (Gcm) ovethgirsandstones
(Sm, Sr) of facies association 7 in borehole W1.

\
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Figure 3.4<4 Reddish mudrocks of facies association 7 sharpérlain (erosive
contact) by well sorted, fine-grained sandstones)(8f facies association 8 in
borehole W1. Tape measure scale in centimeters.
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Figure 3.4t Facies association 8 massive(Sm), mica-free samestin borehole W1. Tape
measure scale in centimeters.
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CHAPTER FOUR: SANDSTONE PETROLOGY, GEOCHEMISTRY
AND PROVENANCE

4.1 Introduction

In order to understand and reconstruct the palaesitional history of sedimentary
rocks within a basin, a petrographic analysis afdstone suites should be conducted.
The petrography of sandstone suites generallyatsflthe provenance of the detritus,
although various other sedimentological factors atering, transportation and
diagenesis) also influence their original composti (Dickinson, 1985). Therefore,
petrographic analyses were done in order to urateisthe palaeoenvironments and the
probable source rocks for the Karoo SupergroughénGemsbok Sub-basin. Thirty-five
sandstone samples were collected from well-develope thick sandstone bodies in
eleven boreholes consisting of well-cemented fmenedium sandstones, which were
subsequently found in facies associations 4, 58ai&hndstone samples which begin with
prefix B are those which have been sampled from the baslsifuated in the northern
and eastern Gemsbok Sub-basin (southwest Botswwadahose that begin with prefi
were sampled from the western part of the Gemshidkifasin (the Aranos Basin). Thin
sections were prepared of all sandstone samplgsetoographic analysis. The sandstone
thin sections were examined in detailed and coufdednodal composition using the
Gazzi-Dickinson point count method (Dickinson, 1P8%he results of the detailed
petrographic studies and point counts of all thedstone samples are presented and

summarised in Appendix A and Tables 5 and 6.

4.2  Sandstone petrography

This section presents detailed petrographic desmng of representative sandstone
samples of facies association 4 (sample N8, B7EB2@), facies association 5 (sample

N1l and B17) and facies association 8 (sample Bifferent locations in the study

area.

72



Table £ Detrital modes of the Ecca Group facies associadi@nd 5 sandstones in the western part of thesGeknSub-
basin.

Qm: monocrystalline quartz, Qp: polycrystalline gmaQt: quartz total, K: potassium feldspar or &spP: plagioclase, F:
total feldspar, L: lithic fragment, M: matrix, Cement, Q: quartz, Lt: total lithic fragments.

Table € Detrital modes of the Ecca Group facies associatiand 5 and Ntane Sandstone Formation faciesiatiso 8 in
the northern and eastern parts of the Gemsbok Ssii-b

Qm: monocrystalline quartz, Qp: polycrystalline gmaQt: quartz total, K: potassium feldspar or KispP: plagioclase, F:
total feldspar, L: lithic fragment, M: matrix, Cement, Q: quartz, Lt: total lithic fragments.

Sample N8

Sample N8 was sampled from borehole ACP19 (wegtarnof the study area) at depths
between 324.92 m and 325.00 m (Fig. 4.1). The sampnoderately to well sorted and
fine- to coarse-grained (0.125 mm — 1 mm). Fineitdéigrains dominate the sandstone.

This sample comprises subangular to subroundedaldtamework grains. Framework
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grains include quartz (both monocrystalline and ypoistalline quartz), feldspar
(plagioclase, microcline and other potassium-feddsp and quartzo-feldspathic rock
fragments. Most of the polycrystalline quartz gsasre formed by three to four non-
sutured crystals and more than five sutured andsmtured quartz crystals. Mica grains
are present in the sample and consist of muscoviiie a lesser amount of biotite.
Muscovite grains are deformed in places. Sandstangple N8 is poorly cemented by
calcite and contains a detrital clay matrix. Accegsninerals present include tourmaline,

garnet, subrounded zircons and pyrite.

Sample N11

Sandstone sample N11 was sampled from borehole AQR@stern part of the study
area) at depths between 244.30 m and 244.37 m4Ry.It is a poorly sorted, medium-
grained (0.30 mm - 0.56 mm) sandstone, composadhxngular to subrounded detrital
grains. Sandstone sample N11 is poorly cementezhlojte. Framework grains comprise
quartz, feldspar and rock fragments (quartz-feldspQuartz grains occur as both
monocrystalline and polycrystalline quartz, witeder amounts of polycrystalline quartz.
The most commonly observed polycrystalline quartng are those comprising four to
more than five non-sutured quartz crystals. Feldgpains are dominated by microcline
and lesser amounts of plagioclase and other patas®ldspars. Rock fragments
comprise quartz-feldspar and argillaceous rocknfraigts. The sandstone sample N11 is
characterised by a clay matrix with abundant mioaseminerals and it is poorly
cemented by calcite. Accessory framework grains prese trace amounts of mica

(muscovite), tourmaline (green), garnet, subroursexbn and pyrite.

1 1
Figure 4.1 Photomicrograph of sample N8, Facies Figure 4.z Photomicrograph of sample N11. Facies
association 4, western part of the study area. association 5, western part of the study area.
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Sample B7

Sample B7 was sampled from borehole W3 (northerh gfathe study area) at depths
between 206.08 m and 206.16 m (Fig. 4.3). It maerately sorted, medium-grained
(0.25 mm — 0.50 mm) sandstone. The sandstone lgadaario subangular grains, with

the latter being dominant. Quartz, feldspar and fomgments are the main detritus in the
sandstone sample B7. The most abundant quartzsgaaenthe monocrystalline quartz
with only trace amounts of polycrystalline quaRnlycrystalline quartz grains consist of
five non-sutured quartz crystals. Feldspar gramssist of microcline, plagioclase and
potassium feldspars. Rock fragments are present amdprise argillaceous rock

fragments and quartz-feldspar rock fragments. NBcpresent and includes muscovite,
which is deformed in places. The sample is paytiedlmented with calcite. Detrital clay

constitutes the matrix. Accessory framework graimslude zircon (subrounded and

rounded), mica, rutile, tourmaline (rounded, eldeggreen tourmaline) and garnet (light

pink). Rounded tourmaline and zircon inclusiondwnitthe quartz grains were observed.

Sample B20

Sample B20 was sampled from depths between 474.@%an474.73 m in borehole
CKP8C-1 (eastern part of the study area) (Fig..&Sandstone sample B20 is poorly
sorted,medium-grained (0.25 mm — 0.40 mm) and consis&ub&angular to subrounded
detrital grains. Major detrital framework grainepent include quartz, feldspar and rock
fragments. Quartz grains include monocrystallined apolycrystalline quartz.
Polycrystalline quartz occurs in lesser amounts emnkists of two (non-sutured) and
more than five (sutured) crystals of quartz. Feddsppresent in the sample include
microcline, plagioclase and other potassium-feldspRock fragments consist of quartz-
feldspar and argillaceous rock fragments. The sarophsists of lesser amounts of mica
and muscovite occurs in larger quantities comp#oduotite. The muscovite mica grains
appear bent adjacent to quartz and feldspar gr&iosessory minerals include zircon
(subrounded), garnet, rutile, tourmaline (brown agyréen) and pyrite. Apatite and

tourmaline are common as inclusions within quar&rg.
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Sample B17

Sample B17 is from borehole CKP8C-1 (eastern fahe study area) and was sampled
between depths of 278.19 m and 278.35 m (Fig. 4T#4e sandstone sample is
moderately to well sorted and fine- to medium-gedif0.20 mm - 0.30 mm) in size. This
sandstone consists of subangular to subroundedtatidgblamework grains of quartz
(monocrystalline and polycrystalline quartz), feddsand rock fragments. Different types
of polycrystalline quartz grains were identifiedths thin section and are composed of
more than two quartz crystals. Feldspar grainsuhelplagioclase, microcline and other
potassium-feldspars. Microcline is the most abubhdeldspar. Rock fragments include
argillaceous rock fragments, which in places hasenbreplaced by calcite. Sample B17
is poorly-cemented by calcite and contains up to ri¥¢éa minerals (muscovite and
biotite). Accessory grains comprise trace amouhtairoon (irregular and subrounded),

tourmaline, rutile, apatite (as rounded inclusiomghin quartz grains) and angular

garnets.

Figure 4.2 Photomicrograph of sample B7, Facies Figure 4.4 Photomicrograph of sample B20, Facies
association 4 northern part of the study area. association 4 eastern part of the study area.

Sample B1

Sample Bl is from borehole W1 (northern part of shedy area) and was sampled at
depths between 96.81 m and 96.90 m (Fig. 4.6). s@hestone sample is well sorted and
fine-grained (0.125 mm - 0.25 mm). Detrital graittet make up this sample are
subangular to subrounded. The sample is dominatetktiital grains of quartz followed
by feldspar grains and lithic fragments. The quactamponent of this sandstone
comprises monocrystalline quartz and polycrystallquartz, with the monocrystalline
guartz content being greater. Polycrystalline quatformed by more than five non-
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sutured quartz crystals. Subrounded quartz grairis mclusions of subrounded and
elongate shape apatite were observed. The saedstmnple contains lesser amount of
feldspar. Feldspar grains include microcline arabjclase. The sample contains minor
amounts of rock fragments (argillaceous and pobtaiiine quartz). Carbonate cement
and clay matrix are present in lesser amounts.mia minerals were found in this thin
section. Accessory minerals include zircons (zamsd subrounded), rutile (subrounded),

tourmaline (green in colour, zoned and subroundad)garnet (angular).

—1 ]
Figure 4.E Photomicrograph of sample B17, Facies Figure 4.€ Photomicrograph of sample B1, Facies
association 5 eastern part of the study area. association 8 northern part of the study area.

4.3 Detrital framework grains

The sandstone samples of facies association 4 amdh® western, northern and eastern
parts of the study area comprise the following ®amrk grains: quartz, feldspars, rock
fragments, micas, heavy minerals (zircon, tourngaligmarnet, rutile and apatite), pyrite,
matrix and cement. Facies association 8 sandstample B1 does not contain mica
minerals, but has all the other framework graindl Analysed sandstones are
characterised by subrounded to subangular degpigahs, with the latter being dominant.
The sandstones tend to be moderately sorted andypoemented. In a few of the
analysed sandstone samples, subrounded to roundied gf zircon, tourmaline, apatite,

pyrite minerals and quartz have been noted.
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Quartz
Petrographic studies of sandstones from faciescedim 4, 5 and 8 from the Gemsbok

Sub-basin reveal that quartz is the most abundantéwork grain with lesser feldspar
grains and rock fragments. Quartz occurs as bothogrgstalline quartz (Qm) and
polycrystalline quartz (Qp) (see Table 2; Fig. 4..B), with monocrystalline quartz being
more abundantDifferent types of polycrystalline quartz grainse geresent within the
sandstones. Observed polycrystalline quartz graimescomposed of three to more than
five crystals of quartz, which may be sutured on+satured. The detrital quartz grains

are mainly angular to subangular with subroundedtoded grains being much rarer.

Feldspar
Feldspar grains include microcline, plagioclase gratassium-feldspar (Fig. 4.9).

Microcline and other potassium feldspars are morendant than plagioclase in most of
the studied sandstone samples in the western reastd the northern parts of the study

area.

Qp

Qp
Qp

Qp

— —

Figure 4.7 Photomicrograph of sample BB, faciesFigure 4.€ Photomicrograph of sample B15, facies
association 5, borehole CKP8C, depth 298.93 m -0299 association 5, borehole CKP8C-1, depth 411.25 m —
m. Polycrystalline quartz (Qp) with more than fimen- 411.31 m. Polycrystalline quartz (Qp) with morarth
sutured quartz crystals (Cross Polarised Light). five sutured quartz crystals (Cross Polarised Dight

Rock fragments

Rock fragments observed in thin sections are oinseatary, igneous and metamorphic
(Fig. 4.9, 4.10) origin. The sedimentary rock frags consist mainly of fine-grained,
argillaceous rock fragments, whereas igneous roagnients comprise quartz-feldspar
grains. Metamorphic rock fragments are represebiedgolycrystalline quartz grains

composed of more than five crystals of quartz, whdisplay sutured boundaries.
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Sandstone samples of facies association 4, 5 andtl8& Gemsbok Sub-basin contain

only a small amount of rock fragments.

1

Figure 4.¢ Photomicrograph of sample N13, facies Figure 4.1C Photomicrograph of sample N6, facies
association 5, borehole ACP13, depth 226.56 m -622f.  association 5, borehole ACP3, depth 265.06 — 26m11

Angular to subangular quartz-feldspar rock fragm@Fr), Quartz-feldspar rock fragment (RF), quartz grainmfQ
microcline (Mi) grains and matrix (M) (Cross Pofail showing undulatory extinction and fine-grained nxatr
Light). (Cross Polarised Light).

Micas

The sandstone samples of facies association 4 amdh® northern, eastern and western
parts of the study area exhibit abundant micaceuirerals (muscovite and biotite)
aligned parallel to bedding planes (Fig. 4.11). Wlahthese micaceous grains have been
altered to clay minerals and in places to chloMest of these micaceous minerals in the
studied thin sections are associated with finenemlium-grained sandstones. Bent mica
minerals are common within the sandstones. Samplef Bacies association 8 is the only

sample analysed which does not contain any micanmais (Fig. 4.6).

Matrix
The matrix of the sandstones is generally compao$duthe-grained material comprising

microcrystalline quartz, mica and feldspar gralfig.(4.9).

Cement
Calcite cement was recognised in most of the sandssamples (Fig. 4.12). Calcite
cement tends to form poikilitic textures and enpsl@ome of the detrital grains within

the sandstone thin sections. Most of the studieditanes are partially cemented by
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calcite; however there are a few sandstone samptlash are well cemented by calcite
(Fig. 4.12).

—1 —

Figure 4.11 Photomicrograph of sample B5, faciesFigure 4.1z Photomicrograph of sample B17, facies
association 4, borehole W2, depth 170.20 m — 176124 association 5, borehole CKP8C-1, depth 278.19 ~3578
Micaceous sandstone with bent mica minerals (Crod®. Calcite (Ca) cement (Cross Polarised Light).
Polarised Light).

Heavy Minerals

Heavy minerals identified in the sandstones studnetude tourmaline, zircon, rutile,
garnet, apatite (subrounded to rounded and elorsiaiges) and pyrite minerals. Zircons
occur as subrounded, rounded and euhedral graigps4R3, 4.14). The euhedral zircon
grains tend to show a lot of zonation. Tourmalireeuwrs as rounded, subrounded,
irregular and euhedral grains (Fig. 4.15, 4.16) amaked tourmaline is present within the
sandstones. Rutile mineral grains are deep rednawgtly occur in euhedral form but
subrounded rutile grains were also observed (Eig/,44.18). Garnet is dominant within
the sandstones; it occurs in irregular shape haeaigurless and light pink colours in
thin sections (Fig. 4.19, 4.20). Apatite grainswcas inclusions within quartz grains and
are often colourless in plane polarised light (Fg1). Pyrite grains are present in trace
amounts within the sandstone samples and mainlyroas subrounded grains, but

angular grains are also present (Fig. 4.22).
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Figure 4.1: Photomicrograph of sample B17, facies Figure 4.14 Photomicrograph of sample N1, facies
association 5, borehole CKP8C-1, depth 278.19 m -association 5, borehole ACP4, depth 234.17 m —223¢.
278.35 m. Euhedral zircon (Zr) grain (Cross Potatis Angular garnet (Ga) grain and rounded zircon (48irg
Light). (Plane Polarised Light).

0.5 mm
I 2

Figure 4.1t Photomicrograph of sample B6, facies Figure 4.1€¢ Photomicrograph of sample B6, facies
association 4, borehole W2, depth 230.69 m — 236077 association 4, borehole W2, depth 230.69 m — 2377

Sandstone with subrounded quartz (Qm) grains and Tourmaline grain showing zonation (Cross Polarised
partially euhedral green tourmaline (To) grain (Rla Light).
Polarised Light).

0.25 mm

[ 1 /1

Figure 4.17 Photomicrograph of sample B6, facies Figure 4.1¢ Photomicrograph of sample N13, facies
association 4, borehole W2, depth 230.69 m — 2377 association 5, borehole ACP13, depth 226.56 m6-612

Rutile grain (Ru) with irregular cleavage fractuf€ross m. Rutile (Ru) grain (Plane Polarised Light).
Polarised Light).

81



T To

Ga
1 ] Ga
Figure 4.1¢ Photomicrograph of sample B15, facies Figure 4.2( Photomicrograph of sample B12, facies
association 5, borehole CKP8C-1, depth 411.25 i34 association 5, borehole CKP8A, depth 283.74 m —
m. Garnet (Ga) grain with irregular fractures (Rla 283.89 m. Garnet (Ga) grains and subrounded brown
Polarised Light). tourmaline (To) grain (Plane Polarised Light).
Py
Py
Qm+Ap
Py
L1
L1

Figure 4.2Z Photomicrograph of sample B17, facies
association 5, borehole CKP8C-1, depth 278.19 3578
m. Pyrite (Py) grains (Plane Polarised Light).

Figure 4.21 Photomicrograph of sample N8, facies
association 4, borehole ACP19, depth 324.92 m -0826.
Sandstone with angular to subangular detrital graapatite
(Ap) minerals occur as inclusions within the morystalline
quartz grain (Cross Polarised Light).

4.4 Detrital modes

For modal analysis, three hundred and fifty framewgrains were counted from each
studied thin section (Tables 5, 6). Matrix, cemanicas, heavy minerals and pyrite
grains were not counted. Thin section point cowdse done using the Gazzi-Dickinson
point count method (refer to Chapter 2, Dickinsd®85) and were then plotted on QFL
diagrams for sandstone classification (Folk, 19803 also plotted on Dickinson and
Suczek (1979) tectonic provenance diagrams (F&R,41.24, 4.25, 4.26).
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Figure 4.2% QFL triangular classification plot of facies
associations 4 and 5 sandstones in the westermiptue
study area (after Folk, 1980).

Figure 4.2¢ QmFLt diagram with tectonic fields of
Dickinson and Suczek (1979) for facies associatibrsd
5 sandstones in the western part of the study area.
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Figure 4.25 QFL triangular classification plot of facies
associations 4, 5 and 8 sandstones in the northedn
eastern parts of the study area (after Folk, 1980).

Figure 4.26 QmFLt diagram with tectonic fields of
Dickinson and Suczek (1979) for facies associatibn$
and 8 sandstones in the northern and eastern glattse

study area.
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4.4.1 Western part of the Gemsbok Sub-basin

44.1.1 Facies association 4

Sandstone samples (sample N3 and N8) from facexciasion 4 in the western part of
the study area are predominantly medium-graineth gtain sizes ranging from 0.125
mm to 0.25 mm. The average quartz-feldspar-lithegnent ratio is @FsoL4. Facies
association 4 sandstone samples are classifiedkaseain a QFL diagram (Fig. 4.23)
(Folk, 1980). Facies association 4 sandstonesenméstern part of the study area plot
within the field of transitional continental prowserce with one sample plotting in

between the transitional continental and mixed enawice fields (Fig. 4.24).

44.1.2 Facies association 5

This facies association consists of fine-graineddstnes (0.125 mm - 0.25 mm),
medium-grained sandstones (0.25 mm - 0.57 mm)adedser number of coarse-grained
sandstones (0.57 mm — 0.7 mm). The sandstonegmoalty arkosic sands (number of
samples = 9) with lesser amount of subarkosic sémaimber of samples = 2) and have
an average modal value ot 8,7, (Fig. 4.23). Eighty percent of detrital modes afiés
association 5 sandstones in QmFLt diagrams plohimvithe transitional continental

provenance field with 20% in the mixed provenaneklf(Fig. 4.24).

4.4.2 Northern and eastern part of the Gemsbok Sub-  basin

4421 Facies association 4

All studied thin sections from facies associatiom 4he northern and eastern part of the
study area are predominantly fine- (0.125 mm - @Gx28) and medium-grained (0.25 mm
— 0.5 mm) sandstones. The average framework graidem of facies association 4
sandstones in the northern part of the study ae®aF,iL4 and in the eastern part of
the study area are;F10L, . In the northern part of the study area, facieoeaiation 4
sandstones are mainly classified as arkose, witbeteamounts of subarkose, litharkose
and sublitharenite (Fig. 4.25). Point count valtesthese sandstones reveal that the
source was predominantly from a transitional camital provenance, with some
contributions from a craton interior provenancevwadl as from mixed and basement

uplift sources (Fig. 4.26). Two sandstone samplieshe facies association 4 in the
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eastern part of the study area are classified laarkose and fall within craton interior

and transitional continental provenance fields.

44272 Facies association 5

Facies association 5 in the eastern part of thdysarea consists of fine-grained
sandstones (0.125 mm — 0.25 mm), medium-grainedssames (0.25 mm — 0.50 mm),
coarse-grained sandstones (0.50 mm — 1 mm) andcearge-grained sandstones (1 mm
— 2 mm). QFL percentages documented in this stadthe sandstones in the eastern part
of the study area are commonly,s&.L4. Sandstones of facies association 5 in the
eastern part of the study area have less quanzthuse of facies association 4 in the
eastern part of the study area. On the basiseofrimework grains, facies association 5
sandstones are classified as subarkose (numbemgifles = 5) and arkose (humber of
samples = 5) with lesser amount of litharkose (nemdd samples = 1), (see Fig. 4.25).
The QmFLt plots for the facies association 5 samustsamples falls within the
transitional continental field (number of sample6)=craton interior (number of samples
= 2) and mixed provenance field (number of sampl€y and one sample plots in the

guartoze recycled orogen provenance field (Figo}4.2

4.4.2.3 Facies association 8

Sandstone sample B1 of facies association 8 isopradhntly fine-grained (0.125 mm —

0.25 mm) and contains high amounts of quartz graiosstituting average 89% of rock

volume. The sandstone sampled contains minor armairieldspar (average of 8%) and
lithic fragments (average of 3%). It is classifeeslsubarkose (Fig. 4.25) and plots within
the craton interior field in the QmFLt diagram (FHg26).

4.5 Geochemistry of sandstones

Geochemical analyses were performed only on théssane samples from the boreholes
in the northern and eastern parts of the study @rables 7 and 8) to supplement the
petrographic data and making interpretations of@areas. In the western part of the

study area, no core was available for geochemitalyaes.
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4.5.1 Major element geochemistry

4511 Facies association 4 (northern Gemsbok Sub-  basin)

The sandstone samples of facies association 4emamnthern part of the study area
(number of samples, n = 6) have Si€ntents averaging at 74.52 wt%. Exceptions
include sample B5 and B6 from borehole W2, whichilei relatively low concentration
of SIO, (57.99 wt%) and high SiOconcentration (up to 95 wt %) respectively. The
sandstones of facies association 4 show high ctoratems of AbOz (mean: 12.84 wt%)
compared to an average (8.7 wt%) arkose compogiBettijohnet al, 1987). Sample
B5 has the highest ADs3 (23.37 wt%) concentration compared to the meanevéBu7
wt%) (Pettijohnet al, 1987). Sample B6 from borehole W2 shows low eoat@ations of
Al>03 (2.42 wt%). Concentrations of TiOFeOszp, MNO, MgO, NaO, P.Os and CyO3
are very low in the sandstone samples of faciescaton 4 in the northern part of the
study area. CaO concentrations are also low (fless 1 wi%) in most sandstone samples.
Sample B2 (7.87 wt%) and B9 (1.78 wt%) have higGa©O concentrations which is
consistent with the mineral calcite. The sandstaidacies association 4 in the northern
part of the study area have aX content with an average of 3.54 wt%. The
concentrations of N® within the sandstones (mean: 0.76 wt%) is lesm tthe
concentrations of O (mean: 3.54 wt%). Sample B8 of borehole W1 amdpsa B5 of
borehole W2 have higher,R/N&O ratios (9.88 and 5.92, respectively). The rafio o
SiO; to AlL,O3 is also high within the sandstones (average: 2J0&8mple B6 of borehole
W2 has the highest S#l,03 (39.30).

4512 Facies association 4 (eastern Gemsbok Sub-b  asin)

The two sandstone samples of facies associationthei eastern part of the study area
have an average Si©Gontent of 70.63 wt%. The sandstones show higkemnations of
Al,O3 (mean: 15.59 wt %) compared to an average (8.7 \wtaPkose composition
(Pettijohnet al, 1987). Sample B10 from borehole CKP8C-1 shoigh bhoncentration
of Al,05(20.34 wt%) compared to an average (8.7 wt%) arkoseposition (Pettijohet

al., 1987). Concentrations of TiOFeOsy, MnO, MgO, NaO, B.Os and CsOs are very
low in the sandstone samples of facies associdtionthe eastern part of the study area.

CaO concentrations are low (less than 1 wt%) intreaadstone samples in the eastern
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part of the study area. Sample B20 in the eastem3bok Sub-basin has slightly higher
CaO concentrations (1.26 wt%), which is consisteith the mineral calcite. The
sandstone samples of facies association 4 in thereapart of the study area have an
average KO value of 2.88 wt% and show,®/N&O ratios between 2.78 and 4.81. The
concentrations of N® (mean: 0.80 wt%) is less than® concentrations (mean: 2.88
wt%) in the sandstone samples in the eastern pénecstudy area. The average ratio of
SiO;, to Al,O3 within these sandstones is 5.03.

45.1.3 Facies association 5 (eastern Gemsbok Sub-b  asin)

The sandstone samples of facies association 5 (@uaflsamples, n = 7) in the eastern
Gemsbok Sub-basin have a slightly higher ;SeGntent averaging at 73 wt%. 283
content in these sandstones is slightly higherrémee of 11.05 wt%) compared to an
average (8.7 wt%) arkose composition (Pettij@ral, 1987). Most of the sandstone
samples (n=7) show low concentrations ob@=). Sample B18 has slightly higher
concentration of F©®s) (8.74 wt%). Concentrations of T}OMnO, MgO, NaO, R.Os
and CpO; are very low within the sandstone samples of fa@sesociation 5CaO
concentrations in these samples have an averag8®iwt% and two samples (B17 and
BA) have slightly higher concentrations. The corictions of NaO are greater than 1
wt% except in sample B11l of borehole CKP8Phe sandstone samples of facies
association 5 show high,R content (range: 2.38 wt% — 3.72 wt%) compareiasO
content. Average KO/N&O ratio in these sandstones is 2.85 and sample fhi
borehole CKP8A shows higher,®&/N&O ratio (8.96). The Si@Al,O3 ratio mean value
for seven sandstone samples of facies associai®f.32.

4514 Facies association 8 (northern Gemsbok Sub-  basin)

A geochemical analysis of facies association 8aised only on one sandstone sample
(B1) from borehole W1. The sandstone is very rickilica (SiQ), with a value of 89.83
wt%. Al,O3 concentration measures at 5.71 wt% and is lessttieaverage (8.7 wt%)
arkose composition (Pettijohet al, 1987). The concentrations of HiCFe0Os;, MnO,
MgO, CaO, NgO, P.Os and CsOs are very low (less than 1 wt%). The®&value is 3.06
wt% which is greater than the,® value (0.62 wt%). The average®N&O ratio in
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sandstone sample B1 is very high (4.91 wt%). Ti@/8I,0; ratio (15.74) is higher
than the KO/N&O ratio.

4.5.2 Trace element geochemistry

4521 Facies association 4 (northern Gemsbok Sub-  basin)

The concentrations of Ba are high in the sandssangples of facies association 4 in the
northern part of the study area with an averagél® ppm. Samples B3 and B5 from
borehole W2 and samples B8 and B9 from boreholeh@&i®& higher Ba concentrations.
Sample B6 from borehole W2 has the lowest conceotraalue of Ba. Rubidium (Rb)
concentrations within the sandstones are moderaigly (mean: 112 ppm). Sample B5
in borehole W2 shows very high concentrations of, Rip to 202 ppm. The
concentrations of Sr in sandstone samples of fagseciation 4 are less than 100 ppm,
with an average of 93 ppm. Sample B2 (134 ppm)B® @114 ppm) from borehole W2
and sample B9 (110 ppm) from borehole W3 show Hhigtencentrations of Sr. Zr
concentration in the sandstones is moderately Wiglhh a mean of 112 ppm. Sandstone
sample B6 from borehole W2 and sample B8 from baleekV3 have Zr values greater
than 100 ppm. The concentrations of other tracenehts such as Bi, Br, Ce, Co and Ni

are very low with an average less than 100 ppm.

4522 Facies association 4 (eastern Gemsbok Sub-b  asin)

The Barium (Ba) concentrations of the sandstonepkssof facies association 4 in the
eastern part of the study area have an averag82pgm. Sample B10 has a Barium
concentration of 500 ppm. Rubidium (Rb) concentratin the sandstones has a mean
value of 91ppm. The concentrations of Sr in samdsgamples of facies association 4 are
less than 100 ppm, with an average of 75 ppm. ZAceotration in the sandstones is
moderately high with a mean of 241 ppm. Sample B&ath borehole CKP8C-1 has Zr
values greater than 241 ppm. Most elements sucBi,aBr, Ce, Cr, Co and Ni are

relatively low and have mean values less than J00.p
4523 Facies association 5 (eastern Gemsbok Sub-b  asin)

The concentrations of Ba are very high in the stoméssamples of facies association 5

(mean: 677 ppm, number of samples = 7). Four sandsamples from borehole CKP8A
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(sample B11), borehole CKP8C-1 (sample B14 and Eamp8) and borehole CKP8C

(sample BC) have higher concentrations of Ba. Ricentration within the sandstones
range from 82 ppm to 151 ppm, with an average & @gdm. The sandstones of facies
association 5 show slightly higher concentratiohSmo(average: 264 ppm). Sample BA
from borehole CKP8C has a Sr value of 790 ppm.afatent in the sandstones of facies
association 5 is very high with a mean value of ppér. Samples B11, B18 and BA
have zirconium concentrations of more than 348 pphe mean values of other trace

elements such as Ni, Cr, Pb, Co and Cu are verybelow 100 ppm).

4524 Facies association 8 (northern Gemsbok Sub-  basin)
The concentration of Ba is slightly higher in thandstone sample Bl of facies
association 8 (mean: 489 ppm). Zr content is algh tith a mean value of 196 ppm.

Concentrations of other trace elements are veryaogvare less than 70 ppm.

4.6 Sandstone classification using geochemistry

Using the Herron (1988) geochemical classificattbagram, most of the sandstone
samples of facies association 4 in the northern plathe study area are classified as
arkose (number of samples, n = 4) with a small remdd samples classified as wacke
and sublitharenite (Fig. 4.27). In the eastern phthe study area, one sandstone sample
of facies association 4 is classified as lithaeemtthe Herron (1988) diagram (Fig. 4.27).
The sandstone samples of facies association Seiredlstern part of the study area are
classified as arkose (n = 5) with one (n = 1) pigtin the shale field (Fig. 4.27). In the
“SandClass System” diagram of Herron (1988), tha@efa association 8 sandstone is

classified as a subarkose (Fig.4.27).

4.7 Sandstone provenance and tectonic settings

A summary table for the provenance and tectontingedf the Ecca Group and Ntane

Sandstone Formation sandstones is given in Table 9.
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4.7.1 Facies association 4 (northern and eastern Ge  msbok Sub-basin)

According to the Ti@Ni diagram of Floyd et al. (1989), the source afeafacies
association 4 sandstone samples in the northereastdrn part of the study area was of
a predominantly acidic magmatic nature (Fig. 4.. ZBandstone sample B5 of facies
association 4 in the northern part of the studyaashows a provenance from mature

sedimentary rocks (Fig. 4. 28).

Figure 4.27 Chemical classification scheme of sandstones femies associations 4, 5 and
8 in the northern and eastern parts of the studg &ased on log (SHRI,05) vs. log
(F&04/K,0) diagram of Herron (1988).

Figure 4.28 Characterisation of source rock composition
based on Nvs. TiO, diagram for the facies association 4, 5
and 8 sandstones in the northern and eastern phattse
study area (after Floyd et al., 1989).
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The provenance discrimination diagrams of Roserkordch (1988) are based on major
element data and have four different sedimentaovgmance fields. The sedimentary
provenance fields include: P1 (mainly mafic and ségs intermediate igneous
provenance); P2 (primarily intermediate igneousvpmance, represented by lithic
volcanogenic greywacke and argillites); P3 (fel§wolcanic and plutonic) igneous
provenance represented by quartzofeldspathic samels{greywackes) and P4 (quartoze
sedimentary rocks of mature continental provenaege, sandstones and argillites, poor
feldspar and rock fragment content and quartz-sehdstones). Most of the facies
association 4 sandstones in the northern and agséet of the study area fall within a
guartzose sedimentary field, with a small numbesaridstone samples plotting in the
field of felsic igneous rocks (Fig. 4.29). In thén-Bc-Zr/10 tectonic discrimination
diagram by Bhatia and Crook (1986), facies associad sandstones plot within the

continental island arc field (Fig. 4.30).

Figure 4.2¢ Facies associations 4, 5 and 8 sandstones in the
northern and eastern parts of the study area, baseithe
discrimination function diagram of Roser and Kor¢t888).

4.7.2 Facies association 5 (eastern Gemsbok Sub-bas in)

The Floyd et al. (1989) source rock compositiorgchan (Fig. 4.28) indicates that the
sandstone samples from facies association 5 wereedemainly from acidic magmatic
source rocks. According to the provenance discratnim diagram of Roser and Korch

(1988), the sandstone samples were mainly deriveth fa quartzose sedimentary
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provenance with some contribution from a felsiceigns source area (Fig. 29). Two
sandstone samples (sample BC and B18) of faciexiasen 5 plot in the continental
island arc field in the Th-Sc-Zr/10 tectonic disemation diagram (Fig. 4.30) of Bhatia
and Crook (1986) and one sample (sample BA) plotheé passive margin field. The
other three samples (sample B11, B14 and B16) @égaassociation 5 sandstones plot

between the passive margin and continental islanéledds.

4.7.3 Facies association 8 (northern Gemsbok Sub-ba  sin)

In the source rock composition binary diagram bgygl et al. (1989), the sandstone
sample from facies association 8 indicates denwatiom acidic magmatic source rocks
(Fig. 4.28).

Figure 4.3( Facies associations 4, 5 and 8 sandstones in the
northern and eastern parts of the study area, lmas@t-Sc-
Zr/10 tectonic discrimination diagram of Bhatia a@tbok
(1986).
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Table ¢ Summary table for provenances of the Ntane Sandstormation and the Ecca Group sandstones inengstBok

Sub-basin.
STUDY AREA | FAs PROVENANCES
Dickinson and Suczek, | Floyd et al, (1989) Roser and Korsch, | Bhatia and
(1979) diagram diagram (1988) diagram Crook, (1986)
diagram
Western part of | FA4 Transitional continental - - R
the study area provenances
FA5 Transitional continental - - -
provenances with some
contributions from
mixed provenances
Northern part of| FA4 Transitional continental| Acidic magmatic Quartzose Continental island
the study area with some contributiong sources with some sedimentary field arc sources
from craton interior, contribution from with some
mixed and basement | mature sedimentary | contribution from
uplifted sources rock sources felsic igneous rocks
FA8 Craton interior Acidic magmatic
provenances sources
Eastern part of | FA4 Craton interior and Acidic magmatic Quartzose Continental island
the study area transitional continental | sources sedimentary field arc sources
provenances with some
contribution from
felsic igneous rocks
FA5 Transitional continental| Acidic magmatic Quartzose Continental island

with some contributiong
from craton interior,
mixed and quartzose
recycled orogen

provenances

sources

sedimentary
provenances with
some contribution
from felsic igneous
source areas

arc with some
contribution from
passive margin
sources
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CHAPTER FIVE: DISCUSSION

5.1 Stratigraphy

The Karoo Supergroup in the Gemsbok Sub-basin t§v@ana and Namibia (study area) is
poorly exposed and largely covered by the CenoKalahari Group. Thirteen (including
two reference boreholes VREDA 281 and MP1; App. Eig13) borehole cores across the
Sub-basin confirm the existence of a thick (up @6 m) sedimentary succession of the
Karoo Supergroup. The Karoo Supergroup in the sardg comprises the Dwyka Group,
Ecca Group, Beaufort Group equivalent, Lebung Granghthe Neu Loore Formation (Fig.
5.1). The Dwyka Group forms the base of the Karape®group in the study area, and is
overlain by the Ecca Group. In the In the northend eastern parts of the study area, the
Beaufort Group equivalent conformably overlies Huea Group, but in the western part of
the study area, the Neu Loore Formation unconfolynakberlies the Ecca Group. The
Beaufort Group equivalent or Ecca Group rocks m tlorthern and eastern parts of the

study area are unconformably overlain by the Leb@ngup rocks.

Based on detailed sedimentological and ichnologioalysis of eleven borehole (App. Fig.
1 — 11) cores of the Karoo Supergroup in the Geinsbab-basin of Botswana and
Namibia, fourteen lithofacies and two trace fossisemblages (assigned to riziana
and Skolithosichnofacies) were identified. These have beemmgd into eight broadly
defined facies associations (facies associatiom fadies association 8) which correspond
to the lithostratigraphic subdivisions (the DwykaoGp, Ecca Group, Beaufort Group
equivalent, Lebung Group [Mosolotsane and Ntanmé&bions] and Neu Loore Formation)
of the Karoo Supergroup. The Dwyka Group consi$téacies association 1; the Ecca
Group comprises facies association 2, 3, 4 antié&Beaufort Group equivalent includes
facies association 6, the Neu Loore Formation &edMosolotsane Formation comprises
facies association 7, and facies association 8esponds to the Ntane Sandstone

Formation.
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Accumulated
Thickness (m)

Lithostratigraphy

Facies
associations
(FAs)

Depositional
interpretation

1056

996

934

770

334

0

Aealian, fluvial (arid

Ntane Sandstone Formatiq FA8 to semi-arid)

Mosolotsane Formation or| FA7 Fluvial (semi-arid)

Neu Loore Formation

Beaufort Group equivalent| FA6 Large floodplain with
shallow lakes, ponds
Delta plain with

Ecca Group FA5 floodplains,
distributaries, fluvial
systems

Ecca Group FA4 Delta front

Ecca Group FA3 Prodelta
Deeper water

Ecca Group FA2 turbidites (sea or lake)

Dwyka Group FA1 Glaciomarine or

glaciolacustrine

Figure 5.1 Vertical distribution and preliminary interpretati of the eight different facies associations & Karoo
Supergroup in the Gemsbok Sub-basin.
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5.1.1 Dwyka Group

The Dwyka Group forms the basal unit of the Karap&group and was identified in
only four boreholes (ACP3, ACP4, W3 and CKP8C-1pApig. 1, 2, 8, 11) in the study
area. It ranges in thickness from 28 m — 134 nhandtudied boreholes but show much
greater thickness of 461 m and 441 m in the reterdsoreholes (MP1 and Vreda 281)
respectively from the centre and the south of thdysarea (Fig. 5.2, 5.3, 5.4, 5.5, 5.6,
5.7). This study showed the Dwyka Group in the GmksSub-basin to consist of a
variety of lithofacies that are assigned to facassociation 1. The Dwyka Group
comprises diamictites (Dmm and Dmc) interbeddedh witassive sandstones (Sm),
laminated sandstone, siltstone and mudrock (Flptubbated mudrocks (Fr), and
alternating layers of sandstones (Sh) and mudr@éksFl). Massive sandstones within
facies association 1 are interbedded with thin mckli(Fc) layers and in places display
soft-sediment deformation structures. Trace fossilat belong to theCruziana
ichnofacies Conichnus Teichichnus Siphonichnus Schaubcylindrichnus and
Palaeophycus tubularjsare present within the Dwyka Group facies assmeial in the

western part of the study area.

The lithofacies of the Dwyka Group in the studyaaage the same as described by Smith
(1984) and Kingsley (1985). Kingsley (1985) recagaiCruzianaichnofacies within the
Dwyka Group in borehole ACP3. Smith (1984) desdibevarved sequence that marks
the top of the Dwyka Group in the northern and exasmargins of the Gemsbok Sub-
basin. This varved sequence was not recognisedisnstudy, but alternating mudrock
and sandstone layers with cross lamination andajisyy upward-fining trends (ranging
from 0.5 cm to 2.5 cm in thickness) are presemheatop of facies association 1 (Dwyka
Group) in the northern part of the study areahmdastern part of the study area, the top
of the Dwyka Group facies association 1 is markgthiminated light grey and dark grey
mudrocks and siltstones with upward-fining trendsd across laminations. Facies
association 1 of the Dwyka Group is overlain byidaassociation 2 of the Ecca Group

with a sharp contact in the western and northerts jpd study area.
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Figure 5.z Cross-section line W3 — CKP8C-1/CKP8C in the nemthand eastern part of the Gemsbok Sub-
basin.

Figure 5.3 Cross-section W3- CKP8C-1/CKP8C showing thicknesgations of different facies associations.
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Figure 5.4 Cross-section line across the Gemsbok Sub-basim (fvest to east direction).

Figure 5.E Cross-section from the west to the east direcsibowing thickness variations of different facies
associations across the Gembok Sub-basin.
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Figure 5.€ Cross-section line W3 — ACP19 — ACP4 — ACP3 fromiorthern part to the western part of the Gemsbok
Sub-basin.

Figure 5.7 Cross-section W3 — ACP19 — ACP4 — ACP3 showingktiess variations of different facies associations.
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5.1.2 Ecca Group

The Ecca Group occurs in all boreholes in the sardg, but only a few boreholes have a
complete stratigraphic succession of the Ecca Gfpap CKP8C-1 and W3). The Ecca
Group overlies facies association 1 sedimentaryksom boreholes which have
intersected the Dwyka Group in the study area. imete sedimentary succession of the
Ecca Group in the study area consists of four faassociations (facies association 2, 3,
4 and 5). The Ecca Group in the study area raimggmsckness from 288 m in the north,
349 m in the east, 240 m in the west and 436 rheaténter of the basin (Fig 5.2, 5.3,
5.4, 5.5).

5.1.2.1 Facies association 2

Facies association 2 was observed only in the lbtgshsituated in the western (i.e.,
boreholes ACP3 and ACP4) and northern (borehole V88 of the study area. The rock
units of facies association 2 range in thicknesmf26 m in the western part of the study
area to 47 m in the northern part of the study.dreae, the sedimentary rocks of facies
association 2 form the base of the Ecca Group antbmmably overlie facies association
1 sedimentary rocks of the Dwyka Group. Facies@ason 2 corresponds with both the
Nossob Formation (in the western part of the statha) and the Ncojane Sandstone
Member (in the northern part of the study areathBhrwestern and northern parts of the
study area, facies association 2 is dominated hgsiane units, which are interbedded
with thin mudrock layers and siltstones. Stackedvard-fining cycles (Fig. 3.29)
produced by sandstones, siltstones and mudrocles alrserved within facies association
2. Facies association 2 in the western part ofdtiugly area thickens considerably
towards the north and from the northern part ofdtugly area thins towards the east and
southeast (Fig. 5.2, 5.3). Smith (1984) and King$k985) have also noted the thinning

of Ncojane Member and Nossob Formation towardsthieh and east of the Sub-basin.

5.1.2.2 Facies association 3

Facies association 3 (Ecca Group) overlies fagssa@ation 2 (basal Ecca Group) in the
western and northern parts of the study area, atidd association 1 (Dwyka Group) in
the eastern part of the study area (App. Fig. 8, 2]1). Thick argillaceous units (up to 55
m) dominated by dark grey to grey greenish finggnihated and massive mudrocks
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characterise facies association 3 in the westennopahe study area. In the northern and
eastern part of the study area facies associatisncBaracterised by thick argillaceous
unit (up to 124 m in thickness) consisting of dgr&y and black mudrocks. The lithology
of facies association 3 is the same as that destfir the lower Mukorob Formation in

the western part of the Gemsbok Sub-basin (AraresnB and the Kobe Formation in

the northern and eastern Gemsbok Sub-basin (sostiBaoéswana, Smith, 1984; Key et
al., 1998; Miller, 2008).

5.1.2.3 Facies association 4

Overlying the argillaceous unit of facies assoomat8 (Ecca Group) in the study area is
an arenaceous unit comprising facies associati@cda Group). In the study area, facies
association 4 exhibits upward-coarsening chardater laminated sandstones, siltstones
and mudrocks (Fl), interbedded with sandstones (S, mudrocks (Fc, Fsm) and
siltstones (Fsm), which transition upwards intockhranging from 5 m to 60 m)
sandstone-rich (Sm, Sh, St) units. In places, $a@ssociation 4 shows an upward
transition from Cruziana ichnofacies (dominated byrhalassinoides Teichichnus
Palaeophycus tubularj$lanolites ZoophycosAsterosomaSkolithosandConichnu$ to
Skolithosichnofacies (dominated b€onichnus escape structures§iphonichnusand

Rosselia

Sandstone lithofacies of facies association 4 enstiudy area are dominantly arkose and
subarkose in composition (Fig. 4.23, 4.25, 4.27Yhwsubangular detrital grains

dominating over subrounded detrital grains. Thedsames of facies association 4 of the
Ecca Group in the study area indicate transitiarmitinental provenance and craton
interior with minor contributions from mixed souscand basement uplifted sources (Fig.
4.24, 4.26). The geochemistry of facies associadi@andstones from the northern and
eastern study area reveals quartzose sedimentatyr@mocks) and acidic magmatic or
felsic igneous rocks as source rocks, derived faorontinental island arc tectonic setting

with minor contributions from the passive margittisgs (Fig. 4.28, 4.29, 4.30).

The lithofacies and some of the ichnofacies ofda@ssociation 4 are the same as those

described by Kingsely (1985) for the upper Mokoawial Auob formations in the western
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part of the study area (Miller, 2008). In the nertihand eastern parts of the study area,
facies association 4 correspond to the Otshe Faymatvhich has been described by
Smith (1984). Detailed sedimentological facies ws@é of facies association 4 in the
northern and eastern parts of the study area datecheor the first time fourteen
recurring lithofacies and trace fossil assemblagfgisbuted toCruzianaand Skolithos

ichnofacies.

5.1.2.4 Facies association 5

In the study area, sedimentary rocks of facies@ason 5 overlie a upward-coarsening
succession produced by facies association 4. Fagssciation 5 displays an overall
upward-fining trend and in places has sharp oriesosased coarse-grained to pebbly
massive sandstones (Sm) and medium- to fine-grasaedstones (Sm, St, Sh, Sr, Sb)
which grade upward into or capped by fine-grain#dwbfacies associated (Fsm, Fc, Fl
and Fr) with coals. Upward-coarsening successi@is in to 17.6 m thick) are also
recorded in facies association 5, but mainly inlibesholes situated in the western part
of the study area. A trace fossil assemblage ctmgisf Planolites Siphonichnusand
Thalassinoidesof the Cruziana ichnofacies are mainly associated with fine-grdine
lithofacies that form the base of the upward-caarggsuccessions in the western part of
the study area. Thick (up to 60 m), well sortecfito medium-grained sandstones are
present within facies association 5 in the westart of the study area and contain the
Skolithos ichnofacies (dominated byConichnus Siphonichnus escape structures,

Planolites PhoebichnusPalaeophycus tubularisndThalassinoides

Sandstone lithofacies of facies association 5 aedgminantly arkose and subarkose in
composition (Fig. 4.23, 4.25, 4.27). These sangstorontain dominantly subangular
grains and lesser amounts of subangular detrithgir The sandstones samples from
facies association 5 in the eastern and westertnopahe Gemsbok Sub-basin suggest
transitional continental provenance and cratonrimteas the dominant sources and few
contributions from the mixed and recycled orogemrses (Fig. 4.24, 4.26). The

geochemistry of the facies association 5 sandstonédse eastern part of the Gemsbok
Sub-basin reveals acidic magmatic or felsic igneqsvenance and quartzose

sedimentary provenance derived from continentahilarc and passive margin tectonic
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settings (Fig. 4.28, 4.29, 4.30). Facies associdiies here interpreted to equate to part of
the Auob and Otshe formations in the western arstega parts of the study area
respectively (Smith, 1984; Grill, 1997; Key et 41998; Miller, 2008).

5.1.3 Beaufort Group equivalent

The Beaufort Group equivalent in the Gemsbok Swudrbaccurs only in the northern

and eastern parts of the study area and there caejumivalents of this Group in the
western part of the study area (Fig. 5.2, 5.3)thln study area, it conformably overlies
facies association 5 sedimentary rocks of the EBroaip (Fig. 5.1). The Beaufort Group
equivalent in the study area is defined by faciesoaation 6 which comprises thick
(ranging from 32 m and 165 m) siltstone packageschvlare interbedded with thin

mudrocks (up to 10 cm) and sandstones (up to 3Fanies association 6 thins to the
north and northwest and thickens towards the eastsautheast (Fig. 5.2, 5.3) of the
study area. A upward-fining succession comprisiagdstones with rip-up mudrock

clasts at the base and grading upwards into thiok-aarbonaceous siltstone and
sandstone successions was recorded in borehola W2 northern part of the study area.
Calcareous and pale red (probably haematite) nedwiere observed in these thick
siltstone successions. The Beaufort Group equivaleedimentary rocks show

bioturbation structures. The siltstones, mudroakd sandstones of the Beaufort Group

equivalent range in colour from light grey to ligitey pink with few pale red layers.

Smith (1984) interpreted the Beaufort Group eq@ntlin the southwest Botswana to
conformably overlie carbonaceous and coaly suasessbf the Ecca Group. The
Beaufort Group equivalent in the southwest Botswarkaown to be represented by non-
carbonaceous siltstones and mudstones of the KWwetlaation which consists of basal
fine-grained sandstones and dominated of dark gr&ystones with sideric and limonitic
banded siltstones (Smith, 1984). Calcareous noduldssome silty micaceous bands are
present (Smith, 1984; Exploration Consultants Leujt1998). A regional unconformity
has been recorded at the top of the Beaufort Gegupvalent in the southwest Botswana
and it forms the basal part of the overlying Lebu@®igpup (Smith, 1984; Exploration
Consultants Limited, 1998).
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5.1.4 Lebung Group

The Lebung Group in the northern and eastern dattheo study area is defined by two
formations, the Mosolotsane and the Ntane format{@&mith, 1984). The equivalent of the
Mosolotsane Formation in the western part of thelysiarea was recently discovered and
assigned to the Neu Loore Formation (Miller, 2008jnith (1984) and Miller (2008)
respectively defined the base of Mosolotsane and IM®re formations as an intra-Karoo

unconformity.

5.1.4.1 Mosolotsane Formation

The Mosolotsane Formation occurs in two borehalethé northern part of the study area
(i.e., W1 and W2; App. Fig. 6, 7) and ranges irtkhess from 5 m to 21 m. It consists of
rocks of facies association 7 and is dominateddallish mudrocks. In borehole W1, it
consists of a upward-fining succession of less tlmarmmeter thick, composed of

conglomerate (Gcm) at the base, which grade upwarids medium-grained, reddish

sandstones and laminated to massive moderate hdoldiesn mudrocks.

5.1.4.2 Neu Loore Formation

The Neu Loore Formation in the western part of shely area is also characterised by
facies association 7 sedimentary rocks and showasicharacteristics as the Mosolotsane
Formation in the northern part of the study ard#e flacies association 7 in the Neu Loore
Formation consists of approximately 50 to 62 mktdark reddish brown, greyish red and
pale red mudrocks which are interbedded thin lighey siltstones (App. Fig. 3).
Calcareous nodules are present within the mudrecis siltstones of the Neu Loore

Formation.

5.1.4.3 Ntane Sandstone Formation

The Ntane Sandstone Formation conformably ovethesMosolotsane Formation in the

northern part of the study area and occurs in lfigesholes located in the northern and
eastern parts of the study area (App. Fig. 6, 809,11). This Formation comprises well

sorted, fine- to medium-grained, mica-free sandstaf facies association 8 and ranges in
thickness from 0.5 to 60 m. The sandstone lithefadhat was analysed from facies

association 8 of the Ntane Sandstone Formation slamwaverage quartz content of 89%,
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feldspar content of 8% and rock fragments contednB% (Table 6). The analysed
sandstone sample from facies association 8 is daeudnby subangular and subrounded
grain shapes and it is classified as a subarkosehwtiots within the craton interior
provenance field (Fig. 4.25, 4.26).

5.2 Depositional Environments

Detailed sedimentological analysis (this studypofehole cores from across the Gemsbok
Sub-basin revealed a variety of depositional emvirents which existed during Karoo
times. The inferred depositional environments (tbigdy) are in agreement with the
previous documented depositional environments btts5(t984), Kingsley (1985), Grill
(1997), Key et al. (1998) and Miller (2008). Thesuks obtained from this investigation
demonstrate detailed facies associations and @iffediepositional environments present
within the Karoo Supergroup in the Gemsbok SubrbaBotswana and Namibia.

5.2.1 Dwyka Group

The Dwyka Group is mainly represented by diamisti@mm, Dcm), with interbedded
sandstone (Sm, Sr) units, thin mudrock (Fc) laylersinated sandstone, siltstones and
mudrocks (Fl), and bioturbated mudrocks (Fr). Digtites of the Dwyka Group consists
of dropstones, which are clasts of different rogges that were dropped into finer
sediment by floating melting ice (Reading, 198B)atrix-supported, massive diamictites
are interpreted as a product of rainout and delmig processes (Eyles et al., 2007). The
massive, clast-supported diamictites and sandstarebe interpreted as deposits of high
concentration turbidity currents or debris flowsciering et al., 1989). Dropstones
within the diamictite lithofacies (Dmm, Dcm) proeich strong evidence of ice rafting in
the Dwyka Group sedimentary rocks (Reading, 198®)e clast-supported, massive
diamictites with angular and subrounded clasts emerbedded massive sandstones
resemble “Facies Class A” deep marine disorgargsadels and sands of Pickering et al.
(1989). The roundness of the dropstones foundhfiicies Dcm (borehole W3) might
have been due to glaciofluvial transport eithepbobelow icesheets.
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Sandstone units interbedded with diamictites ndsmedisplay upward-fining trends

(ranging between 1 cm and 10 cm), intercalated whih mudrocks and consist of
sedimentary structures (massive bedding, ripplesstaminations, convolute lamination
and load casts), and which point to depositionurpitity currents (Boggs, 2001). The
massive sandstones indicate rapid deposition frarbidity currents, and massive
sandstones are interpreted as Bouma-type ‘A’ diusi(Eyles and Eyles, 2000). Soft-
sediment deformation structures within the sandstoof the Dwyka Group include

micro-faults and micro-folds and are interpretedshsnp structures, which represent
terrigenous deposits that have been emplaced dopasddy mass-wasting processes
(Tucker, 1991; Boggs, 2001).

The presence of th€ruziana ichnofacies (dominated b¥onichnus Teichichnus
SiphonichnusSchaubcylindrichnuaind Palaeophycus tubularigace fossils) suggests a
feeding pattern most characteristic of quiet-waskrelf marine deposits (Frey, 1975;
Winters, 1990/1991, Miller, 2007; Galloway and Halpd1996). Massive, bioturbated
grey-green mudrocks and laminated siltstones andraoclis represent fine-grained
turbidites or pelagic deposits deposited in suspansnder low-energy environment and
relatively slow rates of sedimentation indicated thg bioturbation structures within
these mudrocks in borehole CKP8C-1 (Eyles and E21@30).

Grill (1997) has interpreted the palaeoenvironmehiSwyka Group in the western part of
the study area to have been dominantly continegigaial and subglacial environments,
with marine glacial, proglacial and interglacialpdsits also occurring. Palynological
studies of the Dwyka Group in the southwest Botamang., borehole MP1, Fig 2.1) have
suggested mixed marine, marginal marine and camthesnvironments (Stoakes and
McMaster, 1990; Key et al., 1998). The current gtstiows that the Dwyka Group in

Gemshbok Sub-basin was deposited by deep-water oglacine or glaciolacustrine

environments. This interpretation is supported iy presence of a wide variety of deep-
water siliclastic sedimentary rocks, which includeirbidites, glaciomarine or

glaciolacustrine lithofacies (diamictites), softiseent deformation structures and

Cruzianaichnofacies (Boggs, 2001).
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5.2.2 Ecca Group
Based on the differences in sedimentary structlitbsfacies, and trace fossils, the Ecca
Group is subdivided into four facies associatidiagsi€s associations 2, 3, 4 and 5) and

depositional environments.

5.2.2.1 Facies association 2

Facies association 2 forms the base of the EccaigGno the study area and it is
dominated by thick sandstone units that are chariaetl by Bouma turbidite sequence
sedimentary intervals A, B, C, D and E. The claBauma turbidite sequence for
medium-grained sand and mud is represented by apfivang successions (ranging in
thickness between 1.5 cm to 15 cm) comprising massnedium-grained sandstones
(Sm) with erosive bases and in places rip-up mudadasts at the base, succeeded by
laminated or cross-laminated, fine-grained sandstqi®h or Sr) and finally mudrocks
(Fc). Massive sandstones at the base of these dgimarg successions lack sedimentary
structures and represent rapid deposited sandstioyelsigh concentration turbidity
currents and can be classified as Bouma A subdivig§Shepard, 1964; Boggs, 1987;
Pickering et al., 1989; Reading, 1996; Wild et aDP9; Figueiredo et al., 2010). The
upward-fining successions might have resulted frows of decreasing energy
(Reading, 1996) or they have resulted from highceotration turbidity currentss
(Pickering et al., 1989; Wild et al., 2009). Intarnstructures associated with the
sandstones of facies association 2 in the study iadude horizontal lamination, ripple
cross-lamination, and contorted bedding in plategse internal structures together with
upward-fining cycles suggest deposits by deep-watdyidity currents (Bouma et al.,
1962; Reading, 1996; Boggs, 2001; 2006). Altermplatyers of siltstones and mudrocks
displaying upward-fining trends in borehole ACP4£ ailso interpreted as fine-grained
turbidite facies dominated by C, D and E intervalsBouma, and resulting from low
concentration turbidity currents (Shepard, 1964ké&iing et al., 1989; Reading, 1996;
Hodgson, 2009; Wild et al.,, 2009). The pale greardmocks in borehole W3 might
represent hemipelagic or pelagic mudrocks depositedreducing, low energy
environments (Reading, 1996; Wild et al., 2009).
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The base of the Ecca Group in the western patieotudy area is believed to be marked
by a major sand input into the basin and repredebte Nossob Formation which

indicates deposition by turbidity currents (Kingsle985; Grill, 1997). Smith (1984)

defined the base of the Ecca Group in the nortparhof the study area, as the bedding
surface above which glacial characteristics areeband a plane at which massive
siltstones conformably overlie the varved sequaridbe Dwyka Group and represented
by the Ncojane Sandstone Member, which reflecttalddeltaic sands and deposition

during marine transgression.

Based on the described lithofacies and sedimestaugtures within facies association 2
and the stratigraphic position above the glacionguor glaciolacustrine deposits of the
Dwyka Group, the lower Ecca Group (facies assamia# of the Nossob Formation and

Ncojane Sandstone Member) is interpreted as deégr-{&ea or lake) turbidite deposits.

It has been frequently suggested that thick-bedddxdite deposits are deposited in areas
near the turbidite source and thin-bedded turlsditemore distal regions to the source
(Boggs, 1987). The cross-section W3- CKP8C-1/CKR&. 5.2, 5.3) shows facies
association 2 thickening towards the north andhwegst of the study area, which might
indicate that the source for facies associationa3 ¥ocated in the north and northwest.
Kingsley (1985) has also observed and interprdied\lossob Formation as the delta front
sand which thickens northwards but pinches out tdwlze south. Smith (1984) interpreted
the Ncojane Sandstone Member which is equivalenthéo Nossob Formation to have

probably been derived from the northwest.

5.2.2.2 Facies association 3

Massive and laminated mudrocks dominate faciescadgm 3 in the study area and
indicate deposition in quiet-water environments|é@wan and Prior, 1980; Galloway and
Hobday, 1996; Miall, 2000). Massive mudrocks canrerpreted as suspended sediments
deposited by rapid sedimentation (Coleman and P1i®80). Soft-sediment deformation
structures (micro-faults and micro-folds) withinciies association 3 mudrocks are
indicative of rapid sedimentation, which resultsediment instability and are typical for
sediments deposited in the delta front and prodsdtiings (Tucker1991; Galloway and
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Hobday, 1996; Reading, 1996). Dark colour (darkygned black) within these mudrocks is
due to high organic content (Coleman and Prior,019Bucker, 1991; Galloway and

Hobday, 1996). The grey greenish colour of the massudrocks of facies association 3
in the western part of the study area indicates tte rocks were deposited in reducing

conditions (Johnson et al., 2006).

Within the borehole sections in the study areajefa@ssociation 3 shows an upward
increase in sandstone content into facies assoidti Therefore, the abundance of finely-
laminated and massive mudrocks, lenticular beddshgnp structures, together with an
upward increase in sandstone interbeds into theyavg facies association 4 points to a
depositional settings below the wave base in ptadatvironments (Coleman and Prior,
1980; Reading, 1996). This interpretation agreeth hat of Smith (1984), Kingsley
(1985) and Grill (1997).

5.2.2.3 Facies association 4

Facies association 4 is dominated by arenacedusfdities and conformably overlies
facies association 3 in the study area. Lithofagwdkin facies association 4 reflect a
upward-coarsening character, from argillaceous satkthe base to arenaceous units at
the top.

Lower part of facies association 4

The lower part of facies association 4 consist$aofinated sandstones, siltstones and
mudrocks (Fl) interbedded in places with massivedstones (Sm), ripple cross-
laminated sandstones (Sr), carbonaceous mudrocksafid bioturbated mudrocks (Fr).
Internal sedimentary structures in the lower pdrfagies association 4 include ripple
cross-laminations (wavy, lenticular and flaser hiegy horizontal laminations and
bioturbation. The abundant ripple cross-laminati¢®g record the alteration of quiet-
water mud sedimentation and higher-energy flow @ under which rippled
sandstones were deposited (Miall, 2000). Interbeéddedstone, siltstone and mudrock
lithofacies reflect fluctuations in sedimentatianditions, whereby there were periods of
suspension settling (mud) followed by periods g@hhénergy traction sedimentation (silt

and sand) (Boggs, 1987). Massive sandstones (Emofdcies within the lower part of
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facies association 4 indicate rapid deposition @y001) and pyrite nodules found
within these sandstones indicate replacement ot pliebris (Coleman and Prior, 1980).

A trace fossil assemblage of ti@&ruzianaichnofacies (dominated byhalassinoides
Teichichnus Palaeophycus tubularidlanolites ZoophycosAsterosomaSkolithosand
Conichnu$ is present within the lower parts of facies asgemn 4 in several boreholes
(W3, ACP4, ACP3 and ACP24), which suggests a sWalltarine settings below the
minimum wave base, but above the storm wave bdsda(& et al., 1984; Pemberton et
al.,, 1992; MacEachern et al., 2007). The obserwtmfacies (Fl, Fc, Fr, Sm), the
Cruzianaichnofacies and sedimentary structures (i.e., eipploss-lamination, erosive
structures within the sandstones and horizontatlibgdl within the lower part of facies
association 4 and the stratigraphic position alibeeprodelta facies of facies association
3 suggest a distal bar depositional setting (Ré&imex Singh, 1973; Coleman and Prior,
1980; Reading, 1996).

Upper part of facies association 4

In a fluvial-dominated delta, distal bar depositads upwards into distributary mouth
bar deposits, whereas in a wave-dominated dekaddita front deposits comprise thick
sand units deposited in distal bar, shoreface, Ibeaed distributary mouth bar

environments (Galloway and Hobday, 1996; Readif§61Nichols, 2009). Where wave

energy dominates, the subaqueous delta fronther@eface modified by fluvial processes
around active channel mouths (Galloway and Hobd8$96). The upper part of facies
association 4 is dominated by sandstone lithofaecubsch are interpreted to have been
deposited in the proximal mouth bars, shoreface lzath environments in the delta

front setting.

The upper part of facies association 4 in the wasted eastern parts of the study area
show similar characteristics. It is dominated by rB5to 36 m thick sandstones units
which are well sorted, porous, micaceous, finemtxdium-grained sandstones (Sm, Sh,
St) and are locally interbedded with pebble-sizeshdstone (Sm) layers. These
sandstones locally contain mudrock clasts andewatdules. Fine- and medium-grained,

micaceous and well sorted sandstones within thempart of facies association 4 reflect
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deposition in high-energy environments where sedimare reworked by wave currents
(Reineck and Singh, 1973; Kingsley, 1985). The maskedding within the sandstones
might represent rapid deposition in high-energytirsgs (Boggs, 1987). Horizontal
laminated sandstones indicate deposition form rdjmdis under upper (high) flow
regime conditions (Reineck and Singh, 1973). Trougtss-bedding might have been
produced by migration of three-dimensional dunes high-energy depositional
environments (Reading, 1996). The presence of gymibdules within the massive
sandstones suggests replacement of organic richt mlabris through pyritisation
processes in reducing environments (Coleman arad, t980; Tucker, 1991). Mudrock
clasts within the medium-grained and pebble-sizaddstones suggest high-energy
erosive currents (Rubidge et al., 2000). Poroudstanes dominate upper parts of facies
association 4 and are characteristics of the Higlry mouth bar deposits (Coleman and
Prior, 1980). Sandstone units of the upper pafaoks association 4 in the western and
eastern parts of the study area resemble thosesitigpan the delta front of fluvial-
dominated deltas, whereby fluvial processes areentmminant than wave or tidal

processes (Reading, 1996).

A well-preserved trace fossil assemblage of Skelithosichnofacies (dominated by
escape structureSiphonichnugsndRosselig, thick (up to 60 m) clean, fine- to medium-
grained sandstone uniits the northern part of the study area (borehole),Wilicate a
well-developed beach environment in delta fronttisgt (Frey, 1975; Miall, 1979;
Pemberton et al., 1992; Boggs, 2001; MacEarcheat.,e2007). Traces of thekolithos
ichnofacies are indicative of high wave or curr@mergy settings and are mainly
associated with well sorted, loose or shifting $wes (Pemberton et al., 1992;
MacEachern et al.,, 2007). They commonly occur indgashoreface of beaches and
sheltered foreshore environments, and they hawelsen observed in proximal wave-
dominated delta fronts (Pemberton et al., 1992; Bdabern et al., 2007). The trace
fossil-rich sandstones of the upper facies assoniat in borehole W3 are normally
overlain by clean, moderately fine- to medium-gegirporous sandstones, which have
been deposited in a foreshore beach environmergsawhave energy and current energy
extremely is high (Frey, 1975; Pemberton et al921Boggs, 2001, MacEarchern et al.,

2007). The upper part of facies association 4 m tlorthern part of the study area
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suggests deposition in a wave-dominated delta figimdreface and beach environments)
with frequent reworking of sediments during storfReineck and Singh, 1973; Johnson
et al., 2006).

Previous studies on the Ecca Group in the Gemshutikb&sin (Smith, 1984; Kingsley,
1985; Grill, 1997) have interpreted it to have beeposited by prograding deltas in the
northern and the eastern parts of the study areédcahave been deposited by both fluvial
and wave-dominated deltas in the western part efstiudy area. The morphology and
sedimentary facies of deltaic deposits depend an itheraction of various factors,
including fluvial sediment input, climate, river-nmt processes, waves, tides, slope of the
shelf, rates of subsidence, geometry of the ddpasit basin and the tectonics of the
receiving basin (Miall, 1979; Reading, 1986; Galkgwand Hobday, 1996; Boggs, 2001).
Among these variables, fluvial sediment input, wanergy flux and tide flux are the most
important processes that control the geometry, direand internal feature of the

progradational delta front sand bodies (Boggs, 2001

Deltaic successions comprise two basic componeardstizat includes the subaerial delta
plain and the subaqueous delta front. The delte pdasubdivided into upper delta plain
and lower delta plain. The former is little affettiey marine processes and it is dominated
by fluvial processes such as distributary channgyration, channel and point bar
deposition, overbank flooding and crevassing imtkel basins (Boggs, 2001). The main
depositional environments in the upper delta plasiude both braided and meandering
channels, backswamps, marshes and swamps, freshakes and lacustrine delta fills
(Reading, 1996; Boggs, 2001). The lower delta plaian area that is affected by both
continental fluvial and marine processes. It cdasi$ active and abandoned distributary
channels, natural levees, interdistributary baysyvasse splays, marshes and swamps
(Reading, 1996; Boggs, 2001). The delta front casegran area that lies seaward and
actively receives fluvial sedimentation (Boggs, 200t consists of the distributary mouth
bar deposits, prodeltaic (offshore) deposits amunpl deposits (Reading, 1996; Boggs,
2001).
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Deltas can be classified according to a four-faldesne based on the relative influence of
fluvial processes versus marine (waves and tidesjesses and based on the dominant
grain size of the sediments (Galloway and Hobd®g@61 Boggs, 2001; Fig 5.8). The
physical stratigraphic framework of a fluvial-dorated delta and wave-dominated delta is
broadly similar; they both comprise an upward-ceansg succession that passes upward
from muddy, offshore or prodelta deposits into awertal, fluvial facies (Miall, 1979;
Galloway and Hobday, 1996; Reading, 1996). Thisamwcoarsening succession of facies
is the distinctive feature of deltaic deposits (Rer¢c 1991; Boggs, 2001; Nichols, 2009).
The main distinctive features of a wave-dominatettadare thick stacked beach-ridge
deposits and mouth bar deposits which form a cantis sand sheet in vertical section like
that of the prograding marine shoreface (Galloway Hobday, 1996). These beach-ridge
sands are deposited along the front and margitiseadelta (Galloway and Hobday, 1996).
In fluvial-dominated deltas, delta front sand skewte relatively thin compared to those of
the wave-dominated deltas. Tide-dominated deltassisb of a progradational, upward-
coarsening prodelta mud and tidal sand ridge semguenerlain by aggradational, delta

plain tidal-flat, tidal channel, and marsh or swadeposits (Galloway and Hobday, 1996).

Figure 5.8 Classification of deltabased on grain size and sediment supply mechanism. (Modified after
Orton and Reading, 1993; Nichols, 2009).
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Progradation of deltas seemed to have become domchaing deposition of the Ecca
Group in the Gemsbok Sub-basin. Facies associ&@i@md 4 of the Ecca Group are
arranged in an upward-coarsening character, wheskemble that of prograding deltaic
systems. Deltaic deposits have been recognisetl studied boreholes in the study area
and display an upward-coarsening, continuous \artguccession of marine facies
associations (prodelta and distal bars) at the,bsisallow-marine facies associations
(mouth bars and beach face) at the top. These dpegarsening successions of facies
associations are interpreted to represent the deposy prograding deltaic systems

during regressions.

Upward-coarsening cycles produced by facies associa tion 3 and 4

Boreholes in the northern (boreholes W2 and W3;.Apg@. 7, 8) and the central parts of
the study area (reference borehole MP1; App. F2).cbnsist of two stacked upward-
coarsening wave-dominated delta cycles. Individigta cycle range in thickness from
100 m to 109 m and comprise prodelta mudrocks g€faessociation 3) at the base and
shoreface or foreshore (beach) deposits (faciescas®n 4) at the top. Evidence of
beach face (shoreface and foreshore) depositidnnathese borehole is supported by the
presence of vertical, U-shaped burrows, which kgltmthe Skolithosichnofacies and
thick, well sorted, clean, medium- to fine-grainedndstone units (Boggs, 2001,
MacEachern et al., 2007). The trace fossil evidemakes it easier to distinguish
sedimentary rocks deposited in shoreface and foreskhnvironments from the ones

deposited in the shallow-marine, offshore regi@taiistreet et al., 1980).

Two deltaic cycles represent progradation and aframeént of two wave-dominated
delta lobes (Galloway and Hobday, 1996). In acyivalibsiding basins, cyclic wave-
dominated delta lobe progradation and abandonmegittngenerate repetitive stacked
upward-coarsening beach-ridge deposits (Gallowal lobday, 1996). Therefore, the
first deltaic cycle observed in boreholes W3 (Apjg. 8) is interpreted to represent
progradation of wave-dominated deltaic system whiets abandoned and followed by
relative sea level rise (transgression) due torabooation of factors such as sediment
compaction, local basin subsidence and climate gdhd@alloway and Hobday, 1996;
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Catuneanu, 2002; Nichols, 2009). These two largdesdelta cycles were previously
recorded by Smith (1984) in the northern part efstudy area.

5.2.2.4 Facies association 5

Facies association 5 overlies facies associatifmela front deposits) in a sharp contact
in the study area. It is characterised by upwanaifj profiles with poorly sorted, coarse-
grained to pebbly massive sandstones (with mudectasts) at the base, grading upwards
into medium- to fine-grained horizontally laminatésh), trough cross-bedded (St) and
rippled cross-laminated (Sr) sandstones, and ealytuwcapped by fine-grained
lithofacies (FI, Fr, Fsm, Fc and C). The base eflthsal sandstone succession is erosive
into the underlying rocks. In all the boreholes;iéa association 5 directly overlies the

delta front deposits of facies association 4 (Agpg. 1 to 13).

Facies association 5 is interpreted to represempbsies on the delta plain. This
interpretation is based on the stratigraphic pasiiimmediately overlying the delta front
deposits of facies association 4), dominance ofaugvfining successions, presence of
erosional or sharp basal contacts within the sandstlithofacies, as well as the
association of sedimentary structures in the sandst (lithofacies Sm, St, Sh, and Sr)
containing intraformational mudrock or coal clasBepositional subenvironments
recognised within the delta plain facies assoamfion the study area include distributary
channel deposits, floodplain deposits, interdistidby bay deposits, crevasse splays as

well as trangressive shoreface (beach face) deposit

Distributary channel deposits

In the study area, distributary channel deposithprese poorly sorted, pebbly, very
coarse- or coarse-grained sandstones with shagrosive bases and mudrock or coal
clasts. Poor sorting within the pebbly- and coaysened sandstones suggest rapid
deposition without reworking (Boggs, 2001). Therafdrmational mudrock and coal
clasts suggest high-energy flow (Reading, 1996;idRyeet al., 2000). The poorly sorted
channel sandstones are normally coarse and mdttieéacies Sm) at the base and fine
upwards into medium- to fine-grained lithofacies, &t and Sr. Massive sandstones
(lithofacies Sm) are interpreted to have formeaonditions where rapid sedimentation
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of high-density gravity flows occurred (Tucker, P98Boggs, 1987). Lithofacies St
probably resulted from the migration of three-disienal dunes within the channels
(Miall, 1977), whereas horizontally laminated sdndss (lithofacies Sh) have been
resulted from plane-bed flow under upper flow reggr(Miall, 1977; Reading, 1996).
Ripple cross-laminated sandstones are indicativéepbsition of sand in a low energy
shallow-water environment (Miall, 1977; Reading,9&®2 Pyrite nodules indicate the
replacement of plant debris (Coleman and Prior0)19&hereas the pale-red (probably
haematite) nodules might point out to subaerialiyosed and well-drained environments

where pedogenic nodules formed (Rubidge et al.QR00

Floodplain deposits

Floodplain deposits mostly comprise fine-graingdiacies (Fl, Fr, Fsc, Fsm, Fc and C)
and indicate deposition of fine material from suspen in the delta plain
subenvironments during flooding events (Reineck &ntgh, 1973; Collinson, 1986).
These fine-grained lithofacies overlie channel stones and are interpreted as channel-
fill or overbank deposits that fill the channel thgy flooding and channel abandonment
stages (Miall, 1985; Bhattacharya and Walker, 198iajl, 1996). Bioturbated mudrocks
and siltstones (Fr) are characteristic featuresclidnnel-fill and overbank deposits
(Coleman and Prior, 1980). Laminated sandstondéistosies and mudstones (Fl) are
interpreted as backswamp deposits or shallow lakgood deposits (Miall, 1977; 1996,
Roberts, 2007). Carbonaceous mudrocks, coals autiated lithofacies suggest poorly
drained swamps with luxuriant vegetation within thedta plain environments (Reineck
and Singh, 1973; Reading, 1986).

Upward-fining trends produced by sandstone lithefaqSm, Sh, St and Sr) indicate
decrease in flow energy during deposition (Readit®96; Boggs, 2001). Vertically
stacked upward-fining cycles within delta plain dsips of facies association 5 indicate
multiple periods of channel aggradation and chamf@ndonment due to episodes of
channel migration (Miall, 1977; 1982; Boggs, 2006hese multiple stacked upward-
fining successions also indicate varying pattefreubsidence rates in the Gemsbok Sub-
basin (Coleman and Prior, 1980). Therefore, théicypward-fining successions (more

than three) in the western and eastern parts ofsth@y area are typical for fluvial-
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dominated deltas, whereas in the northern parthef dtudy area, delta plain facies
association consisted of fewer upward-fining cydelsannel and overbank deposits),
which points out to a wave-dominated delta envirentr(Galloway and Hobday, 1996;
Reading, 1996).

Interdistributary bay deposits and crevasse splays

Upward-coarsening successions within the deltanpéaivironment produced by fine-
grained lithofacies and sandstone lithofacies gpecal for interdistributary bay filling
processes, whereby interdistributary bay fine-grdirlithofacies are punctuated by
crevasse splay or channel deposits (Coleman aond BR880; Boggs, 1987; Bhattacharya
and Walker, 1992; Boggs, 2001; Catuneanu, 2002hdlk¢ 2009). Interdistributary bays
are areas surrounded by levees, marshes or chamtelspen to a body of water (e.g., a
large lake or sea) (Reineck and Singh, 1973; Cateama Prior, 1980), and occur mostly
in the lower delta plain environments of fluvialrddmated deltas (Reading, 1996; Boggs,
2001). Deposition in interdistributary bays is nigiftom suspension, mostly when there
is no wave activity. Coarse-grained sediments aually deposited by crevasse channels
(Reineck and Singh, 1973). Lenticular bedding igralant, and bioturbation, paralle and
current ripple cross- lamination are common (Réinard Singh, 1973; Coleman and
Prior, 1980).

Upward-coarsening successions (ranging from 3.6 &vt6 m in thickness) within facies
association 5 grade from fine-grained lithofaciéls Fr, Fc) upwards into sandstones (Sr,
Sh). Fine-grained lithofacies (FI, Fr, Fc) in thewer parts of upward-coarsening
successions result from low energy suspension depos a quiet area (Reineck and
Singh, 1973; Rubidge, 1988). These fine-graindubfdcies probably represent a low
energy, distal, interdistributary bay environmeRukidge, 1988). They might also
indicate overbank deposits, which have spilled frtva river channels during flooding
events, and fill the interdistributary bays (Miall982; Bhattacharya and Walker, 1992;
Catuneanu, 2002). In places, the fine-grained fitties show presence of wavy, flaser
and lenticular bedding ardruzianaichnofacies (consisting d*lanolites Siphonichnus
and Thalassinoides suggesting that the interdistributary bays waffected by waves
(Reineck and Singh, 1973; Reading, 1996; Catunea@02; Roberts, 2007). Ripple
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cross-lamination, horizontal bedding and biotudmatis common within the sandstone
lithofacies in the upper parts of the upward-coairsg successions and indicate
deposition during floods on natural levees and ditjom under lower flow regime

conditions (Miall, 2000). The ripple cross-lamirgi@nd horizontal laminated sandstones
represent crevasse splays and channel depositse@®eand Singh, 1973). The upward-
coarsening successions within facies associatiare3herefore interpreted to represent

interdistributary bay and crevasse splay depasitsfluvial-dominated deltas.

Transgressive shoreface and foreshore (beach) depos  its

Thick (29 m to 50 m), well sorted medium- to finedgped sandstones are present within
the delta plain deposits of facies association She western part of the study (i.e.,
boreholes ACP3, ACP13 and ACP24; App. Fig. 1, 3,aBy indicate transgressive
shoreface and beach deposits (Galloway and Hold®86; Catuneanu, 2002). Borehole
ACP24 displays a well-developed thick beach facpodg ~50 m thick. Trace fossils
belonging to theSkolithosichnofacies are present within these thick sand@stomts and
they provide strong evidence of shoreface depwsi{/dacEachern et al., 2007). The
transgressive shoreface and beach deposits wittendelta plain deposits of facies
association 5 in the western part of the study aright have resulted from major changes
in the hydrologic and sediment regime due to ldgeatonism (differential subsidence or
uplift), major diversions of rivers upstream, oraolges in relative sea level (Boggs, 2001;
Catuneanu, 2006).

Fluvial-wave interaction deltas such as Rhone dmw Bave similar sequences as those of
fluvial-dominated deltas, although there is diffese in the degree of wave reworking
towards the top (Reading, 1996). A conclusion candawn that the delta plain deposits in
several boreholes in the western part of the saudg were dominated by wave processes,
which resulted in the deposition of well sortedorgiace and beach face deposits.
Therefore, deltas in the western part of the sta included both fluvial-dominated (as
evidenced by well-developed floodplains and chasnirethe delta plain) and fluvial-wave
interaction (as evidenced by transgressive beagbosits) deltas. Kingsley (1985)
interpreted the Ecca Group in the western parhefstudy area to have been dominated by

fluvial and at other times by wave agencies.
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Coal distribution and thickness

The geology of the coal deposits in the western pathe study area differs from the
northern and eastern parts of the study area. Qodle western part are generally thin
(less than 1 m) and are associated with lithofaares ichnofacies interpreted as lower
delta plain deposits (interdistributary bay, bay dieposits, channels and trangressive
shoreface or beach deposits). In the northern gfathe study area, coal deposits are
slightly thicker (range from 3 m to 4.82 Jnand are associated with stacked upward-
coarsening, wave-dominated delta deposits, uppex plain (upward-fining successions)
and delta abandonment facies (lithofacies Fr, Bl lar). Coals in the eastern part are up
to 28 m in thickness and occurred in upper dela@anpénvironments, associated with
channels and delta abandonment facies (lithofdaieBl and Fc).

Thick coal deposits are known to develop in arehsrethe climate is humid, vegetation
is abundant, the water table is at a high leveltne to the topography and within high
accommodation system tracts where the rates ofi@neaf accommodation was high
relative to the sediment input (Reineck and Sirdd@v,3; Miall, 1982; Catuneanu, 2006).
Such areas included delta plains, floodplains viadtkswamps and swamps in the
subaerial environments (Reineck and Singh, 1973jeM/vegetation in less abundant or
where the rates of sediment input is high, thicitmecumulation is less important and
complex lakes and swamps result (Reading, 1986 distribution, lateral extent,
thickness and maceral content of coal depositpramgarily controlled by basin tectonics
and differential subsidence (Cadle et al., 1998n3on et al., 2006).

Tectonics (i.e., subsidence rates) and variablarsed influx seemed to have controlled
the thickness of the coals in the western and eamtiparts of the study area. The thin
coal deposits in the western part of the study areaassociated with channel deposits,
interdistributary bays and beach deposits. Higasraf sedimentation in the western part
of the study area are represented by two featutgsstacked sharp-based pebbly
sandstones interbedded with coals (e.g., ACP19)2andpward-coarsening successions
(interdistributary bay and crevasse splays), wrogkrlie coal deposits (i.e., borehole
ACP4, ACP13 and ACP24). The stacked sharp-baseblypshndstones are interpreted

as channel deposits with a high rate of avulsianifs et al., 1989). Therefore, channel
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avulsions resulted in erosion of coal deposits ardluced extremely thin coals in the
western part of the study area (i.e., borehole AD)PReat formation in boreholes ACP4
and ACP13 was probably accompanied by sedimenixirffiom the distributaries (bay

fill deposits) and marine incursions (presenc€nifzianaichnofacies) as a result of the
compaction of the delta front and prodelta depofiadle et al., 1993), therefore
resulting in extremely thin coals. In borehole AZ#®, coal swamps were terminated by
an increase in clastic sedimentation (Kingsley,5)9® the western part of the study
area, peat-forming environments seemed to be ctstrito backswamp, floodplain or

backshore environments of the lower delta plaim@sley, 1985; Galloway and Hobday,
1996).

Coal deposits in the northern part of the study avere located in a tectonically active
portion of the basin where rapid subsidence andreedation took place (Cadle et al,
1993). This is evidenced by the presence of twok&ld regressive deltaic cycles in this
part of the study area (App. Fig. 8). Coal depositsur in two horizons (lower and
upper) and associated with the delta abandonmage.sihe lower coals are relatively
thin compared to the upper coals, and this mighehasulted from rapid subsidence,
differential compaction of the underlying wave-doatied delta cycle, which caused the
drowning of coals hence termination of peat forovati High sediment influx
(represented by the overlying, second wave-doninhalelta cycle) might also have
contributed in the thining of coals, resulting @rmination of peat formation. The upper
coals above the second wave-dominated delta cyele\eerlain by at least one upward-
fining succession. The accumulation of the upp@lscoccurred when clastic influx was
less vigorous in the Sub-basin (Cadle et al., 198®) resulted in coals up to 4.82 m
thick. This study concludes that rates of clastidimentation seemed to have controlled

the thickness of coal deposits in the northern piitie study area.

In the eastern part of the study area, the coasuaderlain by thick delta front and
channel sandstone units and overlain by delta abandnt facies (Fl, Fr, Fc). These
coals are relatively thicker than the ones develapethe western and northern parts of
the study area. In this area, the coals are adgedcimith the final stage of delta

progradation and low rates of sediment influx. rElfigre, thicker coals in the eastern part
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of the Sub-basin might have developed within ara ambere the rates of creation of
accommodation was high relative to the sedimenttiapd where the water table was at
its highest level relative to the topography inoavlenergy depositional environment
(Catuneanu, 2006). The succession above the co&ohoin boreholes CKP8C and
CKP8C-1 reveal high rates of avulsion by the midtistacking of upward-fining
successions (Smith et al., 1989). Coal horizorthéneastern side of the study area have
been disturbed by intrusions of dolerite sills,réfere the coals have high ash content
and they have been degraded by the heat from tleetddntrusions and are known to be

uneconomic (Meixner and Peart, 1984).

5.2.3 Beaufort Group equivalent

5.2.3.1 Facies association 6

The progradation of both wave- and fluvial-domiwnhtieltas of the Ecca Group in the
northern and eastern parts of the study area wésvexrl by the deposition of a thick
homogeneous successions of siltstones with minoistane units and rare upward-fining
successions (facies association 6) of the Bea®ostip equivalent. Thick successions of
homogenous siltstones are typical for floodplaipaition mostly in the lakes (Miall,
1982). The presence of rare upward-fining sequemcdates deposition by fluvial
channels (Boggs, 2001). In boreholes W1 and W2tlfean part of study area), the
evidence of fluvial channel deposition is indicateyd the upward-fining successions
(ranging from 0.3 m to 4 m) comprising at the basendy siltstones with rip-up
carbonaceous mudrock clasts which grades upwatdssandy siltstones (St and Sr) and
siltstones. Bioturbation structures within the stdhes of facies association 6 indicate
processes which destroy and modify primary sediargrdtructures through the activity of
organisms, which were living in it (Bromely, 199Qalcareous nodules dominate the thick
siltstone units of the Beaufort Group equivalend are indicative of semi-arid floodplain
environments (Reineck and Singh, 1973; Miall, 19B2cker, 1991; Rubidge et al., 2000).
The dominance of light grey pink and subordinatke pad colours in the siltstones may
also be considered to semi-arid fluvial environmsgReineck and Singh, 1973; Johnson et
al., 2006).
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An open lacustrine environment has been suggesteBdaufort Group equivalent in the
northern and eastern parts of the study area Si®8d). The Beaufort Group equivalent
can therefore be interpreted to represent deposiip shallow lakes or ponds in the
floodplain setting (Miall, 1996).

5.2.4 Mosolotsane Formation and Neu Loore Formation

5.2.4.1 Facies association 7

Red mudrocks (FI, Fsm) are common in both the Musahe and the Neu Loore
formations. The laminated and massive mudrocksatdideposition from suspension on
the distal floodplains (Miall, 1977; Johnson et, a@2006). In borehole W1, the

Mosolotsane Formation shows characteristics ofidlughannels, as is indicated by a
upward-fining succession consisting of conglomeriteofacies (Gecm) at the base,
overlain by sandstone lithofacies (Sm) and mudrittlofacies (FI, Fsm) (Collinson,

1986). Clast-supported conglomerate (Gcm) suggasposition by a debris flow or

turbulent flow (Miall, 1977; 1996). Therefore, tlpward-fining succession indicates
deposition by fluvial channels (Reineck and Sin¥3; Tucker, 1982).

The presence of calcareous nodules within the Nmard Formation (borehole ACP13)
supports the evidence of deposition under dry ¢iméTucker, 1991). The dominance of
red colour within the mudrocks of facies assocratib suggests deposition under
oxidising conditions in semi-arid environments (Ke 1982; Collinson, 1986; Johnson
et al., 2006). Bordy et al. (2010) interpreted Mesolotsane Formation in the eastern
Botswana to have been deposited in a relativelydmwosity meandering river system
that drained from southeast and east-southeasoiibwest and west-northwest in a
possibly semi-arid environment. The palaeo-envirental interpretation of the
Mosolotsane in the eastern part of Botswana by Yetdl. (2010) corresponds with that
one of the Neu Loore Formation and the Mosolotdam@nation in the Gemsbok Sub-
basin (this study).
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5.2.5 Ntane Sandstone Formation

5.2.5.1 Facies association 8

The Ntane Sandstone Formation predominantly compiitean, well sorted, fine-grained
sandstone units with no mica minerals. This Foromatvas observed in the northern and
eastern part of the study area (boreholes W1, VKR8C and CKP8C-1). Sandstones of
the Ntane Sandstone Formation show a high degreerthg and lack of micas and clay
minerals, which are the characteristics of sedingeygosits in an aeolian environment
(Smith, 1984; Reading, 1986; Nichols, 2009).

5.3 Geographic distribution of facies associations

As stated on previous chapters, the Gemsbok Sub-tspoorly exposed due to much
cover by Cenozoic Kalahari Group; therefore therbdevelopment model is likely to be
more complex than can be discerned in the availablehole core. Nonetheless, an
attempt was made to reconstruct the developmenth@fbasin based on available
evidence. Thirteen boreholes were used to consstratigraphic cross-sections and
block diagrams (Fig. 5.3, 5.5, 5.7, 5.9, 5.10),akhilemonstrate thickness variations and
geographic distribution of the eight facies assomi®s of the Karoo Supergroup in the
Gemsbok Sub-basin of Botswana and Namibia. The &&uopergroup rocks in the
Gemsbok Sub-basin have been intruded by thick il®lsills at varying stratigraphic

horizons, which complicates thickness comparisons.

The Dwyka Group glacial deposits form the basal ahthe Karoo Supergroup (Fig. 5.3,

5.5, 5.7) and thicken towards the centre of the-l&agin (Fig. 5.3, 5.5). These are
conformably overlain by the Ecca Group turbiditéacies association 2) and delta
deposits (facies association 3, 4 and 5). The ditebideposits make up the Nossob
Formation and the Ncojane Sandstone Member andsftine base of the Ecca Group.
These deposits thin towards the east of the Sulb-laasl the source might have been
located to the north and northwest. The delta depax the Ecca Group (facies

association 3, 4 and 5) occur throughout the GelnSlib-basin and thicken towards the
centre of the basin. Two cycles of delta prograstatire present in the northern and the
central parts of the Gemsbok Sub-basin but arepresent in the western and eastern
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parts of the study area. This might suggest trantirthern and central parts of the study
area were subjected to base level changes eitleetadwariable (tectonic) subsidence

rates or lake/sea level changes during the Eccapammes (Catuneanu et al., 2006).

Figure 5.93D diagram of the Karoo Supergroup boreholesénGemsbok Sub-basin showing different facies aatons.
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The Beaufort Group equivalent floodplain deposis.,(channels and shallow lakes) are
present in the eastern and northern parts of thmesBek Sub-basin and thicken towards
the east (Fig. 5.3, 5.5, 5.10). The Neu Loore Fbion floodplain deposits (probably
deposited in semi-arid environments) occur in remthand some parts of the western
Gemsbok Sub-basin. The Ntane Sandstone Formaeatiga deposits) is present only in
the northern and eastern parts of the study aigagR, 5.5, 5.7) and does not show any

significant thickness variations.

5.4 Geological history of the Gemshbok Sub-basin

Petrographic and geochemical studies of sandstohdhe Karoo Supergroup, their
provenances and relationships to the tectoniagstin the Gemsbok Sub-basin have not
been investigated previously. Accordingly, petegdry and geochemistry of the
sandstones of the Ecca Group and the Ntane Saedstymation were studied in order
to better understand the geological history of @emsbok Sub-basin in Botswana and
Namibia.

5.4.1 Sandstone petrography and geochemistry

The sandstones studied from the Ecca Group inttiltly sirea consist of compositionally
immature arkoses, subarkoses with lesser amourdithafkose and sublitharenites (Fig.
4.23, 4.25). The Ntane Sandstone Formation consiktsompositionally immature
subarkoses (Fig. 4.25). Angular to subangularsfets dominate the sandstones of the
Ecca Group and the Ntane Sandstone Formation goigt mahly feldspathic source areas
dominated of granites and gneisses (Pettijohn et ¥87). The petrographical
classification of sandstones of the Ecca Group, (faeies association 4 and 5) in the
northern and eastern parts of the study area agigeshe geochemical data (Fig. 4.27).
According to the Herron (1988) diagram, the samust@ample Bl of the Ntane
Sandstone Formation is classified as subarkosechwig in agreement with the
petrographical data.
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The presence of arkoses and subarkoses suggestdrdasglifted source areas with high
relief, where there is rapid transportation, defp@siand rapid burial before extensive
weathering can occur (Dickinson and Suczek, 1978tt Bt al., 1980; Dickinson et al.,

1983; Boggs, 2001). The angular to subangulareatidetrital grains in the sandstones
of the Ecca Group (i.e., facies association 4, %) the Ntane Formation (i.e., facies

association 8) suggest source areas nearby (Fe#k,; Pettijohn et al., 1987).

5.4.2 Provenance of the sandstones from the Ecca Gr oup and the Ntane
Sandstone Formation

The combination of sandstone petrography and geoishs studies has been used to

identify provenance and ancient tectonic environnodiaracteristics of the sedimentary

basins, although relief, climate, transport mecéani depositional environment and

diagenetic change may all be important secondaotorfa affecting the original

composition of the sediment (Bhatia, 1983; Dickmsb985; Bhatia and Crook, 1986).

5.4.2.1 Evidence from petrography

The presence of subrounded or rounded quartz epytitile, tourmaline, apatite, zircon
grains and argillaceous rock fragments within thedstones of the Ecca Group (facies
association 4 and 5) and the Ntane Sandstone Homm{&cies association 8) suggest a
sedimentary source (Pettijohn et al., 1987; Bo@@€1). Polycrystalline quartz grains
with more than five sutured quartz crystals witthe Ecca Group and Ntane Sandstone
Formation sandstones suggest that the sedimerteky were derived from metamorphic
rocks such as gneisses (Blatt et al., 1980; Bog@6}1). Polycrystalline quartz grains
with three and than five non-sutured crystals wittie Ecca Group sandstones suggest a
plutonic igneous source (Blatt et al., 1980). Hgyoportions of Qm than Qp and low
percentages of lithic fragments and feldspars witthe Ecca Group and the Ntane
Sandstone Formation sandstones indicate acidiompturocks or recycled sedimentary
rocks as the source (Dickinson, 1988). K-feldspeaing are more abundant than
plagioclase grains in most of the studied sandst@mel high feldspar proportion might
suggest uplifted continental basement or erodeglatons as source areas (Dickinson,
1988). The high mica content in facies associatibaad 5 sandstones of the Ecca Group

might have been derived from metamorphic proveraihoeated nearby and dominated
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by schists and gneisses (Pettijohn et al., 19879. quartz-feldspar rock fragments might
suggest derivation from plutonic igneous or metghmr terrains (Blatt et al., 1980).
Heavy mineral garnet (angular in shape) was fomnallisandstone samples in the study
area and might have been derived from metamorghicce rocks (Folk, 1980; Deer et
al., 1992; Boggs, 2001). All studied sandstonestaona few sedimentary and
metamorphic rock fragments; this suggests that $mirce area is of sedimentary and
metamorphic origin. The heavy mineral assemblagepezing rutile (euhedral),
tourmaline (euhedral and subangular), zircon (etgiedhowing zonation) and apatite

(angular) suggests alkaline igneous source rocdsijdhn et al., 1987; Boggs, 2001).

Dickinson and Suczek (1979) classified all proveesnand sandstone detritus suites into
1) continental block, which includes stable cratand basement uplifts; 2) magmatic arc,
which includes dissected and undissected arcs3amelcycled orogen. Continental block
provenances are located within continental massgesh may be bounded on one side by
a passive margin and on the other by an orogeniic Bee source rocks from the
continental block provenances consist of plutogitebus, metamorphic and sedimentary
rocks but include limited volcanic rocks (Boggs,020 Dickinson and Suczek (1979)
defined the transitional continental provenancethas provenance that lies between the
craton interior and uplifted basement suites. Timeans that transitional continental
sandstones have characteristics of both cratomiontand basement uplift source areas.
Craton interior sandstones are well known of tigh quartz content (mature detritus),
whereas the basement uplift sandstones are ofiankatire (Dickinson and Suczek, 1979;
Dickinson et al., 1983). Magmatic arc provenanaess#uated where plates converge and
where sediment is eroded mainly from volcanic dekources (Boggs, 2001). Recycled
orogen provenances forms where there is a collisiomajor plates, which creates an
uplifted source area next to the collision sutuedt land the source rocks tend to be
sedimentary and metamorphic rocks (Boggs, 2001)rc&s from recycled orogens include
sedimentary strata (metasedimentary or sedimentdakg) and subordinate volcanic rocks,
partly metamorphosed and exposed to erosion byeorogiplifted fold belts (Dickinson et
al., 1983).

The petrographic study of sandstones of the Ecoaisr(facies association 4 and 5) in
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the western, northern and eastern parts of thay sitea revealed the main source areas
representing a transitional continental settinghwninor contributions from a craton
interior and recycled orogen, as well as mixed badement uplift suites (Fig. 4.24,
4.26). Most of these sandstones are arkosic andrlsadic in composition (Fig. 4.23,
4.26) and are likely to have been derived fromupkfted granite-gneiss or gneiss and
schist basement and uplifted metasedimentary baddDiekinson et al., 1983).

The sandstone sample from the Ntane Sandstone Homm@ample Bl of facies
association 8) falls within the craton interior yenance (Fig. 4.26) and it is classified as
a subarkose (Fig. 4.25), which might indicate titadbhas been derived from uplifted
basement rocks (granite-gneiss or metasedimerdakg) (Dickinson et al., 1983).

5.4.2.2 Evidence from geochemistry

The high concentration of AD;, K;O and Ba and high #K/N&O ratio within the
sandstones of the Ecca Group in the northern astéragparts of the study area indicate a
high proportion of feldspars (Pettijohn et al., IZ9Rollinson, 1993). The zirconium (Zr)
concentrations of more than 100 ppm within the stotks of the Ecca Group and the
Ntane Sandstone Formation indicate the presentteeahineral zircon and also suggest a

granitic or recycled detritus source (Bhatia anddBr 1986).

The source rock composition diagram of Floyd e{E989) suggests an acidic magmatic
nature source rock for most of the sandstone samipten the Ecca Group (facies
associations 4 and 5) and the Ntane Sandstone Fomiéacies association 8) in the
northern and eastern Gemsbok Sub-basin (Fig. 4@&. sandstone sample from the
Ecca Group (facies association 4) in the northem @f the study area indicated source

areas from mature sedimentary rocks (Fig. 4.28).

The provenance discrimination diagrams of Roserkaordch (1988) of the northern and

eastern Gemsbok Sub-basin sandstones suggesttaogeasedimentary provenance for
most of the Ecca Group (facies associations 4 arsdddstones as well as felsic igneous
provenance (Fig. 4.29). The quartzose sedimentayepance has source rocks which
include granitic-gneissic or pre-existing sedimentarranes (Roser and Korsch, 1988).

Sediment deposited at passive continental margitracratonic sedimentary basins, and
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recycled orogenic provenances will commonly exhiBid (quartzose sedimentary
provenance) signatures (Roser and Korsch, 1988¥el#éic igneous provenance is
associated with sediments derived from mature pental margin arcs (plutonic-

volcanic rocks) and continental transform boundafi®oser and Korsch, 1988).

Selected trace elements, such as La, Ce, Nd, YZITHf, Nb, Sc, Co and Ti are useful
in discriminating provenance and tectonic settihgedimentary basins because of their
relative immobility during sedimentary processe$fidtia and Crook, 1986; Rollinson,
1993). These elements are present in very low cdratens in sea and river water, are
chiefly transported as particulate matter, andeptfthe signature of the parent material
(Bhatia, 1983; Bhatia and Crook, 1986; Rollinsd@93).

Triangular Th-Sc-Zr/10 plots by Bhatia and CrooR&@&) suggest continental island arc
source with a minor contribution from a passive towntal margin source for the
sandstones of the Ecca Group in the northern astkreaparts of the study area (Fig.
4.30).Sedimentary basins plotting in the continentalndlarc tectonic setting in the Th-
Sc-Zr/10 diagram are developed adjacent to islarnd fbrmed on well-developed
continental crust or on thin continental margingdBa, 1983). Sediments in this tectonic
setting are deposited in inter-arc, back-arc ame-&c basins and the provenance type is
dissected magmatic arc or recycled orogen congisifnfelsic volcanic rocks (Bhatia,
1983; Bhatia and Crook, 1986) passive margin tectonic setting is characterisgd
highly mineralogically mature sandstones, which deeived by the recycling of older
sedimentary and metamorphic rocks (Bhatia, 198%eRand Korsch, 1986). Passive
margin sandstones are also recognised by thgd/MaO ratio being greater than 1
(Bhatia, 1983; Roser and Korsch, 1986). The sandstanalysed from the Ecca Group
and the Ntane Sandstone Formation have,@/KaO ratio of more than 1 and are
mineralogically immature sandstones. This suggéstismost of the Ecca Group and the
Ntane Formation sandstones were not derived frarp#ssive margin source areas, but

rather derived from basement uplifted source areas.
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5.4.3 Probable source rocks for the Karoo Supergrou  p and tectonic setting of
the Gemsbok Sub-basin

The petrography and geochemistry of the Ecca Grdapes associations 4 and 5)

sandstones in the western, northern and eastets @lathe study area suggest nearby
source areas dominantly composed of plutonic (tgapand metamorphic (gneisses and
schists) rocks with a component from a sedimen{goartzites, shales, arkoses and
metarkoses) rocks. These source areas might harefleem adjacent areas and include
the Damara Belt (metamorphic, plutonic and sediargntocks), the Ghanzi-Chobe Belt,

the Nama Group and metamorphic basement rocksimdith and northwest as well as
the basement uplifted rocks (consisting of the ijiagneisses and schists of the
Kaapvaal Craton and the metasedimentary rocks ef Tmansvaal Supergroup,

Olifantshoek Supergroup and Waterberg Group) lacaiethe southeastern margins of
the Gemsbok Sub-basin. This interpretation is ireagent with the measured and

postulated palaeocurrent data from previous sty&esth, 1984; Grill, 1997).

gseciation 8 sandstone of the Ntane

Petrographic and geochemical results of the faa
Sandstone Formation suggest uplifted basement s@uweas dominated by sedimentary
rocks and/or granite-gneiss rocks. The sourcesrémkthe Ntane Sandstone Formation
might have been the recycled pre-Ntane Karoo Supepgocks located in the Gemsbok
Sub-basin or the pre-Damaran basement rocks (ggaaitd gneisses) located further to

the north of the Sub-basin.
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CHAPTER SIX: CONCLUSIONS

Since the establishment of a basic correlative éwaark of the Karoo Supergroup rocks
in the Kalahari Karoo Basin (Green, 1966; Smithg4)9 theories of basin development
in the Main Karoo Basin in South Africa (the refece basin of all Karoo-aged basins in
southern Africa) have been reviewed. In additioewngeological data on the Karoo
Supergroup in the Kalahari Karoo Basin has becawadadle from different sources

(e.g., hydrocarbon exploration and seismic prafjlibut the correlations have not been
updated.

The main aim of this project has been to analydersntary rocks, correlate stratigraphy
and infer depositional environments of the Karo@pe&group across the Kalahari Karoo
Basin, with a major focus on the poorly underst@mnsbok Sub-basin of Botswana and
Namibia. In the region the Karoo Supergroup is amerand largely covered by the

Cenozoic Kalahari Group with the result that tlesearch has been limited to borehole
data.

This study, using eleven borehole cores and twereete borehole logs, has shown that
it is possible to correlate sedimentary facies @asions of the Karoo Supergroup across
the Gemsbok Sub-basin by applying detailed facredyais. Eight facies associations
(FAs) comprising fourteen lithofacies and two trdossil assemblage<fuzianaand
Skolithos ichnofacies) were identified for the first time darcorrelated across the
Gemsbok Sub-basin. The eight facies associatioAd (& FA8) correspond to the
lithostratigraphic subdivisions (the Dwyka Groupcck Group, Beaufort Group
equivalent, Lebung Group [Mosolotsane and Ntanem#bions] and Neu Loore
Formation) of the Karoo Supergroup. Sedimentoldgacal ichnological characteristics
of the identified facies associations indicate fokowing depositional environments:
glaciomarine or glaciolacustrine (FA1, Dwyka Grouggep-water (lake or sea) (FAZ2,
Ecca Group), prodelta (FA3, Ecca Group), deltatfri@gtA4, Ecca Group), delta plain
(FA5, Ecca Group), floodplain with shallow lakesA@; Beaufort Group equivalent),
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fluvial (FA7, Mosolotsane and Neu Loore formationasihd aeolian (FA8, Ntane

Formation).

The Dwyka Group (FA1) forms the base of the Karope3group in the Gemsbok Sub-
basin and is overlain by the Ecca Group comprisiAg 2, 3, 4 and 5. FA2 forms the
base of the Ecca Group and is dominated by sarglsiorts which display Bouma
cycles. This unit which thickens to the north arcpes out to the east is considered to
have been the result of subaqueous turbidite deposFA3 and FA4 show an overall

upward-coarsening trend, suggesting depositiomagnading delta environment.

Delta deposits have been previously classifiechenwestern part of the Gemsbok Sub-
basin (Kingsley, 1985; Grill, 1997) but no work Haesen done in the northern and eastern
parts. This current study has revealed the presefhdbree delta types (fluvial-wave
interaction, wave- and fluvial-dominated deltasyogs the Gemsbok Sub-basin. The
western part is characterised by fluvial-dominaéed fluvial-wave interaction deltas,
whereas the northern part is characterised by wlawenated deltas. Deltas in the

eastern part of the Gemsbok Sub-basin were flyviidminated.

An unconformity above the Beaufort Group equivalsniresent in the north and east. In
the western part of the Sub-basin this unconforraggurs above the Ecca Group. The
Mosolotsane Formation (in the northern Gemsbok Isagin) and Neu Loore Formation
(in the western Gemsbok Sub-basin) are charaatketge similar lithologies (FA7)
pointing to deposition in a subaerially exposedvitil environments. The Ntane
Sandstone Formation (FA8) is the uppermost stigtigic unit of the Karoo Supergroup
and conformably overlies the Mosolotsane Formaitiothhe northern and eastern parts of
the Gemsbok Sub-basin.

Petrography and geochemical studies on sandstdribe &cca Group suggest that the
source areas were dominated by metamorphic antt figiseous or acidic magmatic
rocks with lesser influence from sedimentary sourceks located adjacent to the
Gemsbok Sub-basin in the north, northwest and sasth Similar studies on the Ntane

Sandstone Formation revealed sources areas donhibgtesedimentary and granite-
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gneiss rocks, which are located in the Gemsboklssim and far north of the Gemsbok
Sub-basin, respectively.

This study has provided a lithostratigraphic anth@a@environmental framework for the
Karoo-aged basins in the southwest Botswana anttheast Namibia and will therefore
form a sound platform for future basin history misdef the Karoo Supergroup in the
Kalahari Karoo Basin.
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APPENDICES

APPENDIX A

Sandstone descriptions for facies associations 4, 5 and 8
1. Facies association 4 sandstones (western Gemsbok Sub-basin)
Facies association 4 in the western part of théystinea consists of sandstones numbered

N3 and NS8.

Descriptions of facies association 4 sandstones in the western Gemsbok Sub-

basin:

Sample N3

Sample N3 was sampled from borehole ACP4 at ddytvgeen 328.65 m and 328.76 m
(App. Fig. 2). The sample is poorly sorted and im@d rained (0.25 mm — 0.50 mm).

This sandstone sample comprises subangular to wulked detrital framework grains.

The dominant framework grains are quartz followsdféldspar, rock fragments and

mica. Quartz occurs as both monocrystalline angqgogs$talline quartz. Polycrystalline

guartz types include ones composed of four, fivé muore than five non-sutured quartz
crystals. Feldspar framework grains include plag®e, microcline and other potassium-
feldspars. Microcline is more dominant than otheld$par grains. Rock fragments
consist of quartz-feldspar grains. Mica grains m@sent and include muscovite, biotite
and chlorite. Some mica grains are deformed ingslacThe sample is poorly cemented
by calcite and exhibits a clay matrix. Accessorynenals include zircons, garnets,

tourmaline and very few pyrite grains.

Sample N8

Sample N8 was sampled from borehole ACP19 at ddmtwseen 324.92 m and 325.00
m (App. Fig. 4). The sample is moderately to vealited and fine- to coarse-grained
(0.125 mm — 1 mm). Fine detrital grains dominate sandstone. This sample comprises

subangular to subrounded detrital framework gralramework grains include quartz
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(both monocrystalline and polycrystalline quarteldspar (plagioclase, microcline and
other potassium-feldspars) and quartzo-feldspathe& fragments grains. Most of the
polycrystalline quartz grains are formed by threddur non-sutured crystals and more
than five sutured and non-sutured quartz crysMisa grains are present in the sample
and consist of muscovite with a lesser amount aiftite. Muscovite grains occur

deformed in places. Sandstone sample N8 is paertyented by calcite and contains a
detrital clay matrix. Accessory minerals presemiude tourmaline, garnet, subrounded

zircons and pyrite.
2. Facies association 5 sandstones (western Gemsbok Sub-basin)
Sandstone samples numbered N1, N2, N4, N5, N6,N97,N10, N11, N12 and N13

were all sampled from facies association 5 in tkstern part of the study area.

Descriptions of facies association 5 sandstones in the western Gemsbok Sub-

basin:

Sample N1

Sample N1 was sampled from borehole ACP4 at ddytvgeen 234.17 m and 234.24 m
(App. Fig. 2). It is a well sorted, fine-grained.XR5 mm - 0.25 mm), micaceous

sandstone with subangular to subrounded detri@hgr Framework grains consist of
quartz, feldspar, mica and rock fragments. Mondetlyse quartz grains are more

abundant than polycrystalline quartz. The obsepaycrystalline quartz grain types are
composed of two non-sutured and more than fiveredtand non-sutured quartz crystals.
Feldspar grains include plagioclase, microcline arller potassium-feldspars. Mica
grains are present in the sample and comprisetdiatid muscovite. Most of the mica
grains are aligned parallel to the bedding and somea grains are deformed. Rock
fragments are quartz-feldspar grains. SandstondeaNtpis poorly cemented by calcite

and contains clay matrix. Accessory minerals ineladcons (subrounded and euhedral

in shape), garnets, tourmalines and pyrite.
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Sample N2

Sample N2 was sampled from borehole ACP4 at ddytvgeen 245.06 m and 245.14 m
(App. Fig. 2). It is a moderately to well sortedhe-grained (0.125 mm - 0.25 mm)
sandstone with subangular to subrounded detrigahdrvork grains. Framework grains
include quartz (both monocrystalline and polycrijsta quartz, with monocrystalline
grains being the dominant quart type), feldspamadjiclase, microcline and other
potassium-feldspars) and rock fragments. Polyctystaquartz types are formed by two
to five quartz crystals. Microcline is the domindgitispar in the sample. Rock fragments
consist of quartzo-feldspathic grains. The sandsteeimple is entirely cemented with
calcite. Mica minerals are present and include meéol muscovite grains. Accessory
minerals present include zircons (subrounded amdded grains), garnets, tourmaline

(green), rutile and apatite (as inclusions witlmie guartz grains).

Sample N4

Sample N4 sandstone was sampled from borehole ACB&pths between 166.07 m and
166.13 m (App. Fig. 1). The sandstone is poorlyeshrcoarse-grained (0.57 mm — 0.70
mm) and composed of subrounded to subangular aegiains. Framework grains
consist of quartz (monocrystalline and polycrystell quartz with lesser amounts of
polycrystalline quartz), feldspar (dominantly miclioe with lesser amounts of
plagioclase and other potassium-feldspars) anddessunts of rock fragments (quartz-
feldspar). The grains of polycrystalline quartz eosenposed of three non-sutured quartz
crystals and more than five (non-sutured and sdjugeartz crystals. Mica (muscovite) is
present in minor amounts. Deformed muscovite waseded in the thin section and
some of the micas have fibrous texture. Accesscaynéwork grains include heavy
mineral zircon, tourmaline, garnet and pyrite. $awh the zircon grains are subrounded

and some show zonation.

Sample N5

Sample N5 was sampled from borehole ACP3 at ddytvgeen 245.99 m and 246.05 m
(App. Fig. 1). It is a well sorted, medium-graing@hdstone with a grain size range of
0.25 mm — 0.30 mm. The sandstone consists of subamip subrounded detrital grains.

Framework grains consist of quartz, feldspar arak foagments. Quartz grains include
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both monocrystalline and polycrystalline quartzlyBrystalline quartz grains consist of
three to more than five quartz crystals with notused boundaries. Feldspars include
plagioclase, microcline and other potassium-feldspd&ock fragments are present
comprising mainly quartz-feldspar grains. Mica ddoges up to 2% of the sample and
consists of biotite and muscovite. Some of the owuse grains are deformed or bent.
Sandstone sample N5 is poorly cemented with caldessory minerals include
zircons, garnets, tourmaline, rutile, apatite angit@. Inclusions of subrounded

tourmalines (green), apatite and zircons were ®ksewithin the quartz grains.

Sample N6

Sample N6 was sampled from borehole ACP3 at ddptvgeen 265.06 m and 265.11 m
(App. Fig. 1). It is moderately sorted, medium-ctwarse-grained sandstone (0.25 mm —
1.00 mm) and consists of subangular to subroundettital framework grains.
Framework grains include quartz, feldspar and roagments. Quartz grains comprise
both monocrystalline and polycrystalline quartzhamonocrystalline quartz being more
plentiful. Polycrystalline quartz grains composddnwore than five sutured and non-
sutured crystal boundaries were commonly obseri/ettispars comprise plagioclase,
microcline and other potassium-feldspars. Rock nragts consist of quartz-feldspar
grains. Mica is present in the rock sample and ists1ef biotite and muscovite. Biotite
alteration to chlorite occurs within the sample.heTsandstone sample is partially
cemented by calcite. Subrounded zircon grainpaagent in trace amounts together with

garnet grains and pyrite.

Sample N7

Sample N7 is from borehole ACP19 and was samplatkpths between 261.59 m and
261.64 m (App. Fig. 4). Sandstone sample N7 isrlpasorted and medium-grained
(0.30 mm - 0.57 mm). Framework grains that make thp sample include
monocrystalline quartz and polycrystalline quatildspar and quartz-feldspar rock
fragments. Polycrystalline quartz grains includesthcomposed of four to more than five
non-sutured crystals and those composed of more fiha sutured crystals. Feldspars
present include plagioclase, microcline and othmagsium-feldspars. Rock fragments
occur as quartz-feldspar grains. The thin sectmmains lesser amount of mica grains.
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Mica includes deformed and undeformed muscovite. 3dmple is poorly cemented with
calcite and has clay matrix. Accessory mineralduohe zircon, garnet, chlorite and

pyrite.

Sample N9

Sample N9 sandstone was sampled from borehole A@GP8&épths between 170.84 m

and 170.89 m (App. Fig. 5). The sandstone is watlesl and fine-grained (0.13 mm -

0.25 mm). It consists of subangular to subroundettitdl grains. Framework grains

include quartz, feldspars and rock fragments. Qugudins are both monocrystalline and
polycrystalline. Polycrystalline quartz grains withree non-sutured crystals and more
than five non-sutured crystals were observed ig thin section. Feldspars include

microcline, plagioclase and other potassium-feldspd&rock fragments present are
guartz-feldspar grains and argillaceous rock fragselhe sandstone is dominated by a
matrix of fine-grained material consisting of smsilted micas, quartz and feldspar
grains. Accessory minerals include subrounded mscaourmalines (green), mica

(mainly muscovite), rutile, garnet and pyrite. Sooh¢he mica grains are deformed.

Sample N10

Sandstone sample N10 was sampled in borehole A@P@dpths between 230.00 m and
230.07 m (App. Fig. 5). The sandstone sample i$ seeted and consists of fine-grained
(0.125 mm - 0.25 mm) subangular to subrounded tdktgrains. Framework grains
making up this sandstone include quartz (both miyst&lline and polycrystalline
guartz, with monocrystalline being more abunddetiispar (plagioclase and potassium-
feldspars) and rock fragments (quartzo-feldspathrglycrystalline quartz grains are
formed by three to four non-sutured quartz crystald more than five non-sutured quartz
crystals. Mica is present and consists of muscantkchlorite. Most of the mica mineral
grains are aligned parallel to the bedding. Thelseme is poorly cemented with calcite
and exhibits a matrix dominated by clay mineralefddmed or bent muscovite was
observed in thin section. Accessory minerals inelsdbrounded and angular zircons,

tourmalines, rutile grains and pyrite.
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Sample N11

Sandstone sample N11 was sampled from borehole A@P8epths between 244.30 m
and 244.37 m (Fig. 4.2). It is a poorly sorted, medgrained (0.30 mm - 0.56 mm)
sandstone, composed of subangular to subroundathbdgtains. Sandstone sample N11
is poorly cemented by calcite. Framework grains mase quartz, feldspar and rock
fragments (quartz-feldspar). Quartz grains occur lagh monocrystalline and
polycrystalline quartz, with lesser amounts of goygtalline quartz. The most commonly
observed polycrystalline quartz grains are thosepesing four to more than five non-
sutured quartz crystals. Feldspar grains are datedhby microcline and lesser amounts
of plagioclase and other potassium-feldspars. Roagments comprise quartz-feldspar
and argillaceous rock fragments. The sandstone IsaNiil is characterised by a clay
matrix with abundant micaceous minerals and itisrfy cemented by calcite. Accessory
framework grains comprise trace amounts of micasuuite), tourmaline (green),

garnet, subrounded zircon and pyrite.

Sample N12

Sandstone sample N12 was sampled from borehole 3@Pdepths between 271.42 m
and 271.47 m (App. Fig. 3). It is a well sorted,dmen-grained (0.30 mm - 0.5 mm)
sandstone with subangular to subrounded detrit@ingr Framework grains comprise
quartz, feldspar and lesser amounts of rock fragsneQuartz grains include both
monocrystalline and polycrystalline quartz. Feldsmggains comprise plagioclase;
microcline and other potassium-feldspars. Polyatiise quartz grains with more than
five sutured crystals and with less than five naohsed crystals were observed in this
sandstone sample. Microcline is the dominant feldsp the sample. Rock fragments
include quartz-feldspar grains and polycrystalligeartz. The sandstone is poorly
cemented by calcite. Accessory mineral grains ohelaircon, tourmaline (green), mica,

garnet and pyrite. Mica present is muscovite amsldeformed in places.

Sample N13
Sample N13 was sampled from borehole ACP13 at ddmtween 226.56 m and 226.61
m (App. Fig. 3). It is a well sorted, medium- tayeoarse-grained sandstone (0.30 mm -

1.50 mm grain size). The sandstone is composedilwibanded to subangular detrital
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grains. Framework grains consist of quartz (bothhoooystalline and polycrystalline

quartz with monocrystalline dominant), feldspar rfdoeantly microcline and lesser

amounts of plagioclase and other potassium-feld$pand lesser amounts of quartz-
feldspar rock fragments. Two types of polycrystalguartz grains were observed which
include polycrystalline quartz with three to fouwwmsutured crystals and polycrystalline
qguartz with more than five non-sutured crystalscdininerals (muscovite) are present in
lesser amounts and deformed muscovite was obseanvimh section. The sandstone is
poorly cemented by calcite and consists of a d@y-matrix. Accessory phases include

zircon, garnet, rutile, tourmaline (green), mica gyrite.

3. Facies association 4 sandstones (northern and ea  stern Gemsbok Sub-basin)

Facies association 4 in the northern part of thelystarea consists of sandstones
numbered B2, B3, B4, B5, B6, B7, B8, B9 and in #astern part of the study area
consists of sandstones numbered B10 and B20.

Descriptions of facies association 4 sandstones (no rthern Gemsbok Sub-basin):

Sample B2

Sample B2 was sampled from borehole W1 at a degiivden 169.29 m and 169.39 m
(App. Fig. 6). Internally, it is moderately to wedbrted, fine-grained with grain size
ranging from 0.20 mm to 0.25 mm. The sandstone Eacgntains detrital framework
grains of quartz, feldspar and mica. These graiesabrounded to subangular, although
the latter predominates. Quartz is the more abunfidlowed by feldspar and mica.
Monocrystalline and polycrystalline quartz are prés Polycrystalline quartz grains are
composed of two and more than five non-suturedtalysGrains of polycrystalline
qguartz with more than five sutured crystals ares@né within this sandstone sample.
Plagioclase, microcline and other potassium-feldspae common. Sample B2 is rich in
mica (biotite and muscovite) and most of the mgaligned parallel with bedding. Most
of the mica minerals alter to chlorite. Bent micaswobserved in this thin section. Lithic
fragments are rare and compries argillaceous roaynfents. The sandstone sample is
poorly cemented by calcite. Accessory mineralsudelsubrounded zircons and angular

to subangular garnets.
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Sample B3

Sample B3 was sampled from borehole W2 at a depitb54.69 m to 154.79 m (App.
Fig. 7). This sandstone sample is well sorted ametdrained (range between 0.125 mm
and 0.25 mm). The major detrital grains includertpdeldspar and argillaceous rock
fragments. The detrital grains within sample B3 smbrounded to subangular. Quartz
grains dominate and occur as both monocrystallme @olycrystalline (three to more
than five non-sutured crystals). Plagioclase, nuline and potassium-feldspar make up
the total feldspar content. Argillaceous fragmeats rare. Biotite and muscovite are also
present within this sandstone sample and are yscaticentrated along bedding planes.
The observed muscovite appears to have been bleatmhtrix comprises fine-grained
quartz, mica and clay minerals. Accessory minenaldude zircon (subrounded),

tourmaline (green in colour and irregular shapgpgti#e (as inclusions in quartz) and

pyrite.

Sample B4

Sample B4 is from borehole W2 and sampled at ahdegiiveen 152.18 m and 152.26 m
(App. Fig. 7). The sandstone sample is moderatepoorly sorted and is dominated by
medium-grained (0.3 mm to 0.5 mm) angular to subkmggrains with minor amounts of
subrounded grains. Major framework grains includartg and feldspar. Monocrystalline
guartz dominates over polycrystalline quartz. Polytalline quartz grains are composed
of three to five and more than five crystals. Bstitured and non-sutured quartz crystals
within the polycrystalline quartz grains (consigtiof more than five crystals) are present.
Inclusions of mica and subrounded and elongateitapgiains are common within the
monocrystalline quartz grains. Feldspars presedude plagioclase, microcline and
potassium-feldspars. Rock fragments are presesradl numbers and consist of quartz-
feldspar grains and other argillaceous rocks fragmeMica is present in this sample,
although rare and consists of muscovite which ndyadters to chlorite. Bent micas
were observed in this thin section. Calcite is @nésas a cement, but the sandstone is
poorly cemented. The matrix consists of alteredanaiied clay. Subrounded zircon grains,
apatite grains, tourmaline and garnet were obsemethis thin section and occur as

accessory minerals together with some pyrite.
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Sample B5

Sample B5 sandstone was sampled from borehole Vd2m@hs between 170.20 m and
170.24 m (App. Fig. 7). It is a moderately to pgasbrted, fine-grained (0.125 - 0.25

mm) sandstone. The framework grains of the B5 fandsare monocrystalline quartz,

polycrystalline quartz (with two to five non-sutdrecrystals), potassium -feldspar,

plagioclase, mica and rock fragments. The detgtalns are subangular to subrounded.
Quartz grains dominate over feldspar grains (patassfeldspar and plagioclase). Some
of the quartz grains have inclusions of mica andtitgn Biotite and muscovite are

dominant and are confined to the bedding plandammations of the sandstone. Some
of the mica is bent and squashed between the qgeaizs. The matrix of sample B5

sandstone is generally composed of argillaceousim&ew rock fragments are present
comprising quartz- feldspar grains and argillacemeck fragments. Accessory minerals

include subrounded zircons, apatite grains andrit@lo

Sample B6

Sandstone sample B6 is from borehole W2 and sangplddpths between 230.69 m and
230.77 m (App. Fig. 7). It is a fine-grained (0.26n - 0.5 mm), moderately to well
sorted sandstone consisting of quartz, feldsparrackl fragments as major framework
grains. Quartz grains are more abundant than fatdgmins and rock fragments in the
thin section. Quartz occurs as both polycrystalane monocrystalline grains. Grains of
polycrystalline quartz are composed mainly of twlree and greater than five non-
sutured crystals. Polycrystalline quartz with mitran five sutured crystals was observed
within this thin section. Quartz grains with apatiineral inclusions were also observed.
Feldspar grains occur as plagioclase, microclirteotassium feldspars. Rock fragments
are rare and include polycrystalline quartz graMsiscovite grains are present in the
sample, but in lesser amounts. Calcite is preseatform of cement, but the sandstone
sample is poorly cemented. Accessory minerals delsubangular and subrounded
zircons, rutile (rounded in places), green tournealgrains (subrounded to euhedral in
shape and zoned in places) and garnets (angulsihape). Some of the zircon grains

show zonation.
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Sample B7

Sample B7 was sampled from borehole W3 at depthseea 206.08 m and 206.16 m
(Fig. 4.3). It is a moderately sorted, medium-gedi (0.25 mm — 0.50 mm) sandstone.
The sandstone has angular to subangular grainis,tiagt latter being dominant. Quartz,
feldspar and rock fragments are the main detrituhé sandstone sample B7. The most
abundant quartz grains are the monocrystalline tguaith only trace amounts of
polycrystalline quartz. Polycrystalline quartz giiconsist of five non-sutured quartz
crystals. Feldspar grains consist of microclinagpiclase and potassium feldspars. Rock
fragments are present and comprise argillaceodsfragments and quartz-feldspar rock
fragments. Mica is present and includes muscowtdch is deformed in places. The
sample is partially cemented with calcite. Detrtky constitutes the matrix. Accessory
framework grains include zircon (subrounded andndmal), mica, rutile, tourmaline
(rounded, elongate green tourmaline) and garnght(lpink). Rounded tourmaline and

zircon inclusions within the quartz grains wereesd.

Sample B8

Sample B8 was sampled from borehole W1 at depthseea 130.24 m and 130.34 m
(App. Fig. 6). The sample is a moderately sorteediom-grained (0.25 mm — 0.30 mm)
sandstone. It is composed of angular to subanglefaital grains with lesser amounts of
subrounded grains. Framework grains consist oftguéeldspar and rock fragments.
Quartz grains occur as both monocrystalline andyqogsétalline quartz with lesser

amounts of polycrystalline quartz. Observed polgtalline quartz grains are composed
of more than five sutured quartz crystals and tess five non-sutured crystals. The
sample is dominated by feldspar grains, which idelplagioclase, microcline and other
potassium feldspar. Rock fragments include quaatidspar, polycrystalline quartz and
altered argillaceous rock fragments. Biotite, mygeoand chlorite micas are present.
Deformed muscovite has been observed in the tlotiose Accessory framework grains

include trace amounts of zircon (subrounded aneanal), tourmaline (subrounded) and

pyrite.
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Sample B9

Sample B9 was sampled from borehole W3 at depthseea 97.25 m and 97.34 m
(App. Fig. 8). The sample is moderately to welttsd and fine-grained (0.130 mm -
0.25 mm) in size. It is composed of subangularutoreunded detrital framework grains
with subangular grains dominated. Quartz is the idating framework grain in
sandstone sample B9 and consist of both monodiipstand polycrystalline (three and
more than five non-sutured quartz crystals) quanains. Other framework grains
making-up sample B9 include feldspar grains (plelgise, microcline and other
potassium-feldspars), mica and rock fragments l{acgious, polycrystalline quartz).
Mica grains are more abundant than the rock fragenamd consist of muscovite grains.
Some muscovite grains appear deformed in placdse sample is poorly cemented by
calcite. Detrital clay occurs as a matrix and cdsgifine-grained quartz, mica and
feldspar grains. Accessory minerals include zirctyyrmaline, apatite and opaque

minerals.

Descriptions of facies association 4 sandstones (ea stern Gemsbok Sub-basin):

Sample B10

Sample B10 is from borehole CKP8C-1 and samplenh flepths between 415.71 m and
415.91 m (App. Fig. 11). Sandstone sample B1lOnwderately sorted and fine-grained
(0.125 mm - 0.25 mm). The sample is very alteregfriggisation) and micaceous.

Framework grains include monocrystalline quartdygrystalline quartz, feldspar, mica

and rock fragments (argillaceous). Quartz occurgwo forms, monocrystalline and

polycrystalline grains. Polycrystalline quartz gimiare composed of three to five non-
sutured quartz crystals. Feldspars include potasdieidspars and the mica grains
consists of both biotite and muscovite, which dtered in places. Deformed mica was
observed within the thin section. The matrix is mhaicomposed of clay minerals.

Accessory minerals include zircon, tourmaline, apand pyrite.

Sample B20
Sample B20 was sampled from depths between 474.@%dn474.73 m in borehole
CKP8C-1 (Fig. 4.5)Sandstone sample B20 is poosigrted,medium-grained (0.25 mm
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— 0.40 mm) and consists of subangular to subrourtdtal grains. Major detrital

framework grains present include quartz, feldspadt eock fragments. Quartz grains
include monocrystalline and polycrystalline quartRolycrystalline quartz occurs in

lesser amounts and consists of two (non-suturedir@re than five (sutured) crystals of
quartz. Feldspars present in the sample includerogline, plagioclase and other

potassium-feldspars. Rock fragments consist of tgifaldspar and argillaceous rock
fragments. The sample consists of lesser amountsaaf and muscovite occurs in larger
guantities compared to biotite. The muscovite ngiEins appear bent adjacent to quartz
and feldspar grains. Accessory minerals includeonr (subrounded), garnet, rutile,
tourmaline (brown and green) and pyrite. Apatited gourmaline are common as

inclusions within quartz grains.

4. Facies association 5 sandstones (eastern Gemshok Sub-basin)
Facies association 5 in the eastern part of thaysdrea consists of sandstones numbered
B11, B12, B14, B15, B16, B17, B18, B19, BA, BB &BG.

Descriptions of facies association 5 sandstones (ea stern Gemsbok Sub-basin):

Sample B11

Sample B11 sandstone was sampled from borehole EKP8epths between 277.40 m
and 277.86 m (App. Fig. 9). It is a fine-grainedl@ mm — 0.25 mm), moderately to
well sorted sandstone. The sandstone sample c®nsissubangular to subrounded
framework grains. Framework grains include qudgldspar and rock fragments. Quartz
grains consist of both monocrystalline and poly@alise quartz with high amounts of
monocrystalline quartz grainBolycrystalline quartz grains are formed by twdive and
more than five crystals of quartz, which are notused. Feldspars present include
microcline, plagioclase and other potassium-feldsfRock fragments are made up of
guartz-feldspar and polycrystalline quartz. Thedséone is poorly cemented and consists
of fine-grained matrix composed mainly of smalligsaof mica. Deformed muscovite
grains have been observed in this thin sectionessary framework grains include trace

amounts of heavy mineral zircon, rutile, garnet pyute.
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Sample B12

Sample B12 was sampled from depths between 283.&hdn283.89 m in borehole
CKP8A (App. Fig. 9). The sandstone sample is poedsted and coarse-grained (0.50
mm — 1.00 mm). It consists of angular to subangdédrital framework grains of quartz,
feldspar and rock fragments. Quartz grains inclugeth monocrystalline and
polycrystalline quartz. Polycrystalline quartz giaconsist mainly of three and more than
five quartz crystals. The quartz crystal boundaaes sutured in polycrystalline quartz
grains consisting of more than five crystals, bon+sutured quartz crystals are also
present. Feldspars present are microcline and quiagie. Rock fragments consist of
quartz-feldspar and polycrystalline quartz rockgfmeents. Biotite and muscovite are
present in the sandstone sample and tend to altdlarite. Small quantities of deformed
muscovite are present in the sample. The sandssgmeorly cemented with calcite and
consists of clay matrix. Zircon (subrounded), mytitourmaline (irregular, subrounded

and rounded) and garnet occur as accessory minerals

Sample B14

Sample B14 was taken from borehole CKP8C-1 at delpétvween 261.74 m and 261.90
m (App. Fig. 11). The sandstone sample is modgrédelvell sorted, fine-grained (0.125
mm - 0.25 mm), and consists of angular to subamgidg&ital grains. Major framework
grains comprise quartz, feldspar, mica and rockgnrants. Grains of both
monocrystalline and polycrystalline quartz wereasleed, with monocrystalline quartz
dominant. Polycrystalline quartz grains composedwaf to four crystals of quartz are
present. Plagioclase, microcline and potassiunsfeld make the total spectrum of
feldspar in the sample. Mica grains consist ofratteand non-altered biotite, muscovite
and chlorite. Some bent mica grains were obsermethis sandstone sample. Rock
fragments consists quartz-feldspar rock fragmeértie. sandstone is poorly cemented by
calcite. Subrounded to rounded zircon, apatiter@auided) tourmaline (green) and pyrite
have been observed in thin section and occur icet@mounts. Apatite occurs as

inclusions within the quartz grains.
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Sample B15

Sample B15 was sampled from borehole CKP8C-1 athdepetween 411.25 m and
411.31 m (App. Fig. 11). It is poorly sorted, c@ar$o very coarse-grained sandstone
(0.50 mm — 2.00 mm) and consists of subangularutrosinded framework grains.
Framework grains include quartz, feldspar and rfivbagments. The total quartz grains
comprise both monocrystalline quartz and polyctiisaquartz. Monocrystalline quartz
dominates over polycrystalline quartz. Most polgtajline quartz grains comprise more
than five (sutured and non-sutured) crystals. Fpelds present include plagioclase and
potassium-feldspars. Alteration of feldspars indnicgte was observed in thin section.
Rock fragments consist of quartz-feldspar graind polycrystalline quartz. Mica is
present in small amounts in this sample and cansiEbiotite which tends to alter to
chlorite. Most of the mica grains occur in the mxatiThe sandstone sample is well
cemented by calcite. Subrounded and irregular &@aonally zoned) zircon grains and

tourmaline (green) grains are present and occtiage amounts.

Sample B16

Sandstone sample B16 was sampled from borehole CKIP&t depths between 321.10
m and 321.32 m (App. Fig. 11). The sandstone sampieoderately to well sorted and
fine-grained (0.125 mm - 0.25 mm). It consists abangular to subrounded detrital
framework grains of quartz, feldspar and rock fragm. Quartz grains include both
monocrystalline and polycrystalline grains. Polytafline quartz grains consist of two
and greater than five quartz crystals. Feldspangraclude plagioclase, microcline and
potassium-feldspar. Rock fragments comprise queltispar rock fragments. Biotite and
muscovite are present within the sandstone. Sorsa grains are bent and most of the
mica minerals are aligned parallel to bedding. $aedstone exhibits clay-rich matrix.
Accessory grains include zircons (subrounded amdutar shapes), tourmaline (green in

colour and irregular in shape) and pyrite.

Sample B17
Sample B17 is from borehole CKP8C-1 and was samipé#dieen depths of 278.19 m
and 278.35 m (Fig. 4.4). The sandstone sample germately to well sorted and fine- to

medium-grained (0.20 mm - 0.30 mm) in size. Thisdstone consists of subangular to
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subrounded detrital framework grains of quartz (owystalline and polycrystalline

quartz), feldspar and rock fragments. Differenetypf polycrystalline quartz grains were
identified in this thin section and are composednuire than two quartz crystals.
Feldspar grains include plagioclase, microcline aiier potassium-feldspars. Microcline
is the most abundant feldspar. Rock fragments declargillaceous rock fragments,
which in places have been replaced by calcite. $aB\p/ is poorly-cemented by calcite
and contains up to 1% mica minerals (muscovitelaatite). Accessory grains comprise
trace amounts of zircon (irregular and subroundedymaline, rutile, apatite (as rounded

inclusions within quartz grains) and angular gasnet

Sample B18

Sample B18 was sampled from borehole CKP8C-1 athdepetween 320.76 m and
320.83 m (App. Fig. 11). It is a moderately to wadkted fine-grained sandstone with a
grain size range of 0.125 mm — 0.20 mm. The sandstample comprises subangular to
subrounded detrital grains, with subangular granwst abundant. Detrital framework
grains consist of quartz, feldspar, mica and raelgrhents. Most of the polycrystalline
guartz grains are composed of more than five sdtarel non-sutured quartz crystals.
Feldspars present are microcline, plagioclase amdspium feldspar. The sandstone is
dominated by mica minerals including both muscoaitd biotite. Some of the muscovite
grains are bent and biotite grains alter to chdoiiRock fragments occur in lesser amounts
and include quartz-feldspar and polycrystallinerguaSample B18 is poorly cemented
with calcite. Accessory minerals include subroundiedon, tourmalines (green), garnet,
apatite (in a form of inclusions within quartz grg) and pyrite.

Sample B19

Sample B19 was sampled from borehole CKP8C at ddptween 320.83 m and 320.93
m (App. Fig. 10). It is a moderately to well sortéide-grained (0.125 mm - 0.20 mm)
sandstone. The sandstone sample is dominated lmaartg subangular detrital grains
comprising framework grains of quartz, feldsparganand rock fragments. Quartz grains
are dominantly monocrystalline quartz with lesseroants of polycrystalline quartz.
Most abundant polycrystalline quartz grains in this section are formed by more than
three non-sutured quartz crystals. Feldspar grenaside plagioclase, microcline and
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other potassium-feldspars. Mica grains are presetite thin section and include both
biotite and muscovite. Muscovite and biotite angredd parallel to the bedding and are
sometimes deformed. Rock fragments are presentndutominant. They consist of
grains of quartz-feldspar and polycrystalline guafthe sandstone has a clay matrix and

calcite cement. Accessory minerals include lighkpgarnet grains and zircons.

Sample BA

Sample BA was sampled from borehole CKP8C at dedpthseen 277.35 m and 277.51
m (App. Fig. 10). The sandstone is moderately tth segted and fine-grained (0.125 mm
— 0.25 mm). It is composed of subangular to sulbdedndetrital grains, with the
subangular grains dominanting. Framework grains e quartz, feldspar and rock
fragments. Monocrystalline quartz dominates ovelyggstalline quartz grains.
Polycrystalline quartz grains consist of two (nartused) and more than five (sutured and
non-sutured) crystals of quartz. Plagioclase, otiane and potassium-feldspars make
the total feldspars in this sample. Rock fragmanésquartz-feldspar and polycrystalline
guartz. Mica grains are present and consist ofitbi@nd muscovite. Mica grains are
aligned parallel to the bedding orientation and saithe mica grains are deformed. The
sandstone sample is well cemented by calcite nimeraccessory grains include zircon
(subrounded), garnets and pyrite.

Sample BB

Sample BB was sampled from borehole CKP8C at ddmhseen 298.93 m and 299.00
m (App. Fig. 10). This sandstone sample is modiratated, medium- to coarse-grained
(0.30 mm — 1 mm) and characterised by subangulasutorounded detrital grains.

Framework grains making up this sandstone incluaendant monocrystalline quartz,

lesser amounts of polycrystalline quartz (three amate than five non-sutured quartz
crystals), feldspar (plagioclase, microcline andheot potassium-feldspars) and rock
fragments (quartzo-feldspathic and argillaceouspm& of the argillaceous rock

fragments have been replaced by calcite. The samelss partially cemented by calcite
and the matrix consists of clay minerals. Micanssent and includes muscovite, chlorite

and biotite. Deformed mica was observed. Accessainerals consist of subrounded
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zircons, rutile, apatite and pyrite. Subroundedtisganinerals are present as inclusions

within quartz grains.

Sample BC

Sample BC was sampled from borehole CKP8C at ddystvweeen 326.00 m and 326.09
m (App. Fig. 10). It is well sorted, fine-graine@ 130 mm - 0.25 mm) and composed of
subangular to subrounded detrital grains. Framewaains within the sandstone consist
of quartz, feldspar, mica and rock fragments. Quairdins occur as both monocrystalline
and polycrystalline quartz, with monocrystallineagqz dominant. Polycrystalline quartz
grain types are present and are characterisedrbg {hon-sutured), and more than five
(non-sutured and sutured) quartz crystafeldspar present includes plagioclase,
microcline and other potassium-feldspars. Micaresent in the rock sample and consists
of bent muscovite and biotite in places. Chlor#giesent and is an alteration product of
biotite. Most of the mica minerals are aligned pafao bedding. Rock fragments
include quartz-feldspar and argillaceous rock fragts, which in places are replaced by
calcite. This sandstone sample is poorly cementeddicite. Accessory framework

grains include trace amounts of subrounded zirgamet and pyrite.

5. Facies association 8 sandstones (northern Gemsbo  k Sub-basin)
Facies association 8 in the northern part of theystirea consists of sandstone sample

numbered B1.

Descriptions of facies association 8 sandstone samp le (northern Gemsbok Sub-

basin):

Sample B1

Sample B1 is from borehole W1 and was sampled @thdebetween 96.81 m and 96.90
m (Fig. 4.6). The sandstone sample is well soamed fine-grained (0.125 mm - 0.25

mm). Detrital grains that make up this sample atemagular to subrounded. The sample
is dominated by detrital grains of quartz followsgfeldspar grains and lithic fragments.
The quartz component of this sandstone comprisemoangstalline quartz and

polycrystalline quartz, with the monocrystalline agiz content being greater.

167



Polycrystalline quartz is formed by more than fiven-sutured quartz crystals.
Subrounded quartz grains with inclusions of subdaahand elongate shape apatite were
observed. The sandstone sample contains lesseunamd feldspar. Feldspar grains
include microcline and plagioclase. The sample a@ost minor amounts of rock
fragments (argillaceous and polycrystalline quar@arbonate cement and clay matrix
are present in lesser amounts. No mica minerale i@und in this thin section.
Accessory minerals include zircons (zoned and suimted), rutile (subrounded),

tourmaline (green in colour, zoned and subroundad)garnet (angular).
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Appendix Figure. 1
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Appendix Figure. 2
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Appendix Figure. 3
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Appendix Figure. 4
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Appendix Figure. 5
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Appendix Figure. 6
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Appendix Figure. 7
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Appendix Figure. 8
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Appendix Figure. 9
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Appendix Figure. 10
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Appendix Figure. 11
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Appendix Figure. 12
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Appendix Figure. 13
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