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Abstract

The Sea Point contact, Cape Town, South Africa, exposes the contact between the
Neoproterozoic Malmesbury Group metasedimentary rocks of the Pan-African Saldania belt
and the intrusive S-type Peninsula Granite of the Neoproterozoic-Paleozoic Cape Granite
Suite (CGS). The exposure outcrops over an area of approximately 170 m x 60 m with the
northern end of the exposure being characterized by the country rock—microgranite intrusive
contact. Heading further south, the outcrop transitions to the main contact zone, which is a
predominantly gradational zone marked by sheets of compositionally variable granitic
injections (collectively referred to as hybrid granite phases) concordant to the country rock
structure, before reaching the main pluton area comprising the voluminous coarse-grained
porphyritic granite. Using a combined study incorporating field, structural, geochemical,
isotopic and U-Pb geochronological data, the intrusive contact is investigated to determine

the construction history of the pluton and delineate possible emplacement mechanisms.

The granitic phases, which vary from fine-grained leucocratic, medium-grained porphyritic to
coarse-grained porphyritic, are peraluminous, magnesian to ferroan, and alkali-calcic. Based
on the linear trends between the whole-rock major and trace element content of the granites
vs. maficity (molar Fe + Mg), their initial Sr ratios and eNd(t) values, the granites of the study
area are consistent with the currently proposed petrogenetic model for the CGS (e.g. Stevens
et al., 2007; Villaros et al., 2009a; Harris & Vogeli, 2010); i.e., they are crustally derived and

their chemical variability is controlled primarily by peritectic assemblage entrainment.

The fractional crystallization of K-feldspar is identified as the primary mechanism for the local
geochemical variability of the granites. The fractionation of K-feldspar as a mechanism of
variability was evaluated using binary log-log diagrams of Ba, Sr and Eu and is interpreted to
have taken place at levels close to the emplacement site after source entrainment processes.
Although there is outcrop evidence, particularly in the main contact zone, to suggest that local
assimilation and filter pressing took place, this was not reflected by the whole-rock and
isotope geochemistry of the granites. This suggests that these processes are very localized
and will need further rigorous testing to ascertain the extent to which they caused variability.
Outcrop evidence for assimilation includes gradational country rock-granite contacts and the

ductile behaviour of the country rock, whereas the occurrence of K-feldspar megacrysts



embedded in the country rock at the main contact zone suggests melt accumulation and
escape consistent with the filter pressing mechanism. In the case of the latter, the melt
fraction of the granite was easily mobilized and driven out compared to the crystal fraction

(K-feldspars) during the emplacement of the granites.

Field relationships and the structural interpretation of the Malmesbury Group country rocks
and the granites reveal that: (1) the various granites are late syn-tectonic and (2) were
emplaced as incrementally assembled, repeated pulses of inclined granitic sheets more or
less normal (i.e. at high angles) to the regional NE-SW shortening (D1) of the Malmesbury fore-
arc during the Saldanian orogeny. Given the lack of a controlling shear zone in facilitating
granite emplacement in the study area, the pre-existing planar anisotropies (bedding planes
and foliations) in the country rock provided preferential pathways for magma emplacement
and propagation during deformation. This implies that the tensile strength normal and
parallel to the bedding and foliation anisetropy of the country rock was larger than the
regional differential stress (o1 — @3, with 01 =2 0, 2 03), allowing for magma emplacement
relative to shortening. Sheet propagation is interpreted to have occurred through the balance
of the following conditions: (1) density contrasts between host rocks and magmas, (2) the
pressure differential along the subvertical fractures/sheets, and (3) the melt pressure
equalling the lithostatic pressure to keep the magma pathways open and being sufficiently

high such that it exceeds the sum of o1 and the tensile strength of the rock parallel to o;.

The crystallization ages of the dated granite samples are identical within error and vary
between 538.7 + 3.6 Ma and 542.7 + 2.9 Ma. They, therefore, cannot prove which granite
phase intruded first and which one proceeded and so forth. Field relationships, however,
suggests that the microgranites were first to intrude given their fine-grained nature and the
localized chilled contacts they show with the country rock. The various coarser-grained and
porphyritic phases were next to intrude, with their coarse grain-sizes and lack of chilled
margins with the country rock suggesting that the time interval between their successive
emplacements was not too long; this prevented the country rock from completely cooling
down between each magma batch. Magma stoping and the ductile flow of the host material
(owing to highly viscous magma flow) to accommodate granite emplacement are interpreted

to be secondary emplacement processes.
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1 Introduction

The Earth’s continental crust is comprised of large amounts of granitic rocks that have
remained stable and above sea level for billions of years; these granites play a fundamental
role in establishing and developing the continental crust (Taylor & McLennan, 1995, Petford
et al.,, 2000; Kemp & Hawkesworth, 2003). The process of how large volumes of granitic
magma are extracted from and ascend through the lower to mid-upper crust to be emplaced
at structurally higher levels can be conveniently subdivided into four steps: magma
generation, segregation, ascent and emplacement (Brown, 1994; Petford et al., 2000). The
processes related to the first three steps fall outside the scope of this study but will be
referenced to some degree at various points of the thesis. Recent descriptions and/or

summaries of the first three steps are provided by Clemens (2012) and Brown (2013).

Granite emplacement mechanisms-are plentiful-and are still.a subject of much debate among
researchers (Nédélec & Bouchez, 2015). Emplacement is the mechanism by which volumes of
magma are accommodated in the crust (Clemens, 2012). The classic interpretation of pluton
growth by the solidification of large molten magma chambers emplaced over short periods
by overall inflation is now disregarded as it requires enormous amounts of space (Paterson et
al., 1996; Petford et al., 2000). This is referred to as the ‘space problem’ (e.g. Bowen, 1948;
Buddington, 1959) and it has been a major point of contention throughout the years. A better
understanding of tectonic forces coupled with the quantification of stresses and strains and
the introduction of high-resolution geochronology has led to the proposal of new
emplacement mechanisms that have partly resolved the space problem (Burchardt, 2018).
Some of the more current proposed emplacement mechanisms include: (1) The incremental
growth of a pluton by an amalgamation of successive magmatic injections and dykes (e.g.
Clemens & Mawer, 1992; Annen & Sparks, 2002; Glazner et al., 2004; Belcher & Kisters, 2006;
Menand, 2011; Annen, 2011; Miller et al., 2011; Farina et al., 2012; Annen et al., 2015). There
is, however, a debate on whether magma pulses were injected via dyking (Petford, 1996), or
by diapirism (Miller & Patterson, 1999). (2) Magmatic stoping, defined as the process of
completely disconnecting and surrounding a piece of host rock by magma, resulting in the
movement of the block relative to its position before emplacement (e.g. Paterson et al., 2008;

Clarke & Erdmann, 2008). (3) Crustal assimilation, where magma creates space for itself by



melting its way upwards through the surrounding wall rock (e.g. Jung et al., 1999; Winter,
2010). (4) Deformation-controlled emplacement. Structural studies have demonstrated
strong links between regional deformation and the ascent and emplacement of both felsic
and mafic magmas (Cruden & Weinberg, 2018). For example, the role played by active faults
and shear zones (which are both sites of dilation and enhanced porosity), and pre-existing
country rock structures in controlling the emplacement and growth of magma bodies at depth
have been described (e.g. Hutton et al., 1990; McCaffrey, 1992; Neves et al., 1996;
Holdsworth et al., 1999; Passchier et al., 2005).

First described by Clarke Abel (1818) but described in greater detail (and subsequently made
famous) by Charles Darwin (1844), the Sea Point contact (Cape Town, South Africa) provides
an example of a well-exposed intrusive contact between the S-type Peninsula Granite (of the
Neoproterozoic-Paleozoic Cape Granite Suite) and metasedimentary country rocks of the
Neoproterozoic Malmesbury Group. Despite subsequent-descriptions of the contact being
undertaken (e.g. Walker & Mathias, 1946; Von Veh, 1983, Theron, 1984), there has yet to be
a more recent study that describes the contact in greater detail (i.e. an integrated study that
involves structural mapping, petrography, geochemistry and geochronology of the exposed
granites and country rocks). The outcrop exposes a variety of S-type granite phases at a more
localized scale compared to the restiof the Peninsula Pluton. The main contact zone not only
provides evidence of the intimate association between the granite phases and the country
rock, resulting in a hybrid rock of mixed character, it also shows the concordant (i.e.
subparallel to the lithological boundaries of country rock e.g. bedding and foliation) nature of
granite intrusion into the country rock. Furthermore, the main contact zone also contains
numerous shear sense indicators, magma flow indicators and evidence of ductile behaviour
and folding of the country rock. With all the features listed above, it is apparent that the
contact records the fundamental features of a magmatic intrusion and can, therefore, provide
clues as to the methods by which an intrusion occurs, relative to a certain tectonic regime,

and the processes that accompany this event.

The primary aim of the thesis is to identify the plausible modes of emplacement of the
granites in the study area and to shed light on the main mechanisms that influence pluton
emplacement in general. Also, another aim involves linking the tectonic or structural

development/evolution of the study area to magma emplacement and how structure and



tectonics influenced the magma emplacement mechanisms. To fulfil the aim, detailed
mapping of the Sea Point contact outcrop was undertaken and involved describing the
intrusive relationships of the various granite phases with each other as well as with the
country rock, measuring the orientations of the structural features of the country rock and
examining the predominant shear sense direction that typifies the study area. In addition, the
relative orientations of the K-feldspar megacrysts were measured using the shape preferred
orientation technique (SPO). This aided in establishing the orientation of the K-feldspar
megacryst defined magmatic foliation. Analytical procedures, in the form of U-Pb zircon
geochronology and whole-rock major and trace element geochemistry, were undertaken to
assist in the interpretation of the magmatic processes that gave rise to the granitic rocks
exposed at the contact and the timing of their emplacement. Additional aims of the thesis
include describing the extent to which the host metasedimentary rocks of the Malmesbury
Group in the study area were metamorphosed by the heat of the granite as well as
investigating the origin of K-feldspar megacrysts. embedded. in the country rock in the main

contact zone.



2 Geological setting

2.1 Saldania belt

The Saldania orogenic belt is a volcano-sedimentary succession, of a low-grade metamorphic
nature, that is situated along the southern and southwestern portions of the Western Cape
Province of South Africa and the Kalahari Craton (Fig. 2.1B) (Grese et al., 2006; Chemale et al.,
2011). It forms part of the Neoproterozoic Pan-African/Brasiliano tectonic belts, in southern
Africa and southeastern South America (Fig. 2.1A), that record the oblique closure of the
Adamastor Ocean related to the construction of southwestern Gondwana ca. 550-500 million
years ago (Frimmel & Folling, 2004; Gresse et al., 2006; Frimmel, 2009). The Saldania belt is
commonly subdivided into two branches, namely the E-W trending southern branch and the
NW-SE trending western branch (Frimmel, 2009; Chemale et al., 2011) (Fig. 2.1B). The
western branch (or western Saldania belt), where the study area is located, is the main
exposure of the Saldania belt. The southern branch is exposed within large unroofed anticlinal
hinges of the Permo-Triassic Cape Fold Belt and comprises the Kango Group (Oudtshoorn
area), the Kaaimans Group (George area) and the Gamtoos Group (Port Elizabeth area)
(Rozendaal et al.,, 1999; Gresse et al., 2006; Chemale et al., 2011) (Fig. 2.1B). The
aforementioned groups are comprised of quartzites, phyllites, schists, marble and calc-

silicates and are intruded by various metamafic and granitic intrusions.

2.2 The western Saldania belt

The western Saldania belt is a NW-SE trending, low-grade (i.e. lower greenschist-facies)
metamorphic fold belt that outcrops at a much larger extent (approx. 180 x 100 km)
compared to the Southern Branch (Scheepers, 1995; Rozendaal et al., 1999; Belcher & Kisters,
2003; Chemale et al., 2011). The metamorphism of the belt is attributed to the deformation
and folding during the Pan African orogenic event or Saldanian orogeny (i.e. convergence of
the Kalahari and the Rio de la Plata cratons during Gondwana assembly) (Scheepers, 1995;
Rozendaal et al., 1999; Belcher & Kisters, 2003; Chemale et al., 2011). Supracrustal rocks
(outcropping to the north and northeast of Cape Town), collectively referred to as the

Malmesbury Group, underlie the western Saldania Belt.
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Figure 2.1: (A) The Distribution of Neoproterozoic units in the Pan-African/Brasiliano tectonic belts located in southern Africa
and southeastern South America (shown in an Upper Cretaceous Gondwana break-up position) (after Frimmel, 2009). The
arrows in each of the belts indicate the main orogenic kinematic transport directions. (B) The stratigraphic subdivision of the
Saldania belt and its extent along the southwestern and southern portions of the Western Cape Province (after Gresse et al.,
2006); figure obtained from Frimmel et al. (2013).

The Malmesbury Group is overlain by younger rocks of the Cape Supergroup which constitute
much of the geology underlying the Western Cape (Fig. 2.3A). Volumetrically minor rocks of
the Klipheuwel Group also form part of the lithological component of the western Saldania
belt (Fig. 2.3A). They are mainly clastic sedimentary rocks and unconformably overlie folded
strata of the Malmesbury Group and plutons of the Cape Granite Suite (CGS) but are located

below the regional unconformity with the overlying Cape Supergroup (Kisters & Belcher,



2018). Regional sub-vertical, NW-SE trending strike-slip faults, in the form of the Colenso and
Piketberg-Wellington fault zones (the largest structural features of the western Saldania belt),
cross-cut the western Saldania belt (Hartnady et al., 1974; Theron et al., 1992; Kisters et al.,
2002; Belcher, 2003; Frimmel et al., 2011, 2013) (Figs. 2.1B, 2.3A). The Colenso fault is more
prominent and better exposed (Kisters & Belcher, 2018). It extends ~180 km parallel to the
Atlantic Coast and is defined by mylonitic and brecciated outcrops along its extent, with an
initial sinistral shear sense (Kisters et al., 2002). Subsequently, the fault reversed to dextral
shearing at ~539 + 4 Ma with dextral movement continuing until ~520 Ma (Kisters et al.,
2002). The Piketberg-Wellington fault is only poorly exposed and its actual trace and location

are not well established (Kisters & Belcher, 2018).

The lithostratigraphic subdivision of the western Saldania belt has been highly contentious.
The currently accepted lithostratigraphic subdivision of the belt by the South African
Committee for Stratigraphy (SACS, 1980) is from Gresse et al. (2006). The subdivision of
Gresse et al. (2006) owes its origin to Hartnady et al. (1974), which proposed the western
Saldania belt to be underlain by three allochthonous or para-autochthonous terranes or
domains (north-eastern, central and south-western) separated by prominent terrane
bounding strike-slip fault zones {i.e.-Colenso & Piketberg-Wellignton fault zones) (Fig. 2.1B,
2.2A). Von Veh (1983) later named these three terranes the Boland, Swartland and Tygerberg
Terranes for the north-eastern, central and south-western.terranes respectively (Fig. 2.1B,
2.2A). Frimmel et al. (2013) recognized two terranes instead, namely the Malmesbury Terrane
and the Boland Zone (terrane). In this subdivision, the Malmesbury Terrane is a combination
of the previous Tygerberg and Swartland terranes of Gresse et al. (2006) (Fig. 2.2B). The
subdivision by Frimmel et al. (2013) identifies the Piketberg—Wellington Fault as a terrane
boundary (separating the Malmesbury terrane in the southwest from an autochthonous
Boland Zone in the northeast), whereas the Colenso Fault is considered to be a reactivated

deeper ancient basement structure.

In a more recent publication, Kisters and Belcher (2018) argue that previous subdivisions of
the Malmesbury Group into three terranes (separated by terrane bounding strike-slip fault
zones) cannot be upheld. The reasons provided for this include: (i) the similarity of the
lithologies and structural features in large parts of the belt (e.g. gradational lithological

contacts are common across and on either side of the faults and the contiguity of structures



without any major breaks is observed); (ii) the uniformly low grades of metamorphism (i.e.
no sharp metamorphic breaks exist); and (iii) the age of sedimentation in the three domains
is similar and can be constrained to the Neoproterozoic between ca. 600 and 550 Ma (Kisters,

2016; Kisters & Belcher, 2018).

Based on all the arguments outlined above, Kisters and Belcher (2018) propose a new
subdivision for the western Saldania belt comprising of two domains with distinct structural
and strain histories. The lower domain, termed the Swartland Complex, is structurally more
complex and lithologically heterogeneous, whereas the upper domain, termed the
Malmesbury Group, is structurally simpler and covers a larger area (Figs. 2.2C, 2.3A). The two

domains are separated by a major tectonostratigraphic break (or an inferred unconformity)

(Fig. 2.2C).
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Figure 2.2: A summary of the proposed lithostratigraphic subdivision of the western Saldania belt (after Kisters & Belcher,
2018). The figure is described in more detail in the text.



The tectonic setting proposed by Kisters and Belcher (2018) for the two domains is as a section
through a fore-arc along the western margin of the Kalahari Craton that formed during the
Late Neoproterozoic to Cambrian (Rowe et al., 2010; Kisters & Belcher, 2018). During the
closure of the Adamastor Ocean and southeast-directed oblique subduction of this oceanic
crust beneath the Kalahari Craton, a mélange-like, imbricated, 20-25 km thick accretionary
prism was formed (i.e. Swartland complex) comprising marine sediments and slivers of
oceanic crust (Hartnady et al., 1974; Belcher, 2003; Kisters & Belcher, 2018). The late-
Neoproterozoic to Cambrian fore-arc basin fill of the Malmesbury Group mantles this complex
(Kisters & Belcher, 2018). The lithological assemblages and strains in the overlying
Malmesbury Group mark a sharp break against the underlying mélange-like rocks of the
Swartland complex, although the actual contacts between the two are not exposed (Kisters

& Belcher, 2018).

2.2.1 Swartland complex (lower domain)

The Swartland complex is subdivided into four formations-(abbreviated Fm here), namely the
Berg River Fm, Klipplaat Fm, Porseleinberg Fm and Bridgetown Fm (Kisters & Belcher, 2018)
(Fig. 2.2C). Collectively, the Swartland Complex mastly comprises quartz-sericite schists,
chlorite-muscovite schists and phyllites, chlorite- and talc-carbonate schists, quartzites and
muscovite quartzites, sheared chert horizons, graphitic schists.and massive to well-bedded
limestones (Hartnady et al., 1974; Theron et al., 1992; Belcher, 2003; Belcher & Kisters, 2003;
Gresse et al., 2006; Kisters & Belcher, 2018). They are mainly exposed in the cores of the
regional-scale antiforms (F, folds) of the Swartland and Spitskop domes (Fig. 2.3A). The
characteristic features of the rocks in the Swartland complex include a pervasive bedding-
parallel phyllitic foliation/fabric (S1) and foliation parallel (i.e. transposed) quartz and quartz-
carbonate veins (Belcher, 2003; Kisters & Belcher, 2003; Kisters & Belcher, 2018). Despite the
pervasive fabrics, the predominantly metapelitic sequence and interlayered metapsammite
units of the Swartland complex preserve characteristics of an originally marine, metaturbiditic

succession (Theron et al., 1992; Belcher, 2003; Kisters & Belcher, 2018).



2.2.2 The Malmesbury Group (upper domain)

The Malmesbury Group of the upper domain (Fig. 2.3A) is subdivided into seven formations

comprising the Tygerberg Fm, Morreesburg Fm, Piketberg Fm, Porterville Fm, Brandwacht

Fm, Noree Fm, and Franschhoek Fm (Fig. 2.2C). A summary of the lithologies and depositional

setting of the formations is provided in Table 2.1. The metasedimentary rocks exposed in the

study area belong to the Tygerberg Formation of the Malmesbury Group.

Table 2.1: A summary of the lithology and depositional environments of the various formations (Fm) of the Malmesbury
Group. The prefix “meta-“is assumed for all lithological descriptions owing to the metamorphism (lower greenschist facies)
of the western Saldania belt.

Formation Lithology Depositional setting

Tygerberg Greywacke-dominated succession with intercalated Proximal and shallow-marine conditions of
shales and siltstones; has minor quartzite and some deposition; soft-sediment deformation features
impure carbonate and conglomerate beds are common suggesting a rapid deposition of the
(Hartnady et al., 1974; Von Veh, 1983; Rowe et al., sediments, but also indicating seismic activity in
2010; Frimmel et al., 2013). the unconsolidated sediments (Von Veh, 1983;

Theron et al., 1992).

Morreesburg Interlayered greywacke and shale units (resembling Proximal and shallow-marine conditions of
those of the Tygerberg Fm) (Von Veh, 1983; Belcher deposition (Theron et al., 1992; Kisters & Belcher,
& Kisters, 2003). 2018).

Franschhoek Quartzites, feldspathic greywackes and Fluvial depositional environment; basin infilling
conglomerates, with only minor.intercalated shales; was accomplished by dispersal systems that
also comprises tuffs and amygdaloidal lavas and initially contributed small pebbles to boulders up
intrusive quartz-porphyry dykes to 30 cm in diameter (Tankard et al., 2012).
(Theron et al., 1992; Gresse et al., 2006).

Piketberg, Sandstone and feldspathic sandstone interlayered Near-shore marine to deltaic and fluvial and non-

Porterville, Norree
and Brandwacht
formations

with siltstone and shale, greywacke, gritty sandstone,
conglomerate units and impure limestones; the
Brandwacht Fm also contains metavolcanic units of
andesitic composition intercalated with
conglomerates, greywackes and metapelites (Kisters
& Belcher, 2018).

marine depositional environment for the mainly
coarse-clastic rocks; the conglomerates of the
Piketberg and Porterville formations contain
pebbles of vein quartz, phyllite and greywacke,
suggesting a proximal source for the sediments
(Gresse & Theron, 1992; Rozendaal et al., 1999;
Frimmel et al., 2013).

In general, the Malmesbury Group is a predominantly clastic marine sedimentary succession

comprising mostly alternating layers of dark-grey to black, fine-grained metagreywacke,

metapelite, metasandstone, metalimestone, metaconglomerate and minor metavolcanic

rocks (Hartnady et al.,, 1974; Theron et al., 1992; Scheepers, 1995; Gresse et al., 2006;

Chemale et al., 2011). The depositional ages, ca. 560-555 Ma (Armstrong et al., 1998; Frimmel

et al., 2013), have only been assigned to the upper portions of the Malmesbury Group (e.g.



from metaturbidites of the Tygerberg Formation) as the base of the group is not exposed
(Kisters & Belcher, 2018). These ages correspond well with U-Pb ages from a felsic tuff of the
metavolcanic Bloubergstrand Member in the Tygerberg Formation (north of Cape Town)
which indicates an age of volcanism of ca. 554.5 + 5 Ma (Kisters et al., 2015). This age helps
to constrain the age of deposition of the Malmesbury Group and also indicates/confirms that
volcanism of the Bloubergstrand Member occurred towards the end of sedimentation of the
Tygerberg Formation (Kisters et al., 2015). The age is also, within error, identical to the
emplacement of the earliest granites of the syn-, late- to post-tectonic Cape Granite Suite
(CGS) (Kisters et al., 2015). The granites of the CGS (550-510 Ma) are intrusive into the
Malmesbury Group (Belcher, 2003; Gresse et al., 2006; Farina et al., 2012; Frimmel et al.,
2013; Kisters & Belcher, 2018) (Fig. 2.3A). The intrusion of the granites locally
metamorphosed the rocks of the Malmesbury Group to lower amphibolite facies (Rozendaal
et al., 1999, Chemale et al., 2011). The lower greenschist facies of the Malmesbury Group, a
metamorphic grade obtained before CGS granite intrusion, indicates upper crustal levels of
metamorphism. The CGS intrusions then intruded at that level as indicated by the low grade
of the country rocks they intruded (Scheepers, 1995; Rozendaal et al., 1999; Belcher & Kisters,
2003).

The rocks of the Malmesbury Group lack the bedding-parallel foliation (S1) characteristic of
the Swartland complex, instead, primary bedding (So) together with depositional features
(e.g. soft-sediment deformation structures) are well preserved (e.g. Von Veh, 1983; Theron
et al., 1992; Rowe et al., 2010; Frimmel et al., 2013; Kisters & Belcher, 2018); the latter were
used for constraining the environment of deposition as summarized in Table 2.1. Most of the
structural features present in the rocks of the Malmesbury Group are related to D, the main
deformation phase of the western Saldania belt, developed during the NE-SW regional
shortening of the belt during the Saldanian orogeny. As a result, the rocks of the Malmesbury
Group are folded into northerly to northwest-trending, doubly plunging and more or less
upright or southwest-verging F, folds (Kisters & Belcher, 2018). Associated with the F, folds is
an upright, broadly axial planar cleavage (S2) which is prominent in the shale units of the

Malmesbury Group but is weak or absent in psammitic rocks (Kisters & Belcher, 2018).
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2.2.3 The Cape Granite Suite

The 550-510 Ma CGS crops out over a distance of more than 500 km along the southern and
western Cape coast (Scheepers, 2000). The CGS comprises mainly S-, and |- type granitoid
rocks (or plutons), and minor A-type granites, that formed during the Saldanian orogeny

(Scheepers & Armstrong, 2002; Scheepers et al., 2006; Chemale et al., 2011) (Fig. 2.3A).

The syn- to late-tectonic S-type granites are the oldest of the granitoid intrusives and are
located mainly in the south-western section of the western Saldania belt (Scheepers, 1995;
Scheepers & Armstrong, 2002; Da Silva et al., 2000; Frimmel et al., 2013) (Fig. 2.3A). They
have a peraluminous to metaluminous composition and have been subdivided into four main
S-type plutons, namely the Darling, Saldanha, Stellenbosch, and Peninsula plutons. These
plutons were emplaced between ca. 550 and 535 Ma and as late as ca. 525 Ma for the latest
phases in the central Darling batholith (Da Silva et al., 2000; Villaros et al. 2009b). The main
S-type CGS—Malmesbury contact zone is located at Sea Point, Cape Town (i.e. the location of
the study area), where the Peninsula Pluton is intrusive into the metasedimentary rocks of
the Tygerberg Formation (Fig. 2.3B). The Peninsula Pluton is largely undeformed and is the
southernmost body among the S-type granites of the CGS. It outcrops along the Cape
Peninsula, a piece of land stretching southward from Cape Town to Cape Point (Farina et al.,
2012) (Fig. 2.3B). In general, the S-type: granites have a compositional variation from
leucogranite to granodiorite and are composed of quartz, biotite, muscovite, plagioclase,
cordierite, large K-feldspar phenocrysts and some minor garnet. Processes that control the
diversification of the chemistry (i.e. compositional variation) of the S-type granites have been
constrained by Stevens et al. (2007) and Villaros et al. (2009a). S-type granitic magmatism was
accompanied by the extrusion of the intracaldera, S-type, rhyolite ignimbrites (~542 Ma) of

the Saldanha Bay Volcanic Complex (Clemens et al., 2017).

The regional Colenso Fault zone separates the S-type granites (to the west) from the I-type
granites (to the east) (Scheepers, 1995; Scheepers & Schoch, 2006; Stevens et al., 2007;
Villaros et al., 2009b) (Fig. 2.3A). The I-type granites form elongate, northwest-trending
plutons and are also intrusive into the rocks of the central Swartland domain/complex (Kisters
& Belcher, 2018) (Fig. 2.3A). They are metaluminous to slightly peraluminous and comprise

monzogranites, granites, and alkali feldspar granites (Scheepers, 1995). The I-type granites
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are slightly younger (compared to the S-types), with emplacement ages falling between 540

and 520 Ma (Armstrong et al., 1998; Da Silva et al., 2000; Scheepers & Armstrong, 2002).
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Figure 2.3: (A) Geological map of the western Saldania belt (modified after Kisters & Belcher, 2018) subdivided based on the
proposed lithostratigraphic subdivision by Kisters & Belcher (2018). Localities/distributions of the intrusive S- and I-type
granites of the CGS, Klipheuwel Group and Cape Supergroup are also shown. Blank areas on the map correspond to regions
with less than 1% outcrop. (B) A close-up view of the area demarcated by a dashed rectangle in (A) that shows the regional
extent of the S-type Peninsula Pluton and its contact with the Tygerberg Fm (of the Malmesbury Group) metasedimentary
rocks at Sea Point (i.e. the location of the study area; represented by the yellow star) (modified after Farina et al., 2012). The
distribution of the overlying Table Mountain Group (of the Cape Supergroup) is also shown.

A third (and minor) variety of granites associated with the CGS, referred to as the A-type
granites, mark the conclusion of the CGS magmatism (Scheepers, 1995; Scheepers &
Armstrong, 2002). They have an estimated age of intrusion ranging between ~525 and 510
Ma. The initial stages of the A-types had a high-K calc-alkaline composition becoming more
intermediate at the final stages of magmatism (Scheepers, 1995; Scheepers & Armstrong,

2002).
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3 Methodology

3.1 Sampling

The Sea Point contact outcrop is a heritage site and is of particular interest to the geological
community, both locally and internationally, as well as to the general public from both a
general scientific viewpoint as well as historically. For these reasons, sampling was restricted
to sites away from the visually obvious areas (i.e. sites not readily visible from the viewing
platform/parking bay; Fig. 4.1) and was done with a chisel and hammer with no drilling of any
kind involved. Such sites of sampling included the gullies, which are worn into the outcrop by
tides and waves, and along jointed surfaces where signs of any removal of material will be
less obvious; this will, in turn, preserve the natural appearance of the outcrop. Sampling
targeted the least weathered outcrops of the various granite phases as well as the
metamorphosed Malmesbury Group country rock. Their GPS locations were recorded and are

provided in Appendix A.

All of the samples were prepared at the Department of Earth Sciences, University of the
Western Cape (UWC) for petrography, whole-rock major- and trace element-geochemical
analysis as well as geochronology analysis. A total of 50 thin sections were made for
petrographic analysis. An additional 12 probe sections were produced for a future K-feldspar

microprobe study.

3.2 Analytical procedures

3.2.1 Whole-rock major- and trace element-geochemistry analyses

A total of 25 samples of the various granite (19 samples) and metasedimentary (6 samples)
lithologies outcropping at the Sea Point contact outcrop were prepared at the Department of
Earth Sciences (UWC) for whole-rock major- and trace element-geochemical analysis. The
preparation involved the crushing of samples and milling them to a very fine powder. Cleaning
procedures (i.e. quartz run and cleaning of surfaces with acetone) between each sample run
(on both the crusher and milling bowl) were strictly adhered to for avoidance of cross-

contamination.
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After preparation, both major and trace element analysis was done at the Central Analytical
Facilities (CAF), Stellenbosch University (SUN). Major element analysis was determined by XRF
(X-ray fluorescence) spectrometry on fused glass beads. The glass beads were prepared by
mixing 1 g of rock powder with 10 g of trace element- and REE-free flux [(lithium
metaborate/tetraborate mixture (LiBO2 = 32.83%, Li,B407 = 66.67%, Lil = 0.50%)]. The XRF
spectrometry analysis was performed on a PANalytical Axios Wavelength Dispersive
spectrometer fitted with a 3kW Rhodium tube. The control standards used in the calibration
for major element analyses were BE-N (basalt reference values), JB-1 (basalt (depleted)
reference values), BHVO-1 (basalt reference values), JG-1 (granodiorite reference values), and
WITS-G (granite reference values). Loss on ignition (LOI) was calculated by weight difference

after ignition at 1000°C.

A Resonetics 193nm Excimer laser ablation system (LA) connected to an Agilent 7700
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) was used to analyse the trace
element concentration of fused glass discs. The operating conditions for the laser were set
to a frequency of 10Hz and a fluence of 8 J/cm?. 2 spots of 100pum per sample were created
during the laser ablation analysis. Laser ablation was performed in helium gas at a flow rate
of 0.35L/min and mixed with argon (0.9L/min) and nitrogen (0.007L/min) before being
introduced into the ICP plasma. Each analysis-incorporated a background acquisition of 15
seconds (gas blank) followed by 35 seconds -of data:acquisition from the sample. The
calibration standard, NIST SRM 610 (National Institute of Standards and Technology Standard
Reference Materials), was run every 15-20 samples, with a quality control standard (BCR and
BHVO) run at the beginning of the sequence as well as a calibration standard throughout. The

data was processed using the lolite v 3.34 software (Paton et al., 2011).
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3.2.2 Rb-Sr and Sm-Nd isotopic analyses

Rb (Rubidium)-Sr (Strontium) and Sm (Samarium)-Nd (Neodymium) isotope analysis for 7
samples were done at the Department of Geological Sciences, University of Cape Town (UCT).

6 of the samples were various granite-types and 1 was a metasedimentary country rock.

To obtain the Rb, Sr, Sm and Nd concentrations in each sample a Thermo XSeries Il ICP-MS at
UCT was used after the dissolution of the samples with concentrated HF and HNOs3, and
dilution with 5% HNOs containing an internal standard. Concentrations were determined in
duplicate for each sample. The international standard BHVO-2 was analysed with every batch

of samples as a measure to assess accuracy and precision.

Following concentration analysis, separation of Sr and Nd fractions in the same sample
dissolutions were undertaken by chromatographic techniques as described by Mikova and
Denkova (2007), after that described by Pin-and Zalduegui (1997) and Pin et al. (1994). All
isotope analyses were performed-with-a-Nu-lnstruments-NuPlasma HR ICP-MS coupled to a
DSN-100 desolvating nebuliser at UCT. Sr is analysed as.a 200ppb 0.2% HNOs solution. All Sr
isotope analyses of unknowns are referenced to bracketing analyses of the NIST SRM987
reference standard, using a reference value for #Sr/%¢Sr of 0.710255. The international
reference material BHVO-2 gave a value of 0.703486 + 10 relative to a value of 0.703479 + 20
reported by Weis et al. (2006). The long-term UCT average is' 0.703487 + 44 (n = 124). All Sr
isotope data are corrected for Rb interference using the measured signal for 8Rb and the
natural 8Rb/®’Rb ratio. Instrumental mass fractionation is corrected using the exponential

law and a 86Sr/88Sr value of 0.1194.

Nd isotopes are analysed as 50 ppb 2% HNOs solutions using a Nu Instruments DSN-100
desolvating nebuliser. JNdi-1 is used as a reference standard, with a *3Nd/***Nd reference
value of 0.512115 (Tanaka et al., 2000). The BHVO-2 reference material gave values of
0.512990 + 12, relative to a value of 0.512984 * 11 reported by Weis et al. (2006). All Nd
isotope data are corrected for Sm and Ce interference using the measured signals for 14’Sm
and *°Ce, and the natural Sm and Ce isotope abundances. Instrumental mass fractionation is

corrected using the exponential law and a 1**Nd/*4*Nd value of 0.7219.
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3.2.3 U-Pb zircon geochronology

A total of 3 samples (all granites) were selected for U-Pb zircon age dating. The zircon grains
were extracted from the selected granite whole-rock samples by the following sequential
steps: (i) crushing, milling and sieving of samples at the Department of Earth Sciences, UWC;
(ii) hand washing followed by gravity separation, using a super panner or Wilfley table, at the
Mineral Separation Laboratory, SUN; (iii) magnetic separation using a Frantz magnetic
separator at the Thin Section Laboratory, SUN; and (iv) heavy liquid separation at the Mineral
Separation Laboratory, SUN. After the extraction process, the desired zircon grains for
analysis were handpicked (using a needle) with aid of a binocular microscope and mounted
in epoxy discs. The discs were polished, carbon-coated and imaged by cathodoluminescence

using a Leo® 1450VP scanning electron microscope (SEM) at the CAF.

LA ICP-MS U-Pb measurements were carried out in the Earthlab at the University of the
Witwatersrand (Johannesburg, South Africa) employing an.Applied Spectra (AS) RESOlution
193 nm ArF excimer laser system coupled to a Thermo Scientific Element XR magnetic sector-
field ICP-MS. At the start of each analytical session, the mass spectrometer was tuned by
ablating a line scan on the NIST610 glass. The torch position, lenses and gas flows were tuned
while measuring 2°6Pb, 238U and #22U*°0 to get stable signals and maximum sensitivity for 2°°Pb

and 28U while maintaining low oxide rates (ThO+/Th < 0.2 %) and Th/U ratio > 0.9.

The laser sampling protocol employed a 24 um static'spot and a fluence of 2.5 J/cm? and took
place in a SE-155 dual-volume ablation cell using a continuous flow of He gas combined with
Argon (incorporated into the cell funnel) and a small volume of N, (added after the cell) to
enhance signal stability and sensitivity, respectively. Each analytical session included up to
400 measurements. Before the gas blank measurement, each spot was pre-ablated by firing
two laser shots to remove common Pb from the surface that may have been introduced

during the sample preparation.

During each analytical session the zircon reference materials GJ-1 (Jackson et al., 2004),
Plesovice (Slama et al., 2008) and 91500 (Wiedenbeck et al., 1995) were measured between
groups of 12 unknowns. Zircon GJ-1 was used as a matrix-matched primary reference material
to correct for mass discrimination on measured isotope ratios in unknown samples and
simultaneous correction for instrumental drift. The GJ-1 isotopic ratios used for the correction
are those reported by Horstwood et al. (2016). PleSovice and 91500 were used as secondary
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reference materials to validate the results and assess the quality of the data for each

analytical session.

Data reduction was performed with the software package lolite v.3.5 (Paton et al., 2011),
combined with VizualAge (Petrus & Kamber, 2012). An exponential model of laser-induced
elemental fractionation (LIEF) obtained by combining the isotopic ratios of the primary
reference material from the entire session is used to correct for time-dependent down-hole
elemental fractionation in the unknowns, under the assumption of similar fractionation
behaviour in the reference material and the unknowns. After correction for LIEF and drift and
normalization to the main reference material (performed in lolite), uncertainty components
for systematic errors are propagated by quadratic addition according to the
recommendations of Horstwood et al. (2016). All absolute ages and uncertainties were

calculated with Isoplot v. 4.15 (Ludwig, 2012).

3.3 Mapping and geochemistry software

All base maps were acquired from Google Earth and were subsequently digitized using Surfer
16, distributed by Golden Software®, after field mapping. All the stereonets/stereoplots for
structural readings were generated using the Stereonet 10 software by Allmendinger et al.
(2013) and Cardoza et al. (2013).. Geochemical plots were generated using GCDkit 5.0 by
Janousek et al. (2006) and ioGAS™ 64 distributed by REFLEX.
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4 Lithological descriptions

4.1 Introduction

The Sea Point contact outcrops over an area of approximately 170 m x 60 m and shows a
transition from Malmesbury Group rocks (in the northern portions) through a complex zone
comprised of various phases of S-type granitic- and metasedimentary-rocks (main contact
zone) before reaching the main pluton area, to the south, comprising the coarse-grained
porphyritic S-type granite (Fig. 4.1). Also occurring within the extent of the exposure are fine-
grained varieties of the S-type granite, typically referred to as a microgranite (Theron et al.,
1992) (Fig. 4.1). Towards the southern portion of the exposure, these microgranites are semi-
porphyritic, while in the north, they occur mostly as non-porphyritic concordant sheets. The
main contact zone, or lit-par-lit zone, acquired its complex nature from the fact that various
phases of granite and the country rock-are-intimately-associated resulting in a hybrid rock of
mixed character. This is the reason why the term “hybrid granite” is used to identify the
granite phases and the variety of grain sizes and textures they display within this zone. The
term lit-par-lit is used to describe a zone of rocks, which have been penetrated, or injected by
numerous thin, roughly parallel sheets of molten material (usually granitic) along bedding or

cleavage planes of the host rock (Sawyer, 2008).

This chapter describes the lithology of both the Malmesbury Group country rock and the
intrusive granitic phases of the Peninsula Pluton as observed at the outcrop scale as well as
in thin section. Moreover, a detailed account of the contact relationships between the
country rocks and the granitic phases, as well as the relationship of the granite phases with
each other, is also described. All mineral abbreviations used in this chapter (as well as the
ensuing chapters thereafter) follow those recommended by Kretz (1983), Spear (1993), Fettes
(2007) and Winter (2010).
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Figure 4.1: Geological map of the Sea Point contact outcrop. Areas demarcated with rectangles are representative locations (referenced in the text) selected either to describe the lithology and the changes associated
with it as one moves from one area to the next or to mark out where geological structures (e.g. folds) outcrop. The various black solid lines, cutting across the coarse-grained porphyritic granite as well portions of the
Malmesbury Group and hybrid granite phases in the lit-par-lit zone, are used to indicate the variably oriented exhumation joints developed along the aforementioned lithologies in the study area.
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4.2 Malmesbury Group

4.2.1 Interlayered metasiltstone and metamudstone outcrops

The interlayered metasiltstone-metamudstone lithologies outcrop predominantly in the
southern portion of the study area, where they occur as various small (Fig. 4.3A) to relatively
large bodies (Fig. 4.3B) or as xenoliths (Fig. 4.2), with the latter being more common in the lit-
par-lit zone. Primary fabrics in sedimentary rocks can be in the form of bedding and lamination
defined by layers of different composition or texture, typically reflecting environmental change
during deposition (Winter, 2009). As such, the presence of the variably thick metasiltstone
banding interposed in the metamudstone layers represents the initial bedding (So) (Figs. 4.2, 4.3C,

D).

In the field, the metasiltstones layers have a thickness up to 3 cm (Fig. 4.3A), however, the
majority are millimetre-sized and are fairly hard to discern without careful observation (Fig. 4.3B).
In thin section, they are fine-grained and are characterized by a granoblastic-textured matrix
defined predominantly by interlocking, equigranular to partly inequigranular quartz grains (0.05-
0.4 mm; 65 vol. %) (Fig. 4.3E, F). Biotite (0.025-0.3 mm) is next most abundant at 18 vol. %,
followed by orthoclase (0.075-0.25 mm; 10 vol. %), sericite (typically <0.1 mm; 4 vol. %) and
chlorite (<0.1 mm; 2 vol. %) (Fig. 4.3E, F). Detrital zircon, apatite and opaques occur as accessory
mineral phases. The orthoclase grains are subhedral, commonly sericitized (explaining the
presence of sericite in the matrix) and have inclusions of quartz and biotite grains. The quartz
grains are subhedral to anhedral with minor sub-grain domains and typical undulose extinction
microstructures. The biotite grains are subhedral to tabular and commonly chloritized (explaining

the presence of chlorite in the matrix), with minor inclusions of zircon.

Figure 4.2: Metasiltstone-metamudstone xenoliths in the lit-par-lit zone. The orientation of Sy in the xenoliths differs from the
main Malmesbury Group.
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Figure 4.3: (A) & (B) Typical appearance of the interlayered metasiltstone-metamudstone outcrops in the southern section of the
study area. Discernible layers of different composition are visible and have average widths varying from > 1cm (A) down to mm
sized widths (B). (C) & (D) Thin section view of the metasiltstone-metamudstone outcrops, one in cross polars (C) and the other
plane-polarized (D). The metasiltstone layers are more coarse-grained compared to the biotite (Bt)-rich metamudstone layers.
Note how the pinitized (or altered) cordierite (Crd) porphyroblasts are developed predominantly in the metamudstone layers as
opposed to the metasiltstone layers. (E) & (F) Thin section photomicrographs of a zoomed-in portion of one of the metasiltstone
layers in (C) & (D). Apart from a few partly inequigranular quartz (Qtz) grains, the metasiltstones have a predominantly
granoblastic-polygonal texture, consisting of Qtz, orthoclase (Or) and Bt. Alteration products in the form of sericite (Ser) and
accessory opaques (Opq) also occur. Length of pencil in (A) = 17cm & length of clutch pencil in (B) = 15 cm; both point to the north.




4.2.2 Metamudstones

The metamudstones are the dominant lithological component of the Malmesbury Group in the
study area. They outcrop as a dark-grey to black coloured succession that is fine-grained. These
rocks range from weakly to highly foliated, with the highly foliated rocks having a well-developed
vertical to sub-vertical axial planar foliation and a much shallower crenulation cleavage
developed within them. Most of the metamudstones outcrop predominantly as splintery and
fractured hornfelsic-type rock masses (Fig. 4.5A), however, in the northern portion of the study
area, they occur as bedded outcrops (Fig. 4.4). In both cases, the metamudstones tend to have
millimetre- to centimetre-sized cordierite crystals giving them a ‘spotted’ look or nodular texture
(Figs.4.3C, D, 4.5B, C). At the outcrop scale, however, some of the cordierite grains are not always
easy to recognise especially when they are fine-grained. In this case, the fine-grained cordierite
crystals commonly do not stand out against an equally or darker appearance of their

metamudstone host which masks the appearance of the cordierite grains.

Figure 4.4: Outcrop photograph of the appearance of the metamudstone in the northern portion of the study area as bedded
features that make up the dominantly exposed northeast dipping and NW-SE trending fold limb. Intruded along this limb is the
microgranite (left portion). Oppositely dipping SW limb is poorly exposed and largely submerged in the ocean. Length of clipboard:
35cm. The direction of view is NW.
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Figure 4.5: (A) Appearance of the metamudstone in the lit-par-lit zone. Injected principally along (or sub-parallel) to the country
rock fabrics are various hybrid granite phases and. other ffiner-grained guartzofeldspathic vein material. (B) A portion of a
metamudstone outcrop with a cluster of relatively coarse, rounded, equidimensjonal cordierite grains. (C) A zoomed-in portion of
the area demarcated by a black rectangle in (B) for a clearer view of the cordierite grains. Length of GPS = 9.5cm; diameter of 50
cent coin =2.2 cm.

Petrographically, the metamudstones are biotite-rich and comprised of a granoblastic-polygonal
textured matrix, with an overall size range between 0.075-0.5 mm, comprising quartz (30-40 vol.
%), biotite (25-30% vol. %), orthoclase (15-20 vol. %) and plagioclase (5-10 vol. %) (Fig. 4.6).
Cordierite (15-25 vol. %) mainly occur as porphyroblasts (Fig. 4.3C, D) but finer-grained varieties
also occur (e.g. Fig. 4.6). Muscovite does not occur as a primary matrix mineral and, is instead,
an alteration product, along with sericite and chlorite, replacing cordierite. Tourmaline, zircon
and opaques occur as accessory phases. The platy to elongate millimetre- to centimetre-sized
zircon-rich biotite grains commonly show a well-defined preferential alignment and thus define

the foliation in the study area.
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Figure 4.6: Thin section photomicrographs, in cross polars (A) and plane-polarized light (B), of the mineral constituents that make
up the metamudstone. The granoblastic-polygonal textured matrix is defined by minerals of quartz (Qtz), plagioclase (Pl),
orthoclase (Or), biotite (Bt) and altered cordierite (Crd).

The cordierite grains are typically equidimensional with-a sub-elliptical (Fig. 4.5C) to irregular
elongate-lenticular geometry (far-top left and right portions of Fig. 4.3C, D) and increase in size
(0.35-6mm; e.g. Fig. 4.5C) approaching the intrusive contact. in thin section, the cordierite spots
seldom show sector twinning but are poikiloblastic with numerous inclusions (in order of

decreasing abundance) of biotite, quartz, muscovite, opaques and chlorite (Appendix B; Fig. B1).

Cordierite is extremely reactive along the retrograde path of metamorphism and its breakdown
is a potential monitor of retrogression and hydrothermal activity, including the composition of
fluids (Ogiermann, 2002). The term used to describe this breakdown is known as pinitization and
the fine-grained products that result from the alteration are termed ‘pinite’ (Deer et al., 2013).
All the cordierite grains present within the metamudstone lithologies have experienced some
form of alteration or pinitization (suggesting that the alteration is highly pervasive), albeit to
varying degrees ranging from minimal to a complete replacement of primary cordierite. Four
distinct types of alteration are observed and are recognized primarily on their composition and
textural relationship with the cordierite. Because the interpretation of the origin of each type of
cordierite alteration in the metamudstones is not one of the objectives of this thesis, the types

of alteration are described in more detail in Appendix B1.
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4.3 Main S-type coarse-grained porphyritic granite

The S-type coarse-grained porphyritic granite of the Peninsula Pluton is the most common rock
type in the study area. It occurs as a weathered, slightly cream white to grey voluminous granitic
mass marked by a series of joints (with one set trending NW-SE to NNW-SSE and the other set
trending NE-SW to NNE-SSW) which crosscut each other in most localities but do not offset each
other (Fig. 4.7A). It is the coarsest granite phase at the Sea Point contact outcrop and is
characterized by large (2.5-10 cm in length) cream white K-feldspar phenocrysts (or megacrysts
for the larger varieties) which are set in a relatively coarse-grained matrix comprising quartz (1-
4.5 mm; 35 vol.%), smaller K-feldspars (1.5-4 mm; 30 vol.%), plagioclase (2-5.5 mm; 20 vol.%),
biotite (2-2.5 mm; 8 vol.%), cordierite (2-6.5 mm; 5 vol.%) and muscovite (0.05-1 mm; 2 vol.%)
(Fig. 4.8A). Tourmaline, zircon, apatite, opaques, rutile and garnet occur as accessory phases. In
general, the main coarse-grained porphyritic granite is largely undeformed and only shows a few
microstructures in the form of undulose extinction and subgrain boundaries. These are shown by
the quartz grains (both the phenocrystic quartz variety and the smaller subhedral to anhedral

quartz grains which occupy interstitial sitesin the matrix).

The coarse-grained porphyritic' granite in the northern section of the map (Fig. 4.1), which
outcrops over a distance of approximately 25 meters laterally, retains the same overall
mineralogical and compositional characteristics as its southern counterpart, except that it is
more biotite-rich. Furthermore, there are similarities in the mineralogy and textural features
between the main coarse-grained porphyritic phase and the hybrid granites in the form of the
medium- and coarse-grained porphyritic hybrids. Due to this, some of the common features
between the aforementioned phases (e.g. biotite-quartz clots, feldspar megacrysts and pinitized
cordierite grains) shall be described collectively in this section to avoid repetition in the lit-par-lit

zone section where the hybrid phases are discussed separately.
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Figure 4.7: Outcrop appearance of the S-type coarse-grained porphyritic granite and the various features associated with it. (A)
Coarse-grained porphyritic granite body, with a series of biotite (Bt)-quartz (Qtz) clots developed within it, cross-cut by two sets
of joints. One set assumes a dominantly NW-SE orientation while the other trends in a NNE-SSW direction (pencil points to the
north). (B) Close-up view of a subhedral Bt-Qtz clot dominated by Qtz as opposed to Bt. (C) Close-up view of a sub-rounded Bt-Qtz
clot dominated by Bt as opposed to Qtz. (D) Fairly large rounded Bt-dominated Bt-Qtz clot feature exposed at the northern coarse-
grained porphyritic granite sheet. (E) Outcrop appearance of Cordierite (Crd). The grain is being replaced (pinitized) by Bt from the
core outwards. Diameter of 2 rand coin = 2.2 cm; diameter of 20 cent coin = 1.9 cm.
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Figure 4.8: Thin section photomicrographs, in cross polars and plane-polarized light, of some of the common textural features of
the S-type coarse-grained porphyritic granite. (A) Mineral constituents comprising the coarse-grained porphyritic granite; it is
characterized by K-feldspar (Kfs) phenocrysts sitting within a coarse matrix comprising Qtz, Pl, Bt, muscovite (Ms) and Crd. (B)
Close-up view of a Kfs grain showing exsolution textures as evidenced by exsolved lamellae of twinned albite (Ab) within its body.
(C) & (D) Crd grain affected by alteration, but complete alteration never took place as evidenced by remnants of Crd. (E) & (F) Crd
grain affected by a more severe form of alteration. The alteration constituents are comprised of micaceous material in the form
of Ms, Chl, Ser, Bt and phlogopite (Phl). Other mineral abbreviations not mentioned in the description: Tur-Tourmaline.

27



The K-feldspar grains can be subdivided into two types based on grain size and shape: (1) 2.5-10
cm long, commonly Carlsbad-twinned (e.g. bottom mid-portion of Fig 4.8A, Fig. 4.10B), euhedral
to subhedral crystals (e.g. 4.10A) which gives the rock its distinctly porphyritic texture, (2) 1.5-4
mm subhedral to anhedral grains that form part of the matrix. Both K-feldspar types occur as one
of two varieties, microcline (less common) or orthoclase (more common). Both K-feldspar
varieties commonly exhibit perthitic exsolution textures (bottom mid-portion of Fig. 4.8A; Fig.
4.11). The exsolution takes one of two forms: (1) microperthite which is more defined within the
K-feldspar grains in the groundmass or matrix, and (2) coarse vein perthite with clearly
discernable twinned albite-rich plagioclase lamellae which are visible within the more K-feldspar
megacrystic variety (Fig. 4.8B). Due to the occurrence of orthoclase and microcline, even within
the same thin section, further use of the term “K-feldspar” will be used to refer to the occurrence
of either orthoclase and/or microcline henceforth. An additional texture shown by the K-feldspar
grains is a granophyric texture defined by branching quartz rods set in a single crystal of feldspar

(e.g. Winter, 2010) (upper-left portion of Fig. 4.8A).

All the cordierite grains have experienced pinitization to-some degree, with the severity of
pinitization varying from grain to grain. Some grains retain traces of the original cordierite grain
(Figs. 4.8C, D), whereas some are completely altered to pinite (representing a severe or heavy
form of alteration) (Fig. 4.8E, F). The alteration affecting the cordierite grains in all the granite
phases exposed in the study area is not varied (i.e. does not consist of several types) as is the
case within the metamudstones (Appendix B1; Fig. B1). Instead, the most common cordierite
alteration type in the various granite phases involves aggregates of fine- to medium-grained
micaceous material (some too fine-grained to be identified) replacing cordierite. The aggregates
in question are comprised of chlorite, muscovite (white mica), biotite and phlogopite (green-
brown Ti-poor biotite) (Fig. 4.8C—F). This is similar to Type | alteration in the metamudstones

(Appendix B1).

The biotite grains not involved in the replacement of cordierite are present in one of two forms:
(1) matrix-occupying individual grains (with sizes up to 4.5 mm) and (2) those which form part of
biotite-quartz clots. The individual biotite grains that form part of the matrix range from being
partially chloritized (Fig. 4.9B) to being completely transformed to chlorite, with the latter locally
resembling amorphous grains (Fig. 4.9C, D). These chloritized biotite grains commonly have
needle-like inclusions of exsolved rutile (more distinct within the more strongly altered biotite
grains) arranged in a rectilinear pattern to define a sagenitic texture (e.g. Gary et al., 1972) (Fig.
4.9C, D). The occurrence of sagenitic rutile within a biotite host is a very common feature
amongst all the various granitic phases exposed in the study area. Another common feature

observed is the replacement of biotite by tourmaline (Fig. 4.9A).
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Figure 4.9: Thin section photomicrographs, in cross polars and plane-polarized light, showing some of the textural features
involving Bt. (A) Chloritized Bt grain being replaced by Tur. (B) Partially chloritized Bt grain with radiation haloes caused by zircon
(Zrc). The reddish-brown colour of the Bt grain suggests a high Ti content (Deer et al., 2013). Small needles of rutile (Rt) occur as
inclusions. (C) & (D) Highly chloritized Bt grain, resembling amorphous like-material, with well-developed needle-like inclusions of
Rt that are arranged in a rectilinear pattern to define a sagenitic texture. The Bt grains are hosted in a Kfs host and rimmed by a
reaction texture involving wormy-intergrowths of Qtz reacting with the surrounding Kfs host. (E) Thin section view of the various
Bt-Qtz clots that are widespread in the coarse-grained porphyritic granite. They are also locally involved in the replacement of Kfs-
(F) or Crd-grains (G).
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The biotite-quartz clots are rounded to subhedral (Figs. 4.7A-D, 4.9E) and are widespread
throughout the main coarse-grained porphyritic phase and porphyritic hybrid phases but are
absent within the more biotite-poor leucocratic fine-grained granites and aplitic phases. They
have an average size of 1-3 cm but can attain sizes up to 7.5 cm (in width). Typically, they tend to
have finer-grained quartz and biotite compared to the surrounding matrix. Additionally, the
biotite fractions within the clots tend to predominate over the quartz fraction (Figs. 4.7C, D),
however, on a less common basis the converse, also occurs (Fig. 4.7B). Petrographically, three

types of biotite-quartz clots occur and are described in Appendix B2.

4.3.1 Inclusion trails and growth zone textures of feldspar megacrysts (both K-feldspar and

plagioclase)

In the field, most of the K-feldspar megacrysts observed are poikilitic to semi-poikilitic and
commonly have crystallographically oriented biotite inclusions aligned relative to the internal
zonation of the K-feldspar grains (Fig. 4.10A, C)..The biotite inclusions have smaller sizes (< 0.3
cm) than those in the host granites in all cases. Moreover, in some settings, particularly
noticeable on weathered surfaces; inclusions of small plagioclase crystals are aligned along zone

boundaries of the K-feldspar grains (Fig. 4.10C).

2

Figure 4.10: Outcrop photographs of variably-sized and shaped K-feldspar megacrysts which form part of the coarse-grained S-
type granite. (A) Poikilitic subhedral K-feldspar measuring 10 cm in length. Note the well-defined zone parallel arrangement of
biotite inclusions relative to the inner core or inner-zone boundary of the megacryst. (B) Euhedral K-feldspar grain showing Carls-
bad twinning (diameter of 10c coin = 1.6 cm). (C) Poikilitic euhedral K-feldspar grain on a weathered surface locally showing an
alignment of small plagioclase (trace of yellowish coloured minerals) and biotite crystals along the inner zone boundaries of the
grain.
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Petrographically, the K-feldspar grains show evidence of concentric zoning, however, it is usually
not well-defined due to the occurrence of perthite exsolution textures, which mask the
appearance of zoning (Fig. 4.11B). Where discernible, the zoning is usually recognizable in one of
two ways: (i) slight differences in colour within the K-feldspar grain (with the rotation of the
microscope stage at a fixed point), reflecting one composition in the interior of the crystal and a
gradually changing composition toward the outer edge of the crystal (e.g. Winter, 2010), and (ii)
preferential alignment of inclusion minerals relative to the zone boundary they occur within (Fig.

4.11B).

Figure 4.11: (A) Thin section photomicrograph of a sector twinned Kfs megacryst in sample SP32/2 (medium-grained porphyritic
granite) in cross polars. (B) Thin section photomicrograph of a part of a Kfs megacryst in sample SP34 (medium-grained porphyritic
hybrid granite) in cross polars showing zonally arranged inclusions, principally Pl and Bt. The rim of the Kfs grain has preferentially
aligned fine-grained inclusions of Qtz. An inner and outer zone (described in more detail in the text) is distinguished based on the
arrangement/distribution of the inclusions in the core and rim of the grain.

The type of inclusions occurring in the K-feldspar grains, in order of decreasing abundance,
include quartz, biotite, plagioclase, muscovite, opaques and garnet. The quartz grains, in
particular, show a marked parallel alignment commonly near the outer margin of the K-feldspar
grain (Fig. 4.11A, B). In some of the K-feldspar megacrysts, plagioclase and biotite inclusions show
a marked alignment of their long axes parallel to the zones in which they occur (Fig. 4.11A, B).
The zones in which they occur are commonly the outer boundary of the inner zone and a change
of orientation of the inclusions at the border of the zones is also observable in certain cases as
well (Fig. 4.11B). The K-feldspar megacrysts also show evidence of sector (or cyclic) twinning (Fig.

4.11A).
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The plagioclase phenocrysts show evidence of zoning to a much better extent relative to the K-
feldspar megacrysts. The zoning is characterized by several fairly well-developed oscillating zones
of different compositions (Fig. 4.12A). One of the most common textural features shown by the
plagioclase grains within all the granite phases is the strong alteration (i.e. sericitization) of the
inner core relative to the outer core/rim, which remains relatively unaltered (Fig. 4.12D). Another
prevalent textural feature shown by the plagioclase grains is the occurrence of cumulophyric
textures defined by multiple-grain clusters of adhering plagioclase phenocrysts (Winter, 2010)

(Fig. 4.12C). Carlsbad twinning also occurs but is rare (Fig. 4.12B).

Figure 4.12: Thin section photomicrographs, in cross polars, of the typical textural features of Pl phenocrysts within the various
granite phases exposed in the study area. (A) Pl in sample SP36/2 characterized by oscillatory zoned boundaries. The grain also
has broad polysynthetic twins, some of which are wedge-shaped and indicative of deformation. (B) Carls-bad twinned Pl grain in
sample SP42 with a well-developed alignment of Qtz along the outer edge of the inner zone boundary. The outermost-rim is
entirely inclusion-free. (C) An aggregate of interlocking Pl crystals in sample SP4 defining a cumulophyric texture. (D) An example
of one of the more common textural features shown by Pl phenocrysts whereby the core structures of the grains are more altered
relative to their rims; Pl grain occurs in sample SP11/1.
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4.3.2 Enclaves

Although the population of enclaves within the S-type granite exposed at the Sea Point contact
is relatively low, those observed are compositionally variable and include: (i) mafic micro-
granitoid varieties (Fig. 4.13G), (ii) biotite-granite varieties (Fig. 4.13A, C) and (iii) granodiorite
varieties (Fig. 4.13B, D, E). The mafic micro-granitoid enclaves are present as dark grey sub-
rounded or oval-shaped bodies (as large as 12cm) which define sharp contacts with the host
granite (Fig. 4.13G). They are comprised of biotite (most abundant), quartz, K-feldspar and
plagioclase and occur either as isolated individual bodies or as multiple bodies defining a cluster
(Fig. 4.13G). Although not always the case, some of the micro-granitoid enclaves have inclusions
of rounded subhedral K-feldspar grains (bottom left portion of Fig. 4.13G) which are much smaller

than the K-feldspar megacrysts in the surrounding matrix of the host granite.

Biotite-granite enclaves occur either as fairly large (Fig. 4.13A) 20 cm (length) porphyritic masses
or smaller sized (6-10 cm in length) masses (Fig. 4.13C). Both types are comprised of biotite,
qguartz, K-feldspar and plagioclase. Moreover, they both host rounded to sub-rounded biotite
clots (Fig. 4.13A, C). The fairly large-sized biotite-granite enclave population form gradational
contacts with the granite host due to having K-feldspar megacrysts inclusions which are similar
in size and texture to the granite host (Fig. 4.13A). In contrast, the smaller biotite-granite enclaves
define fairly sharp contacts with the host granite due to their fine-grained sizes and having K-

feldspar inclusions of much smaller size (< 1cm) compared to the host (Fig. 4.13C).

The granodioritic enclaves are present as small sub-rounded bodies (Fig. 4.13D; 5-10 cm in
length) or as fairly large, angular, irregularly shaped bodies (Fig. 4.13B, E). Both types have mostly
sharp contacts with the host granite, however, the fairly large granodioritic enclave bodies tend
to show gradational contacts (e.g. 4.13E). They are composed of biotite, quartz, K-feldspar and
minor plagioclase. In some cases, these enclaves can be locally porphyritic by having similarly
sized K-feldspar megacrysts as the host granite (Fig. 4.13B, E). An explanation that accounts for
why all the compositionally variable enclaves in the study area have varying sizes and different

contact relationships with the host coarse-grained porphyritic granite is provided in Appendix B3.
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Figure 4.13: Outcrop photographs of the compositionally variable enclaves in occurrence within the S-type porphyritic granite
outcropping at the southern- (A) and northern- (B, C, D, E, F, G) portion of the study area respectively. (A) Sub-rounded coarse-
grained porphyritic biotite-granite enclavel with a cluster of biotite clots (top right portion of A)l defining a gradational contact
with the host granite. (B) Locally porphyritic and irregularly shaped granodiorite enclave defining a sharp boundary with the host
granite. (C) & (D) The other variations of the biotite-granite and granodiorite enclaves respectively; both form local sharp contacts
with their host. (C) Is rounded to ovoid, fine-to medium-grained, partly porphyritic and also has small rounded biotite clots as in
(A). (D) Is rounded, fairly coarse-grained as (B) but is non-porphyritic. (E) A portion of an irregularly shaped granodiorite enclave,
which forms fairly gradational contacts with the host at that portion of the outcrop. Occurring within the enclave are irregularly
shaped quartzofeldspathic patches with accumulations of K-feldspar (demarcated by black-square); (F) is a close-up view of said
features. The K-feldspar grains (0.5-1.5 cm) are smaller than those of the surrounding host granite. (G) Typical appearance of the
microgranitoid enclaves. They are biotite-rich, small sub-rounded to oval-shaped bodies forming sharp boundaries with the host
granite. Pencils point to the north.
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4.3.3 Aplites

The main coarse-grained porphyritic granite also contains fine-grained, white-grey to tan-brown
leucocratic aplitic bodies. They are present either as elongate vein-like bodies that traverse the
granitic body (Fig. 4.14A), semi-rounded to semi-tabular bodies (Fig. 4.14C), or as small (< 20 cm
in length) rounded blob-like bodies protruding out of the host granite (Fig. 4.14D). The latter two
are less common. The aplite bodies are mostly oriented in an E-W to WNW-ESE direction and
traverse at an oblique angle to the NNE-SSW joint set and are roughly subparallel to the NW-SE
joint set cutting across the S-type pluton (Fig. 4.14A). The aplitic bodies define a predominantly
sharp contact with the host granite but there are instances where the contact is locally
gradational (Fig. 4.14C). These aplitic bodies have different sizes (up to 6.5 m in length and 0.8 m
in width) and are mostly composed of quartz (0.13-1 mm; 38 vol. %), K-feldspar (0.5-2.5 mm; 35
vol. %) and plagioclase (0.75-1 mm; 25 vol. %) to define an overall equigranular to partly
inequigranular texture (Fig. 4.14B). They have minimal biotite (<1mm; 1 vol. %) and muscovite
(0.075-0.5 mm; 1 vol. %) content and have accessory phases of apatite, monazite, opaques and

tourmaline.

Figure 4.14: Outcrop and thin section view of the aplite bodies associated with the S-type coarse-grained porphyritic granite. (A) The most common
form of the aplite present as an elongate and narrow body traversing across the granite body at an angle sub-parallel to the NNW-SSE exhumation
joint set which cross-cut the granite; pencil points to the north. There are, however, a few aplite bodies which traverse at an angle oblique to this
joint set. (B) Thin section photomicrograph, in cross-polars, of the mineralogy of the aplites. They are dominantly quartzofeldspathic and mica
poor, with the K-feldspars commonly showing exsolution textures. (C) and (D) are the less common forms of the aplite. (C) A semi-rounded, pod-
like form of the aplite defining a gradational contact with the host granite. (D) Aplites outcropping as rounded blob-like masses protruding out of

the host granite.
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4.3.4 Magmatic structures

The coarse-grained porphyritic S-type granite of the study area hosts a few magmatic structures.
Such magmatic structures include mafic schlieren (mechanical concentration of mafic minerals;
Fig. 4.15C, D) and megacrystic magma pipes or tubes (mechanical concentrations of K-feldspar;

Fig. 4.15A, B).

Crystal-laden batches of magma or megacrystic pipes are the most commonly occurring
magmatic structural feature in the study area. Megacrystic pipes, or simply ‘pipes’, are defined
by Farina et al. (2012) as enclosed cylindrical-shaped accumulations of megacrysts that consist of
more than 70 vol.% of K-feldspar megacrysts. They are more prominent in the lit-par-lit zone and
the northern coarse-grained granite sheet, where they can reach vertical lengths of up to
approximately 5.5 m and widths of 2 m (Fig. 4.15A). In the southern portion of the mapped area,
where the main S-type pluton predominates, the pipes are less prominent and smaller in length
(up to 1.5 m) and width (up to 0.5 m) (Fig. 4.15C). In general, the pipes consist of the same
mineralogy as described for the host granite, and the numerous K-feldspar megacrysts, that
define these accumulations, are similar to those occurring within the host granite in terms of size,

shape and texture.

Schlieren structures are present as thin to relatively thick (1-8.5 cm), elongate dark coloured
bands with large amounts of biotite and either show an association with K-feldspar
accumulations (Fig. 4.15C) or occur independently from them (Fig. 4.15D). The schlieren
structures associated with K-feldspar accumulations occur as thin and relatively faint bands
bordering the K-feldspar accumulations-and are concentrated.mostly in the southern portion of
the mapped area (Area 1; Fig. 4.1). Those that have no association with K-feldspar accumulations
are usually present as thicker, curved tube-like masses showing evidence of a regular repeated
gradation or alternation defined by biotite-rich layers and K-feldspar-quartz layers, with both

layers being finer-grained than the surrounding host granite (Fig. 4.15D).
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Figure 4.15: Magmatic structures outcropping in the study area. (A) & (B) Outcrop photographs of K-feldspar megacryst
accumulations in the northern coarse-grained porphyritic granite sheet developed on a sub-horizontal surface (A) and sub-vertical
surface (B). Note the fairly well-defined alignment defined by the preferred orientation of the long axes of the K-feldspars on the
subvertical surface in (B). (C) & (D) Schlieren structures preserved within the host coarse-grained porphyritic granite exposed in
the southern- (C) and northern-portion (D) of the study area respectively. (C) Local K-feldspar megacryst accumulation with biotite-
rich schlieren layers rimming the margins of the K-feldspar accumulations. (D) Curved or bow-shaped schlieren not associated with
K-feldspar accumulations. Note the repeated alternations of biotite-rich layers and quartzofeldspathic layers.

4.4 S-type microgranites (fine-grained granite)

The microgranite outcrops in two areas within the mapped area, the northern-most region and
to the south (Fig. 4.1). From these two regions/areas, it is observed that the contacts between
the microgranite with the Malmesbury Group country rock are mostly sharp and evidence of
chilled margins are also left preserved. At the northern end of the study area (Fig. 4.1), the
microgranites are present as approximately 8-15 m (on average) long, slightly orange to tan-
brown masses (Fig. 4.16A). The microgranites have intruded adjacent to, or along the foliation
and/or bedding planes of the Malmesbury country rock, however, they also show evidence of
crosscutting relationships with the country rock as well (Fig. 4.16A, B). Although largely non-
porphyritic, the microgranite to the north can be locally porphyritic comprising 1.5-5 cm euhedral
to subhedral K-feldspar megacrysts (and 1-3 cm plagioclase grains) set within a finer-grained
matrix. To the south, the microgranite is locally porphyritic to semi-porphyritic. In areas where
the country rock is in contact with the microgranite, the microgranite at the southern end is also
clearly intruded primarily sub-parallel to the bedding (Fig. 4.16B). Furthermore, the microgranite
to the south forms a transitional or gradational boundary with the adjacent coarse-grained
porphyritic granite where both are in direct contact. When both granite types are not in direct

contact, the relationship becomes hard to define.
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Figure 4.16: Outcrop photographs of the micregranite eutcropping in the northern- (A) and southern-portion (B) of the study area
respectively. (A) Slightly orange to tan-brown microgranite intruded along the country rock; the direction of view is SSE. The rock
mass outcrops in regions further north from the fairly large scale anticlinal folded structure as shown in Fig. 4.1. (B) Semi-
porphyritic microgranite intruded subparallel to the bedding (pencikis oriented subparallel to the compositional banding) of the
country rock; the direction of view is NNE. Locally, crosscutting relations do occur as shown by the obliquely oriented microgranite
vein (middle-right portion of B) that cuts across the country rock.

Petrographically, the microgranites are largely undeformed. They are defined by an equigranular
texture and are comprised of, in order of decreasing abundance, quartz (0.25-1 mm; 35 vol. %),
K-feldspar (0.75-3 mm; 30 vol. %), plagioclase (0.5-2 mm; 28 vol. %), muscovite (0.075-1.5 mm; 4
vol. %), biotite (0.1-2.5 mm; 2 vol. %) and pinitized cordierite (0.25-1.5 mm; 1 vol. %) (Fig. 4.17A).
The larger sized K-feldspar, plagioclase and biotite grains in the matrix locally give the
microgranite a semi-porphyritic texture (Fig. 4.17B). Tourmaline can reach up to 2 vol.% in sample
SP3 (Fig. 4.17D), however, in all other microgranite samples collected, it occurs as an accessory

phase along with zircon, apatite, monazite, opaques and rutile (in biotite).

The quartz grains show typical undulose structures and local subgrain boundaries (e.g. bottom-
to mid-left portion of Fig. 4.17C). The biotite grains are commonly chloritized and the K-feldspar

grains (whether it is the megacrystic variety within the semi-porphyritic microgranites or the
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smaller varieties forming part of the matrix), are partially sericitized and commonly show Carls-
bad twinning and perthitic exsolution textures. The plagioclase grains (both phenocryst and
matrix varieties) are also sericitized with the inner core being more sericitized compared to the
outer rim. Similar to the main coarse-grained granite, cordierite alteration in the microgranites
(Fig. 4.17E) resembles Type | alteration in the metamudstones (Appendix B1l). Some of the
cordierite grains occurring in the microgranites, however, have an additional phase in the form

of tourmaline which forms part of the alteration assemblage (Fig. 4.17F).

4.5 Lit-par-lit zone

The lit-par-lit zone extends laterally (across strike) over a distance of approximately 40 meters. It
defines a mostly gradational zone marked by a series of roughly WNW-ESE to NW-SE trending,
non-crosscutting sheets of granitic material which traverse along or subparallel to the foliation
and bedding structures of Malmesbury Group country rocks. Also, various hydrothermal-related
guartz to quartzofeldspathic veins, as well as quartz-tourmaline veins (of various widths and
extents), which made use of structural weaknesses within the pre-existing lithology, crosscut the

country rock as well as the various granite phases. This adds to the complex nature of the zone.

4.5.1 Petrographic descriptions of the hybrid granite phases

The various hybrid granite phases that outcrop in the lit-par-lit zones are as follows:

(i) Fine-grained phases and their sub-varieties in the form of the fine-grained
porphyritic and fine-grained non-porphyritic phases respectively.
(ii) Variably weathered. medium- and.coarse-grained phases; they both tend to be

porphyritic and are the most voluminous hybrid phases in the lit-par-lit zone.

Best exposed in areas 7 and 8 of the mapped area (Fig. 4.1), these hybrid phases mostly pass
laterally into each other (gradationally) and show no significant evidence of crosscutting relations
relative to each other nor do they show any significant deformational features. Because all of