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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 anisotropy of the country rock was larger than the
regional differential stress (o1 — 03, with 01 > 02 > 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 01 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 rest of 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 mostly 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 100um 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 Instruments 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 8Sr/%¢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 228U'0 to get stable signals and maximum sensitivity for 2°°Pb

and 38U while maintaining low oxide rates (ThO+/Th < 0.2 %) and Th/U ratio > 0.9.

The laser sampling protocol employed a 24 pum 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 finer-grained quartzofeldspathic vein material. (B) A portion of a
metamudstone outcrop with a cluster of relatively coarse, rounded, equidimensional 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 sites in 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.
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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).

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.

32



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,
quartz, 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 microgranite outcropping 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 (pencil is 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
these aforementioned phases have the same mineralogy and textural features as the main
coarse-grained porphyritic phase (section 4.3) and the microgranite (section 4.4), the
petrographic features of the hybrid granites are summarized in Table 4.1 to avoid repetition (in

the text).

In general, the fine-grained non-porphyritic hybrid granite in the lit-par-lit zone (e.g. Fig. 4.18D)
resembles the microgranite occurring in the northern portion of the study area in terms of overall
appearance, mineral composition and texture. The fine-grained porphyritic granite (Fig. 4.18A) is
porphyritic (with phenocrysts of quartz, K-feldspar, plagioclase, biotite and cordierite) and has

various biotite-quartz clots.
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Figure 4.17: Thin section photomicrographs, in cross polars and plane-polarized light, of the mineralogy and textural features of
the microgranite. (A) Typical equigranular and fine-grained matrix associated with the microgranite. It comprises Qtz, Kfs, Pl, with
minor amounts of Bt and Ms. (B) Porphyritic to semi-porphyritic microgranite with phenocrysts of Pl, Bt, Qtz and Kfs sitting within
a finer-grained matrix. (C) A close-up view of the matrix forming minerals in (A). (D) Tur clusters which occur in some of the
microgranite samples. (E) & (F) Crd grains replaced by an alteration assemblage of Ms, Bt, Phl and chlorite along with an additional
constituent in the form of Tur.

The medium- (Fig. 4.18B) and coarse-grained porphyritic hybrid phases (as well as intermediate
varieties that incorporate aspects of both; Fig. 4.18C) resemble the main coarse-grained
porphyritic phase at the southern end of the study area in terms of overall appearance, mineral
composition and texture. The only differences between the phases come in the form of grain size
(the main phase granite has overall coarser grain sizes), and the fact that the hybrid medium- and

coarse-grained phases have a slightly higher biotite content.
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Figure 4.18: Thin section photomicrographs of the various hybrid granite phases that occur in the lit-par-lit zone (in cross-polars).
(A) Fine-grained porphyritic hybrid granite. (B) Example of a medium-grained porphyritic hybrid granite phase. (C) Medium- to
coarse-grained hybrid granite phase. (D) Fine-grained non-porphyritic hybrid granite phase. (E) & (F) Inclusion-free subhedral
garnet (Grt) inclusions rimmed by chlorite (Chl) and preserved within in a Kfs megacryst. The Grt grains are observed more readily
in the medium- and coarse-grained hybrid phases compared to the main phase granite (most likely due to a larger sample set for
the hybrid granites). From petrographic studies, all Grt grains occur exclusively as inclusions within K-feldspar megacrysts, and
evidence of Grt as a normal matrix mineral or Crd pseudomorphs after Grt, as described by Farina et al. (2012), was not observed.

41



Table 4.1: Mineralogy, grain sizes, abundances and textural features of the hybrid granite phases in the lit-par-lit zone.

Hybrid granite Mineralogy, grain sizes and abundances Textural features
phase
Fine-grained non- Matrix: is fine-grained, with average crystal sizes between 0.1-3 mm. Overall equigranular matrix.
porphyritic It comprises quartz (38 vol. %), K-feldspar (29 vol. %), plagioclase (26 vol. %), Quartz: undulose extinction and local sub-grain boundaries.
muscovite (4 vol. %), biotite (2 vol. %) and cordierite (1 vol. %). K-feldspars: perthite exsolution textures, partially sericitized and Carls-bad twinning.
Plagioclase: sericitized (core more altered compared to rim).
Accessory phases: zircon, apatite, monazite, opaques and tourmaline. Cordierite: commonly altered or pinitized.
Fine-grained Phenocrysts: quartz (3-8 mm; 6 vol. %), K-feldspar (1.5-5 mm; 4 vol. %), Phenocrystic quartz: undulose extinction. Matrix quartz: undulose extinction and local sub-grain boundaries.
porphyritic plagioclase (1-3 mm; 3 vol. %), biotite (1-4 mm; 2 vol. %) and cordierite (3-  Biotite (both phenocryst and matrix variety): commonly chloritized, shows mottled and sagenitic textures.

7 mm; 2 vol. %).

Matrix: is fine-grained, with overall crystal sizes between 0.1-3 mm.

It comprises quartz (30 vol. %), K-feldspar (24 vol. %), plagioclase (22 vol. %)
and minor biotite (4 vol. %) and muscovite (2 vol. %) and cordierite (1 vol.
%).

Accessory phases: zircon, apatite, monazite, opaques and tourmaline.

K-feldspars (both phenocryst and matrix variety): perthite exsolution textures, partially sericitized and Carls-bad
twinning.

Plagioclase: (both phenocryst and matrix variety): sericitized (core more altered compared to rim) and common
cumulophyric textures.

Cordierite (both phenocryst and matrix variety): commonly altered or pinitized.

Biotite-quartz clots are common.

Medium-grained
porphyritic

Phenocrysts: K-feldspar (4mm to > 1cm; 6 vol. %), plagioclase (2.5-7.5 mm;
5 vol. %), quartz (2-6 mm; 4 vol. %) and pinitized cordierite (2- 6 mm; 2 vol.
%).

Matrix: is medium grained, with average crystal sizes between 1-3.5 mm.
Quartz (30 vol. %), K-feldspar (20 vol. %), plagioclase (18 vol. %), biotite (8
vol. %), cordierite (4 vol. %) and muscovite (3 vol. %).

Accessory phases: garnet, tourmaline, zircon, opaques, monazite and
apatite.

Phenocrystic quartz: undulose extinction. Matrix quartz: undulose extinction and local sub-grain boundaries.
Biotite (both phenocryst and matrix variety): commonly chloritized, shows mottled and sagenitic textures.
K-feldspars (both phenocryst and matrix variety): perthite exsolution textures, partially sericitized, sector twinning
and Carls-bad twinning.

Plagioclase: (both phenocryst and matrix variety): sericitized (core more altered compared to rim) and common
cumulophyric textures.

Cordierite (both phenocryst and matrix variety): commonly altered or pinitized.

Biotite-quartz clots are common. Some are inclusions in a k-feldspar host with symplectic intergrowths of biotite
and quartz.

Coarse-grained
porphyritic

Phenocrysts: K-feldspar (4mm to > 1cm; 8 vol. %), plagioclase (2.5-7 mm; 6
vol. %), quartz (2.5-8.5 mm; 4 vol. %) and pinitized cordierite (2-6.5 mm; 2
vol. %).

Matrix: is coarse-grained, with average crystal sizes between 2-5 mm. It
comprises quartz (28 vol. %), K-feldspar (20 vol. %), plagioclase (18 vol. %),
biotite (10 vol. %), cordierite (2 vol. %) and muscovite (2 vol. %).

Accessory phases: garnet, tourmaline, zircon, opaques, monazite and
apatite.

Phenocrystic quartz: commonly shows undulose extinction. Matrix quartz: undulose extinction and local sub-grain
boundaries.

Biotite (both phenocryst and matrix variety): commonly chloritized, shows mottled and sagenitic textures.
K-feldspars (both phenocryst and matrix variety): perthite exsolution textures, partially sericitized, sector twinning
and Carls-bad twinning.

Plagioclase: (both phenocryst and matrix variety): sericitized (core more altered compared to rim) and common
cumulophyric textures.

Cordierite (both phenocryst and matrix variety): commonly altered or pinitized

Biotite-quartz clots are common. Some are inclusions in a k-feldspar host with symplectic intergrowths of biotite
and quartz.
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Figure 4.19: 100% stacked bar plots provided to give a visual/graphical representation of the mineral abundances given for each hybrid granite described in Table 4.1. The length of the bar represents 100% percent of a
rock and each different colour segment on the bar is the abundance (in vol. %) of a particular mineral in said rock. (C) and (D) share the same legend.
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4.5.2 Field descriptions of the hybrid granites

Areas 7 and 8 (Fig. 4.1), as previously mentioned, provide the best exposure and representative
examples of the various hybrid phases within the mapped area. As a result, both areas will be
used for describing the relationship between the hybrid granite phases and the country rock as
well as their relationships amongst each other. Area 7 (Figs. 4.1, 4.20) provides an excellent
example of the lit-par-lit nature of the contact zone. Conversely, area 8 showcases a portion of
the main contact zone where the well-defined lit-par-lit type contact between the granites and
the country rock becomes less apparent as one traverses NW to WNW from the trig beacon
towards the wave-cut platform closer to the ocean (Figs. 4.1, 4.21). In both areas, the medium-
and coarse-grained porphyritic hybrid phases are more voluminous compared to the other hybrid

granite phases and have biotite content that varies from one locality to the next.

Figure 4.20: Transect of area 7 showing a portion of the northern coarse-grained porphyritic granite sheet (bottom-left) in contact
or adjacent to a lit-par-lit section (or zone). In the lit-par-lit section, the various hybrid granite phases (typical widths ranging from
0.1-1.5 m) are intruded primarily sub-parallel to the country rock as ‘finger-like’ intrusions. The direction of view is SE.
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Figure 4.21: Transect of area 8 showing the contact between the northern coarse-grained porphyritic granite sheet and an
adjacent medium to coarse-grained porphyritic hybrid granite and Malmesbury lit-par-lit section. The direction of view is to the E.

4.5.2.1 Relationship between the hybrid granites and the country rock

Despite localized occurrences of sharp contacts in the lit-par-lit zone, in general, the various
hybrid granites have gradational contacts with the surrounding country rocks in which they
exhibit a banded or interlayered appearance (Fig. 4.22). Evidence for a gradational contact can
be seen at both the outcrop (Fig. 4.22) and thin section scale (Fig. 4.23). Overall, this gradational-

type contact steadily diminishes as one heads further south away from the lit-par-lit zone and
into the main S-type pluton, where the amount/spacing of granite sheeting increases giving way

to more massive outcrops of granite.
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Figure 4.22: Close up view of the close association between the country rock and the hybrid granite in area 7. (A) The Malmesbury
banding is markedly more feldspathic, conversely, the medium-grained (m/g) hybrid granite band (bottom half of A) is itself
markedly biotite-rich. ‘Mixed’ or hybrid zones where the distinction between the country rock and granite is not clear also exist
(e.g. top-half and mid-portion of A) (diameter of 5 rand coin = 2.6 cm). (B) Biotite-rich medium-grained porphyritic granite phase
injected sub-parallel to a series of Malmesbury country rock bands that have K-feldspar megacrysts incorporated within them
(pencil points to the north). (C) A block sample of sample SP32 (a coarse-grained (c/g) porphyritic hybrid granite in contact with
the Malmesbury Group country rock) that shows the gradational nature of the country rock—granite contact at the rock-block
scale. Note the concentration of feldspar phenocrysts in the Malmesbury bands. The K-feldspar megacryst demarcated by a green
marker (bottom-mid left portion) is one of the megacrysts chosen for a future K-feldspar chemical probe study.
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Figure 4.23: Thin section photomicrographs, in cross- and plane-polarized light, of the contact relationship between the hybrid
granite phases and the Malmesbury Group country rock in the lit-par-lit zone. The contact relationships are primarily gradational
as opposed to sharp. (A) Injections of m/g and c/g porphyritic hybrid granite phases in contact with a Bt-rich quartzofeldspathic
Malmesbury country rock band. Note, in (B), how the m/g porphyritic granite phase has Bt grains of similar size and texture to
those in the Malmesbury band. Conversely, note how the Malmesbury band has large grains of Qtz, Bt and Crd similar to those in
the ¢/g porphyritic granite. The aforementioned grains do not attain such large sizes in the metamudstone lithologies that are not
in direct contact with the granite (e.g. Fig. 4.6). (C) & (D) Contact between a m/g porphyritic hybrid granite phase and the
Malmesbury country rock. A ‘mixed’ or hybrid zone has developed (in the bottom-half of D) where the country rock is
indistinguishable from the granite.
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4.5.2.2 Relationship between the various hybrid granite phases

The fine-grained hybrid phases, in area 8, and the geological features they display as well as their

relationship with the other medium- and coarse-grained porphyritic hybrid phases and the

country rock are as follows:

(i)

(i)

(i)

They transition laterally into the surrounding medium- and coarse-grained porphyritic
phases. This is seen, for example, in Figure 4.24A where there is a progressive
gradation to finer grain sizes as one transitions from the porphyritic/crystal-rich
coarse-grained hybrid granite into the fine-grained hybrid granite.

They locally occur as pinch-out or boudinaged features sandwiched between the
country rock bands and the coarse-grained porphyritic phase (Fig. 4.24C). Some of the
medium-grained porphyritic hybrid granite phases are also locally boudinaged (Fig.
4.24E).

The country rock—fine-grained non-porphyritic phase contact relationship tends to be
partly- to fully-incorporated by the various medium- and coarse-grained hybrid

phases (Fig. 4.24D).

Moreover, the fine-grained non-porphyritic hybrid phase also forms a gradational contact with

the fine-grained porphyritic phase (Fig. 4.24F). The sizes of the megacrysts within the fine-grained

porphyritic hybrid phase vary in size (typically between 0.5-3 cm), abundance, and distribution,

resulting in a rock type varying from semi-porphyritic to porphyritic (Fig. 4.24F). Commonly or

wherever both the fine-grained hybrid granite varieties are intruded into the country rock, thin

wispy remnants (or xenoliths) of the country rock are evident (e.g. Fig. 4.24A). In contrast, larger

xenoliths of the country rock are incorporated within the medium- and coarse-grained hybrid

granite phases (e.g. Fig. 4.27).
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Figure 4.24: Outcrop photographs depicting the relationship between fine-grained hybrid granite phases and the medium- and
coarse-grained hybrid granite phases in area 8. Features associated with some of the hybrid phases are also shown. (A) Fine-
grained non-porphyritic phase, with small wispy remnants of the country rock, transitioning laterally into the medium-grained
porphyritic phase, which locally exhibits K-feldspar alignment in a roughly NW-SE to WNW-ESE direction. (B) Vertical surface
depicting the contact relationships between three lithologies: a coarse-grained porphyritic hybrid granite phase, a fine-grained
non-porphyritic hybrid granite phase and the country rock. Note the appearance of the fine-grained non-porphyritic phase which
is present as ropy, disaggregated bodies within the country rock. (C) Fine-grained non-porphyritic hybrid granite phase occurring
as a pinch-out feature ‘sandwiched’ between the country rock and the medium- to coarse-grained hybrid phase. (D) Contact
between the country rock and the fine-grained non-porphyritic phase that is incorporated by a medium- to coarse-grained
porphyritic hybrid phase. (E) Boudinaged medium-grained porphyritic hybrid granitic phase in the country rock. (F) Gradational
contact relationship defined by the following three hybrid granite phases: fine-grained (f/g) non-porphyritic, fine-grained
porphyritic and medium-grained porphyritic.
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4.5.3 Features of the country rock in the lit-par-lit zone

4.5.3.1 Preservation of feldspar megacrysts in the country rocks

Variably sized feldspar grains, in the form of K-feldspar and plagioclase, are embedded within the
metamudstone country rock in the lit-par-lit zone (Fig. 4.25), with or without other phenocrysts
such as biotite and quartz. Of the two feldspar grains, however, K-feldspar megacrysts are the
ones most commonly preserved in the country rock (Fig. 4.25A, B). Although there are a few
feldspar grains that are preserved in complete isolation within the country rock, the majority of
the feldspars are associated with and/or surrounded by various trails of quartzofeldspathic
granitic material (Fig. 4.25B, C, D). These trails or injections are typically thin and hard to discern
using the microscope. This is because their grain size and composition are largely similar to the
mineralogy of the host country rock. The trails are most visible where they have coarse grain sizes

(bottom-left portion of Fig. 4.25C).

4.5.3.2 Xenoliths

The majority of the xenoliths occurring in the lit-par-lit zone are biotite-rich metamudstone
xenoliths (Figs. 4.27, 4.28). Other xenoliths types, outcropping to a lesser extent, are in the form
of the darkened country rock xenoliths which are metamorphosed to a greater degree compared
to the surrounding country rock. They are smaller (largest up to 30 cm), rounded to blocky and
tend to be more cordierite-rich compared to the surrounding metamudstone (Fig. 4.26). These
hornfels xenoliths outcrop predominantly in area 7 (Fig. 4.1, 4.20) and are preserved mostly
within the metamudstone and/or occur as rotated blocks rimmed by various fine- and medium-

grained hybrid granite phases (Fig. 4.26A).
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Figure 4.25: Outcrop photographs and thin section photomicrographs of various feldspar grains preserved within the
metamudstone country rock in the lit-par-lit zone. (A) Country rock intruded by various fine- and medium-grained hybrid granite
phases/injections in area 7. Some of the K-feldspar grains embedded within the country rock have quartzofeldspathic trails
attached to them, whereas others do not. Also present in (A) is a much darker hornfels xenolith in a metamudstone host. (B)
Rotated K-feldspar megacryst within the country rock located in area 7 (the direction of view is NNE). The megacryst appears to
have been rotated in the direction of magma flow as evident from the deflection of flow, defined by the fine-grained granitic
material, around the K-feldspar megacryst. Magma flow, using this feature, is interpreted to be oriented in a WNW-ESE direction
with the direction of flow being ESE. (C) & (D) Thin section photomicrograph, in cross polars and plane-polarized light, of a Pl grain
preserved within a country rock portion. The Pl grain shows Carls-bad twinning and is compositionally zoned, with the rim of the
Pl having well-oriented fine-grained quartz inclusions arranged parallel to the margin of the grain. In (D), note how the country
rock foliation wraps around the Pl and envelops relics of granite (i.e. the coarse-grained quartzofeldspathic granitic material
attached to the Pl in the bottom-left portion of C and D).
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Figure 4.26: Outcrop photographs of various hornfels xenoliths in the study area incorporated into or surrounded by the
metamudstones. All examples are located in area 7. (A) Several hornfels xenoliths rimmed by various fine- and medium-grained
hybrid granite phases that are intruded subparallel to the country rock fabric (pencil points north). (B) & (C) Close-up views of
some of the hornfels xenoliths; they are cordierite-rich, as evident from the numerous rounded and equidimensional dark spots
developed within them. Both are also rimmed by fine-grained granitic material.

The more common biotite-rich metamudstone xenoliths outcrop in area 4 (Fig. 4.1). A transect
of area 4 is shown in Figure 4.27. The area shows a xenolith-rich medium- to coarse-grained
porphyritic hybrid granite (on left of Fig. 4.27) in contact with an adjacent lit-par-lit section (on
the right of Fig. 4.27). The metamudstone xenoliths within this xenolith-rich zone can attain sizes
up to 1.5 min length and are irregularly-shaped to elongate. Some of the xenoliths still have the
predominant S; foliation preserved within them, however, the S; foliation has a different
orientation to the main Malmesbury Group S: foliation (i.e. the internal S; in the xenoliths is

rotated against the external S; in the wall rocks) (e.g. Fig. 4.29).
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Figure 4.27: Transect of area 4 depicting a xenolith-rich zone in the study area. This area has a significant amount of xenoliths of
various size and shape (demarcated by yellow outlines) that are incorporated into the medium- to coarse-grained hybrid granite.
Adjacent to this zone is a lit-par-lit section (the portion/section to the right of the photo) defined by metamudstone bands which
are intruded by fine- to medium-grained porphyritic hybrid granite veins. Portions of this lit-par-lit section show an intimate
association between the hybrid granite and the country rock giving rise to a country rock section that is more feldspathic and
locally porphyritic. The direction of view is WNW.

Some of the xenoliths have undergone stretching or extension (in a direction more or less parallel
to the long axis of the xenoliths) to such an extent that they experienced necking and pinching
out (Fig. 4.28C). This direction of extension is approximately WNW-ESE, parallel to the overall
contact zone (Fig. 4.28C). These elongated xenoliths, along with some of the distended and
disconnected granitic material and phenocrysts occurring around the xenoliths (Figs. 4.28D,
4.29), are all good indicators of magmatic flow. For the case of the elongated xenoliths (e.g. Fig.
4.28C), the direction of magma flow is evident from: (i) granitic material around the xenolith core
appearing to be dragged in one direction as they flowed around the xenolith core as the core
itself was being rotated in the direction of magma flow (i.e. WNW) (central portion of Fig. 4.28C),
or (ii) the tail of the xenolith (left of Fig. 4.28C), being dragged and extending (with reference to

the long axis of the xenolith) in the direction of magma flow as the xenolith body was rotated.
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Figure 4.28: Outcrop photographs of some of the xenoliths located within the xenolith-rich zone of area 4. (A) Metamudstone
xenolith flanked by an array of preserved remnants of the original country rock occurring as distended and separated slivers in the
extensive granitic mass (length of ruler = 30 cm); the direction of view is SSW. (B) Zoomed in section of the bottom-left portion of
the xenolith portrayed in (A) showing the occurrence of cross-cutting and irregularly-shaped quartzofeldspathic fine-grained
veinlets; both veins are folded (ptygmatic folds) and the enveloping foliation is more or less axial planar. (C) A distended and
necked (or ‘pinched’) xenolith body that appears to also have been rotated as well. This xenolith is useful for inferring magma flow
direction as explained in the text; the direction of view is SSW (D) A xenolith that appears to have been rotated in the direction of
magma flow as evident from the fine- to medium-grained hybrid granite phases deflected around the xenolith body; the direction
of view is NNE. The general orientation of magma flow is inferred to be WNW-ESE.

For the examples shown in Figures 4.28D and 4.29, the presence of magma flow can be observed
from the deflection patterns of the various fine- to medium-grained hybrid granite material
around the xenolith bodies as the material flowed around the rotated xenolith bodies. The
magma flow direction inferred from all the features depicted in Figures 4.28C, D and 4.29, is
consistently WNW-ESE oriented, an orientation corresponding to or subparallel to the WNW-ESE
orientation of the Malmesbury banding as well as the orientation of the granitic banding/veins

in the lit-par-lit zone. The direction in which magma flowed was towards the WNW.
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Figure 4.29: Outcrop photograph of a rotated country rock xenolith with preserved S; foliation planes (shown by yellow dashed
lines). The foliation planes are intruded by fine-grained quartzofeldspathic material. The xenolith appears to have been rotated in
the direction of magmatic flow (WNW-ESE oriented). Various granitic phases surrounding the xenolith namely, the medium-
grained porphyritic granite, fine-grained porphyritic granite (commonly rimming the xenolith body) and fine-grained non-
porphyritic granite, transition laterally into each other to define an overall gradational contact. The tail of the xenolith (in the
upper-left portion of the photograph) extends in the direction of magma flow. Outcrop located in area 8. The direction of view is
NNE.

Fine-grained quartzofeldspathic vein material (1.5-6 mm in width and up to 20 cm in length) are
commonly observed to crosscut the xenoliths and locally exhibit sharp ptygmatic folding (Fig.
4.28A, B). Ptygmatic folds represent conditions where the folded material is of a much greater
viscosity than the surrounding medium (Godfrey, 1954). These ptygmatic folds are commonly
oriented roughly NNE-SSW, an orientation perpendicular to the trend of the Malmesbury and
granitic banding (i.e. WNE-ESE). Their orientation also shows the orientation (more or less) of

shortening (NNE-SSW) which is perpendicular to the direction of extension (WNW-ESE).

4.5.3.3 Evidence of the ductile behaviour of the country rock

In the study area, some of the country rocks show evidence of ductile behaviour at both the
outcrop and microscopic scale. At the outcrop scale, this ductile behaviour is especially evident
in area 3 (Fig. 4.1), where the country rock bodies have a wavy appearance and are elongated
(Fig. 4.30). Moreover, some of the granitic material/veinlets, within the country rock, help

highlight the ductility of the country rock because they occur as pinch-and-swell structures or
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boudins (Fig. 4.30). Boudins are more or less regularly shaped and spaced fragments formed by
stretching of competent layers and are usually developed within a host rock/matrix that deforms
plastically (Fossen, 2010). Out of the two Malmesbury Group lithologies that outcrop in the study
area, the metamudstones are the ones depicting all the characteristics of ductile behaviour. This,
therefore, suggests that of the two rock lithologies, the metasiltstone is relatively competent,
whereas the metamudstone lithologies had the greater capacity to behave in a ductile fashion.
Evidence of ductile behaviour is not widespread but is instead restricted to local scales in the lit-

par-lit zone.
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Figure 4.30: The appearance of some of the country rock bodies in the lit-par-lit zone. They are more elongated and have a
characteristic wavy appearance suggesting ductile behaviour. (A) Interlayered metasiltstone-metamudstone body intruded by the
medium- to coarse-grained porphyritic hybrid granite phase. The granite intrusions are locally boudinaged (white arrows) between
the country rock bands. (B) Biotite-rich metamudstone body intruded by various granite phases namely, the porphyritic medium-
grained phase and fine-grained non-porphyritic hybrid phase. Note the competency contrast between the fine-grained non-
porphyritic hybrid phase and the metamudstone layer as seen by the moderate pinch-and-swell structures developed in the former
giving them a lenticular boudin-like shape and suggesting a higher competency over the latter. Localized hornfels xenoliths (upper-
and mid-right portions of B) also occur. The outcrop is located to the immediate east of the trig beacon (Fig. 4.1). Pencil points to
the north.
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5 Structural geology

5.1 Introduction

This chapter describes the structural features associated with the Malmesbury Group country
rock and the S-type granites of the Peninsula Pluton. Although the latter are largely undeformed
(as described in the Lithological descriptions chapter), a study involving K-feldspar megacrysts,
which are a defining feature of the main coarse-grained porphyritic granite, was performed. The
study involved measuring the relative orientation of K-feldspar megacrysts using the SPO
technique to investigate the occurrence of a possible (K-feldspar megacryst-defined) magmatic

foliation (or magmatic flow) and its orientation.

For the Malmesbury Group country rocks, at least two deformation events, D1 and D, are
identified. Therefore, the resultant orientation changes of the country rock fabric, e.g. bedding,
foliation and fold structures, after the advent of the two deformation events are discussed.
Moreover, a brief microstructural description of the main axial planar foliation (S1) (associated
with D1) and a crenulation cleavage (S2) (associated with D) are discussed. Also, an interpretation
of cordierite porphyroblast growth relative to deformation is provided. Shear sense indicators
are prevalent and localized within the country rock occurring in the lit-par-lit zone; they will also
be described in this chapter. All the orientation data for planar structures in this chapter (as well

as the ensuing chapters thereafter) are reported as dip direction and dip angle.

5.2 Structure of the country rock

The deformation stages and fold/foliation generations for the Malmesbury Group rocks of the
Tygerberg Formation described in this thesis are primarily based on the chronology observed in
the outcrop and thin section. They correspond to the stages of deformation proposed by
Hartnady et al. (1974) and Theron et al. (1992) who state that the Tygerberg Formation
(Tygerberg terrane in the classification they utilized) of the Malmesbury Group is characterised
by at least two major deformation events developed during the Saldanian orogeny. The first is
the major deformational phase (D1) of the Saldanian orogeny, defined by slightly inclined to

upright and tight, slightly southwest-verging F1 folds with a northwesterly plunge, a slight
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inclination towards the northeast, and a pervasive subvertical axial planar cleavage, Si. The
second deformation event (D;) was much weaker than D; and gave rise to broad, open F; folds,
with axial surfaces largely oriented NNE-SSW and a weakly developed sub-horizontal to gently
dipping Sz crenulation cleavage. The D; of Hartnady et al. (1974) corresponds to the D; event
recognized by Belcher (2003), Belcher & Kisters (2003) and Kisters & Belcher (2018). The
aforementioned researchers recognize D; as a regional So/S: fabric developed only in the
schistose rocks of the Swartland complex, with the lithologies of the Malmesbury Group only
having Sp as a primary fabric. The D; deformation phase they describe is marked by an event of
low-angle thrusting related to the development of intrafolial F1 folds, accompanied by the

development of a bedding-sub-parallel schistosity, S1 (Belcher, 2003).
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Figure 5.1: Simplified geological map of the Sea Point contact comparing foliation and bedding orientation in the lit-par-lit zone
and northern Malmesbury Group outcrops. The small Malmesbury Group outcrops to the south are excluded because they do not
cover a large enough extent that warrants the observation of bedding and foliation variation on a large scale. A portion of the
main coarse-grained porphyritic phase at the southern end is also excluded due to not showing any significant structural features.
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5.2.1 Bedding So

Reliable locations for measuring So bedding orientation are located in the small Malmesbury
outcrop located in area 2 (Fig. 4.1) and the northern-most portion of the study area (i.e. station
B1; Fig. 5.1). In the lit-par-lit zone, care was taken to take readings from larger segments of in situ
country rocks that have not been passively rotated within granite magma such as seen in the

metasiltstone-metamudstone xenoliths (e.g. Fig. 4.2).

Beginning from the northern end of the study area, So is mostly vertical to sub-vertical and trends
NW-SE (Fig. 5.2C). Within the lit-par-lit zone, Sp orientation varies from E-W to WNW-ESE trending
(Fig. 5.2B). For example station B2 (Fig. 5.1), which is located toward the eastern end of the lit-
par-lit zone, has So planes that trend E-W (e.g. 002/84, 002/86, 008/82) but change (or curve) to
WNW-ESE trending (014/62, 018/60), as one heads towards stations B3 and B4, located along

the western portions of the lit-par-lit zone (Fig. 5.1).

Towards the southern portion of the mapped area, So trends WNW-ESE to E-W and dips towards
the NE and SW (Fig. 5.2A). This is largely the same orientation as observed within the lit-par-lit

zone.

N(31) N(13) N(35)

Southern portion | I Lit-par-lit zone (main contact zone)| | Northern-most portion |

Figure 5.2: Lower hemisphere equal-area projections (stereonets) comparing bedding orientation (as poles to planes) measured
from the southern end (A), lit-par-lit zone (B) and northern end (C) of the study area respectively
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5.2.2 S, foliation

The earliest foliation, S1, in the Malmesbury Group country rocks is an axial planar foliation to the
F1 folds and is generally at a very low angle to the bedding (Fig. 5.3). The close association
between Spand S, in terms of orientation, suggests that the two planes are generally subparallel
in most parts of the Malmesbury Group outcrop and differentiation of the overall bedding
attitude relative to the S; foliation is especially difficult except in the hinge zones of F; folds. In

these hinge zones, bedding and foliation are more distinctly oblique to one another.

“siiieeeg,

Figure 5.3: Thin section photomicrograph of a portion of sample SP17 (interlayered metamudstone-metasiltstone) under plane-
polarized light. The thicker metamudstone layers have a strongly developed S; foliation, defined by preferentially aligned Bt grains,
and host Crd porphyroblasts. The metasiltstone layers are thinner, largely quartzofeldspathic with minimal Bt content. The
microstructural relationship between the S; foliation and the metasiltstone layers (used as a proxy for initial bedding in this case)
is illustrated (sketch in the top-right corner). The S; foliation in this sample is generally at a low angle relative to the bedding (So).
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In both the metamudstone and the interlayered metasiltstone-metamudstone lithologies, the
foliated metamudstones are characterized by a domainal structure or, more accurately, a spaced
anastomosing foliation due to the presence of lens-shaped microlithons (Passchier & Trouw,
2005) (Fig. 5.4). A domainal structure is a kind of structural layering or lamination composed of
domains of strongly developed foliation that alternate with domains with less-developed
foliation (i.e. microlithons) (Davis et al., 2011). In the metamudstone samples of the study area,
the spacing between these domains typically ranges from 0.15-1.25 mm. The S; foliation, defined
by strongly aligned, variably chloritized and zircon-rich biotite grains, within the ‘foliation
domains’ can also be classified as a penetrative or pervasive foliation as it tends to be developed

throughout the rock.

The microlithons may have sharply defined boundaries, but are more commonly gradationally
bounded on either side by the foliation domains (Fig. 5.4C, D). The microlithons generally show
little or no preferred orientation, with the majority of the deformation instead being strongly
partitioned into the biotite-selvedges (i.e. foliation domains) which show a stronger alignment
compared to the microlithons. The microlithons are biotite-poor, generally lenticular- to lens-
shaped and are composed of a granoblastic-polygonal textured matrix defined predominantly by
guartz and a few orthoclase and plagioclase grains along with strongly pinitized cordierite grains

(Fig. 5.4C, D). The latter are commonly enveloped by the biotite grains (Fig. 5.4C, D).

In the northern portion of the study area (i.e. stations F2—F4, Fig. 5.1), S1 foliations are NW-SE
trending and dip either to the NE or SW, but the majority of the planes show a predominant NE
dip (Fig. 5.5C). This is largely the same for the southern portion (Fig. 5.5A). In the lit-par-lit zone,
S; foliation planes vary from trending WNW-ESE to E-W and they dip mostly to the N and NNE
directions, however, a few of the planes dip to the SW and are especially prevalent around station
F9 and F10 (Figs. 5.1, 5.5B). Despite the varying orientation of the S; planes in the lit-par-lit zone,
a clear change in the orientation of S; is apparent as one traverses from a generalized direction

of east towards the west across the lit-par-lit zone.
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Figure 5.4: (A) & (B) Thin section photomicrographs, in cross polars and plane-polarized light, of the domainal structure
characterizing the metamudstone outcrops of the Malmesbury Group exposed in the study area. The domainal structure is
composed of domains of strongly developed foliation (S;) that alternate with domains with less-developed foliation (i.e.
microlithons). (C) & (D) Thin section photomicrographs of a close-up view of both (A) and (B) respectively. The anastomosing
nature of the S; foliation can be well seen from this close-up view.
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A prime example of this is observed through a traverse from station F7 towards F12 (Fig. 5.1). F7
is comprised of roughly E-W trending (e.g. 002/50, 004/82, 002/64) S1 planes whereas those in
F12 are WNW-ESE (e.g. 026/86, 032/84, 030/88) trending. This change in orientation signifies a
curve of the S; foliation from E-W trending in the eastern sections of the zone towards WNW-

ESE heading further westward (or WNW) towards the ocean (Fig. 5.1).

N N N

N(15) N(60)

N(62)

Southern portion | Lit-par-lit zone (main contact zone)| | Northern-most portion

Figure 5.5: Lower hemisphere equal-area projections comparing S; foliation orientation (as poles to planes) measured from the
southern end (A), lit-par-lit zone (B) and northern end (C) of the study area respectively.

The Malmesbury banding in area 8 around the valley area to the immediate WNW of station F9
(Figs. 4.1, 5.1, 5.6A) also displays some form of curvature. The Malmesbury banding is roughly E-
W oriented but changes towards a more NNW-SSE orientation (Fig. 5.6A). Figure 5.6B depicts the
banding at a localized scale. At this localized scale, the hybrid granite (dominantly comprised of
the medium- to coarse-grained porphyritic hybrid granite) is concentrated along the limbs of the
folded Malmesbury banding. The concentration of the granite along the limbs of this structure is
also reflected on a larger scale as a folded pattern can be seen on the overall Sea Point contact

map at area 8 (Fig. 4.1).
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Figure 5.6: (A) Bending/folding of the Malmesbury banding in area 8 resulting in an orientation change, of the banding, from an
initial roughly E-W orientation towards a more NNW-SSE orientation. (B) Close-up view of a portion in (A) that shows maximum
curvature of the banding. Hybrid granite intrusions follow the Malmesbury curvature as alluded by the concentration of granitic
material along the limbs of the Malmesbury banding. The direction of view is to the E.

5.2.3 Crenulation cleavage S,

Crenulation occurs when an earlier foliation is shortened sub-parallel to the foliation plane
causing the development of microfolds along the axial surface (Passchier & Trouw, 2005). In thin
section, the S; planes in the foliated metamudstone samples of the study area are typically
crenulated into unbroken waveforms of small asymmetric folds (gentle crenulations) due to the
subsequent D, deformation. Commonly, no new grains have grown parallel to the axial surface

of the stacked microfolds, and S1 remains the dominant fabric in the rock (Fig. 5.7B).
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Figure 5.7: Thin section photomicrographs, in cross polars and plane-polarized light, of the development of crenulations after the folding of S;.
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Figure 5.8: (A) & (B) Malmesbury Group metamudstone outcrops showing evidence of a sub-horizontal S, crenulation cleavage; the
direction of view for (A) is NW and that of (B) is NNE. (C) & (D) Are zoomed-in portions of the surfaces in (A) and (B) (respectively) showing a
well-developed, closely-spaced sub-vertical foliation (S1) (yellow dashed lines) affected by a more widely spaced sub-horizontal S, cleavage
(white dashed lines). Given the spacing, the crenulations resemble kink bands, where S; foliations are kinked by the S, cleavage.




At the outcrop scale, Sy is poorly developed and fine-grained. It outcrops within two localities in
the northern portion of the study area at stations F1 (Figs. 5.1, 5.8B, D) and F3 (Figs. 5.1, 5.8A, C)
respectively. At these stations, but more well-developed at station F3, the S; foliation is closely
spaced and is affected by a more widely spaced S, crenulation cleavage (Fig. 5.8C, D). At these
two stations, S; is observed to be a sub-horizontal WSW-ENE oriented plane that is shallowly

dipping largely towards the NNW (Fig. 5.9).

Figure 5.9: Lower hemisphere equal-area projections for S, cleavage orientation (as poles to planes) measured at the northern
portion of the study area at stations F1 and F3 (Figs. 5.1, 5.8).

5.2.4 Relationships between cordierite growth and deformation

Porphyroblasts with inclusion patterns contain information that can be useful in deciphering:

(i) The conditions and processes (pressure-temperature conditions; changes of
compositional parameters) involved during nucleation and growth of porphyroblasts
(Passchier & Trouw, 2005).

(ii) The relative timing of porphyroblast growth relative to deformation and
metamorphism because the inclusions in the porphyroblast reflect the structure in

the rock at the time of their growth (Passchier & Trouw, 2005; Raith et al., 2012).
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Based on the timing of growth relative to the observed deformation, porphyroblasts can be

classified as pre-, inter-, syn- or post-tectonic (Passchier & Trouw, 2005). Pre-tectonic

porphyroblasts predate deformation. Inter-tectonic porphyroblasts have grown over a secondary

foliation, and are surrounded by a matrix affected by a later deformation. Syn-tectonic

porphyroblasts have grown during a single phase of deformation, and post-tectonic

porphyroblasts post-date deformation (Passchier & Trouw, 2005).

The cordierite grains, developed within the metamudstones of the study area, show evidence of

predominantly syn-tectonic growth relative to the main phase of deformation, D1. Evidence for

syn-tectonic growth include:

(i)

(i)

A deflection of the matrix foliation, Si or Se, around the cordierite porphyroblasts and a
general planar pattern of S; within the cordierite (Si) that is continuous with Se (Van der
Pluijm & Marshak, 2004; Fig. 5.10C, D). For most of the cordierite porphyroblasts, both Se
and S; are defined by biotite grains, with the included biotite grains having much smaller

sizes (<0.5 mm) than the surrounding matrix/groundmass.

Curved or spiral inclusion trails within the cordierite porphyroblasts (Si) which are
continuous and connected with the matrix foliation (Se) despite their different patterns
relative to Se (Vernon & Clarke, 2008; Fig. 5.10B, E). There are two types of curved
inclusion trails, one which is defined by small (0.075-0.15 mm) rounded opaque grains
(Fig. 5.10A) and the other which is commonly defined by biotite and quartz (0.1-0.35 mm)
grains (Fig. 5.10E). The magnitude of curvature, for both varieties, generally decreases
from the core of the cordierite grains (where it is most pronounced) to the rim (where it

becomes less pronounced).

(iii) Development of strain shadows as the matrix foliation is deflected around the cordierite

porphyroblasts (Fig. 5.10E). The asymmetry of the strain shadows indicates a dextral

shear sense for the cordierite grain shown in Fig. 5.10E.
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Figure 5.10: Thin section photomicrographs of syn-tectonic Crd porphyroblasts. (A) Plane-polarized view of a sub-rounded Crd
porphyroblast in sample SP44. (B) is the same photomicrograph as (A) but with a negative filter applied for a better view of the
matrix-inclusion-porphyroblasts relationships at play. A deflection of the external S; foliation (defined by Bt and indicated by the
solid yellow lines) around the Crd porphyroblast together with a rotation of the internal S; foliation (defined by small opaque
inclusions; indicated by the yellow dashed lines) relative to the external S; foliation can be observed. (C) A sub-rounded Crd grain
in sample SP44 taken in plane-polarized light (C) and applied with a negative filter (D) for the same reason as mentioned
previously. A deflection of the external S; foliation around the Crd porphyroblasts and a general planar pattern of S; (within the
Crd) that is continuous with the external foliation can be observed. (E) Plane-polarized view of a set of rotated Crd grains in sample
SP17. The fairly large Crd grain in the centre of (E) is a syn-tectonic Crd porphyroblast with curved inclusion patterns (comprised
of aligned Qtz & Bt grains; indicated by the black dashed line) and strain shadows of quartz (bottom left-mid portion of E). The
asymmetry of the strain shadows implies/indicates a dextral shear sense.
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5.2.5 Folding

Regional (or first-order) folds commonly have minor (second-order) folds associated with them.
This implies that both were formed during the same deformation phase and stress field and so
have the same geometric features (e.g. the axial surfaces of the minor and large scale folds are
parallel) (Fossen, 2010). This geological phenomenon applies to the various fold structures
exposed in the study area. Most of these second-order folds in the study area are recognizable
from the various folded patterns shown by the granite phases which now trace the outline of the
original folded structure as a result of having intruded along the limbs and hinge zones of the
original folds (e.g. Figs. 5.13, 5.15). Commonly, as a result, the originally folded beds of the
country rock are no longer exposed or apparent whenever such folded granite features are

observed.

One of the few places, in the study area, where the original folded bedding structure of the
country rock is left intact (and not completely overprinted by the granite intrusions) occurs in
area 2 in the southern portion of the study area (Figs. 4.1, 5.11). In this area, an interlayered
metamudstone-metasiltstone outcrop, representing So bedding, has been folded into a tight
antiformal fold (Fig. 5.11). The hinge of the fold also marks one of the few areas where So can be
distinguished from S; foliation because, here, the two planar features are not subparallel to each
other as evidenced by a SW dipping Si axial planar foliation cutting across the limbs of the folded
So structure (upper central portion of Fig. 5.11A, B; seen more clearly in Fig. 5.12A). This F1 fold
has smaller higher-order parasitic folds towards the hinge area (Fig. 5.12B). Depending upon
which limb (on the left or right side if facing toward the fold hinge) higher-order parasitic folds
are observed from when an observer is looking down the axial direction of a lower order fold,
they display “Z” (clockwise) or “S” (anti-clockwise) local apparent vergence directed toward the
hinge zone (Burg, 2017; Fig. 5.12B). In this case, the minor (S and Z) folds verge towards the hinge

zone of a larger scale antiform located in the NW direction (Fig. 5.12B).
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Figure 5.11: (A) Evidence of F; folding in the southern portion of the study area. Quartz veins in the bottom-left and bottom-central
portion of (A) occur along the folded limbs. (B) Annotated depiction of (A) showing the trace or outline of the fold (white solid
lines). The yellow dashed line represents the trace of a non-planar axial surface that characterizes this fold. Evidence of small
porphyritic granite bands or veinlets having made use of the folded limbs for propagation during intrusion is located on the top
right portion of (A) and (B) but seen more clearly in the right-portion of Fig. 5.12A. White trails in (A), which mask the appearance
of the fold, are trails left behind by various oceanic gastropods. The direction of view is WNW.




At the hinge of this F; fold (Figs. 5.11, 5.12A), S1is axial planar and trends WNW-ESE while dipping
steeply to the SW (e.g. 202/88, 204/86, 196/88). The axial surface is non-planar. This is evident
from the limbs further away from the hinge area (i.e. the bottom mid-right portion of Fig. 5.11B)
yielding an axial surface orientation of 176/77 whereas the hinge area of the fold has an axial
surface oriented at 212/70. According to Burg (2017), the axes of parasitic folds are habitually
closely parallel to the axis of the major fold with which they are associated and are said to be
congruous. Thus, for this reason, all elements needed for the classification purposes of this fold
was restricted to the limbs occurring in the hinge zone instead of those further away from the
hinge. Therefore, with a measured axial surface oriented in a WNW-ESE (189°) direction that dips
to the SW at an angle of 71°, a fold hinge with a trend of 116° that plunges moderately to the SE
at an angle of 40° and an interlimb angle of 34°, this fold can be classified as a steeply inclined

moderately plunging tight fold.

The limbs have unequal lengths and their leaning direction suggests a relative sense of
movement, termed the apparent vergence (Burg, 2017) (which is different from the use of the
same term to refer to the direction of the next anticlinal closure or hinge of a larger fold as
previously discussed). Based on this, the F; fold has a north-easterly vergence (a direction
perpendicular to the fold axis) based on the “leaning” or verging direction of the fold hinge

towards the NNE direction (Fig. 5.11B).
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Figure 5.12: (A) A close-up view of the fold hinge in Fig 5.11. Note how the earlier Spfabric is crenulated by the later S; foliation. (B) A close-up view of the portion of (A) demarcated
by the yellow rectangle to show how the sense of symmetry of minor folds varies around the profile of the F; fold. S and Z folds indicate the limbs of the fold whereas M folds
indicate the hinge region. The minor folds verge (indicated by white arrows) towards the hinge zone of the larger scale antiform located in the NW direction. The direction of view
is WNW. Pencil points north.
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In the lit-par-lit zone, folded features are not readily exposed due to the prevalence of granite
intrusions. Those which are visible (to some extent) have been intruded by the various hybrid
granite phases to define what looks like folded granitic material. These folded features are
embedded within the country rock, however, traces of the original bedded structures are no
longer visible. This makes it particularly difficult to measure their orientation for classification

purposes.

L

Figure 5.13: Outcrop photographs of folded Malmesbury country rock structures intruded by various hybrid phases in the lit-par-
lit zone. Traces of the originally folded country rock beds are no longer visible. (A) A synform-antiform pair defining an Isoclinal to
tight fold in area 5 (the direction of view is SSW). Note how greater the granite accumulation is in the hinge zones as opposed to
the limbs of the isoclinal fold. (B) and (C) synform-antiform pair defining chevron-type folds with sharp hinges and relatively
straight limbs in area 4. The direction of view for (B) is NNE and SSW for (C).
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These aforementioned folds outcrop predominantly in areas 4 and 5 (Fig. 4.1) as synform-
antiform pairs in the form of tight folds (Fig. 5.13A) and chevron-type folds with sharp hinges (Fig.
5.13B, C). The hinges of both fold types close either towards the SE (to ESE) direction or towards
the NW (to WNW) direction; a direction subparallel to the trend of the S; foliation and trending

direction of the Malmesbury banding in the lit-par-lit zone.

In the northern section of the study area, three antiformal fold structures outcrop prominently
(Figs. 5.14,5.15, 5.16). The entire Malmesbury outcrop in the northern-most portion of the study
area appears to form part of a larger-scale regional fold. The fold closure can be seenin area 11
(Figs. 4.1, 5.14) of the mapped area. The fold in its entirety is not inherently obvious upon initial
viewing as only the NE dipping limb is dominantly exposed whereas the other roughly SW dipping
limb is largely submerged (into the ocean) (Fig. 5.14). From the measured bedding readings, the
fold is classified as a gently plunging (20°), moderately inclined (57°) tight fold (interlimb angle of
28°).

Figure 5.14: Outcrop photograph of a fairly large scale antiformal fold structure exposed in the northern portion of the study
area (i.e. area 11). The SW-dipping limb is largely submerged, whereas the NE dipping limb remains well exposed. The direction
of view is to the WNW.
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In area 10 of the mapped area (Fig. 4.1), the country rock has been intruded by the microgranite
along the limbs and hinge of a fairly large (approximately 30 m laterally) antiformal fold structure
to define an isoclinal to tightly folded pattern (Fig. 5.15). The folded pattern is a continuation of
the fold in area 11 (Fig. 5.14) and represents the hinge of the area 11 fold. The original folded
bedding structure, before the granite intrusion, is no longer apparent but the microgranite limbs,
however, trend in a direction sub-parallel to the regional foliation. The fold is non-cylindrical with
the limbs oriented WNW-ESE and the hinge assuming a NNW-SSE orientation (Figs. 4.1, 5.15).
The fact that the microgranite is primarily localized along the limbs of the fold suggests that it

primarily used the folded So beds (in this portion of the study area) for its propagation.

Neighbouring the folded microgranite in area 10 is the northern coarse-grained porphyritic
granite sheet (Fig. 5.15). This sheet is defined by large K-feldspar megacrysts which are, in
general, largely randomly oriented but do show some form of alignment parallel to sub-parallel
with the contact between itself and the country rock. This is illustrated by the mineral lineation
data in Figure 5.15B. The overall impression is that the megacrysts are largely aligned
parallel/sub-parallel to the coarse-grained porphyritic granite-country rock contact, with only a
minority being oriented obliquely to that contact (Fig. 5.15B). The observation of preferential

alignment diminishes rapidly away from the contact.
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Figure 5.15: (A) Tight to isoclinal folding of the Malmesbury Group in the northern portion of the study area; the picture was taken
looking towards the ESE direction. The fine-grained granite/microgranite (pink) toward the left/bottom centre appears folded in
both the photo and drawing representation (the closure is to the left of the clipboard in (A) and above “Malmesbury Group” in the
legend in (B)). (B) Corresponding geological map of (A) showing the orientation of the S; foliation planes and K-feldspar mineral
lineation data from the adjacent northern coarse-grained porphyritic granite sheet (peach). The foliation planes are WNW-ESE-
to NW-SE-trending and steeply dipping to the NE or SW. The K-feldspars are largely aligned parallel/sub-parallel to the coarse-
grained porphyritic granite-Malmesbury contact. In parts where the coarse-grained porphyritic granite and the microgranite are
in contact (white square in A), the contact is transitional instead of sharp.
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Figure 5.16: Antiformal fold structure, closing towards the WNW direction, exposed in the northern portion of the study area at area 9. This folded structure is non-cylindrical as
evident from the varying orientation of the compositional banding (So) exposed at the hinge area (yellow-dashed line) compared to that in the limbs in the bottom portion of the
Figure (black dashed line). Various fine-grained granitic veinlets and microgranites follow the foliation (S;) and bedding (So) planes for their propagation much more readily
compared to the adjacent coarse-grained porphyritic granite which cuts across the country rock in a few places. The direction of view is NW.




The third antiformal structure, outcropping in area 9 of the mapped area (Fig. 4.1), is another
example of a folded country rock body where the original bedding structure is still intact (Fig.
5.16). In this fold, sub-vertical bedding is tightly folded to define an antiformal structure that
closes towards the WNW direction. Just as was the case with the folded bedding in the southern
portion of the study area (Fig. 5.11) and the microgranite fold in area 10 (Fig. 5.15), this fold is
also non-cylindrical. This is evident from the trend of the bedding being dominantly oriented in a
WNW-ESE direction (towards the hinge; yellow dashed line) from an initial NNW-SSE direction
(towards the limbs; black dashed line) (Fig. 5.16). The fold is classified as a horizontal (plunge =
8°), moderately inclined (52°) tight fold (interlimb angle of 28°).

A comparison of the axial surface and fold hinge orientation of the various F; fold structures
located in area 2 (Figs. 4.1, 5.11), area 9 (Figs. 4.1, 5.16) and area 11 (Figs. 4.1, 5.14) are given in
Figure 5.17. The antiformal fold structures of areas 9 and 11 have similar NW-SE trending axial
surfaces (i.e. 224/52 for area 9; 230/57 for area 11) and gently inclined fold hinges that plunge
to the NW (i.e. fold hinge trend & plunge of 308/08 for area 9 and 306/20 for area 11) (Fig. 5.17).
The antiform located in area 2 has a differently orientated fold hinge, relative to the antiforms of
areas 9 and 11 respectively, and moderately plunges to the SE (i.e. 116/40-trend/plunge). Its axial
surface also varies in orientation and dip relative to the folds in areas 9 and 11, and is instead

WNW-ESE orientated with a steeply inclined dip (i.e. 189/71) (Fig. 5.17).

N(10) N(10) N(11)
[ Folding area 2 (southern portion) | I Folding area 9 (lit-par-lit zone) | [Folding area 11 (northern-most portion)]

Figure 5.17: Lower hemisphere equal-area projections of the plunge and plunge direction of the fold hinge (blue square) and the
associated dip direction and dip of the axial surface (dashed black line) as determined from the bedding orientation readings taken
from the folded bed limbs at area 2 (A), area 9 (B) and area 11 (C).
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5.3 Shear sense indicators in the lit-par-lit zone

Shear zones are defined as high strain zones where the distributed deformation usually contains
a rotation component, reflecting lateral displacement of wall rock segments relative to each
other (Passchier & Trouw, 2005). Shear zones separate less strained or unstrained portions of the
lithosphere and are the deeper counterparts to upper crustal faults and fault zones in thrust,
extensional and strike-slip settings alike (Fossen & Cavalcante, 2017). Shear zones can be
developed in rocks of any original composition and fabric and occur at almost any scale (from a

few mm to very large kilometre wide structures) (Mawer, 1992; Fossen, 2010).

The direction of movement in shear zones is important for the reconstruction of the tectonic
history or evolution in an area, but most important is the sense of displacement which can either
be dextral or sinistral, normal or reverse (Passchier & Trouw, 2005). Typical shear sense indicators
include: tiling of objects, shear band cleavage/foliation (including C/S fabrics), mantled
porphyroclasts (grain-tail complexes), mineral fish (disrupted grains), quarter structures, lattice
preferred orientation and deformed sigmoidal and en échelon vein arrays at dilation sites
(Mawer, 1992; Passchier & Trouw, 2005). The shear sense indicators observed in the lit-par-lit

zone of the study area are in the form of:

(i) Grain-tail complexes defined either by: (a) K-feldspar megacrysts lodged or
embedded within the country rocks, and (b) hornfels xenoliths within a
metamudstone host. The origin (magmatic or in-situ growth) of the K-feldspar
megacrysts is discussed later on in the thesis.

(ii) En échelon vein arrays (tension gash veins) developed within the country rock

(iii) Shear band foliations within the country rock

Sense of shear indicators are best observed in XZ sections cut perpendicular to the foliation plane
and parallel to the stretching lineation (Passchier & Trouw, 2005). In the study area, however,
most of the shear sense indicators were studied based on what was visible on outcrop surfaces.
This was due to several reasons including: (i) most of the ideal shear sense indicators lie on flat
surfaces which cannot be easily sampled, (ii) the Sea Point contact outcrop is a heritage site,

therefore, all the samples that were extracted were restricted to specific sites (gullies and jointed
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surfaces) to not adversely affect the visual quality of the outcrop, and (iii) some of the structures
(e.g. shear band foliations and S; crenulation cleavage) that could have potentially been sampled
were purposely left preserved due to their rarity in the outcrop. As a consequence, the
orientations in which some of the shear sense indicators were viewed may not be ideal and this
could be the reason why some sites give contradicting results (sinistral as opposed to dominantly
dextral, for example) especially for grain-tail complexes and shear band foliations. Additionally,
the study area underwent bulk shortening, in which case one would expect conjugates of

opposing shear sense (e.g. Tourigny & Schwerdtner, 1991; Little et al., 2013).

5.3.1 Grain-tail complexes: K-feldspars and hornfels xenoliths

Grain-tail complexes form as material recrystallizes or precipitates in the flow field exerted by a
large grain (phenocrysts or porphyroblasts sitting within a finer-grained matrix) (van der Pluijm
& Marshak, 2004). These grains may have tails of material with compositions and/or grain shape
and sizes that differ from the matrix and, during deformation, the grains act as rigid bodies,
making it possible to determine the sense of displacement from the tails (Mawer, 1992; van der
Pluijm & Marshak, 2004; Passchier & Trouw, 2005). Grain-tail complexes are usually used to infer

the sense of shear in mylonites, where they occur as porphyroclasts.

Three types of grain-tail complexes are recognized in the study area based on the shape of their
tails (or ‘wings’) and their relationship with the shear-zone foliation. They include ¢-type, o-type,
and &-type. ¢p-type grain-tail complexes occur in the study area for both the K-feldspar grains and
hornfels xenoliths, however, their tails show no evidence of stair-stepping relative to the foliation
reference plane (Fig. 5.18) and thus cannot be used to accurately decipher shear sense. For this

reason, they will not be described further.
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Figure 5.18: The three types of grain-tail complexes and their use as shear sense indicators (modified after Passchier & Trouw,
2005). A dextral sense of shear is inferred for all grain-tail complexes to the left of the figure under the heading ‘stair-stepping’.
The circles shaded in grey are used to indicate a large single grain sitting within a finer matrix and the dashed lines, running
through the centre of the grain, are used to indicate the foliation reference plane.

o-type grain-tail complexes are characterized by their wedge-shaped tails which do not cross the
foliation reference plane when tracing the tail away from the grain whereas 6—type complexes
have thinner, more curved tails that cross-cut the reference plane when their tails are traced
away from the grain (Fig. 5.18) (van der Pluijm & Marshak, 2004). Both o- and 6-types have
asymmetric tail geometries produced by non-coaxial deformation (Fossen, 2010). They can both
be used as shear sense indicators using their internal asymmetry and the stair-stepping geometry
of their tails since the tails ‘step up’ (on either side of the reference line; Fig. 5.18) in the direction

of displacement of the upper block (Passchier & Trouw, 2005).

For the K-feldspar grains, all the grain-tail complex types are defined by euhedral to subhedral K-
feldspar megacrysts connected by thin fine-grained granitic material (which define the tails) and
are all embedded within the country rock (Figs. 5.19). Where clearly defined, the tails extend in
the direction of the foliation within the host rock (Fig. 5.19A, C, E). From the o-type and &-type
grain-tail complexes observed, the sense of shear is predominantly dextral, top to the NW-WNW,
shear (Fig. 5.19A, B, D, E), although there are a minor amount of grains which show an opposite

shear sense, i.e. sinistral, top to the SE-SSE, shear (Fig. 5.19C).
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Figure 5.19: Grain-tail complexes of the o- and 6- type characterized by subhedral K-feldspar grains lodged within a country rock
host at various locations in the lit-par-lit zone. For both types, a dextral, top to the NW, sense of shear predominates (A, B, D & E)
but there are a few cases that show a sinistral, top the SE, opposite shear (C). Trails of feldspathic material, emanating from the
tips of the K-feldspar grains, extend in a direction roughly sub-parallel to the main foliation. All of the megacrysts occur on
horizontal/sub-horizontal surfaces.




With regards to the hornfels xenoliths, only grain tail complexes of the o-type are recognized.
Most of the hornfels xenoliths are commonly rimmed by fine-grained feldspathic granitic

material and their grain-tail geometry implies a dextral, top to the NW, shear sense (Fig. 5.20B)

or dextral, top to the SE, shear (Fig. 5.20A).

Figure 5.20: o-type Malmesbury Group hornfels xenoliths sitting within a more biotite-rich metamudstone host in the lit-par-lit
zone. Hornfels xenolith in (B) has characteristics of a o-clast and part 6. A dextral, top to the SE, shear is interpreted for (A) whereas
(B) indicates dextral, top to the NW, shear. All of the hornfels xenoliths occur on horizontal/sub-horizontal surfaces.
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5.3.2 En échelon vein arrays (tension gash veins) at dilation sites

Dilation sites are voids in a rock originally filled with fluid (Passchier & Trouw, 2005). They
commonly include veins, strain shadows, fringes and microboudins. In brittle fault zones and
some ductile shear zones, extension features with curved geometries known as ‘tension gashes’
develop in sets of veins that are arranged en échelon (Passchier & Trouw, 2005). They are useful
as shear sense indicators because during non-coaxial deformation, the older central part of the
vein will rotate just like any material line in the bulk flow and the younger outer parts will rotate

less explaining the curved shape of tension gash veins (Passchier & Trouw, 2005).
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Figure 5.21: Simplified geological map of the Sea Point contact (the rest of the coarse-grained porphyritic granite further south is
also excluded for the same reason as stated in Fig. 5.1). The map shows the locations of suitable shear sense indicators in the
study area. Stations SC1 to SC4 are the locations that show evidence of C/S fabrics and DS1 to DS3 are dilation sites (DS) with well-
developed tension gash veins. The stations for grain-tail complexes are excluded due to their common occurrence within the lit-
par- lit zone. The sense of shear at each station is drawn to orientation.
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Two characteristic shapes namely, an S-shape and Z-shape, are inferred from the tension gash
veins developed during progressive non-coaxial deformation. Z-shaped tension gash veins
indicate a dextral shear sense whereas S-shaped tension gash veins imply a sinistral shear sense
(Passchier & Trouw, 2005). Prime examples of dilation sites with well-developed S- and Z-shaped
tension gash veins are shown in Figure 5.22. All these examples are located within the lit-par-lit

zone (i.e. stations DS1-DS3; Fig. 5.21).

Figure 5.22: En échelon tension gash veins in the lit-par-lit zone. (A) A metasiltstone xenolith with well-developed tension gashes
occurring within a metamudstone host, which, is in turn, rimmed by a fine-grained semi porphyritic hybrid granite. (B) Close-up
view of the small portion in (A) demarcated by the white rectangle; the z-shaped tension gashes indicate a dextral, top the N,
sense of movement. (C) A smaller metasiltstone xenolith, compared to (A), which is also enveloped within a metamudstone host;
the z-shaped tension gashes suggest a dextral, top the NW, shear sense. (D) Metamudstone with compositional layering in contact
with a medium-grained porphyritic hybrid granite phase (bottom left). The S-shaped tension gashes suggest a sinistral, top the
SE, shear. All examples occur on sub-horizontal surfaces.
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Figure 5.22A shows a metasiltstone xenolith within a metamudstone host at station DS1 (Fig.
5.21). The xenolith is cross-cut by various quartzofeldspathic tension gash veins which are
perpendicular to the orientation of the main principal foliation as well as the orientation of the
adjacent hybrid granite banding (top portion of Fig. 5.22A) surrounding the metamudstone. The
Z-shaped orientation or geometry of the en échelon arranged tension gashes suggests a dextral
sense of shear (Fig. 5.22A, B), more specifically, dextral, top to the N, shear. These Z-shaped en
échelon tension gash veins are cross-cut by another generation of predominantly planar tension
gash veins trending N to NNW (Fig. 5.22A, B). These cross-cutting tension gash veins are likely to
be ‘feather veins’ which form part of a continuous planar vein growing over or cutting through

the series of en echelon tension gashes (Passchier & Trouw, 2005).

Another set of en-echelon Z-shaped tension gash veins (Fig. 5.22C) are located at station DS2 (Fig.
5.21). As is the case in station DS1, the tension gashes in DS2 are also developed within a
metasiltstone host that is surrounded by a metamudstone host except that the metasiltstone, in
this case, is boudinaged and planar veins are absent (Fig. 5.22C). Their orientation suggests a
dextral, top to the NW, shear sense and they are also oblique to the main principal foliation.
Figure 5.22D shows the vein arrays at station DS3 (Fig. 5.21). The tension gashes developed at
DS3 are of two types: (1) one set of gashes are thin and propagate outward at an oblique angle
along bedding surfaces (mid- and top-portions of Fig. 5.22D), and (2) the other set is larger and
propagates outward along the main stem and tip of a planar vein (bottom-right to the bottom-
central portion of Fig. 5.22D) lying subparallel to the compositional layering. Both have an S-
shaped geometry implying a sinistral, top to the SE, shear, which is an opposite sense of shear to

what is observed at DS1 and DS2 (Fig. 5.21).

5.3.3 Shear band foliation

Apart from the occurrence of Sp, S1 and S, field and petrographic studies revealed evidence of a
third foliation plane that shows all the characteristics of an extensional shear band foliation
(Passchier & Trouw, 2005). Just like the crenulation cleavage, however, this shear band foliation
is not a prevalent feature across the Malmesbury Group outcrops in the study area. A shear band
foliation structure is defined as a mica-preferred orientation or compositional layering that is
transected at low angles (15—35°) by sets of subparallel minor shear zones known as ‘shear bands’
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(Passchier & Trouw 2005). It is acknowledged that although the examples in Figures 5.25A and C
show shear zones they are not strictly C/S fabrics because the original angle of the subparallel
shear zones is close to 90 degrees (varying between 84—88°). Because they resemble C/S fabrics,

however, they are described as such.
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Figure 5.23: The two types of foliation pairs, C- and C’-type, that are characterized by foliation curvature relative to the shear
plane and their differences in geometry (after Passchier & Trouw, 2005). All examples involve dextral shear. C-type shear bands
are parallel to shear zone boundaries and are relatively straight and continuous whereas the C'-type shear band foliation is
oblique to shear zone boundaries and the older foliation.

In a C/S or C'/S fabric, the shear bands are called C-type shear bands, with the “C” standing for
“cisaillement”, the French word for shear and the foliation planes are called S- (for schistosity)
foliations (Passchier & Trouw, 2005; Fossen, 2010). Two types of shear band foliation are
distinguished, namely C-type and C'-type (Fig. 5.23). In both a C/S and C’/S fabric, the sense of
rotation of the foliation (S) from the margin into the shear zone (C) is generally a safe shear sense
indicator because as the foliation curves into and out of the C (or C’) -type shear band, the sense
of deflection shown by the curving foliation reflects the sense of shear of the entire shear zone

(Fig. 5.23; Fossen, 2010).
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In the study area, only C/S fabrics are observed at both the outcrop (Fig. 5.25, 5.26) and thin
section scale (Fig. 5.24). In thin section, the shear band foliation (C) is defined by a preferential
alignment of biotite grains (0.15-1.25 cm) that trend in a direction perpendicular to the main S;
foliation (S) (Fig. 5.24). The alignment of biotite grains in this shear band foliation, however, is
not as strong or continuous compared to S; and the shear band boundaries show spacing that is
0.25-0.4 mm wide (Fig. 5.24B). The main foliation is transected and deflected at the shear band

boundaries and indicates a sinistral sense of movement (Fig. 5.24B).

Figure 5.24: Thin section photomicrographs, in cross polars and plane-polarized light, highlighting the development of a C/S fabric
in sample SP14. (A) & (B) The shear band foliation (C) is defined by the alignment of Bt grains (seen more clearly in B) which are
not as elongate and continuous compared to those defining the alignment of the main foliation (S). The main foliation is transected
and deflected at the shear band boundaries to indicate a sinistral shear sense.

At the outcrop scale, all C/S fabrics identified are located in the lit-par-lit zone at stations SC1—
SC4 (Fig. 5.21). The C/S fabrics developed at stations SC1 (Fig. 5.25A, B) and SC4 (Fig. 5.25C, D)
have internal planes (or S-surfaces) that are defined by compositional banding. These are
transected by relatively planar and E-W trending (e.g. 004/88, 004/84) C-type shear bands to
define a dextral, top to the NW, shear sense (Fig. 5.25B) at station SC1 and a sinistral, top to the
SE, shear sense at station SC4 (Fig. 5.25D). This is inferred from the S-foliations that show
evidence of progressively verging over in the direction of shearing as deformation proceeded

(Fig. 5.25B, D).
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Figure 5.25: Subhorizontal surfaces showing evidence of a C/S fabric at stations SC1 (A) and SC4 (C) respectively. (B) and (D) are
annotated and close-up views of (A) and (C) respectively. Displacements along shear zones curve the foliation (S) into the regularly
spaced shear planes (C) to define a dextral, top to the NW, shear sense for SC1 and sinistral, top to the SE, shear for SC4. The
degree of curvature or folding of (S) is much tighter for the C/S fabric at (A) and (B) than it is for (C) and (D). At station SC1, the
relatively straight and continuous C-type shear bands (white dashed lines in B) appear to be a younger set of shear bands that
overprinted an older set that has a more gentle inclination (bottom-left and bottom-central portion of B).

At station SC2 (Fig. 5.26C, D) and SC3 (Fig. 5.26A, B), the internal S-surfaces are instead defined
by quartzofeldspathic veins/veinlets intruded along an older S; foliation surface. At station SC2,
these veins are transected by a shallow dipping, WNW-ESE-trending (e.g. 026/02, 020/02) shear
bands (C), whereas for station SC3, the shear bands are not sufficiently exposed for accurate
orientation measurement. Both C/S fabrics, at stations SC2 and SC3, are developed on sub-
vertical surfaces. Along these surfaces, the quartzofeldspathic vein material (0.5-1 cm) are folded
(or crenulated) into discrete planes or shear zones across which the earlier foliation and veins are
displaced (Fig. 5.26B, D). Based on the sigmoidal geometry or asymmetry of the
guartzofeldspathic veins between the shear zones (or bands), a dextral, top to the WNW, sense
of shear is inferred for station SC3, whereas station SC2 indicates a sinistral, top the ESE shear

(Fig. 5.26B, D).
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Figure 5.26: Sub-vertical surfaces showing evidence of a C/S fabric at stations SC3 (A) and SC2 (C) respectively. (B) and (D) are
annotated and close-up views of (A) and (C) respectively. S-surfaces are defined by quartzofeldspathic veins (intruded along older
S; foliation surfaces) transected by shallow dipping shear bands (C). Deflection of (S) at the shear zone boundaries indicates a
dextral, top the WNW, sense of movement for station SC3 and sinistral, top to the ESE, shear for station SC2. The direction of view
for stations SC2 and SC3 are west and south respectively.
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5.4 Porphyritic S-type granite

5.4.1 Shape preferred orientation (SPO) of K-feldspar megacrysts

A total of 513 K-feldspar megacrysts across 11 stations (SPO 1-SPO 11; Fig. 5.29) spanning the
main porphyritic coarse-grained granite in the south, through the lit-par-lit zone and, lastly,
within the northern porphyritic coarse-grained granite sheet, were analysed and measured in
terms of their relative orientation. Utilizing the SPO method involved measuring the trend and
plunge (i.e. lineation) of the long axes of the megacrysts situated on two or three mutually
perpendicular surfaces exposed in the study area (e.g. Han et al., 2014). The lineation data from
each respective surface, at a particular station, were averaged to yield a mean vector (i.e. one for
the top, east/west facing- and north/south facing-surface). The number of mean vectors per
station could amount to two or three depending upon the number of surfaces present. The
aforementioned mean vectors, at each station, were fitted by a great circle on an equal area

lower-hemisphere plot to yield the magmatic foliation defined by the megacrysts (Fig. 5.27B).

Examples of the surfaces identified in the study area are shown in Figure 5.27 (for three mutually
perpendicular surfaces) and Figure 5.28 (for two mutually perpendicular surfaces). The legend
supplied in Figure 5.27B applies to all the stereonets (supplied in each figure) within section 5.4.
In general, the K-feldspar megacrysts on each respective surface, across most of the stations, are
relatively well aligned, with the only difference, among them, coming in the form of their plunge
angle. The only stations where megacryst alignment is not apparent is on the east-facing surface
(shown in red) of station SPO 4 and the south-facing surface (shown in pink) of station SPO 5 (Fig.
5.29). The inferred foliation plane is consistently steeply dipping across each station with the only

variant being the direction of dip.
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Figure 5.27: Examples of three mutually perpendicular surfaces observed and their associated equal-area lower hemisphere
projections that show the preferred orientation of the K-feldspar megacrysts on each respective surface and the inferred magmatic
foliation plane per station. The mean vector for each respective surface per station is also supplied in each photograph. (A) An
outcrop with three (top, west and south-facing) mutually perpendicular surfaces occurring in the main porphyritic granite phase
to the south (station SPO 1; Fig. 5.29). (B) An outcrop with three (top, north and east-facing) mutually perpendicular surfaces
occurring in the portion of the main granite phase that occurs adjacent to the lit-par-lit zone when approaching the zone from the
south (station SPO 8; Fig. 5.29).
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Figure 5.28: Examples of two mutually perpendicular surfaces observed and their associated equal-area lower hemisphere
projections that show the preferred orientation of the K-feldspar megacrysts on each respective surface and the inferred magmatic
foliation plane per station. The mean vector for each respective surface per station is also supplied. (A) An outcrop with two (west
and south-facing) mutually perpendicular surfaces occurring in the lit-par-lit zone (station SPO 9; Fig. 5.29). (B) A surface with two
(top and north-facing) mutually perpendicular surfaces occurring in the coarse-grained porphyritic granite sheet to the north
(station SPO 10; Fig. 5.29).
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Figure 5.29: Simplified map of the Sea Point contact depicting all the station locations used for SPO analysis and their associated preferred K-feldspar megacryst orientations and
resultant magmatic foliation plane (Fig. 5.27B); both are displayed on equal-area lower hemisphere projections. Note how the inferred magmatic foliation plane (black solid line in
each stereonet) is consistent when approaching the lit-par-lit zone, from either the south or north, by being dominantly E-W through WNW-ESE trending. It, however, differs when
heading towards the main granitic phase at the southern end, where it varies between NNE-SSW- and NNW-SSE-trending.
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At the southernmost station, the megacryst orientation is NNW-SSE (SPO 1; Fig. 5.29). As one
approaches the lit-par-lit zone from the southern end, the orientation of the megacrysts
assume a NNE-SSW (SPO 2) trend heading towards a more NE-SW trend (SPO 3). The trend
then becomes E-W adjacent to the lit-par-lit zone (SPO 4 and SPO 5) with slight variations
towards WNW-ESE (SPO 6 and SPO 7) and NW-SE (SPO 8 and SPO 9) (Fig. 5.29). When
approaching the lit-par-lit zone from the northern end, a similar trend is observed, with the
megacryst orientation varying from E-W-trending (SPO 11) towards WNW-ESE-trending (SPO
10) (Fig. 5.29). Overall, the orientation of the megacrysts is fairly consistent approaching the
lit-par-lit zone, within it and to the north and largely corresponds (or is generally concordant)
with the orientation of the original bedding (So) and principal Si foliation planes within the lit-

par-lit zone as discussed in sections 5.2.1 and 5.2.2 respectively.
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6 Geochemistry

6.1 Introduction

This chapter describes the major-, trace- and isotope-geochemistry of the various S-type
granitic rocks and Malmesbury Group metasediments outcropping in the study area. A total
of 25 samples, of which 19 samples are granites from the S-type Peninsula Pluton and 6 are
metasedimentary rocks from the Malmesbury Group, were analysed for determination of
their major and trace element composition. In addition, the Sr-Nd isotopic composition of 7
samples (6 granites and 1 metasedimentary sample) has been analysed. For a comparative
study with previous work done on the Peninsula Pluton, supplementary geochemical data
from Villaros et al. (2009a) and Farina et al. (2012) were utilized, and for previous studies on
the Tygerberg Formation of the Malmesbury Group, data from Frimmel et al. (2013) and
unpublished data were used. Samples of Frimmel et al. (2013) and the unpublished data are
lithologically more variable and cover a much larger area (Bloubergstrand to Sea Point in the
case of the unpublished data and Robben island in the case of the Frimmel et al., 2013 data)

relative to those from the study area.

The granites in the study area are compositionally variable (as mentioned in the Lithological
descriptions chapter). For simplification purposes, the hybrid granite phases are all treated as
a group and are compared to the microgranite and main coarse-grained porphyritic granite in
terms of composition. Cr,03 concentrations (for all lithologies) are unreliable due to milling

in a Cr-steel mill and are therefore excluded from this report.

6.2 Major element composition of the granites

The major element compositions of 19 granite samples are presented in Table 6.2. The
observed outcrop/field variability shown by the granites is also reflected by the major
element composition (summarized in Table 6.1) when the entire granite dataset is
considered. This is shown by their SiO, (69.66 —76.27 wt. %), Al,03(12.92-15.68 wt. %), FeO™*
(0.66 —2.96 wt. %), CaO (0.16 —1.51 wt. %), TiO2 (0.06 — 0.4 wt. %) and MgO (0 — 0.92 wt. %)
contents which are all highly variable (Table 6.1). Conversely, K20 and Na,O (4.39 -5.99 wt. %
& 2.42-3.55 wt. % respectively) are less variable (Table 6.1).
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Table 6.1: Statistical summary of the major element composition of the various granite phases of the study area

Major Composition Average c Average c Average c
elements range (wt. %) composition composition composition

for entire (wt. %) for (wt. %) for main (wt. %) for

granite hybrid phases coarse-grained microgranites

dataset porphyritic

granites

SiO; 69.66 —76.27 71.78 1.65 72.69 2.09 74.83 1.27
Al,0; 12.92 - 15.68 14.24 0.69 13.51 0.81 13.46 0.53
TiO, 0.66-0.40 0.29 0.10 0.30 0.08 0.08 0.03
MgO 0.00°-0.92 0.64 0.24 0.56 0.24 0.08 0.09
FeQ'! 0.66—2.96 2.23 0.55 2.30 0.52 0.90 0.30
Cao 0.16 —1.51 0.78 0.32 0.80 0.08 0.27 0.09
KO 4.39-5.99 5.08 0.56 4.81 0.19 5.15 0.30
Na,O 2.42 —3.55 291 0.23  2.89 0.078 3.32 0.20
MnO 0.01-0.05 0.03 0.009 0.05 0.007 0.01 0.006
P,05 0.08-0.21 0.18 0.02 0.19 0.02 0.15 0.06
Mg# 0.00° = 24.80 21.90 4,57 18.90 336 6.70 6.13

Superscript b = below the detection limit; this applies to all the geochemistry data tables in this chapter.

When the granites are viewed as separate phases (on account of their mineralogy and field

occurrence) the microgranites are more silica-rich (average of 74.83 wt. %) compared to the

hybrid phases (average SiO; = 71.78 wt. %) and main coarse-grained porphyritic granites

(average SiO; = 72.69 wt. %) respectively (Table 6.1). Moreover, the microgranites have, on

average, low CaO contents (0.27 wt. %), low TiO; (0.08 wt. %) and a low Mg# (6.67) (Table

6.1). The hybrid phases and main coarse-grained granites have higher averages of Mg#, CaO

and TiO; (hybrid phases: Mg# = 21.90; CaO = 0.78 wt. %; TiO, = 0.29 wt. %; main phase: Mg#

= 18.90; CaO = 0.80 wt. %; TiO2 = 0.30 wt. %) (Table 6.1).
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Table 6.2: Whole-rock major, trace and rare-earth element (REE) geochemistry of the various granite phases of the study area.

Granite type Microgranites Main c¢/g granites Hybrid granites Aplite

Sample sp3 | sP19 SP38 sp7 | sp18 sP6 | spi1 [sp21 | sP30 | sp31 sP32 | sP33 [ sP34 | SP35 | SP40 | SP42A | SP42B | SP43A | SP15

Major elements (Wt. %)

SiO; 73.89 74.32 76.27 71.21 74.16 71.17 72.62  69.66 74.77  70.04 71.39 72.7 71.22 70.67 73.26  71.67 73.11 70.91 75.14
Al;03 13.99 13.45 12.94 14.08 12.94 15.05 14.00 15.68 13.33  14.26 14.22 13.64 14.04 14.56 13.76  14.28 13.81 14.50 12.92
TiO, 0.07 0.12 0.06 0.36 0.24 0.33 0.23 0.27 0.13 0.36 0.40 0.31 0.39 0.33 0.19 0.27 0.19 0.40 0.10
MgOo 0.07 0.17 0.00° 0.73 0.39 0.76 0.58 0.65 0.24 0.72 0.80 0.56 0.84 0.80 0.43 0.61 0.42 0.92 0.09
FeOt 0.81 1.24 0.66 2.70 1.97 2.30 1.97 1.99 1.24 243 2.65 2.21 2.86 2.67 1.74 2.29 1.79 2.96 1.13
Ca0 0.33 0.31 0.16 0.86 0.74 0.71 0.57 0.64 0.27 1.51 1.08 0.77 1.05 0.71 0.62 0.64 0.61 0.92 0.28
K,O0 5.48 491 5.06 4.94 4.67 5.99 5.09 5.88 5.53 5.37 4.46 5.06 4.46 5.23 4.39 5.04 5.00 4.48 5.96
Na;O 3.55 3.22 3.18 2.83 2.94 2.42 3.03 3.11 2.74 2.66 2.92 2.85 2.83 2.78 3.24 3.10 3.25 2.87 291
MnO 0.01 0.02 0.01 0.05 0.04 0.04 0.03 0.03 0.02 0.04 0.04 0.03 0.04 0.04 0.03 0.04 0.03 0.04 0.01
P,0s 0.20 0.16 0.08 0.20 0.17 0.18 0.16 0.17 0.13 0.19 0.19 0.19 0.20 0.21 0.17 0.18 0.18 0.21 0.14
L.O.l. 0.80 1.16 0.77 1.08 0.83 1.05 1.16 1.22 1.06 1.30 0.96 0.83 1.02 1.16 1.07 1.00 0.81 1.29 0.70
Sum 99.33 99.28 99.29 99.37 99.36 100.29 99.70 99.55 99.65 99.20 99.45 99.43 99.31 99.40 99.14 99.42 99.45 99.88 99.56
Mgt 8.95 12.06 0.00° 21.28 16.53 24.84 22.75 24.62 16.22  22.86 23.19 20.22 22.70 23.74 19.82  21.03 19.00 23.71 7.38
A/CNK 1.13 1.20 1.18 1.22 1.15 1.28 1.21 1.24 1.21 1.10 1.23 1.18 1.23 1.23 1.23 1.22 1.13 1.29 1.10

Trace elements (ppm)

Sc 9.00 8.81 8.13 11.49 9.35 12.24 10.33  10.06 7.51 11.34 11.47 10.40 11.33 10.72 8.61 10.24 8.90 10.99 7.91
\ 31.30 42.60 29.22 55.50 48.63 52.68 46.70 47.78 41.80 57.70 59.65 46.15 60.75 58.16 46.71  49.10 45.60 64.85 36.84
Co 0.87 1.97 0.81 5.37 3.02 5.10 3.40 3.92 1.74 5.54 5.44 4.08 5.25 5.53 2.23 3.47 2.90 5.22 1.70
Ni 10.60 12.95 11.15 16.65 18.05 21.35 15.40 14.40 12.45 18.85 16.90 17.25 17.75 16.45 14.60 14.00 14.55 19.20 11.30
Cu 28.60 10.07 43.30 23.37 236.20 14.73 14.08 22.56 11.87 15.00 25.92 30.05 16.68 1860 10.14  22.78 46.00 18.32 25.10
Zn 15.35 15.80 8.17 60.65 38.80 45.35 35.80 35.05 17.20 48.20 50.80 41.80 57.30 54.20 30.05 44.10 31.35 58.50 15.05
Rb 163 164 268 255 257 220 183 200 160 254 220 208 223 233 164 205 190 229 295
Ba 158 156 97.15 329 66.20 753 367 765 228 488 289 227 261 434 195 293 285 370 53.55
Sr 53.90 53.20 26.52 79.40 38.48 112 80.15 122 63.90 97.35 91.00 68.25 79.40 85.30 67.50 75.20 68.60 106 25.49
Cs 10.59 8.37 19.96 14.68 22.34 9.54 8.93 8.15 6.20 15.30 15.45 9.71 16.46 17.98 10.59  14.05 13.95 14.78 11.40
Zr 23.37 48.16 31.49 149 94.65 137 83.15 109.25 29.73 132 150 132 159 133 79.95 117 95.05 175 20.49
Nb 7.33 9.08 7.78 15.37 12.65 12.43 10.72  11.15 5.54 12.87 14.93 13.69 15.18 13.73 9.30 14.96 11.85 17.18 8.30
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Granite type Microgranites Main c/g granites Hybrid granites Aplite
Sample sP3 | spP19 SP38 SP7 | SP18 SP6 | SP11 | sp21 | SP30 | SP31 SP32 | SP33 | SP34 | SP35 | SP40 | SP42A | SP42B | SP43A | SP15
Trace elements continued

Y 6.12 14.67 11.73 29.33 25.40 27.83 21.42  23.93 12.53  26.82 29.37 30.99 33.33 26.74 20.47  25.25 23.51 30.44 13.21
Ta 1.33 1.37 1.11 1.43 1.53 1.17 1.18 0.89 0.54 1.37 1.53 1.37 1.26 1.51 0.97 1.49 1.44 1.38 0.97
Hf 1.06 2.11 1.55 4.82 3.28 4.32 2.98 3.37 1.31 4.02 4.89 4.39 4.96 4.61 2.80 3.99 3.54 5.29 1.06
Pb 28.23 24,57 12.82 26.01 22.22 36.21 29.94 36.45 28.43 27.29 25.26 29.05 24.34 28.48 23.23 28.76 28.19 25.27 25.40
Th 1.18 5.16 3.53 13.00 9.34 12.04 9.40 10.07 4.15 10.65 13.19 11.88 14.01 11.64 7.86 11.09 9.11 14.53 3.52
V) 3.71 3.83 4.38 4.78 3.65 3.81 6.50 4.87 3.95 4.31 3.40 4.95 5.35 3.74 5.84 3.75 3.79 5.57 5.38
Mo 18.18 25.40 16.64 17.66 22.45 14.19 19.95 15.58 22.75 20.33 17.62 15.24 18.23 20.58 22.61 18.81 20.56 21.31 23.27
Rare earth elements (ppm)

La 2.76 7.60 3.69 27.28 15.90 24.62 16.54 21.98 6.21 24.30 27.74 21.86 28.42 24.58 13.88 20.14 15.79 32.49 3.84
Ce 5.83 15.99 8.30 56.60 33.56 51.50 35.10 44.33 13.30 49.53 57.75 46.59 59.61 51.39 28.74  42.55 33.44 66.36 8.27
Pr 0.63 1.83 1.03 6.43 3.96 5.93 4.05 5.20 1.43 5.77 6.81 5.37 6.99 5.83 3.38 4.85 3.95 7.73 0.94
Nd 2.83 7.03 3.19 23.49 14.19 21.93 14.42 18.32 4.88 20.69 25.43 20.06 25.79 22.57 11.91 17.25 14.46 28.61 3.23
Sm 0.78 1.79 0.90 5.25 3.58 4.82 3.56 4.28 1.30 491 5.21 4.74 5.81 4.83 2.65 4.28 3.43 6.32 1.09
Eu 0.39 0.46 0.18 0.84 0.38 1.26 0.82 1.38 0.60 1.05 0.90 0.69 0.89 0.88 0.53 0.69 0.63 0.93 0.17
Gd 0.67 1.93 1.30 5.20 3.42 4.68 3.61 3.63 1.49 443 4.80 4.84 5.46 4.69 2.75 4.20 3.37 5.72 1.14
Tb 0.16 0.42 0.29 0.84 0.62 0.78 0.57 0.64 0.31 0.75 0.82 0.90 0.94 0.77 0.46 0.69 0.61 0.90 0.27
Dy 0.98 2.59 1.85 5.47 4.14 498 3.80 4.33 2.08 4.66 5.51 5.62 5.84 5.07 3.54 447 4.19 5.75 2.01
Ho 0.21 0.50 0.39 0.99 0.90 1.00 0.75 0.91 0.41 0.84 1.01 1.07 1.17 0.95 0.73 0.89 0.81 1.03 0.44
Er 0.62 1.33 1.12 2.79 2.61 2.94 2.23 2.66 1.35 2.70 3.00 2.73 3.26 2.52 1.92 2.59 2.41 3.00 1.39
Tm 0.09 0.23 0.20 0.37 0.39 0.42 0.35 0.39 0.22 0.36 0.41 0.40 0.45 0.35 0.33 0.40 0.35 0.39 0.19
Yb 0.89 1.35 1.46 2.45 2.69 2.59 2.31 2.33 1.41 2.63 2.87 2.30 2.98 2.14 2.08 2.43 2.04 2.51 1.57
Lu 0.11 0.20 0.25 0.34 0.38 0.37 0.36 0.37 0.21 0.36 0.40 0.34 0.43 0.30 0.31 0.32 0.35 0.35 0.21
>'REE 16.95 43.25 24.15 138.34 86.72 127.82 88.47 110.75 35.20 122.98 142.66 117.51 148.04 126.87 73.21 105.75 85.83 162.09 24.76
Average crust (Rudnick & Gao, 2003) normalised ratios (subscript C = crust)

(La/Sm)c 0.69 0.83 0.80 1.01 0.87 1.00 0.91 1.00 0.93 0.97 1.04 0.90 0.95 0.99 1.02 0.92 0.90 1.00 0.69
(Eu/Eu*)c 1.86 0.85 0.57 0.56 0.38 0.92 0.79 1.21 1.49 0.78 0.62 0.50 0.55 0.64 0.68 0.56 0.64 0.53 0.53
(Ce/Ce*)c 1.02 0.99 0.98 0.98 0.97 0.98 0.99 0.95 1.03 0.96 0.97 0.99 0.97 0.99 0.97 0.99 0.97 0.96 1.00
(Gd/Yb)c 039 0.73 0.46 1.09 0.65 0.93 0.80  0.80 054  0.86 0.86 1.08 0.94 1.13 0.68  0.89 0.85 1.17 0.37
(La/Yb)c 0.29 0.53 0.24 1.06 0.56 0.90 0.68 0.90 0.42 0.88 0.92 0.90 0.91 1.09 0.63 0.79 0.74 1.23 0.23
(La/Lu)c 0.38 0.57 0.22 1.20 0.63 1.00 0.69 0.89 0.44 1.01 1.04 0.96 0.99 1.23 0.67 0.94 0.68 1.39 0.27
(Gd/Lu)c 049 0.78 0.42 1.24 0.73 1.03 081  0.80 058  1.00 0.97 1.15 1.03 1.27 072 106 0.78 1.33 0.44
(Ce/Yb)c 0.29 0.52 0.25 1.02 0.55 0.88 0.67 0.84 0.42 0.83 0.89 0.90 0.88 1.06 0.61 0.77 0.72 1.17 0.23
(Ce/Sm)c 0.68 0.81 0.84 0.98 0.85 0.97 0.89 0.94 0.93 0.91 1.01 0.89 0.93 0.97 0.98 0.90 0.88 0.95 0.69
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All the granite phases plot within the granite field on the total alkalis vs. SiO, plot (after

Middlemost, 1994) (Fig. 6.1A) and they all classify as mozongranites on the QAP classification

diagram using the granite mesonorm (after Streckeisen, 1976) (Fig. 6.1B). Figure 6.1C, D and

E are the Frost et al. (2001) geochemical classification schemes for granitic rocks based upon

the three variables of (i) Fe-number [(or Fe* (in wt.%) = FeQ™!/ (FeO™" + MgO)], (ii) the

modified alkali-lime index [(or MALI (in wt. %) = Na;O + K,O - Ca0)], and (iii) aluminium

saturation index [(or ASI (molar) = Al/Ca x 1.67P + Na + K].
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Figure 6.1: Major element classification plots for the various granite phases of the study area. (A) The total alkali (Na,O +
K>0) versus silica (SiO;) classification diagram (after Middlemost, 1994). (B) The QAP classification using the granite
mesonorm (after Streckeisen, 1976). (C), (D) & (E) are the Frost et al. (2001) geochemical classification diagrams for granitic
rocks using the chemical parameters of Fe-number [(Fe* = FeOt/(FeOt + MgQ)] vs. SiO,, modified alkali-lime index (Na,0O +
K>0 — Ca0) vs. Si0O,, and A/NK (Al,03/Na,O + K;0) vs. the aluminium saturation index [Al/Ca x 1.67P + Na + K (mol.)]
respectively. Legend supplied applies to all figures in sections 6.1 and 6.2.
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Using the Fe* chemical parameter (Fig. 6.1C), the microgranites (average Fe* value = 0.93)
and the aplitic sample (Fe* value = 0.93) plot entirely within the ferroan field. The majority of
the hybrid granites (average Fe* value = 0.78) and a single coarse-grained porphyritic phase
(sample SP7) plot within the magnesian field, whereas sample SP30 (fine-grained hybrid) and
SP18 (main coarse-grained porphyritic granite) plot very close to the Fe*-index boundary line
and slightly within the ferroan field (Fig. 6.1C). The granites further classify mostly into the
alkali-calcic series (Fig. 6.1D) based on MALI apart from three samples (two hybrids and one
main phase granite) which plot within either the alkalic or calc-alkalic fields respectively (Fig.
6.1D). Moreover, the granites are all exclusively peraluminous based on their A/NK

(Al,03/ (Na,0 + K,0) vs. ASI values (Fig. 6.1E).

Figure 6.2 shows a series of bivariate plots for Al, Ca, Ti, P, Mg#, A/CNK, Si, K and Na (all as
element atomic values) against the atomic Fe + Mg index/parameter referred to as maficity
(which is defined as moles of Fe and Mg per 100 g of rock or magma by Clemens et al., 2011).
Maficity is an ideal parameter in bivariate plots for granitic rocks because it is easier to relate
mineralogical and chemical influences on magma composition (i.e. it allows data trends to be
interpreted for any addition of ferromagnesian material) and hence potential source

differences when it is utilized (Clemens et al., 2011).

There are two overall trends displayed by the major element compositions of the granites

when plotted against maficity:

(i) An increase in the Al, Ca, Ti, P, Mg# and A/CNK values as a function of increasing
maficity (Fig. 6.2A—F). The trends are fairly consistent and coherent for most of the
major elements under this category, with Ti and P (in particular) showing
exceptionally well-defined positive linear trends as a function of increasing
maficity.

(ii) A decrease in the Si, K and Na values with increasing maficity (Fig. 6.2G-1). Of the
three major element compositions under this category, the trend shown by Si is a
well-defined linear trend, whereas Na and K show scattered weak negative trends

as a function of increasing maficity.

From a viewpoint of the individual granite phases, the microgranites (and the single aplitic

phase) plot towards low maficity values for all major element compositions and the selected
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Al

Si

geochemical parameters (Mg# and A/CNK) (Fig. 6.2). The main coarse-grained porphyritic
granite and hybrid phases, which both have higher feldspar megacryst and biotite content,

plot towards higher maficity values (Fig. 6.2).
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Figure 6.2: Select major elements (all as element atomic values) vs. maficity (Mg + Fe) plots for the various granite phases of
the study area. The data for Villaros et al. (2009a) (grey circles) and Farina et al. (2012) (grey squares) are shown for reference.
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6.3 Trace element composition of the granites

The trace element composition of the granites in the study area vary in abundance as
reflected by the variation in concentration shown by the trace elements forming part of either
the large ion lithophile elements (LILE), high field strength elements (HFSE) or rare earth
elements (REE) of the dataset (Table 6.3). When the different granite types are highlighted
individually (Table 6.3), the microgranites and the single aplite show notably lower average
concentrations or abundances in LILE (particularly Ba, Sr and Rb), REE, Y and some of the HFSE

such as Zr, Th, Nb and Hf compared to the hybrid- and main coarse-grained porphyritic-

granites.

Table 6.3: Statistical summary of selected trace element compositions of the various granite phases of the study

area
Trace Trace Composition c Avg. composition c Avg. composition c
element element range (ppm) for composition (ppm) for main (ppm) for
group the entire granite (ppm) for coarse-grained microgranites
dataset hybrid phases porphyritic granites
Ba 53.55-764.50 381.15 187.42 197.55 185.76 137.08 34.61
LILE Rb 160.20 - 295.00 206.82 27.29 255.98 0.95 98.42 60.09
Sr 25.49-121.55 85.90 18.62 58.94 28.94 44.54 15.61
Cs 6.20-22.34 12.39 3.69 18.51 5.41 12.97 6.51
Zr 20.49-175.10 117.84 38.74 121.90 38.54 34.34 12.64
Th 1.18-14.53 10.74 2.76 11.17 2.59 3.29 2.00
HFSE Nb 5.45-17.18 12.57 3.02 14.01 1.93 8.06 0.91
Hf 1.06 -5.29 3.88 1.08 4.05 1.09 1.57 0.52
V] 3.40-6.50 4.60 0.98 4.21 0.80 3.97 0.36
Ta 0.54-1.53 1.24 0.29 1.48 0.07 1.27 0.14
La 2.76 -32.49 21.42 6.99 21.59 8.05 4.68 2.57
Ce 5.83 -66.36 44.63 14.27 45.08 16.29 10.04 5.30
LREE Nd 2.38-28.61 18.95 6.45 18.84 6.58 4.20 2.49
Pr 0.63-7.73 5.17 1.68 5.20 1.75 1.16 0.61
Sm 0.78 - 6.32 4.32 1.33 4.42 1.18 1.15 0.55
Eu 0.17-1.38 0.86 0.25 0.61 0.33 0.34 0.15
Y 6.12 -33.33 25.59 5.45 27.37 2.78 10.84 4.35
Gd 0.67-5.72 4.13 1.15 431 1.26 1.30 0.63
Tb 0.16 -0.94 0.70 0.18 0.73 0.15 0.29 0.13
Dy 0.98-5.84 4.60 1.06 4.80 0.94 1.80 0.81
HREE Ho 0.21-1.17 0.89 0.19 0.95 0.06 0.37 0.15
Er 0.62-3.26 2.56 0.51 2.70 0.12 1.02 0.37
m 0.09-0.45 0.37 0.06 0.38 0.01 0.17 0.07
Yb 0.89-2.98 2.35 0.40 2.57 0.17 1.23 0.30
Lu 0.11-0.43 0.34 0.06 0.36 0.03 0.19 0.07
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Figures 6.3 and 6.4 show a series of maficity plots plotted for selected LILE, HFSE, LREE and
HREE. Trace elements that show linear trends are plotted together in Figure 6.3 and those
that show some scatter in their trend are shown separately in Figure 6.4. The LREE (La, Ce and
Sm; Fig. 6.3A-C), as well as the HFSE (Zr, Nb, and Th; Fig. 6.3D-E), show very good linear
positive trends as a function of increasing maficity similar to those linear trends displayed by
Ti, Mg# and P against maficity in Figure 6.3. The same is true for the HREE (Y, Dy and Yb; Fig.

6.3G-l) although they do show minor scatter in their trends.

In contrast, elements such as Eu, Sr, Ba and Rb show overall weakly defined positive trends,
as a function of maficity, due to the observed large scatter they show (Fig. 6.4A-D). The trends
that these elements show are defined by very steep gradients or rapid increasing upward
trends (especially for Eu) which reach their peak at low to intermediate values of maficity
instead of showing a more direct positive relationship with increasing maficity as shown by

the various trace elements in Figure 6.3.

Figure 6.5A and B are the REE plot and the multi-element spider plot for the granites of the
study area respectively; both are normalized to the average crustal values of Rudnick and Gao
(2003). With regards to the REE plot, the microgranites and the single aplite phase sample
plot at values well below one (Fig. 6.5A) reflecting their low concentrations in both the LREE
and HREE (as mentioned previously). The hybrid phases and the main coarse-grained granites

plot at values close to and slightly above 1 (Fig. 6.5A).

The LREE pattern for the microgranites is initially slightly negative sloping to Nd but peaks
again at Sm (Fig. 6.5A). This (positive peak) gives the LREE pattern an overall slightly positive
sloping trend (Fig. 6.5A); an observation also reflected by the (La/Sm)c ratios (ranging from
0.69-0.83; an average of 0.77), below one. For the LREE pattern of the aplite sample [(La/Sm)c
ratio of 0.68)], the same general effect (initial slightly negative slope and positive peaks at
Sm) is seen. The HREE pattern for the microgranites (and the single aplite sample) is generally
positive, with (Gd/Lu)c ratios ranging from 0.42-0.78 (0.44 for aplite) with an average of 0.56.
The only significant peaks shown by the microgranites and the aplite are at Yb (apart from SP
19) and Tb (apart from SP3) (Fig. 6.5A). The two microgranites show moderate to strongly
negative europium anomalies [(Eu/Eu*)c = 0-57-0.85)] while sample SP3 shows a prominent
positive anomaly [(Eu/Eu*)c = 1.85)]. The aplite phase has a strong negative europium
anomaly as reflected by its [(Eu/Eu*)c] value of 0.53.

104



La
40 50 60 70

30

20

10

140
q

500

Zr
300 400

200

100

80

60

40

20

9
B] e
- Al - o B o i
& 4
8 ® °
o ° = °
° e
Y ® o - o
%8 s So °
(€] ® o
® (<} (6] £ %0
e o () @ o °
8 1 ° °
® $ ]
L ]
(o o -
5% o °e
& "8 &
T T T o T T T L T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15
Fe + Mg Fe + Mg Fe + Mg
D ; ° [E] i °
° 3 4
(]
o o | o ° °
@ o v |
(o1 ] N ) (]
® °
(&) (e) S © @
E) o & o
() (&) Z S - = o -0 F a8 ‘ (6]
[ ) o ° ° .
°8 o o e
o - (] (o)
e 4 =
e 1 ™ (o)
(] (¢}
5 L 15
(0]
T T T ° ! T v e T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15
Fe + Mg Fe + Mg Fe + Mg
3 o) ©
° G] H o
o (0]
(]
© - o) (o)
°
= 9 © (o)
o® o °
- oo . o o
B Q > a
g © (o] a o) S <A
oQO8 o o )
() S °
@e ()
<« 4
~ 4
o o
(e}
T T T o T T T e T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15
Fe + Mg Fe + Mg Fe + Mg

Figure 6.3: Select REE and HFSE vs. maficity plots for the various granite phases of the study area. The data for Villaros et al.
(2009a) (grey circles) and Farina et al. (2012) (grey squares) are shown for reference.
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Similar LREE and HREE patterns as described for the microgranites and aplite are also shown
by the main coarse-grained granite and the hybrid granites (Fig. 6.5A); the latter two granite-
types plot at an elevated position as a result of their higher REE concentrations which are
similar to that of the average crust. Similarities in concentrations to the average crust is
evident from the fairly flat LREE [(hybrid (La/Sm)c = 0.90-1.05 (average = 0.96); main phase
(La/Sm)c=0.87-1.01 (average = 0.94)] and HREE [(hybrid phase (Gd/Lu)c = 0.58-1.33 (average
= 0.96); main phase (Gd/Lu)c = 0.73-1.24 (average = 0.98)] patterns the hybrid- and main
coarse-grained-granites yield. Sample SP30, a fine-grained non-porphyritic hybrid phase (Fig.
6.5A; black line pattern fourth from bottom), deviates away from the rest of the hybrid
granites by having lower LREE and HREE concentrations. The two main coarse-grained
porphyritic granites show a moderate to strongly negative europium anomaly [(Eu/Eu*)c =
0.38-0.56)], whereas most hybrid phases show minor to moderately negative europium
anomalies [(Eu/Eu*)c = 0.50-0.92)]. Samples SP21 and SP30 [(Eu/Eu*)c = 1.21 and 1.49

respectively] show a positive europium anomaly.

On the spider diagram in Figure 6.5B, all the granite types of the study area show similar and
consistent trace element patterns of depletion and enrichment with the microgranites and
the aplite phase having, on average, lower REE and HFSE concentrations compared to the
hybrid granite phases and the main coarse-grained porphyritic granites. When normalized to
the average crust, the granites show enrichments in the HFSE of Th, U and P, and the LILE Cs
and Rb. The troughs are typified by depletions in the LILE of Sr and Ba, and the HFSE Hf, Zr,
Nb and Ti.
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6.4 Major element composition of the Malmesbury Group metasedimentary rocks

The major element contents of the six Malmesbury Group metasedimentary rocks are
presented in Table 6.4. The samples have average values of TiO; (0.79 wt. %), MnO (0.09 wt.
%) and P,0s (0.19 wt. %) that closely match or compare with the average composition of the
average crust as calculated by Rudnick and Gao (2003). In contrast, the average CaO (0.60 wt.
%) and MgO (2.81 wt. %) contents of the metasedimentary samples show a significant
depletion compared to the average crust (CaO avg. = 6.51 wt. %; MgO avg. = 4.66 wt. %),
whereas the composition of major oxides such as FeO™! (avg. 5.78 wt. %) and Na,O (avg. 2.16
wt. %) only show slight to minor depletions relative to the average crust (FeO™! = 6.71 wt. %;
Na,O = 3.07 wt. %). The metasedimentary samples show enrichments in K,O (avg. 4.07 wt.
%), SiO (avg. 63.59 wt. %) and Al,O3 (avg. 16.44 wt. %) relative to average crust values of K0
(1.81 wt. %), SiO, (60.6 wt. %) and Al;03 (15.90 wt. %).

Figure 6.6 is a geochemical classification plot by Herron (1988) which uses the three chemical
parameters of SiO,/Al,03, Fe203/K,0 and the Ca content to differentiate between sandstone
and shale. In terrigenous sands and shales, the SiO,/Al,03 ratio separates Si-rich quartz
arenites from Al-rich shales, the Fe;03/K,0 ratio separates lithic sands (litharenites and
sublitharenites) from feldspathic sands (arkoses and subarkoses) and the Ca content is used
to differentiate non-calcareous from calcareous sandstones and shales and to separate
siliciclastic from carbonate rocks (Herron, 1988). All the samples in the study area classify as
shales but plot near the wacke boundary, with SP1 and SP44, in particular plotting on the

boundary separating shale and wacke (Fig. 6.6).
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Table 6.4: Whole-rock major, trace and rare-earth (REE) geochemistry of the Malmesbury metasedimentary

rocks of the study area

Sample SP1 SP2 SP8 SP16 SP41 SP44
Rock type Metamudstone Metamudstone Metamudstone Metamudstone Metamudstone Interlayered
metamudstone-
metasiltstone
Major elements (wt. %)
Sio; 65.32 63.21 62.74 63.23 61.82 65.21
Al,03 16.2 16.7 16.45 16.44 17.13 15.72
TiO, 0.8 0.78 0.80 0.80 0.79 0.75
MgO 2.37 2.89 2.95 3.00 2.94 2.69
FeOt 4.93 6.00 5.91 6.07 6.38 5.38
CaoO 0.59 0.51 0.62 0.52 0.56 0.78
K20 3.87 3.99 4.44 4.42 4.06 3.64
Na,O 2.26 2.01 1.99 1.84 2.32 2.51
MnO 0.09 0.08 0.10 0.09 0.11 0.08
P,0s 0.23 0.18 0.19 0.18 0.18 0.18
L.O.l. 2.34 2.46 2.76 2.61 2.63 2.07
Sum 99.58 99.50 99.64 99.89 99.65 99.63
Trace elements (ppm)
Sc 18.82 21.12 20.39 20.05 20.84 18.02
Vv 103 124 123 120 130 110
Co 11.48 19.82 15.69 15.08 16.16 12.48
Ni 37.15 42.85 43.25 48.60 46.80 39.05
Cu 13.55 33.15 43.70 38.55 50.40 24.72
Zn 95.30 117 113 109 114 108
Rb 163 163 296 297 259 147
Sr 85.80 76.95 74.25 84.20 73.40 107.00
Ba 505 495 515 567 469 482
Cs 17.24 22.48 26.36 28.23 34.32 13.84
Zr 307 171 183 184 180 229
Nb 19.87 19.53 18.18 19.03 18.35 17.65
Y 35.07 31.83 33.63 32.92 33.05 29.69
Ta 2.01 1.15 1.13 1.17 1.08 1.07
Hf 9.09 5.09 5.52 5.44 5.47 6.69
Pb 28.26 22.21 24.62 20.56 18.98 34.61
Th 16.05 15.55 15.74 15.90 16.02 14.98
u 4.96 3.21 4.08 3.68 3.47 3.06
Mo 9.25 8.38 9.73 7.51 7.51 6.77
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Sample SP1 SP2 SP8 SP16 SP41 SP44

Rock type Metamudstone Metamudstone Metamudstone Metamudstone Metamudstone Interlayered
metamudstone-
metasiltstone

Rare earth elements (ppm)

La 45.72 43.69 44.29 43.70 44.37 41.27
Ce 95.17 87.89 89.05 88.35 88.83 82.78
Pr 10.79 10.14 10.07 10.11 10.03 9.60
Nd 40.02 37.20 37.10 37.60 37.53 34.68
Sm 8.06 7.48 7.46 7.53 7.74 6.97
Eu 1.53 1.35 1.46 1.37 1.22 1.33
Gd 7.24 6.50 6.82 6.96 6.65 6.11
Tb 1.02 0.94 1.03 0.97 0.99 0.89
Dy 6.51 6.07 6.30 6.02 6.32 5.60
Ho 1.30 1.19 1.17 1.23 1.22 1.14
Er 3.76 3.52 3.44 3.49 3.57 3.16
Tm 0.54 0.48 0.48 0.48 0.49 0.44
Yb 3.30 3.26 3.15 3.37 3.30 3.05
Lu 0.54 0.48 0.50 0.55 0.48 0.48
>'REE 225.50 210.19 212.32 211.73 212.74 197.50

Average crust (Rudnick & Gao, 2003) normalised ratios (subscript C = crust)

(La/Sm)c 1.11 1.14 1.16 1.13 1.12 1.15
(Eu/Eu*)c 0.69 0.67 0.70 0.66 0.59 0.70
(Ce/Ce*)c 0.99 0.96 0.97 0.97 0.97 0.96
(Gd/Yb)c 1.13 1.02 1.11 1.06 1.04 1.03
(La/Yb)c 1.32 1.27 1.34 1.23 1.28 1.29
(La/Lu)c 1.27 1.37 1.33 1.20 1.38 1.29
(Gd/Lu)c 1.09 1.10 1.11 1.04 1.12 1.04
(Ce/Yb)c 1.27 1.19 1.25 1.16 1.19 1.20
(Ce/Sm)c 1.07 1.07 1.08 1.06 1.04 1.08
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Figure 6.6: Geochemical classification of the metasedimentary rocks of the study area using the log (SiO,/Al;03) vs. log
(Fe;05/K>0) diagram (after Herron, 1988). Black triangles represent samples from the study area in all figures of section 6.4
and 6.5.

6.4.1 Weathering and weathering indices

Major-element chemistry of sedimentary rocks is best employed to determine the extent of
weathering of the source terrain (Potter et al., 2005). A major process of chemical weathering
is the transformation of feldspar to clay minerals and the subsequent loss (due to high
mobility) of the K*, Na* and Ca?* cations (Fedo et al., 1995). One of the most useful indices
derived to quantify chemical weathering effects is the chemical index of alteration (CIA) after
Nesbitt and Young (1982) (Fig. 6.7). It represents a ratio of predominantly immobile Al,0s to
the mobile cations Na*, K' and Ca* and is defined as CIA=
(Al,03/Al,05 + Na,0 + K,0 + CaO*) x 100 (where molar proportions or ratios are used to
emphasize mineralogical relationships and CaO* is the amount of Ca incorporated into the
silicate fraction of the rock). CIA values of < 60 indicate essentially minimal to no weathering,
CIA values falling between 60 and 80 indicate intermediate levels of weathering and those

>90 indicate extensive conversion of feldspar and hence intense weathering (Fedo et al.,
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1995; Potter et al., 2005). The CIA values for the metasedimentary samples in the study area
fall in the range of 62.36 and 66.13, indicating intermediate weathering (Fig. 6.7). This is
consistent with the CIA values derived from the reference geochemical data of Frimmel et al.
(2013) (CIA value range: 56.61-76.87) and the unpublished dataset (CIA value range: 53.73-
76.16) (Fig. 6.7) suggesting that the Malmesbury Group metasedimentary rocks of the
Tygerberg Formation were essentially all affected by low to intermediate degrees of chemical

weathering.

To obtain information about weathering trends, post-depositional alteration effects (e.g. K-
metasomatism) and possible source-rock composition (provenance), the chemical
compositions of sedimentary rocks can be plotted as molar proportions within Al,03, CaO*+
Na;O, K20 (A-CN-K) compositional space or A-CN-K ternary plots (Nesbitt & Young, 1984; Fedo
et al., 1995) (Fig. 6.7). Potential source rocks, such as fresh or unweathered basalts, have CIA
values between 30 and 45, whereas fresh granites and granodiorites have CIA values between
45 and 55 (Nesbitt & Young, 1984; Fedo et al., 1995) (Fig. 6.7). Thus provenance information
may be obtained by extrapolating a plotted point from a sample towards the CN axis of the
diagram parallel to the A-CN axis. Weathering products derived from feldspar (plagioclase and
K-feldspars which both have CIA values of 50), such as kaolinite, has a CIA value of 100 and
represents the highest degree of weathering, whereas lllite and smectite have values
between 75 and 90 and muscovite is at 75 (Fig. 6.7). Weathering information can be obtained
by observing where samples plot relative to the plotting position of these weathering
products, for example, the transformation of feldspar to illite will cause a sample’s

composition to plot closer to the A-K join and the illite composition in the A-CN-K plot.

All of the samples of the study area plot as a cluster along the intermediate part of the granite
and rhyolite weathering line and have a general steep trend directed towards illite-muscovite
compositions (Fig. 6.7). The supplementary data also show similar trends to the Malmesbury
samples from the study area, with trends tending towards illite-muscovite compositions. They
are, however, not confined within one weathering line for one of the potential source rocks
as they show overlap by plotting between the predicted weathering trends of granodiorite,

granite and rhyolite compositions (Fig. 6.7).
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Figure 6.7: A-CN-K and CIA ternary diagram (after Nesbitt & Young, 1984, Fedo et al., 1995) showing the weathering trend
for the metasedimentary rocks of the study area. Solid red arrows represent the predicted weathering trend for typical

igneous rocks after Cox et al. (1979). The fields for the unpublished data (light-grey field) and Frimmel et al. (2013) (dark-grey
field) are shown for reference.

6.5 Trace element composition of the Malmesbury Group metasedimentary rocks

6.5.1 Provenance

Figure 6.8A and B are the REE and spider plot for the Malmesbury metasedimentary rocks in
the study area respectively; both are normalized to average crustal values of Rudnick and Gao
(2003). The REE in sedimentary rocks are important because they are not fractionated from
each other by most sedimentary processes and are largely insoluble (or remain unaffected)
under most geological conditions and post-depositional processes (Potter et al., 2005). This

makes them particularly useful as provenance parameters.

The metasedimentary samples in the study area are relatively enriched in the REE compared
to the average continental crust normalized concentrations of the REE as evidenced by the
LREE and HREE patterns all plotting above 1 (Fig. 6.8A). The samples are characterized by

relatively flat to gently negative sloping REE patterns [(La/Lu)c = 1.20-1.38) relative to average
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continental crust (Fig. 6.8A) With both (La/Sm)cand (Gd/Lu)c ratios falling between the range
of 1 and 2, this indicates little fractionation within the LREE and HREE, respectively. The

samples show moderately negative europium anomalies [(Eu/Eu*)c = 0.59-0.70)].

The spider plot in Figure 6.8B shows that the trace element contents of the metasedimentary
rocks of the study area are largely enriched relative to average continental crust trace
element abundances. The samples show consistent negative anomalies or depletions in the
LILE Sr (strongest negative anomaly to values lower than the average crust), Kand Ba, and the
HFSE Hf, Ti and Ta (Fig. 6.8B). Moreover, the samples show enrichments in the HFSE of Th and
U and the LILE Cs and Rb (Fig. 6.8B).

Figure 6.8C is the Th/Sc vs. Zr/Sc bivariate plot after McLennan et al. (1993). The Th/Sc ratio
is a good indicator of sedimentary provenance, because Th and Sc are relatively insoluble
during geological processes such as weathering and diagenesis, and thus are transported
almost exclusively by terrigenous detritus (McLennan et al., 1993; Potter et al., 2005). This
makes them useful because they reflect the chemistry of their sources and can be utilized to
detect mixing processes and the effect of sediment recycling in sediments (McLennan et al.,
1993; Potter et al., 2005). The ratio Zr/Sc is a useful index of zircon enrichment since Zr is
strongly enriched in zircon, whereas Sc is not enriched but generally preserves a signature of

the provenance (MclLennan et al., 1993).

The samples have a narrow Th/Sc variation (0.74-0.85) and a Zr/Sc variation that is relatively
more variable (8.10-16.29). On the Th/Sc- Zr/Sc diagram (Fig. 6.8C) the samples in the study
area show a general direct proportionality or positive correlation, with the samples plotting
slightly away from the magmatic compositional variation trend of rocks, between the
andesite and granite compositional range, towards Th-rich compositions (and Zr-rich
compositions in the case of sample SP1). In general, the samples show minimal evidence of
sedimentary recycling (or reworking) as shown by the relatively low Zr/Sc ratios indicating
that geochemical variation was dominated by the composition of the source materials (which
were intermediate to felsic as shown by the samples plotting between average andesite and
granite compositions) (Cullers, 1994). However, a degree of sediment recycling or reworking
cannot be disregarded, as evident from the plotting positions of supplementary data on the
same diagram (Fig. 6.8C), with some of the data points from the supplementary dataset
overlapping with the sedimentary recycling line.
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Figure 6.8: Various provenance and degree of weathering plots for the metasedimentary rocks of the study area. (A) REE plot
and (B) multi-element spider plot both normalised using values for the average crust from Rudnick and Gao (2003); the fields
for the unpublished data (light-grey field) and Frimmel et al. (2013) (dark-grey field) are shown for reference. (C) Th/Sc vs.
Zr/Sc plot (after McLennan et al., 1993) for determination of the general provenance type, composition, sedimentary
recycling, sedimentary sorting, and upper crustal input. Th/Sc > 0.79 (solid-line) reflects provenance of samples from the upper
continental crust. (D) Zr/Ti vs. Nb/Y plot (after Winchester & Floyd, 1976) for determination of the average composition of
the provenances to the metasedimentary rocks of the study area. (E) Hf — La/Th diagram (after Floyd & Leveridge, 1987) with
the various fields indicative of the compositions of sedimentary rocks deposited in different tectonic settings. (F) Th/Co vs.
La/Sc (after Cullers, 2002) for provenance discrimination. The length of the horizontal and vertical arrows on the diagram
indicate the typical extent of the range of felsic and mafic samples respectively. The data for the unpublished dataset (grey
squares) and Frimmel et al. (2013) (grey circles) are shown for reference.
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Figure 6.8D is the Zr/Ti vs. Nb/Y plot after Winchester and Floyd (1976) that is used to
determine the average composition of the provenances to the Malmesbury Group
metasedimentary rocks of the study area. The Nb/Y ratio is useful in discerning the alkalinity
of magmatic and volcanic rocks due to Nb being enriched relative to Y in alkaline rocks,
whereas the Zr/Ti ratio indicates the degree of differentiation (Winchester & Floyd, 1976).
The samples in the study area all plot within the rhyodacite / dacite fields as a fairly tight
cluster but very close to the trachyandesite boundary (Fig. 6.8D). This reflects their high silica

content (61.82-65.32 wt. %) and suggests a felsic provenance for the samples.

Further evidence supporting a felsic provenance comes in the form of the Hf vs. La/Th plot
(after Floyd & Leveridge, 1987; Fig. 6.8E) and Th/Co vs. La/Sc diagrams (after Cullers, 2002;
Fig. 6.8F). The La/Th ratios and Hf contents are sensitive indices of the source composition of
clastic rocks and this led Floyd and Leveridge (1987) to develop the La/Th vs. Hf ratio diagram
to differentiate whether sediments had a contribution from an arc system source (i.e.
tholeiitic, andesitic and felsic sources). All the samples in the study area plot within the felsic
arc source whereas samples from Frimmel et al. (2013) plot in the felsic—mafic mixed source
field (and some within the felsic arc source) and samples from the unpublished data
predominantly plot within the felsic arc field but have a minor influence from passive margin

components (Fig. 6.8E).

Using the Th/Co and La/Sc ratios, Cullers (2002) developed a diagram that can be used to
discriminate sediments derived from mafic sources from those of felsic composition (Fig.
6.8F). Values of Th/Co > 0.3 (Sea Point Malmesbury Th/Co = 1.7) and La/Sc > 0.7 (Sea Point
Malmesbury La/Sc = 2.21) are characteristic of sediments from felsic sources, whereas La/Sc
< 0.4 is related to mafic sources (Cullers, 2002). All samples in the study area, along with the

supplementary data, plot or fall within the felsic field or domain (Fig. 6.8F).
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6.5.2 Tectonic setting

The immobile trace elements of La, Ce, Nd, Th, Zr, Nb, Y, Sc and Co and their ratios (e.g. Th,
La-Th-Sc, Ti/Zr-La/Sc, La/Y-Sc/Cr, Th-Sc-Zr/10 and Th-Co-Zr/10) are useful in tectonic
setting/environment and provenance discrimination (Bhatia & Crook, 1986). Figure 6.9 shows
two ternary plots (Fig. 6.9B, C) and a single bivariate plot (Fig. 6.9A) which utilize the ratios of
La, Th, Sc and Zr after Bhatia and Crook (1986). The metasedimentary samples in the study
area, as well as the vast majority of the supplementary data, all plot within the field of
continental island arc in the La/Sc vs. Ti/Zr (Fig. 6.9A), Th-La=Sc (Fig. 6.9B) and Th-La-Zr/10
diagrams (Fig. 6.9C).
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Figure 6.9: Trace element tectonic discrimination diagrams for the metasedimentary rocks of the study area. (A) A plot of
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6.6 Sr and Nd radiogenic isotope geochemistry

Seven samples were selected for whole-rock samarium-neodymium (Sm-Nd) and rubidium-
strontium (Rb-Sr) analyses. The results are presented in Tables 6.5 (Sm-Nd) and 6.6 (Rb-Sr).
For this study, the single- and two-stage Nd model ages were calculated using a Sm decay
constant of 6.54x107%2 year™ (Lugmair & Marti, 1978) and the depleted mantle values of
DePaolo (1981) (Table 6.5). The initial 8Sr/2Sr (Sr)) ratios were calculated using a Rb decay
constant of 1.42x107!! year™ (Steiger & Jager, 1977) (Table 6.6). For the granites, the initial
Sr and Nd isotopes were calculated using the derived 540 + 4 Ma emplacement age for the

Peninsula Pluton by Scheepers and Armstrong (2002). The error for the Sry, Initial **3Nd/***Nd
(Ndi) and €ngt (epsilon Nd) yielded by the granites were calculated considering the uncertainty

on the Sm/Nd, Rb/Sr and the emplacement age. For the metasedimentary sample, initial Sr
and Nd isotopes were calculated using the 560 Ma age of deposition for the Tygerberg
Formation by Armstrong et al. (1998). This age was presented only as a short conference
abstract without supporting data or indication of uncertainties. Error calculations were, thus,

not performed for the metasedimentary sample.

The granites (particularly the microgranites) yield highly anomalous/radiogenic values for
some of the calculated Nd and initial Sr isotopes. The highly radiogenic values can be due to
three things: (i) weathering (the granites at the Sea Point contact are variably weathered and
fresh samples are hard to come by there), (ii) hydrothermal activity (seen from the
sericitisation of feldspars and extensive cordierite alteration in both the country rock and
granites; section 4.1), and (iii) the S-type granites of the CGS were derived from melting of
Malmesbury Group sediments or their high-grade equivalents at depth (Stevens et al., 2007;
Villaros et al., 2009b; Harris & Vogeli, 2010). These metasedimentary rocks are, in turn,
postulated to have been derived from erosion of Namaquan gneisses (Frimmel et al., 2013),
which are known to be highly radiogenic with high initial Sr isotope ratios. This may have been

translated to the Malmesbury Group and, in turn, to the CGS granites.

6.6.1 Sr and Nd isotope geochemistry results for the granite phases

The granite phases have Sm/Nd ratios that vary between 0.22 and 0.32, with the two
microgranite samples having the highest Sm/Nd ratios (SP3 = 0.32; SP38 = 0.28) compared to
the hybrid granite phases and the main coarse-grained porphyritic granite respectively (i.e.

Sm/Nd ratios between 0.22-0.24) (Table 6.5). Initial **Nd/***Nd (Nd) ratios for the granites
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show a narrow range, varying between 0.512149 and 0.512351. The SP3 microgranite sample
has a much lower €ngt value (-8.04) compared to the rest of the granites, which have €ngt

values varying from -5.75 to -4.52 (Table 6.5). Tchur model ages for the granites range from

1.255 — 2.764 Ga, with sample SP3 having a Tchur model age of -4.849 Ga (Table 6.5).

The single-stage Sm-Nd model ages (Tom) for the granites vary from 2.055 Ga (SP7) to 3.699
Ga (SP38), with sample SP3 having a far higher Tpm value of 24.651 Ga (Table 6.5). Two-stage
depleted-mantle Nd model ages (T2om), calculated after Liew and Hofmann (1988), constrain
the isotopic ages of the various granite phases better (Table 6.5). The T.om ages, that are
yielded, are far less variable and vary between 1.59 and 1.84 Ga (Table 6.5). As is the case
with a single-stage Nd model age, the two-stage Nd model age is an age at which the isotopic
composition of the sample was identical to that of a model reservoir [(chondritic uniform
reservoir (CHUR) or depleted mantle (DM)]. The difference is that T.om compensates for the
effects of possible secondary Sm/Nd fractionation as a result of processes such as partial
melting, fractional crystallisation, magma mixing or alteration (Liew & Hofmann, 1988;
Champion, 2013). The fact that the T.om model ages give better ages than the Tom ages shows
that the Sea Point contact has been affected by certain secondary processes (as previously
mentioned in section 6.6). T.pm models are calculated using the measured 4’Sm/*#*Nd ratio
back to the magmatic age of the rock and an assumed (and not the measured) **’Sm/**Nd
ratio for calculating the sample evolution curve before the crystallisation age (Champion,
2013). An assumed %Sm/144Nd ratio of 0.12, equivalent to average upper continental crust

values (cc), after Liew and Hofmann (1988) has been used for this study.

The granite phases show highly variable Rb/Sr ratios which vary between 2.16 and 10.10, with
the highest value within this range (10.10) coming from sample SP38 (microgranite) (Table
6.6). Without SP38, the granite phases show a much more narrow Rb/Sr variation (2.16 —
3.52). The Sr, ratios show a large range by varying between 0.717350 and 0.739350 (Table
6.6).

6.6.2 Sr and Nd isotope geochemistry results for the metasedimentary sample (SP16)

Sample (SP16) has a Sm/Nd ratio value of 0.20, a Nd, value of 0.511985, a low E€ngt value of -
7.84, Tchur model age of 1.441 Ga and a Tpm age of 2.071 Ga (Table 6.5). The Rb/Sr ratio value
for the sample is 3.52 and the Sry value is 0.728103 (Table 6.6).
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Table 6.5: Whole-rock Sm-Nd isotopic data for the S-type Peninsula Pluton granites and the single Malmesbury Group metasedimentary rock of the study area

Sample Rock type Sm Nd Sm/Nd *lc 1475m/14Nd (*3Nd/**Nd)o +20 Nd | 326 ¢ Ndyy tlc Age(Ma) Tcuur(Ga) Tom (Ga) Toom (Ga)
(ppm) (ppm) internal
SP3 Microgranite 0.78 2.38 0.33 0.11 0.20856 0.512268 14 0.511531 250 -8.04 4.8 540 -4.839 24.651 1.836
SP7 Main c/g porphyritic granite 5.25 2349 0.22 0.02 0.14315 0.512197 11 0.511690 50 -4.92 0.9 540 1.255 2.055 1.592
SP31 M/g porphyritic hybrid granite  4.91 20.69 0.24 0.0008 0.15184 0.512187 15 0.511650 6 -5.70 0.01 540 1.528 2.365 1.653
SP33 F/g porphyritic hybrid granite  4.74 20.07 0.24 0.02 0.15138 0.512235 15 0.511699 49 -4.74 0.86 540 1.354 2.232 1.578
SP38 Microgranite 0.90 3.19 0.28 0.005 0.18099 0.512351 14 0.511711 16 -4.51 0.2 540 2.764 3.699 1.560
SP43A C/g porphyritic hybrid granite ~ 6.32 28.61 0.22 0.003 0.14149 0.512149 24 0.511648 10 -5.74 0.1 540 1.349 2.108 1.656
SP16 Metamudstone 7.53 37.60 0.20 0.12818 0.511985 9 0.511515 -7.84 560 1.441 2.071 1.836
—& Ndgg = ((143Nd/%Nd/23Nd/**Nd cHur, )-1) X 10000
=Tom = 1/ (A) x In (1+ (**3Nd/**Nd o) — 143Nd/***Ndpm)/*4’Sm/***Nd — 147Sm/*44Nd (pwm))) x 0,000000001 (after DePaolo, 1981)
where (*3Nd/***Nd)pm = 0.51351, (*4’Sm/***Nd)pm = 0.2136
—Taom=1/ (A) x In (1+ (**3Nd/***Nd)o— (e"t—l){(1475m/144Nd— 147Sm/1“4Nd)Cc{—(143Nd/”“Nd)DM/147Sm/1“4Nd)CC — (*7Sm/Y*Nd) py (after Liew & Hofmann, 1988)
where (*3Nd/**Nd)pm = 0.51351, (27Sm/#*Nd)pm = 0.2136, (147Sm/***Nd)c = 0.12
=Teuur= 1/ (A) xIn (1+ (*3Nd/M*Nd o) - *3Nd/*Nd (chur, )/14’Sm/1**Nd —147Sm/¥*Nd (cuur 1)) x 10° (after DePaolo, 1981)
where (3Nd/**Nd)(crur, y = 0.512638, (147Sm/Nd)(chur, 1 = 0.1967
Table 6.6: Whole-rock Rb-Sr isotopic data for the S-type Peninsula Pluton granites and the single Malmesbury Group metasedimentary rock of the study area
Sample Rock type Rb (ppm) Sr (ppm) Rb/Sr tlo (87Sr/%8Sr), +20 87Rb/%6Sr Srl +20 Age (Ma)
internal
SP3 Microgranite 163 53.9 3.03 0.03 0.789025 13 8.045136 0.727098 1100 540
SP7 Main c/g porphyritic granite 255 79.4 3.22 0.01 0.788324 13 8.540814 0.722582 700 540
SP31 M/g porphyritic hybrid granite 254 97.4 2.61 0.02 0.770782 13 6.941448 0.717350 800 540
SP33 F/g porphyritic hybrid granite 208 68.3 3.04 0.07 0.784699 18 8.075778 0.722536 600 540
SP38 Microgranite 268 26.5 10.10 0.19 0.945818 22 26.822917 0.739350 5400 540
SP43A C/g porphyritic hybrid granite 229 106.2 2.16 0.01 0.764947 16 5.729142 0.720847 530 540
SP16 Metamudstone 297 84.2 3.52 0.802792 13 9.355237 0.728103 560
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7 U-Pb geochronology

7.1 Introduction

Three samples from the various granite lithologies at the Sea Point contact were dated.
Samples SP19 is a microgranite that outcrops in the northern end of the study area, whereas
samples SP33 (fine-grained porphyritic granite) and SP43A (coarse-grained porphyritic
granite) form part of the hybrid granites in the main contact zone (Fig. 4.1). A description of
the morphology (as revealed by cathodoluminescence (CL) images) and the resultant U-Pb

ages from the zircon grains in all three granite samples are described in this chapter.

7.2 Zircon descriptions

The zircons from all three samples generally show similar zonation patterns and crystal
shapes, however, certain forms (or populations) tend to predominate in one sample over the
other. Most of the zircon grains vary from euhedral and prismatic to subhedral. Elongate,
narrow and tabular to needle-shaped zircon forms also occur along with rare anhedral zircon
grains. The zircon grains have typical sizes ranging from 85-330 um in length (with typical
length-width ratios of 2:1 to 5:1), with the more elongate zircon grains varying from 215-550
um in length (with length-width ratios up to 8:1). A summary of the textures each zircon

population shows is provided below:

1. Oscillatory zoned euhedral to subhedral zircons

This zircon population is the most commonly occurring across all three samples but is more
prevalent in sample SP33. Oscillatory zoned zircon grains are characterised by narrow and
fine-scale cyclic variations (or zonation) which are continuous from the core to the rim (Fig.
7.1A, B, C, E, F, M, N). Some have larger-scale oscillatory zones (with wider cyclic variations)
that alternate with narrow oscillatory bands found in the cores (Fig. 7.1D). The truncation of
oscillatory zoned core structures, indicating resorption (Gagnevin et al., 2010), also occurs.

This feature occurs in some of the oscillatory zoned grains of sample SP43A (e.g. Fig. 7.10, P).

Other features shown by the oscillatory zoned zircon grains is that they either have:
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(i) Low luminescent (CL-dark) oscillatory zoned cores surrounded by high- (CL-bright) to
intermediate-luminescent (i.e. light-grey to medium-grey CL responses) rims (Fig.
7.1B,F, G, L, M), or

(ii) high luminescent oscillatory zoned cores and low to intermediate luminescent rims

(Fig. 7.1C, H, J, K).

Furthermore, some of the cores of these oscillatory zoned zircon grains show characteristics
associated with inherited zircons. This inherited character can be recognised by sub-rounded
zircon cores surrounded by oscillatory zoning; the subrounded characteristic indicates either
partial dissolution within the melt or mechanical abrasion during sedimentary transport
before its incorporation in the melt (e.g. Paterson et al., 1992; Corfu et al., 2003). These sub-
rounded cores may show narrow to broad zonation patterns (Fig. 7.1E, F, H, L), or they may
have relics of primary textures (growth zoning) left preserved (Fig. 7.1J), or they may be

completely unzoned (Fig. 7.1G, ).

2. Zircon grains with a homogenous, unzoned core surrounded by a zoned rim

This zircon population tends to take on elongated to partly-elongated prismatic shapes and is
more prevalent in sample SP43A. These zircons are characterized by large homogenous and
unzoned equant-euhedral cores surrounded by much finer oscillatory-zoned rims (Fig. 7.2 A-

D).

3. Elongate zircon grains

This zircon population is more common in sample SP43A but is consistently present in samples

SP33 and SP19 as well. These grains tend to show the following properties:

(i) Oscillatory zonation from the core to the rim (Fig. 7.2F)

(ii) Broadly zoned core surrounded by a narrow oscillatory zoned rim (Fig. 7.2 E)

(iii) Simple broad parallel twinning in which zonation bands are either thin and well-
defined (Fig. 7.2G, H), or broad and faint (Fig. 7.2l)

(iv) Unzoned to weakly zoned low luminescent cores and high luminescent rims (Fig.
7.2J)

(v) Unzoned to weakly zoned high luminescent cores and low luminescent rims (Fig.

7.2K)
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(vi) Unzoned equant cores, which are locally truncated by CL-dark structureless lobate

zircon portions, surrounded by thin oscillatory zoned rims (e.g. Fig. 7.2L)
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Figure 7.1: CL images of oscillatory zoned zircons and their associated internal structures and textures. The yellow circles
indicate the locations of LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry) analysis and resultant
spot ages are reported as °°Pb/?38U ages with 2o uncertainties. Underlined ages were not included in age regressions.

Textures are described in the text.
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Figure 7.2: CL images of zircon grains with unzoned cores (A-D) and those which are elongate (E-L) The yellow circles [(and
the one black circle; e.g. (K)] indicate the locations of LA-ICP-MS analysis and resultant spot ages are reported as 2°°Pb/?38U
ages with 2o uncertainties. Textures are described in the text.

4. Unzoned zircon grains

The unzoned to weakly zoned zircon population is more common in sample SP43A but a few
do occur in sample SP33 as well. They tend to have a weak luminescence and are uniformly

unzoned to weakly zoned throughout the entire zircon grain (Fig. 7.3A-C).

5. Irregularly zoned zircon grains

This zircon population have alternating CL-dark and CL-bright zones arranged in irregular,
non-planar patterns that generally have no preferred structure. The zonation patterns are
typically broadly banded and strongly developed (Figs. 7.3D-F) or weakly developed with
narrower bands (Fig. 7.3G-l). This zircon population is more prevalent in sample SP19 but

occurs fairly consistently in samples SP33 and SP43A.
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Figure 7.3: CL images of zircon grains that are completely unzoned (A-C) and those which are irreqularly zoned (D-1). The
zircon grains all have Th/U < 0.1. The yellow circles indicate the locations of LA-ICP-MS analysis and resultant spot ages are
reported as ?%°Pb/?38U ages with 20 uncertainties. Textures are described in the text.

Zircons with weak zonation and fairly homogeneous textures throughout the extent of the
grain and those with irregular zonation patterns (referred to as convoluted zoning or “flow
zones” or “flow domains”) are all features interpreted to be metamorphic in origin (Hoskin &
Schaltegger, 2003; Rubatto, 2017). The CGS granites were derived by partial melting of the
high-grade equivalents of the Malmesbury Group (e.g. Harris & Vogeli, 2010; Villaros et al.,
2012) which were metamorphosed shortly before melting occurred during regional
deformation (Rowe et al., 2010). So it is possible that the granites incorporated/inherited
some of the metamorphic zircons into the melt. The grains are, however, likely magmatic as
a separate weighted mean age done for them (not shown) is identical within error to the
weighted mean age calculated for zircons (in each sample) which do not have the same

features (also not shown).
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7.3 U-Pb ages
Tables 7.1, 7.2 and 7.3 present the U-Th—Pb isotopic analyses performed on a total of 77

zircon grains spanning across the three selected granite samples (i.e. SP19, SP33 and SP43A).
All ages calculated/derived based on either the 2°7Pb/?%Pb or 2°6Pb/?38U isotopic ratios, yield
ages of less than 1500 Ma. Therefore based on the recommendations of Spencer et al. (2016)
and Burnham (2018), 2°°Pb/?38U ages are reported for the zircon grains of this study as they
are all <1500 Ma.

Uncertainties on individual analyses in data tables are reported at the 2o level and mean ages
for pooled U/Pb analyses are quoted at the 95% confidence interval. All the analyses are
plotted on concordia diagrams (i.e. Wetherill plots; Figs. 7.4, 7.5, 7.6) which were generated
using Isoplot v. 4.15 (Ludwig, 2012). For this study, any dates with greater than 5%

discordancy are not considered in determining the weighted mean 2°6Pb/?38U age.

7.3.1 Microgranite (Sample SP19)

A total of 26 U-Th-Pb analyses on zircon grains from sample SP19 were done. All but one of
the analyses (i.e. SP19-5; Table 7.1) passed the <5% discordancy filter test. All the analyses
(both concordant and discordant) are plotted on a concordia diagram where they define a

fairly tight cluster at ages of 530-550 Ma, with a few outliers at ages >550 Ma (Fig. 7.4).

Of the 25 analyses (after exclusion of SP19-5), five spots (i.e. SP19-3, SP19-4, SP19-7, SP19-8
& SP19-18 which fall outside the cluster range on Fig. 7.4) yielded inherited 2°°Pb/?38U ages
ranging from 557-599 Ma. They have uranium (U) concentrations and Th/U ratios ranging
between 264-339 ppm (avg. 288 ppm) and 0.09-0.25 (avg. 0.15) respectively. These ages are
interpreted as inherited because the Malmesbury Group metasedimentary rocks contain
detrital zircons with apparent spot ages as young as 560 Ma (Armstrong et al., 1998).
Therefore any 2°°Pb/238U age, in Table 7.1, that exceeds or is within an error of this age is
classified as inherited. The same reasoning applies for zircons of samples SP33 (Table 7.2) and

SP43A (Table 7.3).

The remaining 20 analyses have U concentrations and Th/U ratios varying from 196-858 ppm
(avg. = 419 ppm) and 0.04-0.29 (avg. 0.11; with 9 analyses having a Th/ U ratio < 0.1)

respectively. Their 2°°Pb/?38U ages vary from 528-555 Ma. They yield a weighted mean
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206P b/238U

206pp /238 age of 540.7 + 3.8 Ma (MSWD = 3.6; Fig. 7.4). This age is taken as the crystallisation
age of the microgranite.

data-point error ellipses are 2

Weighted mean average age = 540.7 + 3.8 Ma (n=20)
0,100 F MSWD = 3.6
0,096
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0,088 ’
0,084
0,080 2 Il 2 1L 2 1 2 1 2 1
0,64 0,68 0,72 0,76 0,80 0,84

207Pb/235U

Inherited ages

lgneous/magmatic ages

Figure 7.4: U-Pb concordia diagram of inherited and igneous ages of zircon grains from sample SP19. Data-point error ellipses
are plotted at 20. The reported mean weighted average age is for igneous ages. Legend applies to all U-Pb concordia diagrams
plotted in section 7.3.
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Table 7.1: LA-ICP-MS U-Pb geochronological data for zircons of sample SP19

Data for Wetherill plot ? Dates (Ma) Concordance (%) °
29%pb meas. (CPS) |y (ppm)© T/U  27Pb/>5U 2s  2%pb/8Uy 25 rtho /Pb/%pb 25 0pb/BRy 25 27ph/BY 2

Samples
SP19-1 252000 539 0.04 0.695 0.008 0.0870 0.0006 0.62 525 25 538 4 536 5 100
SP19 -2 149600 327 0.08 0.689 0.015 0.0870 0.0008 0.41 507 46 538 5 532 9 101
SP19-3 142000 285 0.13 0.757 0.014 0.0936 0.0009 0.51 556 41 577 5 572 8 101
SP19-4 144100 273 0.11 0.795 0.011 0.0975 0.0007 0.55 569 31 599 4 594 6 101
SP19-5 325000 677 0.07 0.817 0.011 0.0911 0.0008 0.61 773 27 562 4 606 6 93
SP19 -6 395000 858 0.10 0.692 0.008 0.0857 0.0006 0.65 550 24 530 4 534 5 99
SP19-7 134900 281 0.25 0.729 0.013 0.0902 0.0008 0.49 553 37 557 5 556 8 100
SP19-8 133000 264 0.17 0.754 0.013 0.0941 0.0008 0.47 534 41 580 5 571 7 102
SP19-9 154600 321 0.09 0.705 0.011 0.0887 0.0007 0.52 527 33 548 4 542 7 101
SP19-10 236800 520 0.08 0.692 0.010 0.0854 0.0007 0.58 551 30 528 4 534 6 99
SP19-11 186300 397 0.09 0.758 0.010 0.0878 0.0008 0.68 692 31 543 5 573 6 95
SP19-12 161100 343 0.11 0.695 0.010 0.0869 0.0007 0.54 529 33 537 4 536 6 100
SP19-13 233000 493 0.08 0.714 0.009 0.0874 0.0006 0.58 574 26 540 4 547 5 99
SP19 - 14 198300 423 0.07 0.717 0.012 0.0886 0.0008 0.53 554 37 547 5 549 7 100
SP19 - 15 128900 268 0.29 0.713 0.011 0.0881 0.0007 0.51 549 35 544 4 547 6 100
SP19 - 16 226900 481 0.09 0.699 0.009 0.0867 0.0007 0.58 543 26 536 4 538 5 100
SP19-17 264500 581 0.05 0.707 0.013 0.0873 0.0009 0.55 556 37 540 5 543 8 99
SP19-18 166400 339 0.09 0.728 0.011 0.0911 0.0007 0.53 528 33 562 4 555 6 101
SP19 -19 287000 597 0.21 0.725 0.009 0.0898 0.0007 0.60 549 26 555 4 554 5 100
SP19-21 95300 196 0.15 0.722 0.013 0.0896 0.0008 0.47 560 37 553 4 552 8 100
SP19 - 22 189000 409 0.12 0.715 0.013 0.0880 0.0008 0.53 557 36 544 5 548 8 99
SP19 - 23 151700 325 0.13 0.692 0.011 0.0853 0.0007 0.55 556 34 528 4 534 7 99
SP19 - 24 134100 289 0.12 0.690 0.012 0.0859 0.0007 0.47 534 35 531 4 533 7 100
SP19 - 25 123700 259 0.07 0.708 0.012 0.0885 0.0007 0.48 529 36 547 4 544 7 101
SP19 - 26 147500 301 0.10 0.717 0.012 0.0895 0.0008 0.52 535 37 552 5 549 7 101
SP19 - 27 212100 454 0.11 0.708 0.009 0.0880 0.0007 0.64 545 30 543 4 544 5 100

Samples in bold represent analyses not used in igneous age regressions. a: Data not corrected for common Pb; b: Concordance calculated as: (2°°Pb-?38U date/?°’Pb-23>U date)*100 and (?°°Pb-

238 date/?°7Pb-2%6Pb date)*100. c¢: estimated by comparison with GJ1 zircon reference material.
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Table 7.2: LA-ICP-MS U-Pb geochronological data for zircons of sample SP33

Data for Wetherill plot @ Dates (Ma) Concordance (%) °
20%pb meas. (CPS) | (ppm)¢  TH/U  27Pb/>U 2s  Pp/BBY 25 rtho  27Pb/TPb 25 20Pb/BU 25  207pb/BSU 2s

Samples
SP33-1 247700 491 0.08 0.805 0.019 0.0967 0.0012 0.53 618 43 595 7 600 11 929
SP33-2 120500 247 0.08 0.712 0.011 0.0891 0.0008 0.55 529 37 550 4 546 7 101
SP33-3 176000 363 0.13 0.713 0.010 0.0893 0.0007 0.57 532 33 551 4 547 6 101
SP33-4 310000 666 0.07 0.693 0.009 0.0854 0.0007 0.61 559 28 528 4 535 5 99
SP33-5 355200 681 0.13 0.929 0.019 0.1004 0.0012 0.58 844 40 617 7 667 10 92
SP33-6 378300 797 0.11 0.696 0.007 0.0863 0.0006 0.75 548 21 533 4 536 4 99
SP33-7 310500 664 0.02 0.680 0.007 0.0843 0.0006 0.69 547 21 522 4 527 4 99
SP33-8 118300 236 0.10 0.700 0.012 0.0883 0.0007 0.47 518 38 546 4 539 7 101
SP33-9 217200 439 0.11 0.713 0.009 0.0891 0.0007 0.58 531 28 550 4 547 5 101
SP33-10 137600 290 0.10 0.689 0.011 0.0860 0.0007 0.50 532 35 532 4 532 7 100
SP33-11 162700 332 0.11 0.704 0.009 0.0877 0.0006 0.55 538 31 542 4 541 5 100
SP33-12 125400 265 0.19 0.691 0.011 0.0858 0.0007 0.51 549 37 531 4 533 7 100
SP33-13 87100 188 0.43 0.696 0.014 0.0852 0.0008 0.45 582 48 527 5 536 8 98
SP33-14 112800 234 0.09 0.704 0.012 0.0881 0.0007 0.45 527 35 544 4 541 7 101
SP33-15 156300 327 0.05 0.709 0.011 0.0873 0.0007 0.50 565 33 539 4 544 7 99
SP33-16 164500 352 0.32 0.706 0.013 0.0878 0.0008 0.51 549 41 543 5 542 8 100
SP33-17 160000 337 0.01 0.716 0.014 0.0889 0.0009 0.52 541 41 549 5 548 8 100
SP33-18 52200 73 0.12 1.250 0.035 0.1338 0.0016 0.43 866 58 810 9 823 16 98
SP33-19 237700 500 0.12 0.689 0.008 0.0867 0.0007 0.62 514 27 536 4 532 5 101
SP33-20 184700 384 0.07 0.711 0.009 0.0875 0.0006 0.61 567 27 541 4 546 5 99
SP33-21 150900 306 0.07 0.710 0.010 0.0882 0.0007 0.58 541 30 545 4 545 6 100
SP33-22 208400 448 0.01 0.698 0.010 0.0860 0.0007 0.57 562 33 532 4 538 6 99
SP33-23 198300 411 0.09 0.693 0.009 0.0868 0.0006 0.56 528 28 537 4 535 5 100
SP33-24 117900 252 0.09 0.718 0.016 0.0887 0.0009 0.46 560 48 548 5 549 9 100
SP33-25 213800 462 0.15 0.703 0.012 0.0865 0.0008 0.53 552 37 535 5 541 7 99
SP33-26 132200 278 0.07 0.696 0.010 0.0866 0.0007 0.52 547 33 535 4 536 6 100

Samples in bold represent analyses not used in igneous age regressions. a: Data not corrected for common Pb; b: Concordance calculated as: (2°°Pb-?38U date/?°’Pb-23>U date)*100 and (2°°Pb-
238 date/?°7Pb-2°6Pb date)*100. c¢: estimated by comparison with GJ1 zircon reference material.
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Table 7.3: LA-ICP-MS U-Pb geochronological data for zircons of sample SP43A

Data for Wetherill plot® Dates (Ma) Concordance (%)°
Pbmeas.  (ppm)¢ TH/U  27Pb/ZU 2s  Mpp/BE 25 rtho  207pb/Tph 25 6pp/BBY 25  20ph/B5 s
(CPS) u u

Samples
SP43A-1 150400 313 0.07 0.724 0.012 0.0894 0.0008 0.57 552 37 552 5 553 7 100
SP43A -2 135200 287 0.09 0.707 0.012 0.0881 0.0008 0.53 532 37 544 5 543 7 100
SP43A -3 107400 221 0.11 0.720 0.013 0.0898  0.0008 0.52 534 38 554 5 551 8 101
SP43A -4 168800 352 0.05 0.738 0.013 0.0902 0.0009 0.56 575 35 557 5 561 8 99
SP43A -5 177100 370 0.08 0.717 0.013 0.0891 0.0009 0.53 541 38 550 5 549 8 100
SP43A -6 128700 276 0.09 0.709 0.014 0.0870 0.0008 0.45 567 44 538 5 544 8 99
SP43A -7 190000 410 0.15 0.715 0.011 0.0883 0.0007 0.52 553 34 546 4 548 6 100
SP43A -8 145300 313 0.10 0.678 0.010 0.0845 0.0007 0.58 541 34 523 4 525 6 99
SP43A -9 202400 424 0.07 0.711 0.010 0.0887 0.0007 0.58 535 30 548 4 545 6 100
SP43A - 10 120700 257 0.09 0.712 0.014 0.0888 0.0008 0.47 549 41 548 5 546 8 100
SP43A-11 170100 347 0.09 0.710 0.009 0.0887 0.0007 0.57 530 29 548 4 545 5 101
SP43A-12 113900 237 0.06 0.705 0.011 0.0878 0.0007 0.50 543 35 543 4 542 7 100
SP43A-13 171300 361 0.09 0.702 0.009 0.0872 0.0006 0.57 538 29 539 4 540 5 100
SP43A - 14 91500 188 0.19 0.726 0.014 0.0910 0.0009 0.51 526 42 561 5 554 8 101
SP43A - 15 309000 647 0.07 0.710 0.009 0.0879 0.0007 0.63 554 26 543 4 545 5 100
SP43A - 17 138300 287 0.10 0.702 0.010 0.0883 0.0007 0.53 522 33 545 4 540 6 101
SP43A-18 292100 604 0.08 0.707 0.008 0.0879 0.0007 0.67 545 23 543 4 543 5 100
SP43A - 19 157800 326 0.07 0.710 0.010 0.0886 0.0007 0.55 540 32 547 4 545 6 100
SP43A - 20 169100 366 0.06 0.712 0.013 0.0880 0.0008 0.50 549 37 544 5 546 8 100
SP43A-21 205400 430 0.08 0.707 0.009 0.0874 0.0007 0.62 556 28 540 4 543 5 100
SP43A - 22 142900 300 0.08 0.701 0.010 0.0871 0.0007 0.55 544 34 539 4 539 6 100
SP43A - 23 258000 551 0.03 0.705 0.009 0.0877 0.0007 0.61 548 28 542 4 542 5 100
SP43A - 24 199000 425 0.11 0.698 0.010 0.0873 0.0007 0.57 528 30 539 4 537 6 100
SP43A - 25 138400 295 0.13 0.700 0.013 0.0880 0.0008 0.46 515 42 544 5 539 8 101
SP43A - 26 192500 420 0.11 0.694 0.012 0.0856  0.0008 0.53 559 34 529 5 535 7 99

Samples in bold represent analyses not used in igneous age regressions. a: Data not corrected for common Pb; b: Concordance calculated as: (2°°Pb-238U date/2°’Pb-23°U date)*100 and (*°®Pb—
238 date/?°7Pb-2%6Pb date)*100. c¢: estimated by comparison with GJ1 zircon reference material.
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7.3.2 Fine-grained porphyritic hybrid granite (Sample SP33)

A total of 26 U-Th-Pb analyses on zircon grains from sample SP33 were done (Table 7.2). All
of the analyses, except for one (i.e. spot SP33-5; Fig. 7.1E, Table 7.2), passed the <5%
discordancy filter test. All the analyses (both concordant and discordant) are plotted on a
concordia diagram (Fig. 7.5) where they define a relatively large spread of ages. The majority
of the analyses show a tight grouping of ages from 530-550 Ma (Fig. 7.5B), with the outlier
analyses spread out over a wide age range from 600-800 Ma (Fig. 7.5A). Out of the remaining
25 analyses (after the exclusion of spot SP33-5), two spots, SP33-1 and SP33-18 (outlier
analyses on Fig. 7.5A) yield inherited ages varying from 595-810 Ma. Spots SP33-1 and SP33-
18 have U concentrations and Th/U ratios between 73-285 ppm and 0.08-0.12, respectively.

The remaining 23 analyses have U concentrations and Th/U ratios varying from 188-797 ppm
(avg. 382 ppm; a lower U avg. compared to the non-inherited zircon grains in the
microgranite), and 0.01-0.43 (avg. 0.11; comparable with the Th/U ratio of the microgranite).
They yield a weighted mean 2°°Pb/?38U age of 538.7 + 3.6 Ma (MSWD = 4; Fig. 7.5A),

interpreted to be the crystallization/emplacement age.

7.3.3 Coarse-grained porphyritic hybrid granite (Sample SP43-A)

A total of 25 U-Th-Pb analyses on zircon grains from sample SP43A were done (Table 7.3). All
of the zircon analyses from sample SP43A (discordancy between 99-101%) pass the <5%
concordancy test. The resulting analyses are plotted on a concordia diagram, where they
define a fairly narrow spread when compared to samples SP19 and SP33, varying between
520-570 Ma. The majority of the analysis form a tight cluster at ages 530-555 Ma and there
are two outlier sets, one with a set of analyses with ages of less than 530 Ma and the other
with a set of analyses greater than or approximately equal to 560 Ma (Fig. 7.6). Out of the 25
analyses, two spots from the cores of SP43A-4 and SP43A-14 yield inherited ages. These two
inherited spots have 2°°Pb/?38U ages ranging from 557-561 Ma, with U concentrations and

Th/U ratios between 188-352 ppm and 0.05-0.12 respectively.
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Figure 7.5: (A) U-Pb concordia diagram of inherited and igneous ages of zircon grains from sample SP33. (B) A separate U-Pb
concordia diagram zoomed in on all the concordant spots demarcated by a dashed rectangle in (A). Data-point error ellipses
are plotted at 2o0. The reported mean weighted average age in (A) is for igneous ages.
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Figure 7.6: U-Pb concordia diagram of inherited and igneous ages of zircon grains from sample SP43A. Data-point error
ellipses are plotted at 20. The reported mean weighted average age is for igneous ages.

The remaining 23 analyses, with non-inherited characteristics, have U concentrations varying
from 237-647 ppm (avg. 368 ppm; lower avg. U concentrations than the non-inherited zircon
grains in both the microgranite and fine-grained porphyritic hybrid phase). They have Th/U
ratios between 0.03-0.15 (avg. 0.09; lower avg. Th/U compared to the zircon grains in both
the microgranite and fine-grained porphyritic hybrid phase). The 23 analyses yield a weighted
mean 2%Pb/?38U age of 542.7 + 2.9 Ma (MSWD = 2.4; Fig. 7.6), interpreted to be the

crystallization/emplacement age.
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8 Discussion

8.1 Geochemistry of the S-type granites

8.1.1 |Introduction

Peraluminous S-type granitic rocks, such as the granites of the Peninsula Pluton, typically
display a wide compositional range (Collins, 1996; Chappell et al., 2000; Stevens et al., 2007;
Villaros, 2010). They are interpreted to have been formed by the partial melting of aluminous
clastic sedimentary sources in the continental crust such as metapelites or metaspsamites
(Chappell & White, 1974; Clemens & Benn, 2010). The temperature and nature of melting
depend on the composition of the source rock, the H,0 content, and the particular pressure-
temperature-time (P-T-t) path of that portion of the crust (Brown, 2013). The peraluminous,
S-type granites of the CGS are interpreted to be the products of incongruent fluid-absent
melting of biotite in a metasedimentary source near the base of the crust (Stevens et al., 2007;

Villaros et al., 2009b).

The nature of partial melting reactions involved in the genesis of such granites, under fluid
absent conditions at 800°C or above, is well known, through experimental studies of
metasediment and migmatite sources (e.g. Sawyer, 1991; Montel & Vielzuf, 1997; Brown,
2001; Johnson et al., 2001; Clemens, 2003; Stevens et al., 2007). The reactions generally
involve the breakdown of biotite in the presence of quartz and feldspar to form solid peritectic

mineral phases (e.g. Villaros, 2010):

1. Bt+ Qtz + Pl +Sil = melt + Grt + lIm £ Kfs: in metapelites

2. Bt+Qtz + Pl =melt + Grt + Opx + lIm * Kfs: in metapsammites

The composition of the melt produced (by the reactions) is often difficult to analyse due to its
rare occurrence in natural rocks (i.e. the melt often occurs as inclusions in minerals) (Maas et
al., 2001). As a result, experimental studies are needed to determine the composition of the
melt produced. According to the experimental melt studies of metasediment sources
(undertaken by the various authors as previously mentioned), the melt produced from any
sediment composition is leucocratic, a finding corroborated by Stevens et al. (2007) during
their investigation of the origin of the major element geochemical diversity in the S-type CGS

using appropriate experimental melt compositions.
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As is well known, granites of the upper crust (which range from leucogranitic to granodioritic)
tend to show a substantial variation in major and trace element contents over various scales
ranging from centimetres to hundreds of meters (Garcia-Arias, 2018). This observation
contradicts experimental melt studies which predict strictly leucocratic compositions for
these rock types. This has led to many different processes/mechanisms being proposed to
account for the substantial geochemical variation exhibited by S-type granites which are

discussed extensively by Clemens and Stevens (2012). Some of them include:

(i) Source inheritance models: (a) restite unmixing (White & Chappel, 1977) and (b)
peritectic assemblage entrainment (e.g. Stevens et al., 2007; Clemens et al., 2011;
Clemens & Stevens et al., 2012)
(ii) Magma mixing (e.g. Collins, 1996; Barbarin, 2005)
(iii) Fractional crystallization (e.g. Breaks & Moore, 1992; Foden et al., 2002)
(iv) Crustal contamination (i.e. assimilation) (e.g. Jung et al., 1999; Clarke & Carruzo,
2007).
The petrogenetic model of the S-type granites of the CGS as well as their likely source has
already been established through the findings and contributions of various authors (e.g.
Harris et al., 1997; Stevens et al., 2007; Villaros et al., 20093, b; Villaros, 2010; Harris & Vogeli,
2010). Therefore, for this study, only processes of geochemical variation at a localized scale
(i.e. applicable to the Sea Point contact) will be described. These were identified mostly
through outcrop evidence and include the fractional crystallization of K-feldspar, crustal
assimilation of the granite by the country rock (also considered an emplacement mechanism)
and filter pressing. Certain geochemical trends presented in chapter 6 support the main
process for geochemical variation in the S-type granites of the CGS, i.e. the co-entrainment
of peritectic and accessory phases (Stevens et al., 2007; Villaros et al., 2009a), having occurred
in the study area. These trends will, however, only be briefly described as they will not
contribute to the entrainment model overall nor will they add anything to what is already

known.
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8.1.2 Source characterization

The likely source for the S-type granites of the CGS pluton is considered to be a high-grade
equivalent of the Malmesbury Group metasediments (e.g. Harris et al., 1997; Stevens et al.,
2007; Harris & Vogeli, 2010). This is because oxygen isotope compositions of garnet in the S-
type Peninsula Pluton are consistent with the partial melting of a metapelitic source with an
oxygen isotope composition similar to that of the Malmesbury Group exposed on the surface

(Harris & Vogeli, 2010).

Engt and initial Sr values (Tables 6.5, 6.6) are plotted against each other, along with the
positions of the various mantle and continental isotopic reservoirs, for the discrimination of
likely sources for the granites of the study area (Fig. 8.1). The granite phases all plot close to
the trend that delineates an upper-crust reservoir giving further proof of a crustal origin for
the granites. This is because their initial Sr ratios are greater than 0.706 (they vary between
0.7171350 — 0.739350) and their €ngt values are negative (varying between -5.75 and -8.04);
these values indicate that the granites were derived from a crustal source that was enriched
over time (Rollinson, 1993). Samples SP38 and SP3 (microgranites) have large uncertainties
for the initial Sr and €ngt values respectively (Fig. 8.1). Their values are, therefore, not reliable.
The more appropriate and representative range would be 0.717350 — 0.722582 for the initial
Srand -5.75 to -4.75 for €ngt. These values are from samples SP7, SP33 and SP43A which yield

smaller uncertainties.

The granites show enrichments in Th, U, P, Cs, Rb and K, and are typified by depletions in Sr,
Ba, Hf, Zr, Nb and Ti relative to the average crust (Fig. 6.5B). All of these trends suggest that
the crustal source of the granite melts was radiogenic (as suggested by enrichments in the
radioactive elements of Th and U) and fairly feldspathic (as suggested by enrichments in Cs,
Rb and K). Depletions in Sr and Ba can be explained by the fractionation of plagioclase and/or
retention of plagioclase in the source area during melting (Rollinson, 1993). Nb and Ti
partition into Ti-rich phases (e.g. titanite, titanomagnetite, rutile and ilmenite), P into apatite
and Zr and Hf into zircon (Winter, 2010). Thus the depletion of these elements suggests the

retention of such phases in the source region or accumulation in restite.
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Figure 8.1: gy vs. initial Sr [(87Sr/%°Sr) ]; yellow circles: microgranites, red circle: main phase granite and black circles: hybrid
granites. The upper crust curve (Harris et al., 1986) and a theoretical lower crustal curve (Othman et al., 1984) are indicated
for reference along with the positions of the main oceanic mantle reservoirs of Zindler and Hart (1986) which are: BSE = bulk
silicate earth, EMI and EMII = enriched mantle | and Il, HIMU= high mantle U/Pb ratio, PREMA = frequently observed prevalent
mantle composition. The mantle source of MORB (mid-oceanic ridge basalts) and the mantle end-members DMM (depleted
end member MORB-mantle component) and PREMA are from Zindler and Hart (1986). Error bars for Enqt) are plotted for the
two hybrid granites furthest left but are all smaller than the plot symbols.

8.1.3 Mechanisms/processes for geochemical variation

8.1.3.1 Co-entrainment of peritectic and accessory phases

The consensus by Stevens et al. (2007) and Villaros et al. (2009a) is that the chemical
variability shown by the granites of the CGS is inherited from the source. The granites of the
study area, which themselves exhibit a wide range of compositions (i.e. ranging from fine-
grained leucocratic to coarse-grained porphyritic), match some of the geochemical trends
cited to be the evidence behind the co-entrainment peritectic model. Simplified evidence for

the model is as follows:

(i) An increase in the Al, Ca, Ti, P, Mg# and A/CNK values as a function of increasing

maficity (Fig. 6.2A—F).
These major elements are concentrated or occur predominantly in the phases

forming part of the peritectic assemblage (following the breakdown of biotite).
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(i)

(iii)

(iv)

The positive trends are interpreted to indicate the increase in maficity of the
magma due to the entrainment of Fe- and Mg-rich peritectic phases such as
garnet, cordierite and/or orthopyroxene (Stevens et al., 2007; Clemens & Stevens,
2012). The increase in Ti and Ca, as a function of maficity, is as a consequence of
the presence of ilmenite and plagioclase respectively (Stevens et al., 2007; Garcia-
Arias, 2018). For the S-type granitic rocks of the CGS, the magma entrained the
peritectic assemblage in proportions that range from 0 (pure melts; leucogranites)

to approximately 30 mol. % (granodiorites) (Stevens et al., 2007).

A decrease in the Si, K and Na values with increasing maficity (Fig. 6.2G—l). These

major elements are concentrated in the minerals/phases that are the major
reactants in the partial melting reactions. The entrainment of the peritectic
mineral assemblage dilutes those elements present mainly in the melt (Si, K, Na)
and enriches the magma in those elements present mainly in the mineral
assemblage (Fe, Mg, Ti, Ca), producing the observed compositional trends (i.e.

negative correlations) (Garcia-Arias & Stevens, 2017) as seen in Figure 6.2G-l.

The less defined to poor positive trends shown by Rb, Sr, Ba and Eu as a function

of maficity (Fig. 6.4). These trace elements are also concentrated in the mineral
phases that are reactants in partial melting reactions (Villaros et al., 2009a). The
variations/scatter shown by these elements reflects (a) the variations in source
mineralogy and trace element composition, and (b) is as a consequence of the

consumption of the reactant phases to form the melt or magma.

The well-defined positive linear trends shown by the LREE (Fig. 6.3A-C) and the

HFSE (Fig. 6.3D-E) as a function of increasing maficity. Monazite primarily

concentrates LREE whereas zircon concentrates HFSE (as well as the REE of Y and
Yb) into its structure (Villaros et al., 2009a). In addition to their small crystal sizes
and their availability at the sites of melting, Villaros et al. (2009a) concluded that
the positive linear trends shown by the HFSE and LREE as a function of increasing
maficity reflect the co-entrainment of zircon and monazite along with the

peritectic mineral assemblage. In essence, the low REE and HFSE compositions of
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the leucogranites mean their melts left the source with variable proportions of
entrained peritectic phases (close to zero percent) but before the melt has

dissolved any zircon and monazite accessory minerals (Villaros et al., 2009a).

8.1.3.2 Fractional crystallization

For the granites phases of the study area, the observed well-defined linear negative trend of
FeOt, TiO,, MgO, P,0s and CaO with increasing silica content (Fig. E1A, B, C, E, F; Appendix E)
could be indicative of the crystallisation of plagioclase (concentrates Ca), biotite
(concentrates Fe, Ti and Mg depending on the type of biotite) and accessory apatite
(concentrates P) from a parental magma. The variation of Na,O and K,O relative to SiO, show
a larger scatter (Fig. E1G, H). They instead show a better trend when modelled against maficity
(Fig. 6.2H, 1). Against maficity, they show weak negative trends. Other than the reason given
in section 8.1.3.1, the weak trends could be because these two elements are associated with
alkali-feldspar (or K-feldspar) (e.g. Winter, 2010). Therefore, their weak negative trends
against maficity, as opposed to the neat positive linear trends shown by Fe, Ti, Al, Ca and Mg

(against maficity), suggests a fractionation of alkali feldspar.

Other clues that support the idea of the fractionation of a feldspar mineral can be found from
REE and spider plots plotted in Fig. 8.3A and B. On these plots, the granites of the study area
are normalized relative to the average trace element composition of the coarse-grained
porphyritic granites of the Peninsula Pluton from Farina et al. (2012). Despite belonging to
the same pluton, the granites of the study area, apart from, SP18 (main coarse-grained
porphyritic granite) and SP33 (fine-grained porphyritic hybrid granite), show positive Eu
anomalies [(Eu/Eu*)rarina = 1.01 — 3.53; Avg. 1.54)] and a moderate enrichment in HREE,
particularly for the main coarse-grained porphyritic and hybrid granite phases, relative to the
average granite composition from Farina et al. (2012) (Fig. 8.3A). Moreover, the granites of
the study area also show slight to moderate enrichments (and positive anomalies) in Sr and
K, whereas Ba is enriched for samples SP21, SP6, SP31 and SP35 (medium- and coarse-grained
porphyritic hybrid granites) (Fig. 8.3B). All of these observations suggest that feldspar

fractionation may have caused some variation in the granites of the study area.

Eu, Rb, Sr and Ba can be used to assess the crystallization of K-feldspar and plagioclase. This

is because Ba concentrates strongly in K-feldspar and Sr commonly substitutes for Ca in
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plagioclase, and, to a lesser extent, for K in K-feldspar (Winter, 2010). Eu?* can substitute for
Ca and Sr in plagioclase, whereas Rb behaves similarly to K (due to having the same radius
and valence as K) and can thus concentrate in K-feldspar (in place of K) (Winter, 2010).
Moreover, Rb, Sr, Ba and Eu are also compatible with regard to the pyroxenes, amphiboles
and biotite (Rollinson, 1993; Cao et al., 2018), although to a variable, and mostly lesser extent.
Therefore the validity of the linear negative trends of FeOt, TiO,, MgO, CaO and P,0s with
increasing silica content, which is suggestive of the crystallization of biotite, as mentioned
previously, can be assessed using Rb, Sr, Ba and Eu. Pyroxenes and amphiboles are not

assessed because they are not observed petrographically.
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Figure 8.2: Binary log-log diagrams of (A) Ba vs. Sr, (B) Ba vs. Eu, (C) Ba/Sr vs. Sr, and (D) Rb/Sr vs. Sr (After Cao et al., 2018)
modelled at 30% fractional crystallization. The diagrams illustrate which fractionation trend, K-feldspar (Kfs; green arrow),
plagioclase (Pl; blue arrow) and biotite (Bt; red arrow), had the most control in causing geochemical variation in the granites
of the study area (yellow circles: microgranites; red circles: main coarse-grained porphyritic granite; black circles: hybrid
granites; blue circle: aplite). The assumed parent magma composition is represented by the least fractionated sample in the
form of SP21 (a medium-to coarse-grained porphyritic hybrid granite).
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Fractionation vectors plotted on log-log-diagrams of Ba vs. Sr, Ba vs. Eu, Ba/Sr vs. Sr, and Rb/Sr
vs. Sr (after Cao et al., 2018) (Fig. 8.2) were used to assess the fractionation of feldspar in the
study area. All the fractional crystallization trends are modelled from the assumed parent
magma composition represented by the least fractionated sample (i.e. low SiO; wt. % and
high wt. % MgO & FeOt) in the form of SP21 (a medium- to coarse-grained porphyritic hybrid
granite) (Fig. 8.2). The partition coefficients of the various trace elements (i.e. Rb, Sr, Ba and
Eu) for a particular major mineral phase (i.e. K-feldspar, plagioclase or biotite) in felsic rocks

are from Rollinson (1993).

The diagrams of Ba/Sr vs. Sr, Ba vs. Eu, and Ba/Sr vs. Sr (Fig. 8.2A, B, C) show that the majority
of the samples follow the fractionation vector trend for K-feldspar (Kfs) as opposed to
plagioclase and biotite, whereas the Rb/Sr vs Sr plot (Fig. 8.2D) cannot clearly distinguish the
fraction of K-feldspar from plagioclase (Pl). The diagrams reveal that, in general, the granite
phases that have a higher Kfs phenocrystic content, particularly the medium- to coarse-
grained porphyritic hybrid phases and one of the main coarse-grained porphyritic granites,
progress/evolve towards samples with a low Kfs content (i.e. microgranite and aplite phases).
This subsequently proves that the crystallization of Kfs played some role in causing the

geochemical variation in the granites of the study area.

The crystallization of Kfs as a control on the geochemical/compositional variation, however,
is likely to have been of a secondary role that superimposed itself onto the primary process
of peritectic assemblage entrainment (e.g. Clemens, 2010; Clemens et al., 2017). It likely took
place at levels close to the emplacement site, causing a secondary compositional trend or
variation after the granitic magma entrained ferromagnesian material inherited from a
metasedimentary source material. This interpretation implies that the leucocratic
compositions or rocks (microgranites and aplites) of the study area should show some
geochemical difference that reflects feldspar fractionation relative to other leucocratic
compositions/melts that have been interpreted as almost pure anatectic melts. This is
confirmed by the positive Eu anomalies and slight to moderate enrichments (and anomalies)
in Cs, K and Sr relative to average leucocratic compositions of Farina et al. (2012) (Fig. E2;

Appendix E3).
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8.1.3.3 Crustal assimilation and filter pressing

Assimilation is the incorporation of chemical components from the host rock to the ascending

magma (Clemens & Stevens, 2012). It is a process that forms when magma creates space for

itself by melting its way upwards through the host rock during intrusion. In the study area,

there are a few outcrop and microscopical textural features that are indicative of the

assimilation process:

(i)

(i)

The common presence of metasedimentary xenoliths. Stoped blocks can become
partly disintegrated and assimilated by the intruding magma (Lackey et al., 2006;
Clarke, 2007).

Gradational contacts between the country rock and the hybrid granites in the lit-
par-lit zone (Figs. 4.22, 4.23). The contact is primarily gradational because minerals
that have a similar size and texture to those occurring in the country rock are
incorporated into the granite phases (and vice-versa). This is indicative of an
assimilation process to some capacity. For example, the hybrid granites,
particularly the medium-grained porphyritic phase, tend to incorporate biotite
crystals, similar in size, shape and texture to those found occurring in the country
rock (Fig. 4.23B, D). This could also explain why the medium-grained hybrid
granites in the lit-par-lit zone show variations in terms of biotite content, with
some portions of the granite being biotite-rich, while other portions are relatively
biotite-poor. The country rock itself incorporates certain minerals from the
surrounding granite. These are interpreted to be from the granite on account of
their large sizes. The mineral constituents include phenocrysts of K-feldspar,
plagioclase, quartz, and biotite. As a result, certain portions of the country rock in
the lit-par-lit zone appear more feldspathic and porphyritic (Fig. 4.22) than the

usual appearance of the country rock (e.g. Figs. 4.4, 4.6).
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Filter pressing is a mechanism that involves the segregation of melt fractions from a crystal
mush (melt plus crystals) during crystallization (e.g. Petford & Koenders, 2003; Weinberg et
al., 2015; Berger et al., 2017; Garibaldi et al., 2018). In such a situation, a certain fraction of a
melt in a crystal-laden magma can be segregated or forced out by tectonic compression and
moved into fractures or other free spaces, leaving the crystals behind. Outcrop evidence
suggests that the main contact zone of the study area is consistent with melt accumulation
and escape as suggested by the K-feldspar megacrysts embedded or mantled by the country
rock (Figs. 4.25; 5.19) (the mechanism of how they became embedded is described later on
in the thesis). As granite emplacement in the study area is interpreted to be late-syntectonic
(section 8.5), the magma (melt plus crystals) underwent deformation and the melt fraction
was more easily mobilized and driven out, compared to the crystal fraction, leaving the K-
feldspar megacrysts behind. This process may have affected the composition of the

crystallizing granites in the lit-par-lit zone and thus causing a variation in their chemistry.
Multiple tests were done to test for assimilation including:

(i) Plotting REE and spider diagrams to assess any element depletions and
enrichments in the granites of the study area relative to the main coarse-grained
porphyritic granite from elsewhere in the Peninsula Pluton (e.g. Farina et al., 2012
dataset) and Malmesbury Group metasedimentary rocks of the Tygerberg
Formation further away from the contact (e.g. Frimmel et al., 2013 dataset)

(ii) Assessing the Rb-Sr and Sm-Nd isotope data for the granites of the study area

(iii) Plotting diagrams of compatible element vs. silica where both the Malmesbury
Group rocks and granites are plotted to assess whether trends off a main
"differentiation" trend in the granites toward the Malmesbury Group occurs which

may suggest assimilation of the country rock.
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For assimilation, none of the tests yielded the desired results to support outcrop evidence of
assimilation. On spider plots normalized to the average trace element compositions of coarse-
grained granites from Farina et al. (2012) and metasiltstones (ideal country rock composition
before contact metamorphism) from Frimmel et al. (2013), slight to moderate enrichments in
Ba, K, Sr, Pb, Cs and U (with the latter two enriched relative to the metasiltstone lithologies)
might initially suggest an enrichment in crustal material relative to the aforementioned
lithologies (Fig. 8.3B, D). This is because the upper crust is felsic (hence enrichments in Cs, Ba,
K and Sr which are associated with feldspars) and radiogenic (hence enrichments in U) relative
to the lower crust (Petford et al., 2000; Rudnick & Gao, 2003). This, however, is misleading
because fractionation will have a far greater effect on compositional variation than limited,
localised assimilation induced by thin granite sills as is the case in the study area. The chemical
variation seen, therefore, particularly with regard to LILE, is likely due to feldspar fractionation

(both plagioclase and alkali) as previously described.

Assimilation of crustal material by a magma can push up the initial Sr ratio and lower the €ngt
value (e.g. DePaolo, 1981; Janousek et al., 2016). Because the granites of the CGS are derived
by crustal melting the effect is masked by their crustal origin to begin with. Moreover, as
previously mentioned in chapter 6, the microgranite has high initial Sr ratios (e.g. 0.739350
yielded by sample SP38) likely due to weathering and, possibly, hydrothermal effects.
Although it could be possible that the values may be due to assimilation, the fine-grained
nature of the microgranite tends to argue for rapid cooling (upon initial contact with the cold
country rock) and little time for assimilation. Lastly, compatible element vs. silica showed no
deviation of granites towards compositions of the Malmesbury Group; they are, therefore,

not shown.
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Figure 8.3: Rare earth element (A, C) and multi-element spider (B, D) plots for the various granite phases of the study area. (A) and (B) are normalized to the average trace element composition
of the main coarse-grained porphyritic granites of the Peninsula Pluton From Farina et al. (2012) and (C) and (D) are normalized to average metasiltstone trace element composition from Frimmel
et al. (2013). Black trends: Hybrid granites; red trends: Main coarse-grained porphyritic granites; yellow trends: Microgranites; blue trend: Aplite.
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3 (Na + K)/Fe

The filter-pressing mechanism can be assessed, but not necessarily be proven, by use of a
Pearce element ratio (PER) diagram first developed by Pearce (1968). PER diagrams are
designed to test hypotheses relating to the compositions of samples of a rock suite (Nicholls
& Gordon, 1994). In a PER diagram, the numerators are typically an element (or combination
of elements) that participate in crystal fractionation of the minerals in the magma, whereas
the element or elements in their denominators, must be conserved (i.e. they do not change
during the fractionation process in order for the system change to be accurately portrayed)

(Nicholls & Russell, 2016).

SP6, SP21, SP31, SP32, = Medium- and coarse-grained
SP35, SP34, SP43A, SP42A  porphyritic hybrid granites

— SP30, SP40, SP42B = Fine-grained non-porphyritic
hybrid granites

SP33 = Fine-grained porphyritic hybrid granite

SP7, SP18 = Main coarse-grained porphyritic granite

20

15

10

| | | | |
10 15 20 25 30 35 40

Si/Fe

Figure 8.4: Plot of 3(Na + K)/Fe versus Si/Fe. The model line/linear trend (with a slope of 1) represents the compositional
variation caused by the fractionation of K- or alkali-feldspar. The scatter is quite substantial for some samples (e.g. samples
SP21, SP18 and SP40) and falls off the main trend suggesting that an external mechanism, outside of alkali-feldspar
fractionation, is causing geochemical variation.
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Since it was determined that the fractionation of K-feldspar megacrysts may be influencing
the K content of the granite phases (section 8.1.3.2), differences in terms of Na and K were
tested between the various medium- and coarse-grained porphyritic hybrid granites, the main
coarse-grained porphyritic granite and fine-grained non-porphyritic hybrid granite (Fig. 8.4).
This was done to test how the "stranding" of the Kfs megacrysts in the country rock may
possibly be influencing their chemistry by the filter-pressing mechanism. Fe was selected as a

denominator as it would not partition into the embedded K-feldspar megacrysts (Fig. 8.4).

The linear trend, in this case, represents the compositional variation caused by K-feldspar
fractionation (Fig. 8.4). Any deviation off the linear trend suggests (but does not prove) that
an external mechanism may be influencing compositional variation off the trend. The scatter
is quite substantial for some samples (e.g. samples SP21, SP18 and SP40) and falls off the main
trend (Fig. 8.4). This may be due to either filter pressing or even assimilation of the country
rock. It is, however, acknowledged, that the mobile nature of Na and K may also have affected

the ratios to some extent.

Overall, the available data (for this thesis) does not allow any whole-rock geochemical
variability, which may be due to assimilation or filter pressing, to be detected and proven
definitively despite the outcrop evidence of their occurrence. More in-depth studies,
including mineral chemistry, software computational modelling and experimental studies
(e.g. Erdmann et al., 2007; Garcia-Arias & Stevens, 2017) need to be done to test these

mechanisms more rigorously.

8.1.3.4 Aplite petrogenesis

The representative aplite sample (SP15) has the same geochemical characteristics as the
microgranites. Relative to the main coarse-grained porphyritic granite (in the study area as
well as on a regional scale) and the hybrid granites, the aplite sample is also depleted in the
LILE, HFSE, LREE, most HREE and it has low CaO (0.28 wt. %), TiO; (0.10 wt. %) and Mg# (7.38)
contents. Thus, based on the main petrogenetic model for the suite, it could be classified as
a relatively pure leucocratic melt phase. Alternatively, the aplites may be interpreted as late-
stage magmatic fractionates largely due to their close association with the main coarse-
grained porphyritic phase. In the outcrop, the aplites occur as variably sized dykes within the

main coarse-grained porphyritic granite phase at the southern end of the study area (Fig.
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4.14). The aplites cooled quickly, as evident from their fine grain size (Fig. 4.14B). Their contact
with the coarse-grained porphyritic granite is sharp locally (but is elsewhere more
gradational) indicating that the latter was largely crystallised during the crystallisation of the
aplitic phase. However, the aplites were still at a sufficiently high temperature to prevent the
development of an extensive chilled margin. The late silicate melt, interpreted to be a product
of extensive crystal fractionation of the melt associated with the main coarse-grained
porphyritic phase, which gave rise to the aplites is likely to have escaped along a network of
fractures (e.g. Winter, 2010), developed within the main coarse-grained porphyritic granite,
as dykes. This is because, unlike the microgranite and hybrid granite phases (in the lit-par-lit
zone) which made use of the existing bedding and foliation structures of the country rock for
their propagation, no such favourable pathways or textural anisotropies existed in the main
coarse-grained granite. This prevented extensive linear dyke-like intrusions but gave rise,
rather, to more irregularly shaped aplitic masses in the porphyritic granite. Alternatively, the
coarse-grained granite could have represented the still partially molten granite (the crystal

mush) that prevented the fracture propagation of the aplite (e.g. Miller et al, 2011).
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8.2 Geochemistry of the Malmesbury Group metasedimentary rocks

8.2.1 Introduction

This section will aim to interpret (and subsequently constrain) the sedimentary provenance
and tectonic setting of the Malmesbury Group metasedimentary samples of the study area
using their geochemistry. The derived interpretations will be compared to findings on past
work done on the geochemistry and tectonic evolution of the Malmesbury Group (and the

western Saldania belt in the greater context).

8.2.2 Sediment provenance and tectonic setting

The Malmesbury Group metasedimentary samples are relatively enriched in the REE and trace
elements of Cs, Rb, Th, U, K, Nb, Ta relative to the average continental crust values of Rudnick
and Gao (2003) (Fig. 6.8B). In addition to their relatively high SiO; (Avg. 63.59 wt. %) and K,0
(Avg. 4.07 wt. %) and low MgO (Avg. 2.81 wt. %), relative to the average crust, these trace
element enrichments are suggestive of an upper crustal origin for the metasedimentary
samples. This is because the upper crust is enriched in felsic minerals (hence enrichments in
Rb and Cs which preferentially concentrate in felsic minerals such as K-feldspar), heat-
producing radioactive elements (hence the enrichments in U and Th) and the LREE (Petford
et al., 2000; Rudnick & Gao, 2003). The samples show moderate to strongly negative
europium anomalies [(Eu/Eu*)c = 0.59-0.70)]. This, together with the low average CaO (0.60
wt. %) content of the samples (relative to the average crust CaO concentration of 6.51 wt. %),
and depletions in Sr, K and Ba (relative to the average crust; Fig. 6.8B), suggests that the
source material the metasedimentary samples were derived from was plagioclase-poor.
Figures 6.8C—F confirms an overall upper continental felsic provenance for the

metasedimentary samples as previously described.

Sm-Nd and Rb-Sr isotope geochemistry were only performed on one sample. Despite this,
sample SP16 is deemed as a suitable proxy to account for the Sm-Nd and Rb-Sr isotope
characteristics of the rest of the metasedimentary rocks of the study area. This is because the
results obtained for sample SP16 are consistent with those of Buggisch et al. (2010) and

Frimmel et al. (2013) from the Malmesbury Group samples (of the Tygerberg Formation) they

analysed (Appendix E1). The €ngt value of SP16 (-7.84) is also negative as is the case with Engt
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values from Frimmel et al. (2013) [(Engt values between -8.0 and -3.2)] and Buggisch et al.

(2010) [(Engt values between -13.4 and -11.0)], although values from Buggisch et al. (2010)
are far more negative in general. Although there is no Rb-Sr isotope data for Buggisch et al.
(2010), the initial Sr value of SP16 (0.728103) is consistent with the lower range of initial Sr
values from Frimmel et al. (2013) (0.72735-0.73098; Fig. 8.5B). The initial Sr values from
Frimmel et al. (2013) do, in general, show a large spread from 0.72735-0.76446.

The low €ngt value (-7.84) and the fairly high initial Sr value (0.728103) sample SP16 produced
supports the interpretation of a felsic upper continental crustal source (Fig. 8.5B). The 2.07
Ga Towm age relative to the depleted mantle at the time of sediment deposition (560 Ma) (Fig.
8.5A) indicates the involvement of Paleoproterozoic crustal sources in the formation of the

metasedimentary rocks of the study area (i.e. they were derived from the provenance of

reworked Paleoproterozoic crust).

€Nd,,

0.0 0.5 1.0 1.5 2.0 0.70 0.71 0.72 0.73 0.74 0.75 0.76 0.77
Age (Ga) Intial Sr

Figure 8.5: Whole-rock isotope plots for the various Malmesbury Group samples (black triangle: Tygerberg Formation
metasedimentary sample of the study area,; green- and purple-circles: Tygerberg Formation metasedimentary samples from
Frimmel et al., 2013 and Bugisch et al., 2010 respectively. (A) eNd(t) vs. age (Ga) plot. (B) eNd(t) vs. initial Sr [(5”Sr/*¢Sr)l]. The
upper crust curve (Harris et al., 1986) and a theoretical lower crustal curve (Othman et al., 1984) are indicated for reference
in (B). The positions of the main oceanic mantle reservoirs of Zindler and Hart (1986) shown in (B) are: BSE = bulk silicate
earth, EMI and EMII = enriched mantle | and Il, HIMU= high mantle U/Pb ratio, PREMA = frequently observed prevalent mantle
composition. The mantle source of MORB (mid-oceanic ridge basalts) and the mantle end-members DMM (depleted end
member MORB-mantle component) and PREMA are from Zindler and Hart (1986). Data from Buggisch et al., (2010) is not
plotted (in B) due to the absence of Rb-Sr isotope geochemistry data in their dataset.
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Geochemically, the likely source rocks, which eroded and weathered to form the
metasedimentary rocks of the study area, are likely to have been rhyodacites/dacites (Fig.
6.8D). These source rocks were plagioclase-poor (as previously mentioned) and minimally to
moderately weathered as suggested by the relatively low Zr/Sc ratios (McLennan et al., 1993;
Fig. 6.8C) and low to moderate CIA values produced by the samples of the study area. The
fairly low intensity of weathering indicates that the geochemical variation of the
metasedimentary rocks was mostly dominated by the composition of the source materials as
opposed to any subsequent sediment recycling or reworking and compositional maturing of
the sediments before lithification. According to age data from Frimmel et al. (2013), however,
the likely source rocks for the metasedimentary samples are ortho- and para-gneisses of the
Namaqua Metamorphic Province. A greywacke of the Porterville Formation (Table 1.1) yield
206pp /238y ages of Cryogenian age (750 Ma) to Namaquan age (1.05 —1.15 Ga), whereas the
maximum age of the Tygerberg and Morreesburg Formations (Table 1.1) is constrained at 564
+ 3 Ma and 557 + 6 Ma respectively (Frimmel et al., 2013). The differences in the age spectra
of these Malmesbury Group formations relate to the much more prominent input of late-
Mesoproterozoic and early Neoproterozoic zircons. This likely reflects the proximity of the
Namaqua-age (1200-950 Ma) metamorphic hinterland to the immediate east of the Saldania

Belt (e.g. Rozendaal et al., 1999; Kisters et al., 2018).

With regards to the tectonic position of the provenance area, all the Malmesbury Group
metasedimentary samples plot in the continental island arc field using the plots of La/Sc vs.
Ti/Zr, La-Th-Sc and Th-Sc-Zr/10 after Bhatia and Crook (1986) (Fig. 6.9). However, the
tectonic regime of the Tygerberg Formation (and the western Saldania belt in the greater
context) is interpreted to be an active continental margin (e.g. Belcher, 2003; Rowe et al.,
2010; Frimmel et al., 2013; Kisters & Belcher, 2018). A reason for this incorrect tectonic
classification, as highlighted by Bock et al. (2000) and Kutterolf et al. (2008), is that using bulk-
rock geochemistry is problematic for discrimination between active continental margins and

island arc provenances.

The active continental margin, in question, is related to the convergence of the Rio de la Plata
and Kalahari Cratons during Gondwana assembly (Villaros et al., 2009b). Frimmel et al. (2013)
suggest a back-arc position relative to the Dionisio Cuchilla-Pelotas arc (now located in Brazil

and Uruguay) for the depo-basin in which the Malmesbury Group was deposited. The main
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suture between the Kalahari and Rio de la Plata cratons is interpreted by Frimmel et al. (2013)
to be west of the Dionisio Cuchilla-Pelotas arc, possibly along the Major Gercino-Sierra Balena
Lineament within southeastern South America. Kisters and Belcher (2018), however, argue
that the western Saldania belt is instead representative of a section through a fore-arc region
situated along the western margin of the Kalahari Craton (Kisters & Belcher, 2018). In this
fore-arc region, the Malmesbury Group (encompassing the Tygerberg Formation, large parts
of the eastern Boland Subgroup and the upper parts of the central Swartland complex)
represents the relics of a fore-arc basin fill of late-Neoproterozoic to Cambrian age (Kisters &
Belcher, 2018). This basin sits on top of an accretionary prism where the lower, structurally
complex, Swartland complex was once situated (Kisters & Belcher, 2018). The sinistral
transpressive strains of the Malmesbury fore-arc agree with the oblique closure of the
Adamastor Ocean (or proto-Atlantic ocean), which existed between South America and

southern Africa, during the late Neoproterozoic (Kisters & Belcher, 2018).

Important information about the depth extent of the Malmesbury Group can be obtained
from the CGS; this is because the thickness of the Malmesbury Group is poorly constrained
(Kisters, 2016). Using a foliated metamafic xenolith (a possible high-grade equivalent of the
Malmesbury Group metasediments and likely source for the granites of the CGS) found at the
Darling Batholith of the CGS, Villaros et al. (2009b) were able to constrain the possible
pressure-temperature (P-T) conditions at the source region for the CGS plutons. The xenolith
records regional granulite facies metamorphism, of ~850 °C and 10 kbars (depths over 25 km),
before the intrusion by the CGS granites and can be considered as minimum conditions for
partial melting of the source (Villaros et al., 2009b). Inherited 2°°Pb/?38U ages obtained from
the zircon grains of three granite samples have ages of 557 £ 5 and 599 + 4 Ma in sample
SP19, 599 + 7 and 810 + 9 Ma in sample SP33 and 557 + 5 and 561 + 5 Ma in sample SP43A
(see U-Pb geochronology chapter 7); these ages correspond closely to ages of inherited zircon
cores found in the Peninsula Pluton granite by Villaros et al. (2012). These results, therefore,
point to Pan-African aged Malmesbury-type material at depth (i.e. in the anatectic source

region of the magmas at > 25 km depths) (e.g. Kisters et al., 2018).
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8.3 Metamorphism of the country rock

8.3.1 Introduction

Owing to the sub-greenschist facies metamorphism of the Malmesbury Group rocks and their
poor exposure, there has been limited research on the metamorphism of the Malmesbury
Group (Belcher, 2003). Furthermore, the knowledge of the temperature of the Peninsula
Pluton granite (at the time of intrusion) and the surrounding (country rock) areas upon
intrusion is also limited, hindering thermal modelling (e.g. Wheeler et al., 2004). Other limiting
factors, in the case of the study area, is the occurrence of alteration and the absence of
petrogenetic modelling (from bulk-rock analyses) and mineral compositional data. The
presence of the former means that reaction textures, especially those involving cordierite,
cannot easily be observed petrographically and the absence of the latter (analytical data and

modelling) means that metamorphic P-T conditions can only be estimated.

This section will, therefore, mention standard reactions, from literature, that are expected to
take place in average pelites during a progressive increase in temperature without a
significant change in pressure (e.g. as in contact aureoles). These reactions will then be
compared to the stable assemblage of the metapelites in the study area to delineate any
variations or similarities the assemblage shows when compared to average or “true” pelites
undergoing contact metamorphism. Any conclusions drawn from this section should,

however, remain tentative until further metamorphic studies are undertaken.

8.3.2 Reactions expected for low-grade pelitic rocks undergoing contact metamorphism

Pelitic rocks are very fine-grained (typically <2um) mature clastic sedimentary rocks derived
from the weathering and erosion of the continental crust (Winter, 2010). Their mineralogical
composition is dominated by fine Al-K-rich phyllosilicates, in the form of clay minerals (i.e.
montmorillonite, kaolinite, or smectite), fine white micas (sericite or phengite) and chlorite
(Bucher & Frey, 2002; Winter, 2010). Fine quartz, feldspars (albite and K-feldspar), iron oxides
and hydroxides, zeolites, carbonates, sulphides, and organic matter are the other common
constituents in pelitic rocks (Bucher & Frey, 2002; Winter, 2010). The geochemical
characteristics that distinguish pelites from other common rocks are high Al,O3 and KO (and

usually SiOz) and low CaO. These characteristics reflect the high clay and mica content of the
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original sediment and lead to the dominance of muscovite and quartz throughout the low-

and medium-grade range of metamorphism (Winter, 2010).

In contact metamorphic environments, the heat source that drives further metamorphism of
low-grade pelitic rocks is typically magma that intrudes the upper crust from depth (Bucher
& Grapes, 2011). As a result, thermal contact aureoles are typically developed around magma
bodies. The maximum temperature to which the low-grade rocks can be heated depends on
several factors, including the composition of the magma, the size of the magma body and the
temperature of the country rock (Bucher & Grapes, 2011). For example, the intrusion of large
amounts of hot and dry mafic magma from the mantle may result in extensive high-
temperature (900 —1000°C) contact aureoles, whereas shallow-level H,O-saturated granitic &
granitoid magmas (i.e. “wet” magma) rarely exceeds 650°C (Bucher & Grapes, 2011). In
contrast, Winter (2010) estimates the intrusion temperature of H,O-saturated granite magma

to be between 700 and 800°C.

The chemical composition of pelites can be represented by the K;0-FeO-Mg0-Al;03-Si02-H,0
(KFMASH) system as it accounts for 95% or more of their composition (Winter, 2010; Spear
et al., 2017). The KFMASH system involves six chemical components, three of which (H,0-
SiO,-K;0) can be assumed to be in excess in rocks with quartz and muscovite or K-feldspar,
and that, during the reaction, liberate H in the form of a hydrous fluid or silicate melt (Spear
et al., 2017). The major mineralogical differences that distinguish low-pressure pelites from
higher pressure types are the occurrences of andalusite and/or cordierite in the former. In
general, Al-rich pelites contain andalusite-bearing assemblages over a wide range of
temperatures (from below 400° to > 600°C) at very low pressures (as low as 0.2 GPa) whereas
at higher temperatures cordierite is the characteristic mineral of low-pressure pelites (Bucher
& Grapes, 2011). This is because cordierite has a relatively high molar volume, placing it at

the low pressure-high temperature side of reactions (Winter, 2010).

The metapelites of the study area contain a stable mineral assemblage of Crd + Bt + Kfs + Qtz
+ Pl (the latter represents the non-KFMASH components of Na,0O and Ca0O). Primary muscovite
is rare to absent and is instead present within an assemblage involved in the replacement of
cordierite (Appendix B1; Fig. B1G, H). Primary chlorite is also not present in the assemblage;
it is largely a retrograde phase replacing biotite. Contrary to the prograde path of “normal”
or average low-grade pelitic sedimentary rocks, andalusite is absent from the final

155



assemblage. Its absence possibly alludes to the lack of sufficient Al,Os content in the
metapelites of the study area to crystallize andalusite during progressive metamorphism.
Instead, the distinctive mineral phases related to thermal metamorphism are biotite and
cordierite. The characteristic assemblage of the metapelites of the study area is similar to the
assemblage described by Pattison and Harte (1997) for pelites in the lower and upper
cordierite zones in the Ballachulish thermal aureole located in the West coast of Scotland.
Therefore all reactions that summarize what is happening in the aureole of the Sea Point
contact will be a direct reference to their findings. Zone lll, the chlorite-absent zone in the
lower cordierite zone of the Ballachulish thermal aureole, contains the assemblage Ms + Qtz
+ Crd + Bt. The model reaction (550 — 560°C), given by Pattison and Harte (1997), that

accounts for the production of cordierite and biotite at the expense of chlorite is:
Ms + Chl + Qtz = Crd + Bt + H,0 (1)

Assemblage Vb of the upper cordierite zone, an upgrade of zone lll, of the Ballachulish
thermal aureole is muscovite-free and typified by the assemblage Bt + Crd + Kfs + Qtz. Pattison
and Harte (1997) interpret the model reaction (at ca. 620°C) that accounts for the production

of K-feldspar and cordierite at the expense of muscovite to be:
Ms + Bt + Qtz = Crd + Kfs + H,0 (2)

Overall, the distribution of mineral assemblages in the thermal aureole of the study area is
consistent with the sequential crossing of reactions (1) and (2). The absence of primary
chlorite in the study area can be explained by reaction (1), whereas the absence of muscovite
can be explained by both reactions. Reaction (2), however, consumes biotite but petrographic
evidence of biotite consumption was not observed due to limited evidence of reaction

textures.

Although it cannot be said with certainty whether biotite in the study area is of contact or
regional metamorphic origin without a larger regional study aimed at determining the extent
of the thermal aureole, some clues support a contact origin. For example, if reaction (1), which
takes place at temperature conditions of 550 — 560°C, is envisaged to be the reaction
responsible for biotite formation in the study area, that would suggest that at the point of
biotite formation, the grade is already higher than in any of the Malmesbury Groups rocks

outside the contact aureole. Regionally, the Malmesbury Group rocks (outside the contact
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zone) are interpreted to reflect lower or sub greenschist facies conditions (i.e. 250°C to 350°C)
(e.g. Scheepers, 1995; Rozendaal et al., 1999; Belcher & Kisters, 2003), with the
metagreywackes and metapelites of the Malmesbury Group lithologies comprised
predominantly of quartz, feldspar (albite and microcline), muscovite and minor chlorite
(Belcher, 2003). This, therefore, provides supporting evidence of a contact origin for the
biotite grains due to their absence in the rocks of the Malmesbury Group outside of the
contact aureole. Only isolated biotite-feldspar schist outcrops, north of the town of
Malmesbury (Fig. 2.3A) and classified under the Swartland complex, are cited by Belcher
(2003) as the only lithologies in the western Saldania belt containing biotite (outside of the
contact aureole). These isolated outcrops place the aforementioned schists within a slightly
higher grade of metamorphism compared to the other metapelitic schists of the Swartland
complex (Belcher, 2003). Lastly, if biotite (which defines the S; foliation) is formed at the same
time as cordierite (Fig. 5.10; section 5.2.4), it belongs to the peak assemblage, also in a

structural sense, and hence is intrusion-related.

8.4 Structural interpretation of the country rock

8.4.1 Introduction

This section will provide an interpretation of the deformation history of the Malmesbury
Group country rock in the study area based on the orientation data (Appendix C) measured
from the various fold and foliation structures described in the Structural geology chapter. The
characterization of the deformation history will provide an overview of the structural setting
of the area which, will, in turn, help to constrain the time of granite emplacement relative to
deformation as well establishing the extent of the role played by the structure of the country
rock in accommodating granite emplacement. The deformation of the country rock related to

the granite intrusion itself is described in the granite emplacement section.

8.4.2 Deformation

The bedding planes (So) of the Malmesbury Group country rock in the study area are
moderate to steeply dipping (55° — 88°), trend NW-SE in the northern portion of the study
area, are E-W to WNW-ESE trending in the lit-par-lit zone and trend WNW-ESE (with minor

variation towards E-W) in the southern portion of the study area (section 5.2.1). The bedding
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planes are suggestive of a horizontal, principal compressional type differential strain to have
produced their orientation during the first deformation event (Di). The horizontal
compressional strain was directed NE-SW (Fig. 8.6) and produced various WNW-ESE- to NW-
SE- oriented tight- to isoclinal- and chevron-type F; folds outcropping at various localities in
the study area (Figs. 5.11-5.16). The F; folds are associated with an axial planar S; foliation
that dips either to the NE or SW (Fig. 8.6). The orientation of the S; foliation planes is

subparallel to the Sobedding planes on fold limbs of tight to isoclinal folds.

None of the stereonets plotted show more than a single maximum (Fig. 8.6), making it
problematic to extract further data from the plots (e.g. interpretation of the overall structural
regime of the study area). The plots do, however, show that the fold axis/hinge corresponds
to o3 (Fig. 8.6). Fold hinges that are orientated parallel to the regional stretch are common in
transpressional settings (Fossen, 2010). The NW plunging fold axis of all the bedding in the
study area (Fig. 8.6A) is similar in orientation to the fold axes obtained from the folds of areas

9 and 11 (Fig. 5.17B, C) albeit more inclined.

Figure 8.6: Lower hemisphere equal-area projections of bedding (A) and S; foliation poles (B). The poles (black dots with white
borders) are cumulative totals for the respective bedding (A) and S; foliation (B) readings taken. The contours (shown in
different shades of red) indicate clustering (“density”) of orientation in space and the green dots and the great circle (solid
black line) are the software’s (Stereonet 10) statistical best-fit pole girdle (shown by the numbers 1 and 2 which correspond
to o; and a; respectively) and the pole to that girdle (shown by the number 3 corresponding to os), which is the best estimate
of the fold axis; all of this information applies to all stereoplots in section 8.4. Two fold limbs as separate maxima are not
observed implying that these are single clusters. The occurrence of isoclinal folding can explain this.
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The overall structural regime of the western Saldania belt is explained by Kisters and Belcher
(2018). At the onset of the Saldanian orogeny, the Malmesbury fore-arc basin experienced a
NE-SW shortening strain (Kisters & Belcher, 2018). The non-coaxial or transcurrent
component of the strain (D1) was accommodated by regional scale, NW-trending strike-slip
faults in the form of the Colenso and Piketberg-Wellington faults (Kisters & Belcher, 2018).
The coaxial component of the strain was accommodated by various N-NW trending folds
(Kisters & Belcher, 2018). This explains the occurrence of both folding and shearing in the
study area. This pattern of orogen-parallel transcurrent shear zones bordering or enveloping

folded domains is characteristic of obliquely convergent margins (Kisters & Belcher, 2018).

The crenulation cleavage (S;) is shallowly inclined (average dip angle of 11°), suggestive of a
vertical compressional type differential (Fig. 8.7). Such a vertical compressional strain (o1) was
oriented WNW-ESE (Fig. 8.7), signifying a change in the principal strain orientation from
dominantly NE-SW (during D1) to WNW-ESE (during D;) with time during the Saldanian
orogeny. S; is, however, spaced and localized implying that D2 is not likely to have caused a
large degree of interference folding of both bedding (So) and the axial planar S; foliation in

the study area.

NI

Figure 8.7: Lower hemisphere equal-area projection for S, cleavage orientation (as contoured poles) measured at the northern
portion of the study area.
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8.5 Granite emplacement

8.5.1 Introduction

This section of the thesis will discuss the timing of the granite intrusions in the study area
relative to deformation, their depth of emplacement and the method by which they got
emplaced. For the latter, outcrop observations, rock block samples, petrographic studies and
geochronological data were used as a means of deciphering or delineating which

emplacement mechanisms are likely to have played a role in the emplacement of the granites.

8.5.2 Depth of emplacement

Granitic plutons are considerably large igneous bodies and their formation and the associated
deformation of the host rocks must be mechanically compatible on the long term with the
average lithospheric strain rate (Petford et al., 2000; Menand, 2011). The depth of
emplacement of these large igneous bodies plays a significant role in solving issues related to
granite accommodation in the crust. The emplacement of a pluton in the shallow upper crust
will be facilitated by the presence of the near free surface, whereas the emplacement of
deeper plutons in the lowermost parts of the crust will benefit from ductile flow, either from

the mantle or the ductile crust or even both (Menand, 2011).

Armstrong et al. (1998) provide the only estimate of the depth of intrusion based on contact
metamorphic assemblages in the aureole of the Peninsula Granite exposed at Sea Point. They
estimate the emplacement depth to be ~ 8 to 10 km. This interpretation corresponds to the
consensus by other researchers (e.g. Scheepers, 1995; Rozendaal et al., 1999; Belcher &
Kisters, 2003) who interpret that the CGS granites were emplaced at shallow crustal levels.
This is because 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.
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8.5.3 Granite emplacement relative to regional deformation

Outcrop and microscopic evidence point to a late (syn-) to post-tectonic emplacement
relative to D1 whereas a timing of emplacement relative to D, could not be established due
to its weakly developed nature. Evidence for a late syn-tectonic emplacement relative to D1
include:

(i) Syn-emplacement thermal contact metamorphic features of the country rock: (a)
the syn-tectonic growth of cordierite porphyroblasts in the aureole relative to D1
(see section 5.2.4; Fig. 5.10) and (b) growth of preferentially oriented contact
metamorphic biotite grains (section 8.3.2) which form the pervasive S; fabric in
the country rocks of the study area. This implies that at the time of granite
intrusion the biotite grains could have grown while the NE-SW directed strain field
associated with D1 was active resulting in them obtaining a preferred WNW-ESE to
NW-SE orientation.

(ii) The boudinage of various granitic phases (Fig. 4.24C, E). These features
consistently indicate NE-SW shortening and WNW-ESE extension. The orientation
of shortening corresponds to the principal orientation of the compressive stress
component (o1) associated with the first deformation phase (Di). This, therefore,
suggests that the boudinaged features associated with the granite formed while
D1 was active (i.e. they are post-crystallization or solid-state structures).

(iii) Sheared or rotated megacrysts of K-feldspar, embedded in the country rock,
during non-coaxial (rotational) deformation/shearing (Fig. 5.19). The sheared K-
feldspar grains can be used to infer the timing of granite emplacement provided

that an igneous origin for the K-feldspar megacrysts is interpreted.

The reason why a late syn- to post-tectonic emplacement relative to D; is also postulated,
despite the reasons given above, is because all the granite phases of the study area lack
evidence of a tectonic fabric. The absence of a tectonic fabric, however, may also mean that
the crystallization of the granites was fairly rapid or there was a degree of pre-emplacement
crystallization (meaning they were rheologically strong, to begin with) as suggested by the
high megacrystic content of some of the granitic pulses (e.g. Farina et al., 2012). Once fully
crystallized, they were able to behave in a competent manner meaning that as deformation

(regional shortening) continued, the bedding and folds in the Malmesbury Group

161



metasedimentary rocks draped/wrapped around the competent granite (e.g. Brun et al.,
1990; Paterson et al., 1998; McFadden et al., 2010; Fernandez et al., 2019). This could serve
to explain the common occurrence of non-cylindrical folds and the varying bedding and
foliation orientation in the lit-par-lit zone (sections 5.2.1 and 5.2.2). An example of this can
also be seen at the thin section- and rock block sample-scale (Figs. 8.8, 8.9), where the S;
foliation (in the metamudstone bands) is deflected around the various phenocrysts of the

porphyritic medium- and coarse-grained granites in the lit-par-lit zone.

Many models of syn-tectonic granite emplacement consider the development of dilatant sites
in relation to shear zones in strike-slip systems (e.g. Hutton et al., 1990; D’Lemos et al., 1992;
Hutton & Reavy, 1992; McCaffrey, 1992; Neves et al., 1996; Holdsworth et al., 1999; Passchier
et al., 2005; Kratinova et al., 2007) or in extensional settings (e.g. Clemens & Mawer, 1992;
Diaz-Alvarado et al., 2012) as important space-making processes that provide favourable
pathways for magma transportation. On a regional scale, two NW-trending, near-vertical
strike-slip fault zones, associated with the main deformation event (D1), are recognized; they
are the Colenso and Piketberg-Wellington fault zones (Hartnady et al., 1974; Theron et al.,
1992; Kisters et al., 2002; Belcher, 2003; Frimmel et al., 2011, 2013). The Colenso fault is far
more prominent and better exposed (can be traced 180 km along its strike), whereas the
Piketberg-Wellington fault is poorly exposed and its actual location and trace are not well

known (Kisters & Belcher, 2018).

By performing a kinematic analysis of shear zones in granite fabrics of the CGS coupled with
published geochronological data, Kisters et al. (2002) were able to constrain the kinematic
history of the Colenso fault. The U-Pb zircon ages from granites of the Darling Batholith,
emplaced during sinistral strike-slip movement along the Colenso fault, point to deformation
along the fault zone between 545 and 525 Ma (Kisters et al., 2002). Northwest of the Darling
Batholith, fault rocks related to the Colenso fault zone are developed in the Cape Columbine
granite and Vredenburg monzogranite. Shear sense indicators in these younger, 540 — 520
Ma, granites mainly point to dextral kinematics, suggesting a late-stage reversal of shear along

the Colenso fault (Kisters et al., 2002).
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Figure 8.8: Rock block photographs of samples SP5 (A), SP43D (B) and SP43B (C) showing the contact relationships between
various fine-, medium- and coarse-grained porphyritic granite pulses and the metamudstone country rock. All the granite
pulses are intruded sub-parallel to the S; foliation planes (which are more evident in C) of the metamudstone. In areas where
the metamudstone is in contact with porphyritic medium- and coarse-grained granite pulses, the metamudstone bands and
the S; foliation is deflected around the competent granite during regional shortening (A & C). For (B) later intruded fine-
grained granitic veinlets are also deflected/wrap around the K-feldspar megacrysts of the voluminous granite pulses.
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Figure 8.9: Thin section photomicrographs, in cross-polars and plane-polarized light, highlighting the contact relationships
between the various porphyritic hybrid granitic phases and the biotite-rich metamudstone bands. (A) — (D) Medium-grained
porphyritic hybrid granite intrusions that are intruded subparallel to the metamudstone [(i.e. foliation planes; more apparent
in (A) & (B))]. They show no immediate signs of deformation apart from the undulose extinction shown by the quartz grains
(both phenocrystic and matrix quartz; e.g. bottom left of A). The porphyritic granite intrusions are competent and the
shortening of weaker metamudstone around the competent granites, during progressive shortening, causes foliation
deflection (B, C).

The 2°6Pb/238y emplacement ages from the selected granite phases vary between 538.7 + 3.6
Ma and 542.7 + 2.9 Ma. These emplacement ages correspond to an intrusion during the time
(i.e. at ~540 Ma) when the Colenso fault, a large-scale shear zone, made a switch from sinistral
movement to dextral movement (Kisters et al., 2002), an ideal scenario for magma
transportation and emplacement. Unlike the Darling Batholith/Pluton, however, the

Peninsula Pluton does not intrude into the Colenso fault but rather in the pure-shear
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dominated region outside the fault. Given the limited extent of the Sea Point contact outcrop
(170 m x 60 m), the difficulty in distinguishing regional strains and strains related to
emplacement and how they interfere and the lack of a controlling shear zone (and local
dilational jogs) in facilitating granite emplacement, the following paragraphs will detail how

granite emplacement, relative to regional shortening, was possible.

The various granite sheets are intruded sub-parallel to the favourably inclined pre-existing
country rock anisotropies (So and Si) implying an intrusion more or less normal (i.e. high
angles) to regional shortening (o1). They, therefore, classify as inclined sills/sheets, an
observation supported by the K-feldspar megacryst-defined magmatic foliation plane which
is consistently steeply dipping across each station (Fig. 5.29). The emplacement of sheet-like
intrusions is governed mostly by the interaction of the following factors: (1) the orientation
and magnitude of the regional and/or local stress fields (Ferre et al., 2012), (2) pre-existing
anisotropies (bedding and foliation) and their orientation (Lucas & St. Onge, 1995; Holdsworth
et al., 1999; Sibson, 2003; Kisters et al., 2009), and (3) the melt pressure that drives sheet and

fracture propagation (Gudmundsson, 2011).

According to Lucas and St. Onge (1995), sheet intrusions can be emplaced at high angles to o1
when the difference in tensile strength normal and parallel to the bedding and foliation
anisotropy of the country rock is larger than the regional differential stress (01— o3, with o1 2
02 2 03) at the time of emplacement. These conditions of low differential stress could have
been prevalent in the study area, explaining how the granitic sheets were able to
preferentially propagate along the various bedding and foliation planes of the country rock

more or less normal to regional shortening.

Theoretical, experimental and outcrop studies (e.g. Lister & Kerr, 1991; Lucas & St. Onge,
1995; Dahm, 2000; Mériaux & Lister, 2002; Gudmundsson, 2011; Ferre et al., 2012) have
detailed the dynamics and direction of propagation of inclined melt transfer
structures/fractures. They found that it depends on: (1) the buoyancy (i.e. density contrasts
between host rocks and magmas), (2) the external deviatoric stress field (including the
stresses induced by the fractures themselves at their tip), (3) an upward-decreasing pressure
gradient and (4) the melt pressure, which may assist in pushing the country rocks aside, hence

creating additional room, but must be equal to lithostatic pressure to keep the pathway open
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and must be sufficiently high that it exceeds the sum of o1 and the tensile strength of the rock
(T1) parallel to o1 (i.e. Pmelt > 01 + T1). The mechanism of sheet propagation that is relevant to
the study area is described in more detail in section 8.6, as it has important implications on

the origin of the K-feldspar megacrysts embedded in the country rock.

8.5.4 Proposed granite emplacement mechanisms for the study area

8.5.4.1 Incremental emplacement of magma bodies: clues from the relationship of the

various granite phases to each other and the country rock

Past geochemical and outcrop studies on the Peninsula Pluton of the CGS reveals an
incremental construction for the Peninsula Pluton by rapid emplacement of successive
magma pulses whose isotopic composition is directly inherited from the source (Harris &
Vogeli, 2010; Villaros et al., 2012; Farina et al., 2012). Villaros et al. (2012) were able to prove
that, within individual samples, the hafnium isotope values (€nf ) of inherited zircon cores
(ages between 1200 and 570 Ma) show a similar range to that derived from magmatic zircon
when both are recalculated to the magmatic age or emplacement age of the Peninsula Pluton
(i.e. 540 Ma; €t of inherited zircon: -15.2 to + 1.7; €utt of magmatic zircon: -8.6 to +1.5). This
was interpreted to imply that the homogenisation of Hf isotopic variation in the magma,
acquired through a dissolution of the entrained zircon via mechanical mixing and/or diffusion
within the granite, was particularly inefficient (Villaros et al.,, 2012). The lack of
homogenization, therefore, argues for the assembly of the pluton through numerous small
magma batches that undergo rapid cooling from their intrusion temperature to the
temperature at which most of the magmatic zircon had crystallized (> 80% by 700°C) (Villaros
et al., 2012). This is supported by findings from Harris and Vogeli (2010). They suggest that
the variable oxygen isotope compositions (680) of garnet (ranging from 10.0 to 11.4%.) in
the S-type Peninsula Pluton are consistent with the partial melting of a metapelitic source,
with an oxygen isotope composition similar to that of the Malmesbury Group exposed on the
surface, to produce magma batches characterized by slightly different 680 values. The
magma batches were subsequently mixed and partly homogenized before and/or during the
emplacement process, resulting in a narrower spread of quartz 680 (13.2 to 14.0%o) values

(Harris & Vogeli, 2010).
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The Sea Point contact appears to be an ideal setting that presents outcrop evidence to back
up the interpretation of an incremental construction for the Peninsula Pluton as suggested by
the isotopic evidence described above. This is because the outcrop exposes a variety of
granite phases at a more localized scale compared to the rest of the Peninsula Pluton. These
granitic phases are not always in direct contact with each other but, whenever they are, the
contacts are generally transitional and rarely sharp (e.g. Figs. 4.24A, F, 4.29). The process
behind the build-up of an igneous body by successive intrusions is described by Annen (2011),
where individual intrusions are envisaged as sills because that is a geometry often observed
in nature. The timing of pluton construction can either be rapid, with construction taking
place by intrusions in close succession (i.e. tens of thousands of years) (e.g. Wiebe & Collins,
1998; Miller & Paterson, 2001a) or by an amalgamation of discrete increments over a longer

period (i.e. millions of years) (e.g. Coleman et al., 2004; Glazner et al., 2004).

The process (as described by Annen, 2011) is summarized as follows: the first emplaced sills
are in contact with cold country rock and as a result, they cool and solidify rapidly (i.e. magma
guenching). In the earliest stage of the igneous body growth, each successive sill (unless the
time interval between intrusions is very small) crystallises before the next one is emplaced.
When cooling down and crystallising, the sills transfer their sensible and latent heat to the
country rock that progressively heats up. Given enough time, the sills thermally equilibrate

with their surroundings at progressively higher temperatures.

When the process is explained with regards to the setting of the study area, the microgranite
phases to the north and south of the study area (Fig. 4.1), as well as the less voluminous fine-
grained non-porphyritic hybrid phases in the lit-par-lit zone (Fig. 4.24C, D) correspond with
earlier emplaced sheets which solidified rapidly. This is due to their fine-grained nature and
the localized chilled contacts they show with the country rock (the latter more commonly
observed in the contact areas between the microgranite and country rock at the northern end
of the study area). The successive sheets that thermally equilibrated with the surrounding
country rock at progressively higher temperatures (following the rapid solidification of the
earlier emplaced microgranites) correspond to the various coarser-grained and porphyritic
phases in the study area. These include the hybrid phases in the lit-par-lit zone in the form of
the fine-grained porphyritic granites, medium- and coarse-grained porphyritic granites and

the main coarse-grained porphyritic granite at the southern end. Their coarse grain-sizes and
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lack of chilled margins with the country rock suggests that the time interval between their
successive emplacements was not too long (e.g. Annen, 2011). This prevented the country
rock from completely cooling down between each magma injection and explains why there is
a distinct lack of chilled margins and sharp contacts between the country rocks and the
granites in the lit-par-lit zone. The contacts between the aforementioned coarse-porphyritic
phases and the country rock in the lit-par-lit zone are instead gradational (e.g. Figs. 4.22,

4.23).

The lack of sharp contacts between the various granite phases could be explained as follows:
(1) As the intrusions proceed, following on from the early emplaced magma pulses,
temperatures continue to increase and an increasing volume of melt is present in the system
as the extent of melt present in the newly intruded sills increases and older sills re-melt. This
is likely to destroy original sharp contacts as a result (Annen, 2011). (2) Depending on the
balance between heat input from magma replenishment and heat loss to the surroundings,
relatively melt-rich zones may expand far beyond the dimensions of individual sills precluding
the development of sharp contacts between successive batches (Farina et al., 2012). (3)
Additionally, sharp contacts may never have existed due to the intrusion of new magma

batches into a partly molten magma chamber (Farina et al., 2012).

The U-Pb zircon geochronology analysis performed on selected granite samples, for
determination of their emplacement ages, yield ages between 542.7 + 2.9 Ma and 538.7 + 3.6
Ma. All the derived ages for the granitic rocks of the study area, as well as those by Scheepers
and Armstrong (2002) (e.g. 540 + 4 Ma) for the Peninsula Pluton, are identical within error.
The ages, therefore, suggest that the different phases/batches were emplaced either at the
same time or in rapid sequence. In the case of the former, one may argue that the age
disproves the existence of different batches, however, a case for the latter is more likely to
apply in the study area because of the lack of chill margins (i.e. the intrusions were rapid
between each magma pulse, preventing the country rock from completely cooling down

between each magma injection as explained above).
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8.5.4.2 Additional space making processes/mechanisms — ductile host rock deformation to

accommodate magma during incremental assembly

There are three different types of accommodation structures associated with the
emplacement of an intrusion. The first two have already been discussed in section 8.5.3. They
are in the form of tectonically driven structures that are utilized and/ or reactivated during
magma emplacement and favourably oriented pre-existing country rock structures. The third
type consists of localized structures that develop in the country rock in response to magma
intrusion so that the incoming extra volume of magma can be accommodated either laterally
or vertically within the host rocks (e.g. Spacapan et al., 2017; Guldstrand, 2018; Magee et al.,

2018; Wilson et al., 2019). In this case, deformation is driven purely by magma emplacement.

Of particular interest in the study area is the apparent ductile behaviour of some country rock
portions in the lit-par-lit zone (Fig. 4.30). Other features which support the interpretation of
a fairly ductile behaviour of the country rock are boudinage structures of granitic material
(Figs. 4.24C, E, 4.30) and ptygmatic folds of quartzofeldspathic injections in the country rock
and some xenoliths (Figs. 4.28B). The granitic material and the quartzofeldspathic veins were
the competent layers in this case. Competent (viscous) layers tend to boudinage/fracture or
buckle (fold) under layer-parallel extension or shortening relative to the surrounding host
rock (the Malmesbury Group country rock in this case) which deforms in a ductile or plastic

fashion (Fossen, 2010).

The lower greenschist facies of metamorphism of the Malmesbury Group country rock before
granite intrusion suggests the host rocks were not at a depth great enough to start exhibiting
plastic/ductile behaviour. Therefore, with the depth of burial not likely to be the primary
reason for the apparent ductility of the country rock, other factors have to be considered.
These include properties related to the granite phases such as their temperature and rheology
(i.e. viscosity and strength) at the time of emplacement. Furthermore, the rheology of the
country rock also has to be considered as rock mineralogy/composition (amongst other
factors e.g. pressure, temperature, strain history, pore-fluid pressures & chemical activities;
Passchier & Trouw, 2005) can have a profound influence on a rock’s ability to deform in a

ductile manner (e.g. Fossen, 2010).
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At the emplacement level, the influx of magma is likely to lead to complex transient changes
in the rheology of the country rock that reflect the dramatic changes in viscosity during the
crystallization of a magmatic body (Miller & Paterson, 2001b). For example, the emplacement
of igneous bodies introduces important rheological heterogeneities in the crust and can
thermally weaken the surrounding country rocks (Davidson et al., 1992, 1994; Tommasi et al.,
1994). This, therefore, suggests that most of the apparent ductile behaviour in the country
rock of the study area was, in large part, caused by the heat of the intruding granite and its

viscosity (i.e. a property that governs its capacity to behave as a solid).

With regards to the viscosity, the coarse grain sizes of the megacrystic phases of the study
area (i.e. main coarse-grained porphyritic phase and medium- and coarse-grained porphyritic
hybrid phases), suggest that the magma generating these phases underwent a degree of pre-
emplacement crystallization, with crystallinity up to 50 % at the emplacement level (Farina et
al., 2012). According to Miller et al. (2011), igneous material with ~45 to ~60% crystal load
are termed magma mushes and are rheologically stronger but not as mobile compared to
crystal-poor magmas. According to Yoshinobu et al. (2009), high-strength, crystal-melt
mushes are capable of transmitting deviatoric stresses, which can drive both elastic and
plastic deformation of host rock and xenoliths. This would explain the localization of
ductile/plastic behaviour of the country rock in the lit-par-lit zone as opposed to areas outside
of it (e.g. the northern end of the study area characterized by the microgranite intrusion). The
numerous crystal-rich and megacrystic phases in the lit-par-lit zone could essentially behave

as hot, high strength materials capable of deforming the country rock in a ductile manner.

Out of the two Malmesbury Group lithologies, which make up the compositional variation of
the country rock in the study area, the metamudstone had the greater capacity to behave in
a ductile fashion whereas the metasiltstone was relatively competent. This is because the
metamudstones are the ones that commonly show ductile behaviour (e.g. elongation and a
characteristic wavy appearance) (e.g. Fig. 4.30). This is supported by observations from
various high-level magmatic systems, where intrusions preferentially exploit horizons of
shale/mudrock lithologies that easily behave in a non-brittle fashion (e.g. Schofield et al.,
2010, 2012; Magee et al., 2018). This implies that ductile deformation may be achieved, at
least partially, around some large plutonic bodies even in the upper crust (Schofield et al.,

2012).
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Based on outcrop evidence and the details outlined above (as well as in section 8.5.3), the
following can be concluded: (ii) the fine-grained hybrid phases in the lit-par-lit zone and the
microgranites utilized discontinuities in the intruded rocks without any need to create extra
room, and (iii) as the magma pulses intruding became more voluminous and porphyritic, the
magma ductiley deformed the country rock to make space for itself. This observation
indicates a certain degree of ductile flow of the host material to accommodate emplacement

owing to highly viscous magma flow (e.g. Hutton, 1982).

8.5.4.3 Magmatic stoping: clues from rotated xenoliths in the lit-par-lit zone

If the country rocks are sufficiently brittle, the blocks of the roof over a rising pluton could
become dislodged, fall, and sink through the magma in a process referred to as stoping
(Winter, 2010). The stoping process is most efficient in the brittle upper crust where large
temperature gradients between upper crustal rocks and intruding magma are expected (Zak
et al., 2006). Some of the features that are generally attributed to the magmatic stoping
process include: (i) the presence of xenoliths that have been enclosed by magma, (ii) mixed
populations of xenoliths, (iii) stepped intrusive contacts, and (iv) the geochemical evidence of
magma contamination (e.g. Cruden & Weinberg, 2018). Although magma stoping is an
effective emplacement mechanism in shallow crustal levels, it cannot make the original room
for the pluton where there was none before (Winter, 2010). This implies that stoping is a
secondary or small-scale emplacement process that acts in conjunction with a primary

process of emplacement.

In the study area, variably sized country rock xenoliths are enclosed within the various granitic
phases (e.g. Fig. 4.27), suggesting a degree of stoping during the incremental emplacement
of the granitic magma bodies. Therefore, apart from utilizing open spaces created along
structural weaknesses in country rock for propagation, the granite phases appear to have
created additional room for their propagation and subsequent emplacement through stoping
during the final stages of emplacement. This interpretation is supported by observations from
various granitoid plutons (e.g. Marsh, 1982; Hutton, 1996; Tikoff et al., 1999; Acocella, 2002;
Bartley et al., 2012) where granitic felsic material appears to first infiltrate along pre-existing
weaknesses in its host rocks as elongate “fingers” of magma which will eventually connect,

given enough infiltration, resulting in the process of stoping.
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An additional indicator of stoping in the study area comes in the form of rotated xenoliths.
Some of the xenoliths, particularly in the lit-par-lit zone, have So bedding and S; foliation
planes that have a different orientation relative to the main Malmesbury Group Soand S;
planes (Figs. 4.2, 4.29). The differently oriented So and S; planes imply that the country rock
bodies were dislodged and subsequently carried along with the magma where they become

rotated and/or translated during magma transit (Paterson et al., 2008).

8.6 The origin of K-feldspar megacrysts

8.6.1 |Introduction

The origin of K-feldspar megacrysts has been a subject of continued debate, with long-
standing arguments being about which process, subsolidus or magmatic, has the most
profound influence on their formation (Gualda, 2019). Some of the arguments in support of
a magmatic origin (i.e. growth of K-feldspar when the igneous system was still largely molten
at the pre-emplacement level) include the following (as described by Paterson et al., 2005;

Vernon & Paterson, 2008):

(i) Euhedral-equant shapes

(ii) Simple and Carlsbad twinning

(iii) Concentrically arranged mineral inclusions parallel to crystallographic planes

(iv) Oscillatory & normal geochemical zoning

(v) Megacryst-rich clusters and their systematic distribution and orientation within
plutonic suites (features attributed to movement and segregation while the

magma was still sufficiently liquid to flow).

However, a pure magmatic origin has been contradicted by various phase equilibria
experiments and natural examples of crystallization and partial melting (e.g. Winkler &
Schultes, 1982; Whitney, 1988; Johnson & Rutherford, 1989). These experiments indicate that
K-feldspar saturates late in the crystallization sequence of calc-alkaline, felsic magma leaving
little space (< 50% melt) to grow large, euhedral megacrysts (Johnson & Glazner, 2010;
Glazner & Johnson, 2013). This apparent contradiction has led to the debate and the
subsequent derivation of various hypotheses aimed at determining the factors responsible

for K-feldspar megacryst growth. Such hypotheses, which are based on experimental,
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textural, and geochemical observation, are summarized by Chambers (2020) as follows: (1)
they owe their large sizes to slow nucleation rates and faster crystal growth rates compared
to other matrix minerals (e.g. quartz, plagioclase, biotite) (Fenn, 1977; Vernon, 2018; Gualda,
2019); (2) they grew to large sizes due to prolonged growth (Memeti et al., 2014; Holness et
al., 2018) via crystal transfer or mixing into different magma batches (Gagnevin et al., 2005;
Paterson et al., 2016); (3) they texturally coarsened during late-stage crystallization at low
melt percentages due to thermal cycling (Higgins, 1999; Johnson & Glazner, 2010; Glazner &
Johnson, 2013); and/or (4) they represent metasomatically coarsened crystals that formed as
low as 400 °C due to fluid fluxing during incremental pluton growth (Glazner & Johnson,

2013).

Based on the occurrence of K-feldspar megacrysts within the country rock (Fig. 4.25A, B)
relative to those forming part of the porphyritic granite phases (Figs. 4.10, 4.11), an argument
can be made for contrasting origins of the K-feldspar megacrysts in the study area. Using
outcrop and petrographic evidence, this section will aim to prove whether there are any
contrasting origins (i.e. magmatic or in-situ crystallization) for the K-feldspar megacrysts

based on the lithology they occur within.

8.6.2 The origin of K-feldspar megacrysts in the porphyritic granite phases

The K-feldspar grains that occur within the porphyritic granite phases have all the
characteristics that are suggestive of an igneous origin, as previously mentioned. These
include dominantly euhedral forms (indicating that they grow freely in liquid) with a tabular
shape or habit, simple twins and concentric geochemical zonation (Figs. 4.10B, C, 4.11). The
best way the occurrence of the latter is recognized in the study area (due to extensive
exsolution) is by crystallographically aligned mineral inclusions (defined by biotite grains and
plagioclase as well quartz) parallel to crystallographic planes (Figs. 4.10A, C, 4.11B). These
aligned inclusions indicate that the K-feldspar megacrysts grew while surrounded by melt,
allowing the inclusions to periodically attach themselves to the faces of the growing crystals
(Moore & Sisson, 2008). Considering that the K-feldspar megacrysts have large sizes (2.5-10
cm in length) and show concentric zoning, they are likely to have grown to their sizes due to
prolonged growth as a result of repeated replenishment of magma bodies by fresh granitic

melt, that maintained temperatures above the solidus for extended periods, providing
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components necessary for K-feldspar growth (Moore & Sisson, 2008). This corresponds to the
interpreted primary mechanism of emplacement for the granite phases in the study area (i.e.
incremental emplacement of magma bodies). The zoning in the megacrysts, therefore,
represents compositional changes within the magma (or pluton) with time caused by
fluctuations in growth conditions during solidification (Holness et al., 2018); this also applies

to the zoning features shown by the plagioclase phenocrysts (e.g. Fig. 4.12A, B).

Furthermore, the location of the derived K-feldspar saturation boundary for the Peninsula
Pluton, experimentally derived by Farina et al. (2012), yields temperatures of < 750°C. At this
temperature, the magma contains about 50 vol. % of crystals (Farina et al., 2012), a value that
matches with experimental evidence indicating that when K-feldspar begins to crystallize in
granites, the magma typically contains 60 —70 % liquid (Clemens & Wall, 1981; Vernon &
Paterson, 2008; Holness et al., 2018). This proves that abundant melt is still present at the
stage where K-feldspar starts to crystallize, allowing sufficient space for the megacrysts to

grow (Vernon, 1986).

8.6.3 K-feldspar megacrysts in the country rocks — a case for an igneous/magmatic origin

Most of the K-feldspar megacrysts occurring in the country rocks have similar characteristics
that are suggestive of an igneous origin such as euhedral shapes with tabular habits and
crystallographically aligned mineral inclusions. If an igneous origin for the K-feldspar
megacrysts in the country rock is envisaged, a possible mechanism that could explain how
they ended up being embedded in the country rock is when a dyke/fracture (or inclined sheet)
is modelled as a buoyancy-driven structure of finite volume relative to a surrounding host
rock that behaves as an elastic solid (Weertman, 1971a). This process was also described and

modelled by Kisters et al. (2009), from the much better exposed Damara Belt in Namibia.

For a dyke or aninclined sheet to form and propagate, the magmatic overpressure (po - driving
pressure) must be sufficiently high to overcome the tensile strength of the host rock (To) and
the normal stress or minimal principal stress (o3) on the magma-filled fracture

(Gudmundsson, 2011). The conditions for dyke initiation from a fluid source are:

pi+ pe=03+To
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where p)is the lithostatic stress at the rupture site in the walls of the magma chamber and pe
is the excess pressure (i.e. magma pressure in excess of the lithostatic/overburden pressure)

(Gudmundsson, 2011).

Lithostatic stress, where the principal stresses are equal (i.e. 01 + 02 + 03), is usually used as a
reference state of stress for magma chambers. In instances where the lithostatic equilibrium
of a magma chamber is disturbed during external and/or internal loading (i.e. when forces,
stresses, pressures, or displacements are applied to a magma chamber), deviation from
lithostatic stress is expected (Gudmundsson, 2011). For a host rock that behaves as an elastic
material, as the earth's upper crust generally does during external and/or internal loading,
the host rock responds immediately to pressure changes in the chamber (Gudmundsson,
2011). Once the excess pressure reaches the tensile strength of the host rock, the magma

chamber ruptures and injects dykes, inclined sheets, or sills.

The Weertman models for buoyancy-driven ascending dykes/fractures, in a host rock that
behaves as an elastic solid, were first introduced by Weertman (1971a, b, 1973). In Weertman
models, the volume of fluid contained in the fracture is conserved during propagation by
assuming that the fractures pinch themselves close at the tail while they propagate (Rivalta
et al., 2015). The dimension of the cracks must, however, be large enough to make surface
tension effects associated with the magma unimportant, but small relative to the thickness
of the crust (Weertman, 1971a; Rivalta et al.,, 2015). Once the vertically oriented
fractures/dykes are formed, the driving force for fracture filling would be the pressure
difference between the opening fracture and the surrounding rock (Sleep, 1988). It is during
this stage that the surrounding magma and its constituents (e.g. K-feldspar megacrysts in the
case of the study area) flow into the new opening as a result of the pressure contrast (Fig.
8.10A). The Weertman model predicts that as magma rises into a vertical, slowly moving
fracture, the low density of the magma compared to the host rock means that the pressure
in the fracture falls less rapidly than in the surrounding denser rock. Given this density
contrast between melt and host rocks, for any equal change in depth (h) along the fracture,
there will be a greater change in lithostatic pressure (Piitn) in the host rocks compared with
the pressure in the melt-filled inclined fracture (Pmeit) (Kisters et al., 2009). As a consequence
the melt pressure exceeds the lithostatic pressure at the tip (or head) of the fracture and the

tip will balloon outward (Melosh, 2011) (Fig. 8.10B).
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Figure 8.10: Model for a Weertman buoyancy-driven fracture/dyke (modified after Melosh, 2011). Based on the predictions
of the Weertman models, vertically oriented magma-filled fractures of constant volume can “self-propagate,” once they reach
a critical length (L.) (also called the buoyancy length). The relation between the critical fracture length (Lc) and width (w) is
Le=\Ew/Apgh, where E is Young’s modulus and Apgh is the buoyancy pressure or pressure drop (Melosh, 2011). In Apgh,
Ap = pr— pm (the difference between host-rock density, pr, and magma density, pm), g is the acceleration due to gravity and
h is the depth. (A) An idealized fracture opening. Once a fracture is formed, the driving force for fracture filling would be the
pressure difference between the opening fracture and the surrounding rock (shown in dark grey). It is during this stage that
the surrounding magma and its constituents (e.g. K-feldspar megacrysts) flow into the new opening as a result of the pressure
contrast. (B) A rising magma filled fracture, with a characteristic bulbous head and a tapered tail, driven by buoyancy
differences between magma and the surrounding rock. Given this density contrast between melt and host rocks, for any equal
change in depth (h) along the fracture, there will be a greater change in lithostatic pressure (Pjiws) in the wall rocks compared
with the pressure in the melt-filled inclined fracture (Pmer). As a result, Pnei at the tip of the propagating fracture will exceed
the sum of the Py, and the tensile (Ty) strength of the host rock enabling the Pne to part the bedding/foliation planes of the
host rock. At the tail of the fracture, Pmei: < Pjitnand so Py, will close the melt-filled fracture. At the centre of the fracture, Pmer:
= Piwnand so the fracture remains open.

However, as the tip of the fracture balloons and the fracture continuously lengthens, the tail
of the fracture grows narrower and pinches off due to the elastic reaction of the surrounding
rock and because the pressure in the rock exceeds the pressure in the dyke tail (Fig. 8.10B)
(Melosh, 2011). In the case of the study area, some of the K-feldspar megacrysts get dragged
upward with the propagating magma head as magma is forced out of the tail (Fig. 8.10B). The
magma in the fracture tail, however, cannot be “squeezed” or pinched out in its entirety
because of the very large viscous resistance as the fracture thins (Stevenson, 1982).
Therefore, some fraction of melt/magma will become “trapped” within the tail as a result.
Included in this “trapped” magma fraction is the K-feldspar megacrysts which are left
embedded in the country rock as the base/tail of the dyke is continually sealed off or closes.
This would serve to explain the observation of why some of the K-feldspar grains embedded
in the country rock occur with trails and/or tails of quartzofeldspathic granitic material (i.e.

they are not completely isolated by themselves) (e.g. Fig. 4.25B).
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8.6.4 K-feldspar megacrysts in the country rocks — a case for late-stage growth

There is an argument that can be made against the proposed mechanism that explains the
apparent inclusion or “entrapment” of K-feldspars in the country rock. From a theoretical
standpoint, the subject of dyke propagation is complex, involving fluid and fracture
mechanics, solid deformation, and thermodynamic aspects of magma solidification (Taisne et
al., 2011). Therefore any model for dyke propagation, such as the Weertman buoyancy-driven
dyke ascent model in section 8.6.3, has to ignore or simplify some of the processes that can
affect dyke ascent and intrusion (Buck et al., 2006). Among some of the processes ignored or

simplified during modelling, as pointed out by Lister & Kerr (1991) and Buck et al. (2006) are:

(i) The pressure and flux of magma coming out of a source region
(ii) The viscous resistance to magma flow along the body of the dyke and into the tip
region (e.g. what is the maximum crystal content of the magma allowed to flow in
the fracture openings before it becomes too viscous and unable to flow through
the country rock?)
(iii) Elastic stresses in the lithosphere
(iv) The crustal strength or lithostatic force (e.g. could the confining pressure applied
by the column of overlying rock allow for the formation of large/wide enough
fracture openings that can accommodate a crystal-rich/megacrystic magma?)
(v) The freezing or solidification of magma during ascent (related to how rapidly it
crystallizes or the extent of undercooling)
(vi) Host rock softening due to heating by magma (e.g. can the country rock behave in
a ductile enough fashion to facilitate or allow magma to squeeze and pass through
it?)
Considering some of the limitations associated with dyke propagation mechanisms, an
alternative explanation towards the occurrence of K-feldspar megacrysts in the country rock
of the study area involves considering an in situ crystallization or late-stage growth of the K-
feldspar megacrysts. As previously mentioned in section 8.6.1, experimental studies
demonstrate that K-feldspar is typically the last major phase to crystallize and that most K-
feldspar growth occurs after the magma crosses the rheologic lock-up threshold of ~50 %
crystals (e.g. Whitney, 1988; Johnson & Rutherford, 1989). After a magma crosses this

threshold, the relative motion of crystals becomes difficult and extrusion of the magma as
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lavais nearly impossible (Glazner & Johnson, 2013). Based on this, Johnson and Glazner (2010)
propose that K-feldspar megacrysts grow to large sizes during the later stages of
crystallization owing to the cycling of temperature during incremental emplacement, in the
presence of a late-stage magmatic liquid. In this case, small K-feldspar crystals may partially
or completely dissolve, along with the edges of larger crystals, which after multiple reheating
and subsequent cooling events texturally coarsen (also known as Ostwald ripening) to
become the megacrysts (Higgins, 1999; Johnson & Glazner, 2010). Furthermore, Glazner and
Johnson (2013) suggest that K-feldspars megacrysts represent metasomatically coarsened

crystals that formed as low as 400 °C due to fluid fluxing during incremental pluton growth.

More recently, Gualda (2019) argued against the textural coarsening process invoked to
explain the large sizes of K-feldspar megacrysts. This was done by using rate equations
developed in material sciences to investigate the viability of coarsening as an explanation for
the growth of K-feldspar grains to megacrystic sizes. Using a range of rate constants calculated
from suitable parameters for silicate magmatic systems, Gualda (2019) was able to show that:
(i) diffusion rates are the main controls on the rate constant for coarsening in silicate melts
and (ii) coarsening in silicate magmas cannot lead to crystals larger than tens of um on
timescales relevant for igneous processes. Gualda (2019) instead argues for the interplay

between nucleation and growth rates in magmas as the likely origin of K-feldspar megacrysts.

Chambers et al. (2020) also argue against late-stage textural coarsening for K-feldspar
megacrysts using dated zircon inclusions from the core and rim of one K-feldspar megacryst
sampled from the Tuolumne Intrusive Complex, California, USA. The results showed that the
core-to-rim age progression of zircon inclusions is indicative of megacryst growth in an
igneous environment over at least 0.5 million years. The 0.5 million year age difference
between the megacryst core and rim zircons supports the idea of continuous, extended
growth in a long-lived magma body, or pulsed, rapid growth in multiple magma bodies, and/or
a combination of these two end members, rather than sub-solidus K-feldspar coarsening and

fast growth of the whole crystal (Chambers et al., 2020).

Despite all the factors that go against late-stage growth or in-situ crystallization of K-feldspar
megacrysts, such processes having occurred at the Sea Point contact cannot be ruled out. This
is because a more extensive study on mineralogical and textural data in conjunction with

results from experimental and natural petrologic studies of granitic systems (e.g. Johnson &
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Glazner, 2010; Glazner & Johnson, 2013) is needed to ascertain the occurrence of such a
process. However, based on current evidence, such as the observation that the K-feldspar
megacrysts occurring in the country rock show all of the textural characteristics that are
indicators of an igneous origin (section 8.6.1), the conclusion is that the K-feldspar megacrysts

in the country rock are of igneous origin until proven otherwise by further studies.

8.7 K-feldspar megacryst defined magmatic foliation: implications and conclusions

The consensus from the SPO study is that, overall, the orientation of the megacrysts are fairly
consistent approaching the lit-par-lit zone, within it and to the north (Fig. 5.29). The
orientation of the megacrysts largely corresponds (or is generally concordant) with the
orientation of the bedding (So) and the S; foliation planes within the lit-par-lit zone. With aid
from the numerous magma flow indicators (e.g. Figs. 4.28C, D, 4.29) the magma flow direction

was to the WNW.

At station SPO (1), the most southerly station in the study area, the megacryst orientation is
NNW-SSE (Fig. 5.29). This is consistent with what is observed as one heads further south, from
Sea Point, into Bantry Bay, Clifton and Camps Bay where the megacryst orientation is
dominantly NNW-SSE and N-S trending (Kumbe, 2017) (Appendix D2). The megacryst
orientation changes from dominantly NNW-SSE and N-S trending (in Bantry Bay, Clifton and
Camps Bay) towards WNW-ESE and E-W trending approaching the Sea Point contact (Fig.
5.29), which is located on the edge of the pluton (Fig. 2.3B). These observations suggest that
the Peninsula Pluton is elongated in a general direction of NW-SE parallel to the structural
trend of the Malmesbury Group bedding and foliation structures, and the strike of the
Colenso fault. In other words, the orientation defined by the megacrysts is sub-parallel to
external pluton contacts in general (e.g. Paterson et al., 1989). The overall alignment of the
megacrysts with the country rock fabric thus reflects a magmatic type of lineation developed
in a non-coaxial flow where crystals align themselves relative to the velocity gradient of
magma flow due to the shear or drag between the magma and the host rock contact (Paterson
et al., 1989; Winter, 2010). This, therefore, precludes the involvement of any primary or

tectonic stresses in the alignment of the megacrysts.
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9 Conclusions

9.1 Geochemistry summary

A summary of the geochemical and isotopic characteristics of the Peninsula S-type granite
and the metasedimentary country rocks of the Malmesbury Group exposed at the Sea Point

contact is as follows:

Granitic phases

(1) Based on the linear trends between the whole-rock major and trace elements of the
granites vs. maficity, their initial Sr ratios (all greater than 0.706) and eNd(t) values (all
negative), the granites of the study area are consistent with the currently proposed
petrogenetic model for the Peninsula Pluton and the CGS in the broader context (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.

(2) Fractional crystallisation of K-feldspar, assessed using the diagrams of Ba/Sr vs. Sr, Ba vs.
Eu, and Ba/Sr vs. Sr, is interpreted to have played a secondary, late-stage role which caused a
secondary compositional trend or variation closer to the emplacement site. There is outcrop
evidence in the lit-par-lit zone to suggest that assimilation (i.e. gradational contacts and the
ductile behaviour of the country rock) the filter-pressing mechanism (K-feldspar entrapment
in the country rock) may have caused geochemical variability at a localized scale. The extent
to which they caused variation, however, could not be determined with the current whole-

rock data and will need more rigorous testing.

Malmesbury Group metasedimentary rocks

(1) An upper crustal origin for the metasedimentary rocks in the study area is interpreted.
This is supported by the low eNd (t) value (-7.84) and the fairly high initial Sr value (0.728103)
sample SP16 produced. Geochemically, the likely source rocks, which eroded and weathered
to form the metasedimentary rocks of the study area, are likely to have been
rhyodacites/dacites which were fairly radiogenic and plagioclase poor. The actual source of
metasedimentary rock, on a regional scale, is likely to have been the 950-1200 Ma ortho- and
para-gneisses of the Namaqua Metamorphic Province based on the prominent input of late-
Mesoproterozoic and early Neoproterozoic zircons in some of the Malmesbury Group

formations (Frimmel et al., 2013).
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(2) The fairly low intensity of weathering (CIA values of 62.36-66.13) indicates that the
geochemical variation of the metasedimentary rocks was mostly dominated by the
composition of the source materials as opposed to any subsequent sediment recycling or

reworking and compositional maturing of the sediments before lithification.

9.2 Granite emplacement processes summary

A summary of the probable granite emplacement mechanisms and timing of emplacement

relative to the deformation of the country rocks is as follows:

(1) Outcrop and petrographic evidence suggest a late-syn tectonic granite emplacement
relative to the main deformation phase (D1) associated with the NE-SW regional shortening
of the Malmesbury fore-arc basin during the Saldanian orogeny. The evidence was in the form
of: (i) boudinaged granite pulses which indicate NE-SW shortening and WNW-ESE extension,
(i) the syntectonic growth of the contact metamorphic minerals of cordierite and biotite and
(iii) bedding and folds in the Malmesbury Group metasedimentary rocks draped/wrapped

around the competent granite as deformation (regional shortening) continued.

(2) At the site of emplacement, the inclined/steep pre-existing planar anisotropies (folded
bedding planes and foliations) in the country rock provided favourable paths along which the
granitic magma could be injected (from their source) and propagate. The emplacement was
concordant to the country rock structure, classifying the granites as inclined sills or sheets,
and implying an intrusion more or less normal to regional shortening. Such a high angle
intrusion can be achieved by assuming conditions of low differential stress i.e. when the
difference in tensile strength normal and parallel to the bedding and foliation anisotropy of
the country rock is larger than the regional differential stress (01— 03, with 01 2 02 2 03) at the
time of emplacement (e.g. Lucas & St. Onge, 1995). Sheet propagation occurred through the
balance of the following conditions: (i) density contrasts between host rocks and magmas, (ii)
the pressure differential along the subvertical fractures/sheets, and (iii) the melt pressure
equalling the lithostatic pressure to keep the magma pathways open and being sufficiently
high such that it exceeds the sum of 01 and the tensile strength of the rock parallel to o1 (e.g.
Lister & Kerr, 1991; Lucas & St. Onge, 1995; Dahm, 2000; Mériaux & Lister, 2002;
Gudmundsson, 2011; Ferre et al., 2012).
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(3) The granites were emplaced as incrementally assembled, repeated pulses of inclined
granitic sills with partial solidification of each magma batch before subsequent injections and
very limited mixing between magma batches (e.g. Farina et al., 2012). 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. Based on field evidence, the microgranite and the fine-grained hybrid
granites are interpreted to have intruded first based on their fine-grained nature (alluding to
magma quenching). 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, preventing the

country rock from completely cooling down between each magma batch.

(5) Magma stoping is interpreted to be a secondary emplacement process whereas the
occurrence of crustal assimilation, as an effective emplacement process, cannot be proven
far beyond the textural evidence provided. The localized ductile behaviour of the
metamudstone in the lit-par-lit zone suggests a degree of ductile flow of the host material to
accommodate granite emplacement owing to highly viscous magma flow. In other words, as
the magma pulses intruding become more voluminous, the porphyritic granitic phases
pushed aside the country rock to make space for themselves particularly as the magma pulses

intruding become more voluminous.

(7) The overall alignment of the K-feldspar megacrysts with the country rock fabric reflects a
magmatic type of lineation developed in a non-coaxial flow. The megacrysts aligned
themselves relative to the velocity gradient of magma flow due to the shear or drag between

the magma and the host rock contact (e.g. Paterson et al., 1989; Winter, 2010).

(8) A possible mechanism that could explain how some K-feldspar megacrysts ended up being
embedded in the country rock is when a dyke/fracture is modelled as a buoyancy-driven
structure relative to a surrounding elastic host rock (Weertman, 1971a). The Weertman
model predicts that if the average pressure in a magma-filled fracture and the surrounding
rock is equal, the pressure in the fracture exceeds that of the enclosing rock at the top of the
fracture, whereas the pressure in the rock exceeds the pressure at its tail. As a result, the
fracture pinches itself close at the tail while the magma at the head pushes the host material

open, allowing for further ascension. Some fraction of magma will become “trapped” as the
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fracture pinches itself close at the tail. Included in this “trapped” magma fraction, in the case
of the study area, could be the K-feldspar megacrysts which are left embedded in the country

rock as the base/tail of the fracture is continually sealed off.

9.3 Recommendations

e Geochemical study (e.g. electron microprobe) on the cordierite alteration types, in
both the granites and metamudstones, to determine their origin (e.g. Ogiermann,
2002). This is because the cordierites in the granites are characterized specifically by
one form of pinitization as opposed to the varying types in the metamudstones. This
suggests that the pinitization of the cordierites in the country rocks is potentially due
to several different and varied fluid flow events, including one potentially derived
from the granites themselves.

e In-depth tests and analyses, other than whole-rock geochemical data, to determine

the extent and validity of assimilation and the filter pressing mechanism
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Appendix A

Table A1: List of samples collected at the Sea Point contact outcrop

Samples collected in 2016 for honours projects

Sample no. Co-ordinates Rock type Granite sub-type
SP1 $33°55’18.2” E018°22'38.5” Spotted Malmesbury metamudstone
SP2 $33°55’18.8” E018°22’38.56” Spotted Malmesbury metamudstone with S,
crenulation cleavage
SP2B $33°55'18.8” E018°22'38.56" Spotted Malmesbury metamudstone
SP3 $33°55’18.3” E018°22’38.6” Microgranite
SP4 $33°55’18.9” E018°22'37.5” Medium-grained hybrid granite Medium-grained porphyritic
SP5 $33°55’18.45” E018°22'37.81” Mixed rock (coarse-grained porphyritic hybrid Coarse-grained porphyritic
granite and Malmesbury)
SP6 $33°55’18.33” E018°22'37.81" Mixed rock (fine- to medium-grained porphyritic Medium-grained porphyritic
granite lenses within Malmesbury)
SP7 $33°55.333' E018°22.618’ Coarse-grained porphyritic granite (main phase)
SP8 S$33°55.317’ E018°22.612’ Folded Malmesbury metamudstone with S,
crenulation cleavage
SP9 $33°55.320' E018°22.610’ Foliated Malmesbury metamudstone
SP10 $33°55.324’ E018°22.613’ Xenolith in granite - mixed zone
SP11 $33°55.318’ E018°22.634’ Fine-grained semi-porphyritic hybrid granite Fine-grained semi-porphyritic
SP12 $33°55.318’ E018°22.635’ Small metamudstone xenolith with S; foliation
Samples collected in 2018 for the current MSc project
Sample no. Co-ordinates Rock type Granite sub-type
SP 13 $33°55'18.2"” E018° 22’37.5" Biotite-rich coarse-grained granite Coarse-grained porphyritic
SP14 $33°5518.7” E018° 22’39.0” Malmesbury metamudstone with S, crenulation
cleavage
SP15 $33°55'22.0” E018° 22'37.4” Aplitic phase
SP16 $33°55’21.9” E018° 22'36.9” Malmesbury metamudstone
SP 17 $33°55'21.9” E018° 22’36.9” Banded rock of metasiltstone and metamudstone
SP 18 $33°55'21.6” E018° 22’36.6" Coarse-grained porphyritic granite (main phase) Coarse-grained porphyritic
SP 19 $33°55'18.5” E018° 22'39.5 Microgranite
SP 20 $33°55’20.9” E018° 22'37.6” Mixed rock (weathered, loose block) - megacrysts in Medium-grained porphyritic
Malmesbury
SP 21 $33°55’18.9” E018° 22’38.0” Medium- to coarse-grained porphyritic hybrid Medium-to- coarse-grained

granite (with Malmesbury)

porphyritic



Samples collected in 2018 for the current MSc project

Sample no. Co-ordinates Rock type Granite sub-type
SP 22 $33°55’19.1” E018° 22’38.0” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 23 $33°5519.7” E018° 22’37.3” Coarse-grained porphyritic granite (biotite-rich) Coarse-grained bt-rich
porphyritic
SP 24 $33°55'19.2” E018° 22’37.8" Medium-grained porphyritic hybrid granite (with Medium-grained porphyritic
Malmesbury)
SP 25 $33°55'19.4” E018° 22'37.9” Coarse-grained porphyritic hybrid granite Coarse-grained porphyritic
SP 26 $33°5519.2 E018° 22'37.8” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 27 $33°55’18.8” E018° 22’38.8” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 30 $33°55'18.81” E018° 22'37.38” Fine-grained non-porphyritic hybrid granite Fine-grained non-porphyritic
SP 31 $33°55'18.66” E018° 22’37.20” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 32 $33°55'18.66” E018° 22'37.14” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 33 $33°55’18.60” E018°22'37.20” Fine-grained porphyritic hybrid granite Fine-grained porphyritic
SP 34 $33°55’18.60” E018° 22'37.14” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 35 $33°55'19.74” E018° 22'36.54” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 36 $33°55’19.80 E018° 22'36.78” Coarse-grained non-porphyritic hybrid granite Fine-grained non-porphyritic
SP 37 $33°5519.92” E018° 22'37.02” Medium-grained semi-porphyritic hybrid granite Medium-grained semi-
porphyritic
SP 38 $33°55'16.8” E018° 22'41.1" Microgranite
SP 39 $33°55’18.7” E018° 22'37.2” Medium-grained porphyritic hybrid granite Medium-grained porphyritic
SP 40 $33°55'18.0” E018° 22’36.1" Fine-grained non-porphyritic hybrid granite Fine-grained non-porphyritic
SP 41 $33°55'18.3” E018° 22’36.0" Malmesbury metamudstone
SP 42 $33°55’18.4” E018° 22’35.9” Medium-grained hybrid granite F/g non-porphyritic & ¢/g
porphyritic
SP43 $33°55’20.0” E018° 22'37.1” Mixed sample — large Malmesbury block with well-
defined granite lit-par-lit intrusions. Segmented into
smaller blocks (i.e. 43A, B, C & D)
43A $33°5520.0” E018° 22’37.1" Coarse-grained porphyritic hybrid Coarse-grained porphyritic
43B $33°5520.0” E018° 22’37.1" Lit-par-lit
43C $33°55’20.0” E018° 22’37.1” Lit-par-lit
43D $33°55'20.0” E018° 22'37.1” Lit-par-lit
SP 44 $33°55'9.02” E018° 22°54.21” Banded rock of metasiltstone and metamudstone

*Samples SP38 and SP44 fall outside the area mapped (Fig. A1). Sample 38 is located approx. 80 metres away from the mapped area, whereas
SP44 is approx. 480 metres away.



Figure A1: Sea Point geological map with the locations of the samples collected.




Appendix B

Appendix B1

—Types of cordierite alteration in the metamudstone metasediments

The recognition of alteration type based on composition was done as far as possible because

this aspect was limited by the very-fine grained nature of some alteration types which makes

it close to impossible to recognize all constituents. The alteration types are as follows:

The first type (Type 1) involves the replacement of cordierite by fine aggregates of
phyllosilicates including muscovite (& sericite) (most dominant), biotite and
chlorite (Fig. B1A, B). It is the most commonly occurring (or more widespread)
alteration type and tends to completely alter or replace primary cordierite
wherever present. Coarser grained, strongly aligned and variably chloritized
biotite grains (i.e. those that define the dominant matrix foliation) not only
anastomose around the cordierite grain but also show signs of being involved in
the replacement process of some cordierite grains, starting from the outer edge

toward the centre, alongside or together with the alteration products of Type I.

The second type (Type Il) involves the replacement of cordierite by fine-grained
isotropic to slightly birefringent alteration material (Fig. B1C, D). Whenever this
alteration type is found to occur, it tends to only replace the cordierite partially,
with full replacement being rare. Moreover, it is commonly accompanied or occurs
with the Type | alteration. When this is the case, the Type Il alteration is
concentrated in the central portion of the cordierite grain and is rimmed or

surrounded by the fine micaceous aggregates of Type | alteration (e.g. Fig. B1E).

The third type (Type lll) resembles Type Il alteration material in a sense that it is
also defined by fine-grained isotropic material. The difference between the two is
that Type lll alteration material is concentrated with the various fractures, fissures,
and pathways in the cordierite or occurs as very narrow rims around the cordierite
(Fig. B1D, E). They occur sporadically with no preferred orientation and tend to

encompass or include some of the mica and quartz inclusions present within the



cordierite. In plane-polarized light, Type Il alteration products have a brownish-

yellow appearance (Fig. B1E).

The fourth type (Type IV) involves the replacement of cordierite by relatively
coarse-grained muscovite grains, which mostly lie oblique to the foliation, and
intergrowths of biotite (Fig. B1G, H). Much like the Type | alteration, the muscovite
grains from Type IV alteration tend to completely replace the cordierite grains.
Moreover, there are occurrences of fine-grained biotite inclusions on the edge of
the cordierite grains, oriented sub-parallel and continuous with the matrix
foliation, that occur alongside both the alteration products of Type IV. The
difference in the orientation of these fine-grained biotite grains relative to those
involved in the alteration process suggests that both varieties are not involved in

the same alteration process.

Appendix B2

—Petrographic descriptions of the types of biotite clots in the coarse-grained granite

Type | clots: where the central portions (or core) of the clots comprises euhedral
to subhedral quartz and biotite grains similar in size to the biotite grains which
surround them. This variety tends to resemble an aggregate or accumulation of
biotite due to minor occurrence of quartz and they are also involved in the
replacement of K-feldspar phenocrysts (Fig. 4.9F) and pinitized cordierite (Fig.

4.9G) starting from the margins of the aforementioned grains to their cores.

Type |l clots: where the core of the clot is comprised of euhedral to subhedral
qguartz and biotite grains which are much smaller in size compared to the biotite

grains which surround them (Fig. 4.9E).

Type lll clots: where the biotite and quartz are present as symplectic intergrowths

within a K-feldspar host.



Figure B1: Thin section photomicrographs, in cross polars and plane-polarized light, of the various types of alteration affecting
the cordierite (Crd) grains within the metamudstone samples. (A) & (B) Type | alteration involving the replacement of Crd by
fine-grained mats comprising muscovite (Ms), biotite (Bt), sericite and chlorite (Chl). (C) & (D) Type Il alteration involving the
replacement of Crd by an isotropic material, which, is in turn, mantled or immed by constituents involved in Type | alteration.
(E) & (F) Sector twinned Crd affected by Type Il alteration involving an isotropic material concentrated within the various
fractures, fissures, and pathways of the Crd. (G) & (H) Crd grain affected by Type IV alteration involving replacement by fairly
coarse-grained crystals of Ms.



Appendix B3

—The varying sizes of enclaves and their contact relationship with the host porphyritic

granite

The small-sized biotite-granite- and granodiorite-enclaves (Fig. 4.13C, D respectively) 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 granite (e.g. Fig. 4.13C).
Conversely, the larger sized enclave bodies show a relatively diffuse and gradual transition
with the host granite and also have K-feldspar inclusion similar in size and texture relative to
those in the host granite (Fig. 4.13A, B, E). These observations likely have to do with thermal
effects and contrasts between the enclaves and host granites. The smaller enclaves are likely
to have quenched to finer-grained solid enclaves in the host magma because small bodies
lose heat quickly and so will likely cool rapidly against the larger, more voluminous granite
host (Vernon et al., 1988; Wiebe et al., 2002; Paterson et al., 2004). This also serves to explain

the sharper contacts they define with the host granite (Fig. 4.13C, D).

In contrast, the larger enclave bodies cooled at a slower rate, allowing for them to thermally
equilibrate with the host granitic magma, precluding sharp contacts and retaining fairly coarse
sizes in the process (Fig. 4.13A, E). The K-feldspar grains that are included in some of the
enclaves (e.g. Fig. 4.13A, B, C, E), are likely to have originated from the host magma and
became incorporated/entrained into the magma that later formed the respective enclave
bodies (e.g. Elburg, 1996). Because of the quenching effect experienced by the smaller sized
enclaves, the entrained K-feldspar grains cooled rapidly and did not get the opportunity to
grow big in the enclave before the enclave cooled below the crystallization temperature of K-
feldspar. The larger enclaves cool slower and so the entrained Kfs grains have more time and
opportunity to grow bigger, hence why the K-feldspars included within them are similar in

size and texture to those in the host granite.



Appendix B4

—The formation of magmatic structures

Magmatic structures characterizing the Peninsula Pluton include high concentrations of K-
feldspar megacrysts (Fig. 4.15A, B), magmatic layering (Fig. B2), biotite-quartz clots
(Figs.4.7B-D, 4.9E—G) and biotite accumulation in schlieren (Fig. 4.15C, D) (Farina et al., 2012).
These magmatic structures are interpreted by Farina et al. (2012) as having formed by local
flow and melt—crystals separation at a temperature not exceeding 750°C at the emplacement
level of highly viscous crystal-rich magmas through magma mushes assembled from older

batches.

The magmatic layering in Figure B2 occurs on a vertical surface (with an approximate height
and horizontal extent of 7 m and 35 m respectively) within an S-type granite host between
the Bantry Bay-Clifton areas (approx. 1.5 kilometres from the Sea Point contact). Other
localities where such sheeted structures outcrop is along the coastline of the small town of
Llandudno further to the south of the study area (Fig. 2.3B). Such magmatic layering has been
covered by Farina et al. (2012) and more extensively by Ramphaka (2013). According to the
aforementioned authors, the magmatic layers are formed by the repetition of zoned layers
defined by a schlieren-like base (mafic layers) grading to a leucocratic upper part dominated
by plagioclase, K-feldspar and quartz (Fig. B2). The difference in bulk rock composition, trace
and rare earth elements compositions between the layers and host granite suggests that the
layered rocks were not formed by magmas produced by differentiation of the host granite
but, instead, each layer represents a separate magma pulse (Ramphaka, 2013). The mafic
portions of the layers largely represent an accumulation of the crystals in the magma batch

at the time of injection and mostly consist of orthopyroxene and biotite (Ramphaka, 2013).



Figure B2: Magmatic layering within an S-type granite outcrop between the Bantry Bay-Clifton areas. The outcrop is characterized by the repetition of zoned layers defined by a schlieren-like
base (mafic layers or portions) grading to a leucocratic upper part dominated by plagioclase, K-feldspar and quartz. The traffic sign-post has a height is 2.25m.




Appendix C

e Bedding (So) and foliation (S: and S) orientation data

Table C1: All measured bedding orientation data from the northern end of the study area.

So bedding northern end (dip direction/dip) (n=35)

050/82 070/68 056/78 038/70
058/78 066/66 030/72 026/64
038/72 072/68 028/70 214/70
034/82 074/70 026/74 224/76
042/72 072/74 030/74 224/72
032/80 040/84 028/78 210/78
034/88 036/82 032/70 220/74
050/72 040/90 032/68 218/80
034/70 062/80 042/62

Table C2: All measured bedding orientation data from the southern end of the study area.

So bedding southern end (dip direction/dip) (n=31)

008/76 012/82 228/84 046/78
018/74 008/78 222/82 230/70
014/78 016/80 224/78 032/78
016/76 034/84 222/80 222/82
002/70 024/72 222/84 218/80
014/88 032/78 234/74 224/84
012/80 024/82 232/76 200/72
014/78 030/88 044/80

Table C3: All measured bedding orientation data from the lit-par-lit zone of the study area.

So bedding lit-par-lit zone (dip direction/dip) (n=13)

354/72 012/76
358/58 018/60
008/58 008/82
010/78 002/84
354/70 002/86
356/74 016/84

014/62




Table C4: All measured S; foliation orientation data from the northern end of the study area.

S, foliation northern end (dip direction/dip) (n=62)

044/10 036/76 232/80 234/84
054/76 036/88 242/70 022/88
044/82 048/82 220/82 010/84
050/90 074/80 206/78 038/82
054/76 076/74 218/70 048/74
070/72 074/78 236/84 032/80
040/80 076/82 240/82 030/78
030/82 080/70 238/86 018/70
050/86 066/86 224/78 016/80
072/82 080/80 218/86 028/88
050/76 086/78 222/78 020/80
054/50 080/70 214/78 014/84
050/78 082/88 228/82 024/84
066/84 080/80 232/84 044/72
060/86 240/78 228/88

042/70 044/66 064/86

Table C5: All measured S; foliation orientation data from the lit-par-lit zone of the study area.

S, foliation lit-par-lit zone (dip direction/dip) (n=60)

348/64 358/68 016/70 022/70 024/82
008/58 354/72 210/80 026/70 034/80
354/70 002/80 020/72 004/88 002/74
004/48 001/78 194/66 004/84 028/86
354/72 006/82 224/84 008/88
002/80 008/64 232/80 038/84
001/80 028/64 026/88 036/80
006/82 340/62 356/84 030/88
008/64 002/50 190/88 028/86
340/62 018/66 196/74 032/84
020/60 004/82 200/70 026/88
028/64 002/64 194/82 042/86
004/48 190/74 020/70 040/84
020/60 186/80 022/74 342/66

Table C6: All measured S; foliation orientation data from the southern end of the study area.

S; foliation southern end (dip direction/dip) (n=15)

038/88 042/74
042/80 042/70
028/78 044/86
038/70 238/80
032/80 230/88
044/80 232/78
048/82 234/82
050/60

Table C7: All measured S, crenulation cleavage orientation data in the study area. Outcrops with an S, crenulation cleavage
only outcrop in the northern end of the study area.

S cleavage (dip direction/dip) (n=13)

322/08 348/12 314/08 310/12 292/16
322/06 320/08 290/20 302/02
320/10 308/14 300/20 332/08



Appendix D1

e K-feldspar lineation data from SPO on two/three mutually perpendicular surfaces at
the Sea Point contact outcrop

Table D1: Measured orientation of K-feldspar grains on three mutually perpendicular surfaces at station SPO 1

Station SPO 1: 3 mutually perpendicular surfaces GPS location: $33°55’23.4” E018°22’39.0” Total no. of readings: 50

Top surface West-facing surface South-facing surface
Trend/Plunge Size (cm): long Trend/Plunge Size (cm): long  Trend/Plunge Size (cm): long
axis/short-axis axis/short-axis axis/short-axis
366/18 6/2 294/84 9/4 334/14 5.5/1.5
350/10 4/2 232/40 4.2/2.5 336/18 3.5/1
344/02 2.5/1 312/80 4/2 328/20 4.4/2
344/10 3.7/2.1 222/42 4.5/2.5 338/30 6/5.8
308/10 3/1.1 236/58 2.5/1 326/28 3/1.5
346/10 2/0.8 362/62 4/1.3 210/78 6/2.4
292/06 3.8/2.2 212/24 3.3/1.2 190/80 3.5/1.5
292/04 3.5/1.5 214/16 4/1.4 252/82 3/1
010/12 5.5/2 314/78 45/2.5 246/80 2.5/1.5
062/02 3/1.8 216/20 3.5/2 168/22 5.5/2
046/06 4.8/2.2 220/44 4/2.2 176/26 4.2/2
020/10 4/2.5 252/50 4.4/2 170/40 7/2
362/08 2.3/1.8 244/38 2.5/1.2 346/16 4/2
344/10 3/1.2 208/78 4.2/2 316/12 45/1.5
012/08 4.5/2.5 238/30 3.5/1.5 270/80 3.2/1
356/10 8/2.2
358/14 5/2.5
368/10 3/1
254/04 3.1/1.6
310/06 2.8/2

Table D2: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 2

Station SPO 2: 2 mutually perpendicular surfaces GPS location: $33°55’23.3” E018°22’38.4” Total no. of readings: 32

Top Surface West-facing surface
Trend/Plunge Size (cm): long axis/short- Trend/Plunge Size (cm): long axis/short-
axis axis
112/04 4.5/1.7 204/14 4/2.8
032/10 2.4/1.8 185/18 5.5/3.5
030/08 3/2 190/24 5.5/3.8
010/12 4.2/2.8 206/64 4/2
026/20 4/1.5 216/22 2/0.5
050/02 5/3 194/42 2/1.5
106/08 4/2 322/20 2.4/1.5
114/12 5.6/2.5 322/80 3.5/2
016/06 2.5/0.3 198/78 3.1/1
022/04 5.2/1.6 354/40 3/1
032/08 4/1.5 362/36 5/2
014/02 2.8/0.4 350/42 3.5/0.8
042/06 5/2.6 210/20 2.5/1.2
018/02 3/0.5
300/06 5.4/2

312/20 3.5/1.5




Table D3: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 3

Station SPO 3: 2 mutually perpendicular surfaces GPS location: $33°55’23.2” E018°22’37.1” Total no. of readings: 30

Top Surface

West-facing surface

Trend/Plunge Size (cm): long axis/short- Trend/Plunge Size (cm): long axis/short-
axis axis
286/04 4/2 158/86 9/3
302/02 4/1.4 328/34 6.1/2.4
210/10 3/1.7 156/90 4/2
212/04 4.4/2.6 098/86 3/1.8
144/18 4/2 346/24 6/2
172/02 7/2.5 080/70 4.5/2
164/06 6/2.4 348/50 3.7/1.5
280/02 3.5/1.7 320/30 5/1.8
224/08 3/1.5 088/60 2.5/1.1
138/04 5.2/2.6 342/60 47/2
172/02 4/1.4 150/80 3.5/2
168/08 3/1.3 354/50 4.5/0.6
128/10 4.4/0.8 350/42 6/2.8
268/02 4.5/1.8 060/72 5/2.2
218/04 5.6/2 338/54 5.5/2.6

Table D4: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 4

Station SPO 4: 2 mutually perpendicular surfaces GPS location: $33°55’20.2” E018°22’37.2” Total no. of readings: 50

Top Surface

East-facing surface

Trend/Plunge Size (cm): long axis/short- Trend/Plunge Size (cm): long axis/short-axis
axis
075/10 5.6/2.5 036/10 4.2/2.3
072/04 3.5/2 130/78 3/1.5
082/08 6.5/4.5 290/76 2/1.5
080/16 8/3.8 104/54 4/2.1
080/02 5.5/2.8 214/04 6.5/2.5
090/02 4/2 038/04 5.8/1.3
132/20 3/2.5 056/20 3.5/1.2
114/30 3.2/2.4 312/60 45/2.3
068/04 3/2 040/08 5.4/1.6
160/12 3.8/2.2 210/26 7/2.5
086/04 8.5/2 044/20 5/2.5
042/12 3.7/2.5 060/60 7/2.5
150/10 6/2.5 032/60 6/2
338/02 3.5/2 026/30 3.6/1.2
236/10 4.7/2 044/14 4.2/2
240/06 5/2.3 232/30 4/1.5
340/04 4.2/1.9 038/50 6/2.5
010/02 4/1.4 262/20 6.8/1.6
088/12 4/2.5 050/20 3.8/1
210/02 3/2 046/08 5.4/1.6
110/06 6.2/3.4 080/56 4.6/1.4
348/02 5.2/1.8 302/82 6.2/3.6
356/10 4.2/1.6 162/52 3/1.5
124/16 4/1.5 028/80 4.8/2.8
096/02 5/2 120/20 3.6/2.1




Table D5: Measured orientation of K-feldspar grains on three mutually perpendicular surfaces at station SPO 5

Station SPO 5: 3 mutually perpendicular surfaces GPS location: $33°55’20.3” E018°22’37.4” Total no. of readings: 70

Top surface West-facing surface South-facing surface
Trend/Plunge Size (cm): long Trend/Plunge Size (cm): long  Trend/Plunge Size (cm): long
axis/short-axis axis/short-axis axis/short-axis
246/12 4/3.2 182/24 3.5/2 108/12 4/2
222/10 3/2.5 170/38 4.5/3.8 266/42 4.8/4
258/10 4.5/3.8 244/78 4.8/2.5 254/90 3.3/1.5
280/10 3/1.6 178/30 8/1.5 098/46 3.4/2
282/04 5/2.5 308/78 5.5/1.8 162/90 4.5/2
256/10 2.7/1.4 326/82 3/1 286/24 3/2
292/04 2.2/1 306/78 9/2 272/80 5/1.8
288/08 2/1 170/14 5.2/3.1 112/12 3.7/2
288/06 4.5/4.2 306/80 6/2.5 100/10 3.4/1
290/10 4/2 326/76 2.5/1 118/14 7/2.5
294/04 4/2.2 334/80 3.5/2 120/10 4.5/2
276/10 2.5/1.8 184/20 3/1 106/26 6.5/1.5
260/08 4.2/3.8 182/40 5/3 302/22 5/2.5
256/12 3/1.7 226/56 4.8/2 142/60 3.9/2.1
248/10 3.3/1.7 278/66 5.4/2.2 288/26 7/5.5
274/28 3.9/2.1 320/68 3.5/2.5 120/28 5/3
312/06 5.5/2.5 176/30 3.2/1 116/22 3/2
268/02 5/3.8 162/18 5/2 102/58 4.7/2
260/10 4/2.5 190/16 3.2/1.5 276/28 3.5/3
208/12 4/2.9 250/44 5.6/2.5 102/08 5/2.5
124/18 4.5/2.2
296/78 5/2.2
100/42 3/1.7
114/30 5/1.2
120/36 3/2
272/34 5/4
106/32 3.5/2
114/42 4/3
278/16 5/2.5
212/90 6/2.5

Table D6: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 6

Station SPO 6: 2 mutually perpendicular surfaces GPS location: $33°55’20.6” E018°22’37.9” Total no. of readings: 40

Top Surface South-facing surface
Trend/Plunge Size (cm): long axis/short- Trend/Plunge Size (cm): long axis/short-
axis axis
274/02 4/2 100/18 5.2/2
284/02 3.8/2.6 102/12 3/1
292/04 3/2 120/20 6.5/3.5
094/12 3/2.0 118/78 3/2.4
098/20 5/3 100/14 3.5/1.5
256/04 6.4/2 116/40 2.5/2.3
336/24 2.1/1 104/16 2/1
326/08 3.5/1.4 298/30 3.2/1.2
262/34 7/1.5 118/58 2.5/1.5
270/04 5/2.5 114/40 4.6/2.8
280/10 2.2/2 208/90 3.5/3
036/40 5.2/2 106/22 4/1.8
270/06 5/3.5 181/70 2.4/2
310/08 3.5/1.7 140/48 4/1.5
290/02 1.2/1 110/14 3.5/1
260/04 6/4 106/12 8.5/4
310/06 6.8/2.2 112/60 3/2.5
320/04 4.7/1.8 108/20 2.1/1
318/10 5.4/2.2 280/28 3/1.2

284/14 2/1 284/14 2.5/0.5




Table D7: Measured orientation of K-feldspar grains on three mutually perpendicular surfaces at station SPO 7
Station SPO 7: 3 mutually perpendicular surfaces GPS location: $33°55’20.1” E018°22’37.2” Total no. of readings: 66

Top surface East-facing surface North-facing surface
Trend/Plunge Size (cm): long Trend/Plunge Size (cm): long  Trend/Plunge Size (cm): long
axis/short-axis axis/short-axis axis/short-axis
058/10 5.5/3 164/80 5.8/3.4 298/44 3.5/2
078/10 5.3/3.5 032/38 45/4.3 324/84 45/2.3
308/10 2.8/1.5 062/72 3.4/1.4 322/74 2.5/2
058/06 3.5/1.5 066/40 3.3/0.8 284/18 3.2/2
346/02 2.4/1.2 118/74 3.7/3.5 294/08 4.5/2
300/10 2.6/1.5 032/50 4/1.8 296/42 3.7/2.8
336/10 3/1.4 164/76 7.5/4 106/28 5/2.4
356/02 3/1.5 204/24 7.6/2 012/76 6/4.5
262/04 3.3/2.5 194/40 5/2 078/82 3.7/1
258/04 3.7/1.7 124/88 7.5/1.5 104/20 47/1.5
256/14 4.2/3 052/58 3/2.5 292/06 5.2/2.1
312/06 3/1.8 038/40 5/3 096/24 3/2
260/10 3.4/15 042/82 4/2.6 098/22 2.5/1.4
274/12 3.1/1.2 156/52 4/1.8 096/24 2.4/2
238/02 3.2/1.3 148/62 2/1.1 092/32 4.3/4
312/08 3.5/2.2 086/80 3/2.2 342/64 3.2/1
286/10 4/2 292/34 5/2
222/14 2.4/1.1 292/20 3.7/1.5
234/06 2.5/1.5 052/64 5/2.3
254/08 3/1.7 100/22 5.5/4.5
292/44 4/2.4
308/38 3/2.5
298/42 5/3
108/20 4.2/4
102/20 4/1.5

Table D8: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 8

Station SPO 8: 2 mutually perpendicular surfaces GPS location: $33°55’19.0” E018°22’37.0” Total no. of readings: 45

Top Surface North-facing surface
Trend/Plunge Size (cm): long axis/short- Trend/Plunge Size (cm): long axis/short-
axis axis
340/06 7/3 304/28 4.7/2.2
358/02 4.9/3 322/48 4.2/2.5
328/04 4/3.5 044/60 4.4/3.8
296/04 4.8/2.3 296/22 7.3/1.5
366/22 4/2 328/44 3.7/2.4
042/10 2/1 342/64 3/2
348/02 2.2/1.3 084/76 4/1
278/10 2.4/1 300/54 5.3/2.8
358/06 3/2.2 348/64 5/1.8
336/02 4/2.5 302/42 5/1.5
352/04 2.7/1.2 306/48 3.7/2.5
058/04 5.2/2.1 308/52 7/5
246/08 3.5/2 362/80 5.5/2
242/08 3.2/2 096/22 2.5/2
356/04 3/1.4 320/52 6/2.8
364/16 3.2/1 362/70 7.5/2.8
352/04 4.7/3 330/62 2.5/1
336/10 2.4/0.8 300/38 4.5/2.8
344/02 2/1 310/50 5.5/2
326/06 6/3.2 352/30 5.3/1.8
234/06 3.4/2
320/02 2.6/1.2
318/12 5.4/2.4
332/08 2.5/1
294/04 4.5/2

354/04 5.8/3




Table D9: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 9

Station SPO 9: 2 mutually perpendicular surfaces GPS location: $33°55’18.5” E018°22’37.5” Total no. of readings: 40

West-facing surface South-facing surface
Trend/Plunge Size (cm): long axis/short- Trend/Plunge Size (cm): long axis/short-
axis axis
194/20 3.5/2.6 264/18 5/3
196/38 5/3 252/50 4/2.5
202/42 4/2 244/78 7/2.8
196/54 9/3.5 280/42 3/1.8
010/50 3/2 206/72 45/2.5
194/36 4.4/1.8 112/20 5/4
224/42 4.5/3 118/40 3.2/2.2
194/22 3.3/2 124/26 3.7/2.5
198/38 3.5/1.8 278/36 4/1.7
276/72 5/3 272/40 5.2/1
024/20 6.2/2.5 284/40 7/2.8
278/88 8.5/3.4 288/30 4.7/1.8
192/54 4.5/2 280/36 3.2/2.5
186/18 7.5/3.5 168/80 3.8/1.5
190/44 45/3 114/24 3.5/1
272/90 5/3 258/46 7.3/1.8
352/72 7/2.5 282/52 3/1.5
202/24 2/1.2 274/36 3.2/2
202/16 3.5/2.3 110/30 7.5/3
012/38 4/2 288/50 4.5/2

Table D10: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 10

Station SPO 10: 2 mutually perpendicular surfaces GPS location: $33°55’18.3” E018°22’38.3” Total no. of readings: 50

Top Surface East-facing surface
Trend/Plunge Size (cm): long axis/short-axis  Trend/Plunge Size (cm): long axis/short-axis
116/12 5.6/2.5 108/10 4.5/3
022/06 3.5/2 018/90 4.2/2.5
292/16 6.5/4.5 112/18 4/2.3
302/10 8/3.8 110/20 6/4.5
290/08 5.5/2.8 012/88 5.6/3.5
298/02 4/2 026/90 3.2/1.5
318/24 3/2.5 106/14 3.5/2.8
286/04 3.2/2.4 112/12 5/2.5
294/02 3/2 104/14 3.1/2.5
010/12 3.8/2.2 114/16 5/3.5
268/14 8.5/2 114/22 5.5/2.2
296/02 3.7/2.5 288/24 5.5/2
294/06 6/2.5 026/82 5.5/1.5
338/04 3.5/2 032/86 4.5/2
060/10 47/2 028/80 4.4/1.8
120/24 9.2/3.2
110/22 5.8/2
298/48 4/2.4
096/74 6.6/2
084/76 3/2.5
300/40 8/3
118/44 4/3
122/30 4.3/3.2
110/20 4.3/1.5
116/20 2.7/1.5

112/38 6.8/2.5




Station SPO 10: 2 mutually perpendicular surfaces GPS location: $33°55’18.3” E018°22’38.3” Total no. of readings: 50

Top surface East-facing surface

Trend/Plunge Size (cm): long axis/short-axis  Trend/Plunge Size (cm): long axis/short-axis
108/36 5/2
114/50 6/4
106/16 3.5/1
026/90 4.5/2.6
294/22 9.5/3.2
116/40 7/4
096/76 5/3.8
302/28 6.7/1.5
106/24 7/2.5

Table D11: Measured orientation of K-feldspar grains on two mutually perpendicular surfaces at station SPO 11

Station SPO 11: 2 mutually perpendicular surfaces GPS location: $33°55’18.6” E018°22’38.3” Total no. of readings: 40

Top surface North-facing surface
Trend/Plunge Size (cm): long axis/short- Trend/Plunge Size (cm): long axis/short-
axis axis
036/36 3.5/3 336/60 5/1
060/18 5.5/2 346/14 4.5/1.2
112/06 8/2.8 350/20 6/2.5
104/04 3/2 090/52 3/2.3
098/10 3/1.5 122/80 6/1.3
088/02 3.8/3 326/42 4.5/1.4
058/10 3.5/1 106/44 3/2
094/02 3.5/3 354/60 3/1
120/06 4/3.5 352/24 3.4/2.4
092/02 6/2 332/36 6.5/2
106/02 3.4/1.6 140/16 3.5/3
138/04 3/1.5 130/50 4.5/2.8
054/02 6/2 120/60 2.5/1.5
072/06 5.3/2.5 326/30 6.5/2.5
088/06 4/2 334/20 5.4/1.6
086/02 4.5/2 310/52 3.6/1.3
053/04 3/1.5 126/78 4/1.5
116/10 6.5/2 120/72 3.8/1
040/06 7/3 340/24 3.7/2.5

116/10 2.8/1.5 314/40 4.7/2




e Appendix D2: Maps of the Sea Point- Bantry Bay-, Clifton- and Glens beach-Camps bay—areas depicting all the station locations used
for SPO analysis and their associated preferred K-feldspar megacryst orientations and resultant magmatic foliation plane from the
Kumbe (2017) honours project study
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Figure D1: Sea Point-Bantry bay map. Stereoplot legend supplied in the bottom-right of the Figure also applies to Figures D2 and D3. Most of the stations have a Kfs-defined magmatic foliation
that trends N-S (station 5) to NNW (NW) - SSE (SW) (stations 4, 6, 7).
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Figure D2: Clifton map. Stations 9, 14 and 15 have a Kfs-defined magmatic foliation that trends N-S (station 14) to NNW (NW) - SSE (SW) (stations 9, 15). The stations that show a different
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Appendix E1

e Sr and Nd radiogenic isotope geochemistry data from Buggisch et al. (2010) and Frimmel et al. (2013) for the Tygerberg Formation

(Malmesbury Group) for comparison with the metasedimentary sample (SP16) of the study area

Table E1: Sr and Nd radiogenic isotope geochemistry data for sample SP16 and the Tygerberg Fm samples of Buggisch et al. (2010) and Frimmel et al. (2013)

Sample Rock type Rb (ppm) Sr (ppm) Rb/Sr  (¥7Sr/®%Sr)o 87Rb/%Sr Srl Sm Nd Sm/Nd  ’Sm/**Nd (*3Nd/***Nd)o Nd | eNdy  Tcuur Tom Age (Ma)
SP16 ® Metamudstone 297 84.2 3.52 0.802792 9.355237 0.728103 7.53 37.60 0.20 0.12818 0.511985 0.511515 -7.84 1.441 2.071 560
HFS-08-1b Tygerberg greywacke 89 149.9 0.59 0.730980 1.724231 0.730980 5.69 27.70 0.21 0.12422 0.512144 0.511688 -4.45 1.039 1.711 560
HFS-08-5 b Tygerberg siltstone 207 163.9 1.26 0.742371 3.665957 0.742371 8.53 44.50 0.19 0.11591 0.512041 0.511616 -5.87 1.126 1.726 560
HFS-08-6 b Tygerberg siltstone 162 69.5 2.33 0.764461 6.775498 0.764461 4.65 26.00 0.18 0.10815 0.511990 0.511593 -6.31 1.115 1.673 560
HFS-08-7 b Tygerberg siltstone 105 140 0.75 0.727347 2.164475 0.727347 9.31 48.10 0.19 0.11704 0.511987 0.511558 -7.01 1.245 1.831 560
HFS-08-10 b Tygerberg mudstone 171 111.8 1.53 0.750934 4.435150 0.750934 9.60 46.00 0.21 0.12620 0.512006 0.511543 -7.29 1.365 1.988 560
RSA2 € Tygerberg greywacke 6.34 31.36 0.20 0.12210 0.512072 0.511624 -5.71 1.156 1.791 560
RSAS © Tygerberg siltstone 7.96 43.81 0.18 0.10990 0.511975 0.511572 -6.73 1.163 1.723 560
RSA7 € Tygerberg greywacke 10.05 58.51 0.17 0.10380 0.511951 0.511570 -6.76 1.127 1.661 560
RSA13 € Tygerberg shale 4.94 23.81 0.21 0.12530 0.512010 0.511550 -7.15 1.339 1.961 560
RSA14 € Tygerberg greywacke 6.13 30.15 0.20 0.12290 0.512006 0.511555 -7.06 1.304 1.917 560
RSA15 © Tygerberg greywacke 5.50 27.23 0.20 0.12200 0.512003 0.511555 -7.05 1.294 1.903 560
RSA16 € Tygerberg siltstone 3.98 19.52 0.20 0.12310 0.512001 0.511549 -7.17 1.318 1.929 560

a: Data from study area; b: Data from Frimmel et al. (2013); c: Data from Buggisch et al. (2010).

Rb-Sr isotope geochemistry data for b is not available for comparison.
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Appendix E2

e Harker plots for the granite phases of the study area

Figure E1 shows a series of bivariate plots, known as Harker diagrams, which use wt. % SiO»

plotted along the x-axis to illustrate variation with the other selected major (and minor)

oxides of the dataset (also in wt. % and plotted along the y-axis).
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Figure E1: Major element binary Harker diagrams for the various granite phases of the study area. Black dot: Hybrid granites;
red dots: main phase granite; yellow dots: microgranite; blue dots: aplite. Data from Villaros et al. (2009a) (grey dots) and

Farina et al. (2012) (grey squares) are shown for reference.



The granites of the study area show fairly coherent overall trends of decreasing FeO™t, MgO,
TiO,, Al;,03, P,0s, CaO and A/CNK as a function of increasing SiO; content (i.e. negative trends)
(Fig. E1A-F, 1). The FeO™t (R? with SiO, = 0.84), MgO (R? with SiO, = 0.91), TiO; (R? with SiO; =
0.86) and P,0s (R? with SiO, = 0.88) contents, in particular, display a well-defined linear
negative trend or relationship relative to SiO, whereas the A/CNK parameter shows more
scatter in its trend. In contrast, K;O and Na;O (Fig. E1G, H) show a larger scatter in their trend
relative to SiO; especially for K,O values, which plot as a cloud of non-coherent data points.
Despite the scatter, the trend defined by Na>O is a weak positive trend (R? with SiO> = 0.42)

relative to increasing SiO; content. (Fig. E1G).

Appendix E3

e REE and spider plots comparing the leucogranites (microgranites and aplite) with
average leucocratic compositions of the Peninsula Pluton from Farina et al. (2012)
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Figure E2: Rare earth element (A) and multi-element spider (B) plots for the leucogranites (microgranites, shown in yellow,
and aplite, shown in blue) of the study area. (A) and (B) are normalized to the average leucocratic compositions of the
Peninsula Pluton From Farina et al. (2012).
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