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Abstract

The False Bay dyke swarm is the southern-most set of Early Cretaceous dolerite dyke in-
trusions along the western margin of southern Africa associated with rifting of Gondwana and
opening of the South Atlantic Ocean. Previous work highlighted the evolution of a single
magma type from olivine-tholeiite basalt to ferro-tholeiite andesite. This thesis presents de-
tailed field observations of each dyke in the False Bay - Cape Peninsula region and the focus
of the study is on the finer details of the differentiation process to define combined assimilation
and fractional crystallisation models.

Fractional crystallisation and assimilation trends are identified in the suite using both trace
element and Sr-Nd isotope data; however, evidence of crustal assimilation is only pronounced
in samples with less than 5 wt.% MgO. Initial differentiation (> 5 wt.% MgO) is characterised
mainly by near closed-system fractional crystallisation, while the later stages of differenti-
ation show a progressively larger input from assimilation. Assimilation trends of the False
Bay dolerites are modelled with various assimilant sources, including the Cape Granite Suite,
the Malmesbury Group and the Bushmanland Terrane. The AFC models show that the ex-
posed country rocks of the False Bay dyke swarm, including Cape Granites and Malmesbury
Group metasediments, are compositionally unfavourable for producing the observed assimila-
tion trends in the dykes. Instead, a more suitable crustal assimilant would be Mesoproterozoic
gneisses similar to those exposed in the neighbouring Namaqua Province, which may underlie

the Cape Peninsula.
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Preface

This study was initiated in July 2009 as part of Inkaba yeAfrica, a collaborative research group
of the Department of Geological Sciences and AEON (Africa Earth Observation Network) at
the University of Cape Town and the GeoForschungsZentrum, a German Research Centre for
Geosciences at Potsdam, Germany. Inkaba yeAfrica covers all manors of geoscientific and

interdisciplinary topics, with focus of the research under the following project titles:
1. Heart of Africa
2. Margins of Africa
3. Living Africa

The False Bay dyke swarm records igneous activity during the opening of the Atlantic Ocean
and is related to various dyke swarms and other igneous units along the southwest African
margin that were emplaced during the Cretaceous Period. Therefore, this study falls within the
“Margins of Africa; Project 2.1: Magmatic processes, rifting and continental breakup”. The
research presented here continues from initial work done by Prof. D. L. Reid and co-authors
(1990, 1991 and 2007) and other authors since the 1950s. The results have been published in a

peer-reviewed journal as:

Petrogenesis of the False Bay dyke swarm, Cape Peninsula: evidence for basement
assimilation. Backeberg, N.R., Reid, D.L., Trumbull R.B. and Romer, R.L. South African
Journal of Geology, 2011, Volume 114 (3-4), pages 335-352.
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Chapter 1

Introduction

The South Atlantic continental margins represent the result of Cretaceous rifting during Gond-
wana breakup, which produced extensive magmatic activity such as the Parani-Etendeka large
igneous province (Erlank et al., 1984; Ewart et al., 1998; Marsh et al., 2001; Ewart et al., 2004).
Etendeka-age dolerite dykes cutting the South Atlantic coast of Africa are mostly parallel to the
continental shelf, with the exception of the Henties Bay - Outjo dyke swarm (HOD) in north-
west Namibia, which, in part, follows the NE-SW trending basement structures of the Damara
Belt (Trumbull et al., 2004b). The Ponta Grossa dyke swarm in Brazil, which is not included in
this study, lies predominantly perpendicular to the South American eastern margin (e.g. Renne
et al., 1996a). The False Bay dolerite dyke swarm (FBDS) is the southern-most extension of
the coastal dykes and it intrudes within a narrow ~70 km wide band across the southwest corner
of South Africa around False Bay and the Cape Peninsula. Although magnetic data published
by Day (1987) suggests the presence of numerous dykes in the region, only 24 are exposed
around the Cape Peninsula. Dyke outcrops are usually restricted to coastal shoreline locations,
intruding all of the pre-Cretaceous rocks found on the Peninsula at a regional trend of NW-SE.
The published records of the dark intrusive rocks of the Cape Peninsula are those of Nell and
Brink (1944), Walker (1956), Day (1987) and Reid (1990) and in the literature the dyke swarm
has been referred to as the Cape Peninsula dolerites (Walker, 1956; Reid, 1990) or the False
Bay dolerites (Day, 1987; Reid et al., 1991).

Published ages for False Bay dyke swarm include a mean value of 132 + 6 Ma with a slight
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range (126 - 141 Ma) from whole rock K-Ar (Reid et al., 1991) and an Ar-Ar date of 131.3
+ 1.3 Ma measured on plagioclase (Stewart et al., 1996). This Cretaceous age links the dyke
suites to the earliest tectonic evolution of the South Atlantic basin during Gondwana rifting,
which at around 130 Ma had experienced initial continental stretching (Niirnerg and Miiller,
1991). Initial rifting of western Gondwana until opening of the Atlantic Ocean is modelled to
span from 150 Ma to 100 Ma, at which time the South Atlantic Ocean connected northward
into the North Atlantic Ocean (Niirnerg and Miiller, 1991).

Reid (1990) described the FBDS as containing a wide spectrum of dyke compositions in-
dicative of differentiation, which were later compared to those in the HOD by Trumbull et al.
(2007), who reported the presence of isotopic heterogeneity in the False Bay dykes, but con-
fined their work to interpreting the least contaminated dykes to compare mantle sources along
the African margin. The HOD swarm is thought to be the product of high-flux magma volumes
compared to the low-flux magmas developed in the south at the Cape. The contrast in basaltic
magma types and magma flux between north and south has been related by these authors to
different tectonic settings and available magma sources along the margin, with the HOD being
a product of active rifting driven by the Tristan Plume, while the southern dykes were described
as a monogenetic system during passive rifting (Reid, 1990; Trumbull et al., 2007).

This study was aimed at extending our knowledge of the False Bay dyke intrusion event by
adding modern trace element and radiogenic isotope data for key samples of the dyke swarm
that cover the compositional range established in previous work. Results obtained have been
incorporated into an evaluation of petrogenetic models for the evolution of the False Bay dyke
magmatic system and possible interaction with its crustal host. The following two chapters will

provide the necessary background to the regional and local geological settings.



Chapter 2

Regional Geological Setting

The Cape Peninsula and surrounding Western Cape are underlain by a basement consisting
of the Neoproterozoic Malmesbury Group and the Cambrian Cape Granite Suite, which are
unconformably overlain by the Palaeozoic Table Mountain Group (Figure 2.1). Older pre-
Malmesbury basement is only exposed in the northern part of the Western Cape and in the
Northern Cape, where medium to high-grade gneisses form part of the Mesoproterozoic Namaqua-

Natal Province (e.g. Eglington, 2006).

2.1 Namaqua-Natal Province

Namaqua basement rocks are exposed approximately 300 km north of Cape Town along the
west coast and throughout the Northern Cape of South Africa. The basement is subdivided
into several terranes, interpreted to have formed and accreted over the period between 2.0 -
1.0 Ga (Moore et al., 1990; Eglington, 2006; Cornell et al., 2006). Distribution of the various
Namaqua terranes are shown in Figure 2.2 and indicate the crustal blocks through which some
of the Cretaceous dyke swarms traversed (e.g the Cedarberg dyke swarm, see below). To
the south of the exposed Namaqua basement, the Mesoproterozoic units are unconformably
overlain by sequences of similar age to the Neoproterozoic Malmesbury Group (e.g. Gresse
and Scheepers, 1993). The Mesoproterozoic Namaqua basement has recently been suggested
from seismic surveys to extend as far south as the Agulhas Fracture Zone (Lindeque et al.,

2007, 2011) and compositionally similar crustal blocks could have interacted with the dyke
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2.2 Malmesbury Group

Falung ol the dMesoproteroeme bascment during the Pan-Alncan wectemc eyele led o the de-
position and deformation of various belts that were formed during the closing of the Adamastor
Oceun. To the nonth in Namibiz, these include the Kaoko Belt, which records a trunspressional
cvent around 650 to 600 My (Goscombe et al.. 2003; Goscombe and Gray. 2007), and Gar-
iep Belt, un extensional basin that developed during 370 o 530 Mu (.. Frimme] and Frank,
1995%; brimmel and Frélling. 2004}, Further south the Pan-Alncan is represented by deformed
Swartland and Malmesbury Group scdimentary rocks W lower grecn-schist [acies, known as

the Saldania Belt (Harlnady et al.. 1974). The current outerop patterns of the Swartland and
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Malmesbury Group are shown in Figure 2.1. The Malmesbury Group is exposed along the
Cape coast as the Tygerberg Formation. Sediments of the Tygerberg Formation were deposited
in a closing subduction basin and the youngest deposition of the Malmesbury Group turbidites,
as reported by detrital zircons, is at approximately 560 Ma (Armstrong et al., 1998). Rowe
et al. (2010) describes in detail the tectonic relation between the various terranes, specifically
the structures developed in the Tygerberg Formation on Robben Island, which records trans-

pression during highly oblique subduction and final closure of the Adamastor Ocean.

2.3 Cape Granite Suite

Later stages of the Pan-African tectonic cycle were accompanied by the intrusion of the Cape
Granite Suite after the deformation of the Malmesbury Group ceased. The distribution of S-
and I-type granite plutons of the Cape Granite Suite are also shown in Figure 2.1. Not shown
on the figure, but also found distributed in granite outcrops in close proximity to the Colenso
Fault, are graintes interpreted as A-type by Scheepers (1995). The Cape Granite Suite intruded
across the southwestern Cape Province, with an age progression from the older S-type intru-
sions at approximately 550 Ma, through the 540 - 520 Ma I-type granites (Da Silva et al., 2000),
followed by the younger 520 - 500 Ma A-type granite intrusions (Scheepers, 1995; Scheepers
and Armstrong, 2002). Scheepers (1995) showed that the S-type granite intrusions are exposed
to the west of the Colenso fault, which separates them from the I-type granites to the east (Fig-
ure 2.1). In the Cape Peninsula the Cape Granite Suite is represented by the S-type Peninsula
Granite batholith, which intruded around 540 Ma (Armstrong et al., 1998; Jordaan et al., 1995).
The contact of the Peninsula Granite and the intruded Tygerberg Formation can be seen at Sea
Point, Cape Town. Contact metamorphism of the Malmesbury Group rocks is restricted to the
immediately adjacent exposures, whereas no thermal alteration is observed at Robben Island,

11 km north of the contact.
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2.4 Cape Supergroup

Uplift and erosion of the Pan-African Saldanian sub-province took place from approximately
540 Ma until 510 Ma, the age of the youngest detrital zircons found in the basal Cape strata
(Armstrong et al., 1998). The sandstone-dominated Cape Supergroup consists of the Table
Mountain Group (TMG), Bokkeveld Group and Witteberg Group, covering a depositional his-
tory of a passive margin basin from the Early Ordovician (~510 Ma) to the Early Carboniferous
(~330 Ma). In a few locations basal conglomerates exist, for example at Piekenierskloof Pass,
whereas elsewhere the reddish Graafwater Formation generally forms the base of the TMG, fol-
lowed by unit of cross-bedded sandstones, known as the Peninsula Formation, which is up to
2000 m thick (Rust, 1967). The End Ordovician period records a receding glacially-influenced
palacoenvironment, which is represented by the deformed upper 10 to 50 m of the Peninsula
Formation, known as the Fold Zone, which formed during a large scale fluidization event (Rust,
1981; Backeberg and Rowe, 2009), and is associated with the Pakhuis Formation diamictites.
The Cedarberg Formation forms the last shale-dominated deposition before the TMG enters
its second large-scale sandstone depositional cycle: the Nardouw Subgroup, which makes up
a further 700 m of sandstone (Rust, 1967; Thamm and Johnson, 2006). The later Bokkeveld
and Witteberg Groups consist of interbedded marine sandstones and shales that conformably
overlie the Table Mountain Group (Rust, 1967; Theron, 1972).

Farther north and east of Cape Town, the entire Cape Supergroup is deformed into variable
wavelength folds by the Cape Orogeny, which occurred at around 250 Ma and is known as
the Cape Fold Belt (Hélbich, 1983). In the False Bay - Cape Peninsula region only the lower
Graafwater, Peninsula and Pakhuis Formations of the Table Mountain Group are preserved and
although they seem mostly undeformed on the Cape Peninsula, to the east of False Bay the
Peninsula Formation is clearly tilted to high angles. Distribution of the Table Mountain Group

outcrops is indicated in Figure 2.1.
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2.5 Gondwana Breakup

Separation of eastern and western Gondwana began around 160 Ma with the initial rifting that
led to the opening of the Indian Ocean (Powell et al., 1988), although the approximately 180
Ma Karoo dyke swarm records the earliest intra-continental magmatism and associated flood
basalt (Elburg and Goldberg, 2000). Intrusions of dolerite dykes across Gondwana are common
during the initiation of breakup period, for example Jurassic age dykes in the West Garo Hills,
India, which are related to an extensional regime (Rao, 2002). The rifting of South America
from Africa is interpreted to span the period of 150 Ma to 100 Ma (Niirnerg and Miiller, 1991)
and marks the break up of western Gondwana. Niirnerg and Miiller (1991) showed that at 150
Ma initial continental stretching occurred along with the development of margin-perpendicular
basins on the flanks of the South American plate and by approximately 130 Ma, rifting begins to
extend northward, while to the south of the plate the Agulhas-Falkland Fracture Zone develops.
By 118 Ma the Atlantic rift reached West Africa and after 100 Ma the South Atlantic Ocean
is well developed and the rift connected into the North Atlantic (Niirnerg and Miiller, 1991),
completely separating the African plate from South America (Figure 2.3).

Opening of the Atlantic Ocean is suspected to be accompanied by the presence of the
Tristan da Cunha plume, which may have enhanced uplift (Morgan, 1981; Turcotte and Emer-
man, 1983; Thompson et al., 2001). The Tristan da Cunha plume was located underneath the
African and South American plate boundary; however, its exact location during breakup is still
uncertain (Figure 2.3). Many authors suggest the Walvis Ridge is a record of the relative po-
sition of the plume head during the continental drift period (e.g. Ernesto et al., 2002; Gibson
et al., 2005), whereas others suggest that the basaltic ridge is a result of a complex extension
and breakup dynamic (e.g. Peate et al., 1999). The presence of a plume (or higher heat flux) is
consistent with the production of the Parand-Etendeka continental flood basalt province includ-
ing extensive intrusive magmatism (Erlank et al., 1984; Ernesto et al., 2002; Trumbull et al.,
2007). The tectonic regime that governed the southwestern tip of Africa resulted in relatively
less preserved magmatism, possibly related to a smaller influence by the plume (i.e. distal) and
smaller heat flux. The Agulhas-Falkland fracture zone is located nearby and the large dextral

strike slip offset of the fracture zone likely accommodated large portions of crustal attenuation
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at the time (Ben-Avraham et al., 1997).

2.6 West Coast Dyke Swarms and Related Magmatism

The intensive Cretaceous magmatism along the southwest African margin has been recorded
by a variety of dyke swarms, central complexes, continental flood basalts (CFB) and lava fields
found in on- and off-shore sections. Reflection of similar intrusive and extrusive magmatism is
found on the South American plate as the Parand CFB province and the associated Cretaceous
Ponta Grossa dyke swarm (e.g. Ussami et al., 1991; Renne et al., 1996a). The equivalent
continental flood basalt on the African plate, although much smaller in volume and extent, is the
Etendeka CFB (Erlank et al., 1984; Renne et al., 1996b; Jerram et al., 1999), which is assumed
to have been connected to the Parand CFB prior to continental separation, collectively known
as the Parand-Etendeka continental flood basalt. The Etendeka portion of the CFB has been
constrained to have initiated its magmatic activity around 133 Ma, while the combined Parana-
Etendeka CFB is constrained to 138 - 128 Ma (Trumbull et al., 2007 and references therein).
Figure 2.4 shows the spacial relations between the various Cretaceous igneous provinces and
dyke swarms with a reconstruction of the African and South American plates at around 130 Ma.
Further evidence for extrusive volcanic rocks is represented by seaward-dipping reflectors. The
seaward-dipping reflectors are found all along the African margin (Gladczenko et al., 1997) and
are highlighted by NE-SW seismic profiles: MAMBA-1 in Namibia (Bauer et al., 2000) and
the Springbok line in South Africa (Mahanyele et al., 2004). High velocity bodies in the lower
continental crust are identified in the P-wave velocity profiles by Bauer et al. (2003); Mahanyele
et al. (2004), which are interpreted as mafic- (or crust with higher MgO concentrations) intruded
lower crustal rocks, based on petrophysical estimates summarised in Trumbull et al. (2007).
Rift-associated Cretaceous dykes are typically parallel to the margin or regional structures
(e.g. the Damara Belt), as depicted in Figure 2.4. The sections below describe the dyke swarms,
which are of varying intensity and in this study the terms mega-swarm, swarm and sub-swarm
are used to describe the relative intensity of dykes along the Atlantic margin from Namibia to

the Cape Peninsula of South Africa.
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Figure 2.4: Map of Southern Africa and South Amernica at around 130 Ma, showing tlood basalt
and dyke swarm distributions. The Karoo dyke swarm (180 Ma) s also shown, Figure [rom
(Trumbull et al., 2007).

2.6.1 Henties Bay-Outjo

The Henues Bay-Outjo dyke swarm of Namibia (11O1) s the highest density dvke swarm
found along the margin and is located close to the preserved Biendeka CFB to which the
crelaceous magmatism 15 related (Figure 2.4). The HOD is considered, in this study, to be
a Cretaceous mepa-swarm, due to the high-densily expression seen in acro-magnetics (Trum-
bull et al., 2(0b). This high-density expression of dykes defining the HOI a5 a mega-swanm
has been attributed to a higher magma lux in the region (Trumbull et al., 20071, The HOD
megi-swarnt does show some margin-parallel dykes: however, most of the dyvkes further inland
have intruded roughly perpendicular to the marein, parallel to the Damara Bell structural trend

(Trumbull et al., 2004b). Intrusion ages from existing K-Ar data cover a range from 116 -
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143 Ma (Trumbull et al., 2007 and references therein) and the geochemistry of the extensive
mega-swarm can be subdivided into three different types (or swarms) based on unique mantle
normalised incompatible trace element plots, suggesting different magma sources (Trumbull
et al., 2007). Magma sources are divided into: (1) Tafelberg type swarm (Marsh et al., 2001),
(2) Nepheline-normative type swarm (Trumbull et al., 2007) and (3) Horingbaai type swarm
(Erlank et al., 1984). Trumbull et al. (2007) interpreted the variety of HOD magma sources and
the high magma flux of the mega-swarm to be associated with the influence of the Tristan da
Cunha mantle plume, which provided more heat to the HOD system allowing for melting of

multiple source regions.

2.6.2 Mehlberg

South of the HOD mega-swarm a much smaller network of dykes is found intruding the Gariep
Belt parallel to the continental margin (Figure 2.4). This sub-swarm is named after the more
prominent dyke in the region, the Mehlberg Dyke, which extends south across the border of
Namibia, up to 16 km into South Africa (De Villiers and Sohnge, 1959). Reid and Rex (1994)
showed compositional similarities between the Mehlberg dyke and similar dolerite sills in the
region, which are of Karoo age (180 Ma), but highlighted the younger intrusion age of 133 +
4 Ma, which they dated by whole rock “°Ar/*° Ar. The Mehlberg dyke shows an en echelon
intrusive pattern (Reid and Rex, 1994) and further dykes, mapped by aero-magnetics, have
been linked to the Mehlberg dyke (see Trumbull et al., 2007) and together define the Mehlberg

sub-swarm.

2.6.3 Koegel Fontein Complex

The Koegel Fontein Complex, a felsic central complex of 35 km in diameter, is linked to the
Cretaceous igneous activity (De Beer and Armstrong, 1998) and is dated between 134 and 144
Ma. The central complex is situated due west of Bitterfontein and is made up a variety of
granites (Rooivleitjie and Rietpoort), syenite, bostonite dykes and quartz porphyry dykes that
originated from two different magma series (Curtis, 2009). The felsic complex is accompanied

by a set of mafic dykes that are estimated to intrude within the same time period, prior to the
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Figure 2.5: Dolerite dyke of the Garies sub-swarm cutting through the Namagua-Natal Provinee
eneisses at the Atlantic shoreline west of Bitterfontein, Photo by 13 1. Reid.

wlrusion of quarte porphyry dykes and the younger Rictpoort granite (De Beer et al., 20012,

2,6.4 Cedarberg

The Cedarbere dyke swarim occurs north of the Koegel Fontein Complex close to the towns
ol Bitterfontein and Ganes, while also extending inland into the Karoo Basin, Field mapping
by De Beer el al. (20023 was furlher augmented by seophysical acro-magneucs published by
Reeves (2000} and shows the extert of the Cedarbere swarm north of the Saldania Belt (Iigure
2,43, Although no dykes of the Cedarberg swanmn have been dated, they are presumed to be part
of the Cretaceous age intrusions associated with Gondwana brexkup, as they intrude parallel
to the Atlantic margin and [urther inland are seen to cut Karoo dolerite sills (Chevallier wnd
Woodlond, 19997,

The Cedurbers dyke swarm s sparsely dispersed actoss the region and has been tentatively
subhdivided inte various sub-swarms, which from north o south are: Garies. Knersvlakte and
Poring-Tanqua sub-swarmis. The Garies sub-swarm is found north of the Koegel Fontein Com-
plex and iotrudes the gneisses of the Namaqua-Natal Provinee (Iigure 2.5). Most of the dykes

of the Cedarberyg swarm ntrude Table Mountain Group sandstones in the Cape Fold Belt as
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well as part of the Karoo sedimentary package (Petzer, 2006).

2.6.5 Saldanha

Offshore magnetic mapping by Day (1987) show a prominent margin-parallel dyke swarm at
St Helena Bay off the coast of Saldanha (Figure 2.6A). The presence of dykes in this region
has been supported by an unpublished aero-magnetic survey by C. de Beer (see Trumbull et al.,
2007). Northwest of Saldanha at Paternoster, hornblende lamprophyre dykes intrude the local
Vredenburg Granite. The lamprophyre dykes are distinctively different from the common doler-
ite dykes of the Cretaceous and are presumed to be an older dyke generation associated with
the Cape Granite emplacement. The Saldanha dyke swarm has only been positively identified
by magnetic surveys and is shown to be parallel to the Cedarberg swarm (Figure 2.6A). The
correlation with the Cedarberg dyke swarm and margin-parallel pattern of the Saldanha dyke

swarm is the only available information to suggest the Cretaceous age of intrusions.

2.6.6 False Bay

The southernmost expression of Cretaceous dykes is the False Bay dyke swarm, which is loc-
ated in the False Bay - Cape Peninsula region near Cape Town (Figure 2.6B) and is the focus
of this study. Although the magnetic data published by Day (1987) suggests the presence of
numerous dykes in the False Bay region, only a few have surface exposures around the Cape
Peninsula and on Robben Island (exposures shown by open circles in Figure 2.6B). Outcrops
of the dykes are usually restricted to coastal shoreline locations. The dykes cut all of the pre-
Cretaceous basement esposed at the Peninsula. The regional trend of the dyke swarm is NW-SE
(Figure 2.6A). The False Bay dyke swarm can be correlated reasonably well along strike to the
Saldanha dyke swarm, although at False Bay the dykes show a slightly more westerly trend of
300°, compared to the 320° trend of the Saldanha dyke swarm (Figure 2.6A).

Publications of the dark intrusive rocks of the Cape Peninsula are those of Nell and Brink
(1944), Walker (1956), Day (1987) and Reid (1990) and in the literature the dyke swarm has
been referred to as the Cape Peninsula dolerites (Walker, 1956; Reid, 1990) and the False Bay
dolerites (Day, 1987; Reid et al., 1991). Nell and Brink (1944) used the term “Western Province
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Figure 2.6: Magnetic anomaly maps published by Day (19573, highlighting the NW-5E sinking
dykes in the basement. A: Map including the Saldanhg and False Bay dyke swarms, with an
cstimated extent of the dyke swarm oifshore {dashed line and dotted area). B: The False Bay
dyke swarm with known dyke outeraps an the Cape Peninsula and Robben lsland (open circles)
and the dyvke at Sir Lowry's Pass (filled circle).

dolentes” to describe the dykes between the Cupe Peninsula and Malmesbury, which includes
bath the False Bay and Saldanha dyke swarms, as defined here.

The intrusion age of the dykes was intually constdercd to be Karoo (=180 Ma) duc o sim-
ilaritics drawn between geochermical comparisons of the False Bay dyvke swarm with specilic
tvpes of the Karoo Izneous Provinee (Reid, 1990). Nell and Brink (1944 had already indicated
seochemical differences 1o distingmsh between the Karoo and False Bay dykes. bul believed
the intrusion age ol the False Bay dykes to be older than that of the Karoo igneous event. The
latest und most reliable published radiometric ages for the False Bay dyke swarm include a
mcan emplacement age of 132 £ 6 Ma with a range Irom 126 - 141 Ma from whole rock K-Ar
(Reid ctal., 1991y and an Ar-Ac age ol 131,53 £ 1.3 Ma measured on plagtoclase separated {rom
the dyke found at Millers Pount (Swewart et al., 1996). The radiometee dating of the False Bay

dykes confinm the Cretaceous age during which the dvkes were intruded and relate the swarm
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to the HOD and Mehlberg dyke swarms, which are also found along the Atlantic margin. Ages

for the other dyke swarms (Saldanha and Cedarberg) remain to be established.
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Figure 3.1: Location map of oulcrops of the False Bay dyvke swarm. Cape
Adrica, adapted Irom Reid (19900,
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Peninsula, South

The limited outerop ol the False Bay dyke swanmn along shorelines, road cuts und stream beds is

cmiphasised by the rare occurrence ol dolerite schematic symbols on regional peological maps

(1530000 Geology Sheels, Theron, 984} The dyke outcrops are commonly sitnated along
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Table 3.1: False Bay dyke coordinates, thicknesses and orientations. Llandudno Ravine and
Sandy Bay dyke coordinates are from Google Earth.

# Location Abbreviation S OGUE‘S coordmatEeasst dykt(amV\)ndth strike/dip
1 Sea Point SP 33°565.259" | 018°22.726' 0.2 290/86S
2 Clifton 2 CL2 33°56.017' | 018°22.652' 14 298/87S
3 Clifton 1 cL1 33°56.064' | 018°22.637 6 308/80N
4 Bakoven BK 33°5657.845' | 018°22.394' ? ?
5 Kasteelspoort KS 33°58.078' | 018°22.928' 7 310/86N
6 Oudekraal 1 OD1 33°59.545' | 018°20.652' 13 286/90
7 Oudekraal 2 0oD2 34°05.478' | 018°20.638' 1.5 300/87S
8 Llandudno Ravine LR* 34°00.298' | 018°21.140' ? ?
9 Logies Bay LB1 34°00.299' | 018°20.506' 40 314/75N
9 Logies Bay (minor dyke) LB2 34°00.299' | 018°20.506' 5
10 Sandy Bay sB* 34°01.479' | 018°19.802' ? ?
11 Chapmans Peak 1 CP1 34°04.195' | 018°21.953' 2 280/88S
12 Chapmans Peak 2 CP2 34°04.776' | 018°21.449 7 290/85S8
13 Chapmans Peak 3 CP3 34°04.992' | 018°21.408 8 310/80N
14 Chapmans Peak 4 CP4 34°05.423' | 018°21.107 10 302/89N
15 Chapmans Peak 5 CP5 34°05.548' | 018°21.087 5 295/80S
16 Oukaapseweg OK 34°06.682' | 018°23.244' >15 314/90
17 Nursery Ravine NS 33°59.222' | 018°25.312' 10 320/90
18 Tokai 1 TK1 34°02.277' | 018°23.752' ? ?
19 Tokai2 TK2 34°02.277" | 018°23.752' 30 295/72N
20 Froggy Pond FG1 34°12.284' | 018°27.485' 2 290/87S
21 Oatland Point FG2 34°12.472' | 018°27.613' 4 330/89S
22 Millers Point MP 34°13.986' | 018°28.530 6 310/85S
23 Smitswinkelbaai SW 34°15.802' | 018°28.095' 18 300/90
24 Robben Island west RI 33°49.005' | 018°21.904' 20 290/90
24 Robben Island east RI 33°49.073' | 018°22.531 20 290/90

the coast, mostly within the Peninsula Granite; however, one prominent dyke outcrop is found

in the Malmesbury Group on Robben Island. A map of the Cape Peninsula with simplified

geology and dyke outcrop locations is shown in Figure 3.1. The locations of the dykes found

around the Cape Peninsula and on Robben Island are given by their GPS coordinates in Table

3.1, which includes a summary of the dyke orientations (strike and dip) and their width.

The False Bay dyke swarm is undeformed by the Cape Orogeny and cross-cuts Cape Fold

Belt structures. Walker (1956) noted that some of the dykes follow structures in the Peninsula

Formation formed by Cape Fold Belt event. However, the dyke swarm maintains the regional

NW-SE trend. The Cape Fold Belt structures are predominantly absent at the Cape Peninsula,
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Figure 3.2: 31 block schematic shenwing field relation belween dykes imd country rocks at
the Cape Peninsula. Saldaman structural trend indicated in the Malmeshury Group black and
observalions by Walker {1956} that dykes follow pre-Cretaceous structure whete the Peninsula
sandstone becomes mose massive shown by smaller block (Op*) on top. Rose Diagram of dvke
orictitations shown in top tight comer.

besides a few larger offset faults at Toka, Fish Hoek and Smitswinkelbaw (see Figure 3.1).
The cross-cutting relation between the dyvke swarmeand Cape Fold Belt structures is shown by
twir dykes at Sir Lowry's Pass, 60 km east of Cape Town, where the dykes still contonn o the
regional wend and cut verlically through the tilted sandstone beds. The block diagran in Figuse
3.2 shows the field relations of the dykes to the local bascment and although outcrops of dykes
in the TMG are limited in the ficld, some dykes ae clearly seen to propagate upwards though
the TMCI, for example at Chapman’s Peak and Mursery Ravine (Figure 3.1).

The dykes are mostly vertical, with dips ranging between 73° - 907 The regiomal trend
of the False Bay dvke swarm 15 NWW - SE, as was onginally suggested by Walker (1956} and
later shown by magnctic maps (Day, 19871 The MW trend is confirmed here by the detailed
mapping of sirke and dip measurements depicted om a tose diagram in ligure 3.2, Local strike
variations of individoal dykes have been noted in the literature (Walker, 1936; Raid, 19900
and the rose diggram in Figure 3.2 shows the variation in strike of the dykes o vary from due
ninih to due west with a mean borthwesterly onentation. The regional trend of the swarm as
measured on the magnete map by Day (1987 ) 15 approximately 3007, which agrees well with
the field measurements and an average strike of 301° (Figure 3.3), The orientations of the

dykes are closely related 1o repional structres formed in the country rock. Stereograph plots
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Figure 3.3: Stereonet plots of strike and dip measurements of the False Bay dolerite dyvke
contucts (left) and jointing in the Cape Granite (right).  Shaded contours represcnt % arca
of poles to the measured planes with detted line vepresenting the mean onentation of planes
measured.
of the joint system in the Peninsula Granite shows more variation than the dyke oricntations;
hosever, the mean onientation of 3147 stike for joants 1o the graniw 1s simidar (o the 3017 trend
of the dolente dykes (Figure 3.3). Variations i strike of individual dykes appear to follow the
systematic joint pattern that prevails in the granite country rock. For example at Froggy Pond,
the two dominant orientations of the dyke contacts are also expressed in the granite joints
(Figure 3.41. A similar northwest peevailing structuce is seen across the Cape Peninsula that is
cmphasised by prefetential weathenng within the Table Mountain Group. Torming ravimws and
porges parallel to the regional strike of the dyke swarm and are i some cases accompanicd by
dolerite dykes, as for example the Kasteelspoort Ravine and at Chapman’s Peak (Figure 3.5).
Whether or nor the tracture svstens formed prior to intrusion of the dvkes. or simultaneous|y
as a result of dyke emplacenient, is speculative, However, it is likely that these struciures
formed during the same general tectonic event: the breakop of Gondwana, The stroctures and
origirations are consistent across the region and the radiomcrric dating of the dykes that oc-
cupy the joints give a Cretaceous age. Opening of the joints filled by dolerite dykes seems to he
mainly dilatational. Thiy is demonstrated by the country rock showing no effective offset across
the dykes (Figure 3.4-|2]). The dykes themselves have joints that arg approximately perpendic-

ular to the strike orientation (Figure 3.4-[! |y and probably tormed during cooling contraction of
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Cape Granite
275%

Figure 3.4: Dalerite dyke at Fropey Pond intruding Cape granite with a well defined joint
system (dotted lines). [1] dyke with contact perpendicular imtertial joints lughlighted by black
solid lines in accompanying sketch, [2] granite xenolith body shoswing no rotation relative fo in
situ country rock.

Figure 3.3: Google Earth images of [ 1] Chapman’s Peak and [ 2] the Twelve Apostles at Campy
Bay. Fructure system developed in the Table Mountain Group sandstones hishlighted by dotied
lines and valleys with dykes are shown by solid line and labelled (se¢ Fagure 3.1 for location
and abbreviation).
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the intruded magma. Examples of strike slip offset across dykes are rarely observed; however,
the extent of offset is very minimal.

The sections below describe the location, accessibility, size and outcrop of the individual
dykes found on the Cape Peninsula. The order of dyke description is done by the numbering
of dykes shown in Figure 3.1 from Sea Point (1) to Smitswinkelbaai (23), which has a north to
south order and the Robben Island dyke is added to the list as number 24. The numbering and
abbreviations of dyke locations are taken from Reid (1990). Further dyke locations, which are
now either covered by development in the city or not identified during this study are shown on

the Cape Town geological 1:50,000 maps (Theron, 1984).

3.1 Sea Point (SP)

The Sea Point dyke (SP) is a thin dyke found on the northern end of Queen’s Beach in Sea
Point (Figure 3.6-[11]) and is the northern-most dolerite outcrop on the Cape Peninsula located
during this study, as well as being the narrowest dyke in the suite. With a maximum width
of 0.2 m the dyke strikes 290°, is mostly covered by beach sand and its eastern extension is
covered by the Sea Point promenade wall (Figure 3.6-[2]). The dyke intrudes the satellite
granite within the Sea Point migmatite contact zone (Kolbe, 1966), between the Cape Granite
and the Malmesbury Group. The dyke pinches out to the west approximately 6.8 m from the
wall. The strike orientation of the dyke is closely related to the major joint direction of the

granite country rock, which strike at about 297°.

3.2 C(lifton 2 (CL2)

Clifton, which lies south of Sea Point towards Camps Bay, hosts a small network of dykes on
its northern-most beach. The dykes are accessed from the south, which lead to the numbering
of the Clifton dykes from south to north as Clifton 1 (CL1) and Clifton 2 (CL2) respectively.
Not described in previous studies is the presence of a third dyke set, which lies between CL1
and CL2 and is described after CL1 in Section 3.3.1. Clifton 2, being the northern-most dyke

is listed here first.
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CL2 is made up of one 1.4 to 2 m wide dyke, which can be seen to extend westward from
the beach into the ocean, while being covered to the east under urban development (Figure 3.7).
The seaward extension of the dyke is not easily accessible, except during spring low tides, when
the dyke becomes visible. The dyke strikes at 298° and is mostly covered by extremely large
granite boulders, which also make up the country rock. Although the granites at Clifton do
show some jointing developed closer to the dolerite dykes, they do not show the development

of prominent joints within outcrops.

3.3 Clifton 1 (CL1)

The southern-most dolerite dyke at Clifton (CL1) has 3 parallel smaller dykes within a ~20
m wide area within the granite country rock (Figure 3.8-[1]). The CL1 dyke is 5 m wide and
strikes between 298° (Figure 3.8-[3]). Strike variations in the surrounding dyke network seem
to be systematic, following joints that are roughly parallel to the larger dyke (CL1) intrusion.
Within the area, there are cryptic cross-cutting relations between two dykes (Figure 3.8-[7]).
The southern-most smaller dyke close to CL1 is 70 cm wide and strikes close to north at 356°

at its most extreme (Figure 3.8-[6]). Figure 3.8-[4] shows a granite xenolith.

3.3.1 Clifton 3 (CL3)

Between CL1 and CL2 is a 2.2 m wide dyke (CL3), which strikes at 348° - 356° and is mostly
covered by beach sand (Figure 3.9). Smaller mm-cm wide dykes parallel to CL3 shows an
en-echelon intrusion pattern (Figure 3.9-[3]). As CL3 was only mapped during the later parts

of the study, the dyke was not sampled.

3.4 Bakoven (BK)

Bakoven lies at the base of Kasteelspoort that runs down off Table Mountain at the southern
end of Camps Bay (Figure 3.10-[1]). The area where the geological map indicates an outcrop

of dolerite has been developed with new houses on either side of the road leaving no visible
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bedrock. Numerous large boulders of dolerite are found on the pebble/boulder beach (Figure
3.10-[2 and 3]), where the stream enters the ocean and this suggests the proximity of a dolerite
dyke. However, large boulders of Table Mountain Group sandstones are also present here,

therefore the dolerite boulders could have been derived from further up stream.

3.5 Kasteelspoort (KS)

On the southern end of Camps Bay’s residential area, the Kasteelspoort stream cuts down from
the top of Table Mountain. Most of the stream is densely vegetated with thick reeds, but on
the highest residential road access, part of the Kasteelspoort dolerite dyke (KS) is exposed
intruding Cape Granite bedrock (Figure 3.11-[1]). The stream seems to follow the dolerite
outcrop, which is mostly overgrown (Figure 3.11-[7]). Further up the slope a large granite
pavement is visible and can be accessed by small paths through the fynbos vegetation. Here
the dyke has more accessible outcrops. At its widest, the dyke is about 7 m and decreases
down to 1m further upstream. The strike of the dyke varies between 310° and 342°. Parallel to
the main dyke a small network of 1 - 10 cm wide dykes intrude the granite (Figure 3.11-[5]).
These, although anastomosing, show strike directions of about 270°, 305° and 340° and utilise

the similarly orientated joints developed in the granite.

3.6 Oudekraal 1 (OD1)

Along Victoria Road between Camps Bay and Hout Bay lies the Oudekraal picnic area. South
of the Oudekraal picnic area, the Oudekraal dyke (OD1) forms an outcrop at road level in a
small cutback into the slope. At sea level the dolerite can be clearly seen intruding the granite
(Figure 3.12-[1]). The sea-level outcrop can be accessed by a climb down along the granite
on the northern side of the dyke. The strike of the dyke is 286° and is about 13m wide and
incorporates large rafts of granite xenolith blocks (Figure 3.12-[2]). These granite blocks have
many smaller veins of dolerite intruding them that extend from the main dolerite body (Figure

3.12-[3]).
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3.7 Oudekraal 2 (OD2)

A second dolerite dyke (OD2) along Victoria Road is 1.5m wide and has a strike of 300°. The
dyke is visible in the road cut just before Llandudno (Figure 3.13-[1]). This outcrop is severely
weathered, such that the typical dolerite contrast with granite is not observed and the dyke is
easily overlooked. The presence of the OD2 dyke is distinguishable by the straight and vertical
contact it forms within the surrounding granite (Figure 3.13-[3 and 4]), typical of other dyke
locations. The top part of the outcrop is capped by soil and vegetation, whereas towards the
ocean side of the road the slope is also covered and vegetated (Figure 3.13-[2]). No further
outcrops were found of this dyke; however, the geological map does show an outcrop at sea

level.

3.8 Llandudno Ravine (LR)

The Llandudno Ravine cuts the southern end of the Twelve Apostles mountain range and a
dolerite dyke (LR) outcrops within the ravine above Llandudno. The dyke was sampled during

the initial work done by Reid (1990), but was not revisited during this study.

3.9 Logies Bay (LB1 & LB2)

Logies Bay, which is situated just north of the beach at Llandudno, hosts the widest dolerite
dyke (LB1) outcrop on the Cape Peninsula with a width of ~40 m (Figure 3.14-[1]). The dyke
cannot be followed a long way along strike, but a thinner, more weathered dyke, presumably
the extension of LB1, is found in a road cut on Suikerbossie Pass. The dyke strikes at 314°
and has a very sharp contact with the Cape Granite country rock and dolerite quench textures
at the dykes edge are prominent (Figure 3.14-[2]), compared to the coarse grained interior
(Figure 3.14-[5]). The interior of LB1 has an average grain size of greater than 2mm and can
be classified as gabbroic. A finer grained minor dyke (LB2) that intrudes LB1, was initially
described by Walker (1956) and can be seen in Figure 3.14-{4 and 6]. LB2 also shows quench

textures at its contact to LB1, supporting its intrusive relation to LB1. On the northern end



CHAPTER 3. FIELD RELATIONS AND DYKE OUTCROPS 26

of the dyke, a 5 cm thin shear fracture is found 30 cm from the dyke into the granite country
rock, and runs parallel to the dyke. In this thin shear fracture one of the granite’s alkali-feldspar

phenocrysts, shows sinistral offset (Figure 3.14-[3]).

3.10 Sandy Bay (SB)

Sandy Bay lies south of Llandudno and can only be accessed by foot, either from Llandudno
or from Hout Bay’s Klein Leeukop (Little Lion’s Head) area. The presence of a dolerite dyke
at Sandy Bay (SB) was documented by Reid (1990, and references therein). No in-situ dolerite
outcrops are found at Sandy Bay, but the presence of dolerite boulders suggests the presence
of an unexposed dolerite dyke. The slopes of Suther Peak on the southern end of the beach are
covered in talus with hardly any in-situ outcrops visible and the local fynbos vegetation covers
most of the slopes. Samples of SB were collected from dolerite boulders found on the southern

end of Sandy Bay beach.

3.11 Chapman’s Peak 1 (CP1)

Chapman’s Peak Drive connects Hout Bay and Noordhoek along the western coastline of the
Cape Peninsula along the steep cliffs of Chapman’s Peak. Five dykes are documented along
this traverse and are labelled north to south from 1-5. The northern-most dolerite dyke (CP1) is
found close to one of the parking areas on the way towards the viewpoint. As samples of these
dykes were collected in previous studies, the dykes were only visited during the later course of
this study. A dyke that was thought to be CP1 can also be seen from the sea and intrudes the
local granite country rock (Figure 3.15-[1] and [2]). The outcrop shows a fresh 2 m wide dyke
that can be accessed close to the top of the granite cliff that strikes at 280° (Figure 3.15-[3]).
Archived photographs marked CP1 found on the Geological Sciences departmental website,
show a dolerite dyke cutting the granite basement (Figure 3.15-[4 and 5]). This outcrop is
however distinctively different to that identified above and personal communication with D L
Reid, confirmed that the samples labelled CP1 were indeed collected from the dyke shown in

Figure 3.15-[4 and 5], which is located approximately 320 m south along the shoreline from the
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dyke described in the previous paragraph and their relative positions are shown on the Google
Earth image in Figure 3.15-[6]. Therefore the dyke visited during this study represents an
additional dyke along Chapman’s Peak drive (CP0) and was unfortunately not included in the
data set. As the new dyke was only identified as coming from “new” location later during the
course of the study, it was neither sampled nor analysed. References to CP1 in this thesis refer

to the original dyke sampled by D L Reid and seen in Figure 3.15-[4 and 5].

3.12 Chapman’s Peak 2 (CP2)

The CP2 dolerite dyke is located just south of the main view point at the highest elevation
along Chapman’s Peak Drive (Figure 3.16-[1]). This spectacular outcrop is best seen from the
sea and the 7 m wide dyke cuts up through the Cape Granite into the Table Mountain Group
sandstones and strikes at approximately 290° (Figure 3.16-[2]). The best access to the dyke is
along the road, where the dyke is in contact with the Graafwater Formation. The edges of the
Graafwater Formation sandstones that are in contact with the dyke show a zone of alteration
(Figure 3.16-[3 and 4]). The contrast between the dolerite and granite can be clearly seen in

Figure 3.16-[4], which also shows the knife-sharp contact.

3.13 Chapman’s Peak 3 (CP3)

Chapman’s Peak 3 dyke (CP3) occupies a prominent gully above the Chapman’s Peak Drive
in the Table Mountain Group (Figure 3.17) and is highly weathered in road cuts, and has been
covered in shot-crete obscuring much of the outcrop. The dyke can be accessed behind the
rock-fall netting next to the road, by a climb up into the gully. Here the dyke has intruded
into the Table Mountain Group sandstones. The strike of the dyke changes across the granite -

sandstone boundary, striking at 260° in the granite and 310° in the sandstone (Figure 3.17-[3]).
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3.14 Chapman’s Peak 4 (CP4)

The fourth dyke (CP4) along Chapman’s Peak Drive has a spectacular outcrop below the road,
which is best seen from a boat (Figure 3.18-[1]). The valley occupied by the dyke is much
more vegetated compared to CP3 (Figure 3.18-[2]) and is less accessible. Dolerite outcrops
can be seen from the road and the dyke was previously sampled after fires had cleared out the
vegetation (personal communication with D L Reid, 2010). The dip of the 10 m wide dyke
changes from a dip of ~85° south to ~85° north at the transition from Cape Granite to Table

Mountain Group sandstones along a common strike of 302° (Figure 3.18-[1]).

3.15 Chapman’s Peak 5 (CPS)

The southern-most dyke on Chapman’s Peak (CP5) is found closer to Noordhoek and Figure
3.19-[1] shows the relative positions of CP2, CP3, CP4 and CP5 along Chapman’s Peak drive.
This outcrop is very limited and outcrops of the same dyke are not found below the road towards
the sea. The dolerite dyke is approximately 5 m wide and freshly split hand samples confirm
the mafic mineralogy (Figure 3.19-[2]). The dyke cuts the contact between the Cape Granite
(Figure 3.19-[3]) and the Graafwater Formation at 295° strike; however, it terminates within 1-
2 m of intruding the sandstone along an irregular contact (Figure 3.19-[4]). Figure 3.19-[S]is a

photograph courtesy of D L Reid of the dyke before the road cuts were reinforced by shot-crete.

3.16 Oukaapseweg (OK)

The 1 : 50000 geological map of the Cape Peninsula (3418 AB & AD Kaapse Skiereiland)
shows an extensive outcrop of the Oukaapseweg dyke (OK) and D L Reid (personal commu-
nication, 2011) indicated that the dyke was exposed after fires and during excavations (Figure
3.20-[1]). Today, the outcrop of this dolerite dyke is restricted to the road cuts in the bend of
the M64 road, and extremely weathered outcrops occur on either side of the road adjacent to
bedded Peninsula sandstones showing well preserved cross-bedding (Figure 3.20-[2]). Samples

of fresh dolerite were collected during previous studies, where the dyke was exposed during
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excavations. Only the southern contact of the dyke is exposed in the road cut (Figure 3.20-[3

and 4]). The current outcrop suggests a minimum dyke width of 15m at a strike of 314°.

3.17 Nursery Ravine (NS)

The Nursery Ravine dyke (NS) is seen at a dolerite outcrop that is significantly weathered to
a brown colour that only shows the typical dolerite appearance when split open (Figure 3.21-
[4]). Tt is located on the eastern slopes of Reserve Peak above Kirstenbosch Botanical Gardens
in Nursery Ravine and intrudes the Table Mountain Group sandstones (Figure 3.21-[1}). The
dyke is roughly 10 m wide and strikes at 320°. The outcrop can be found along the contour
path where it crosses the Nursery Ravine trail. Further up the trail, more fresh dolerite dyke
samples can be found in contact with Table Mountain Group sandstones (Figure 3.21-[6]). The

contacts of the dyke show finer grained textures than those found in the core of the dyke.

3.18 Tokai 1 (TK1)

The eastern slopes of Constantiaberg host two dolerite dykes in Tokai forest (Reid, 1990),
which split from one single dyke. The first dyke (TK1), was not found during this study. A
map of the Tokai dyke area is shown in Figure 3.22-[1] and shows the relation of the dyke
outcrop and trend compared to that originally mapped for the geological map of Cape Town

(Theron, 1984).

3.19 Tokai 2 (TK2)

The wide dolerite dyke in Tokai (TK?2) has been correlated with the Logies Bay dyke (Reid,
1990), due to the large width of the dyke (~30 m) and the coarse grained gabbroic nature of the
rock (Figure 3.22-[2]). The kloof that hosts the dyke trends at around 290°, which is estimated
from the steep vertical Peninsula Formation cliff, assumed to be roughly parallel to the contact
to the dyke. The TK2 dyke has joints that strike at 295°, suggesting contact-parallel joints,

which is in contrast to the typical contact-perpendicular joints observed at other dyke outcrops.
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The dyke is highly weathered and fresh samples are found when boulders are split open (Figure
3.22-[4]). South of the dyke one of the larger faults mapped at the Cape Peninsula is exposed
(Figure 3.22-[3]) and the fault surface has a northwesterly strike, similar to the trend of the

False Bay dyke swarm.

3.20 Froggy Pond (FG1)

At Froggy Pond, just south of Boulders Beach, there are a set of dykes in close proximity to one
another (Figure 3.23-[1]). These dykes are thin, 0.3 to 2 m wide, and show quench textures of
the dyke at the granite contact. Samples were collected from the larger dyke (FG1, see Figure
3.23-[1}). The dykes follow a very distinctive set of orientations, repeated at this locality and
these clearly follow the local joint pattern in the granite (Figure 3.23-{5]). The two dominant
orientations measured for both joints and dykes are 290° and 335° in strike. This locality shows
the lateral pinching out nature of the dykes (Figure 3.23-[2]). Also, blocks of granite have been
dislodged from the country rock and are found as xenoliths in the dolerite (Figure 3.23-[3]).
The larger block of granite situated in between two ~1.3 m wide dolerite dykes does not show
any sense of rotation or shear across the intruding dyke. Most of the outcrop is covered by beach
sand, and two adjacent outcrops are found along strike, where the northern outcrop pinches out

and the southern outcrop extends beyond the low tide line (Figure 3.23-[1]).

3.21 Oatland Point (FG2)

Oatland point is about 500 m south of Froggy Pond, and the 4 m wide dolerite dyke (FG2) does
not show much variation in strike along its limited outcrop length (about 10 m) (Figure 3.24-
[1]). The dyke at Oatland Point has a strike of 330°. The Cape Granite country rock at Oatland
Point differs from that at other locations with prominent fine grained apalite dykes cutting the
granite (Figure 3.24-[2]). The FG2 dolerite clearly cuts these apalite dykes (Figure 3.24-[2]).
Figure 3.24-[3] shows the close proximity of FG1 and FG2.
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3.22 Millers Point (MP)

The Millers Point dolerite dyke (MP) can only be accessed during spring low tide (Figure 3.25-
{1] and [2]). The 6 m wide MP dyke shows interesting outcrop patterns in the granite with
many small offshoots including one large piece of broken off granite in its centre, nearly the
entire width of the dyke (Figure 3.25-[1]). Smaller individual xenoliths are also common here
(Figure 3.25-[5]). Quench textures of the dyke are identified at the contact with granite outcrops
by their much smoother weathered surface (Figure 3.25-[4]). To the northwest the dyke extends
beneath the sand striking at 310° and is not seen further along strike in road cuts. However,
there is a very distinctive vegetated gap in the TMG of the Swartkopberge some 250m above
sea level, which falls along strike of the MP dyke. This was not investigated but could possibly
be related to the to the preferential weathering of the dolerite adjacent to the Table Mountain

Group sandstones.

3.23 Smitswinkelbaai (SM)

The Smitswinkelbaai dyke (SM) is the most southerly exposed dyke and can be accessed by
a short hike down from a parking lot close to the Cape Granite - Peninsula Formation contact
on the northern side of the Smitswinkelbaai fault (Figure 3.26-[1]). The dyke strikes at 300°
and is the only dyke that has a felsic vein cutting through it. After the Logies Bay and Tokai
Forrest dykes, the SM dyke is the next widest at 18 m. The outcrop only extends for 15-20
m along strike and covered by vegetation on the mountain slope. The dyke is not observed
along the road within the TMG sandstones further up the slope. Xenocrysts and xenoliths are
common (Figure 3.26-[4]) and this location shows interesting xenoliths of a very coarse grained
granitoid unlike the Cape Granite, described below. Contact of the dyke to the granite country

rock is quenched and offshoots of the dyke into the granite are shown in Figure 3.26-[5].

3.23.1 Smitswinkelbaai Xenoliths

The SM dyke shows unusual xenoliths that at first sight appear to be felsic (Figure 3.27-[1]).

Not enough material from the xenolith was collected for a complete analysis. The xenolith
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is very coarse-grained with up to cm size grains of plagioclase feldspar and pink quartz (Fig-
ure 3.27-[7]). Also evident in the rock is a green mineral (Figure 3.27-[3]) that was identified
as apatite. No alkali-feldspars were identified by the restricted amount of samples. Unlike
the Cape Granite xenoliths in the field area, which are still fresh and unaltered, this xenolith
shows significant resorption textures and reaction rims between individual mineral grains (Fig-
ure 3.27-[5}) as well as progressive disaggregation and isolation of individual minerals into the

dolerite dyke (Figure 3.27-[2]).

3.24 Robben Island (RI)

The geological map of Cape Town (Theron, 1984) shows only one outcrop of a dolerite dyke
(RI) on Robben Island. Field work by Rowe et al. (2010) confirmed the western shore dyke
outcrop (Figure 3.28-[1]) and they observed a further outcrop of a dolerite dyke on the southern
shore of the island, presumably the eastern extension of the dyke (Figure 3.28-[2]). The dolerite
is not found as in situ outcrops, as the dyke has been eroded to below sea level and produces
a 20m wide and continuous low in the exposed rocks at the shoreline. However, the beaches
adjacent to the dyke are littered with dolerite pebbles and larger boulders of dolerite are also
found along the assumed dyke path. The Robben Island dykes are likely part of a single dyke
on Robben Island (Figure 3.28-[3]) and is the only location in this study, where the country rock
consists of the Malmesbury Group. The dyke clearly cuts across the Proterozoic Saldania Belt
structures and conforms to the regional trend of the rest of the dyke swarm, which is clearly seen
by the photograph imagery in Figure 3.28-[4] from (National GeoSpatial Information Imagery,
2008).

3.25 Other Samples used in study

Besides the 24 dyke localities described above a few extra samples were included in the study
to expand the data set. These include two dykes from Sir Lowry’s Pass and dolerite samples

collected from the Waterfront and along the Silvermine hiking trail.
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3.25.1 Sir Lowry’s Pass (SL)

Two dykes (SL1 and SL2) were sampled by Creighton-Jones (1982) ~40 km east of Cape
Town on Sir Lowry’s Pass on the N2 national road. Regionally, these dykes form part of the
False Bay dyke swarm as evident from the magnetic data provided by Day (1987) and they
have the same regional strike direction. These dykes outcrop within the Table Mountain Group
sandstones. The sandstones at Sir Lowry’s Pass are tilted and the dykes intrude vertically.
Therefore, the dykes are seemingly unaffected by the Cape Orogeny and post-date the Cape

Fold Belt deformation event.

3.25.2 Waterfront Breakwater sample

At the Waterfront, Cape Town, dolerite boulders were found in parts of the Breakwater. A
sample was collected in order to determine the origin of the dolerite, i.e. if one of the known
dolerite outcrops was sampled to provide for the breakwater. Or alternatively, if the dolerite is

from a dyke not identified as part of this studies.

3.25.3 Silvermine Pathway sample

The final sample included in the FBDS data set analysed in this study was a loose dolerite
rock found along a pathway in the Silvermine National Park. As the case of the Waterfront
Breakwater sample the intention was to determine the provenance of this sample by comparison

to the available data set.
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Sea Point (SP)
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Figure 3,60 Sea Poant dyke. [1] Looking north inle Table Bay al Queen’s Beach, Sea Point: [2]
plan view of dvke highlighled by dotted Line; |3] western extension and pinching out of dyke in
sruinte; [4] eastern extension of dyke exposed next to the wall of the promenade; |5] dolerite
dyke with light coloured edges (probably due to alleration).
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Figure 3.7 Clifton 2 dvke cutting through Cape Granite and extending scaward,
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Figure 3.8 Chiton | dyvke. [1] Sketeh of outerop arew showine dyvke network around CLI1
dyke: [2] picture of C11 taken from [6] and showing position of GPS co-ordinates: [3] minor
dvke off-shoat; |4] granite xenolith; [5] sharp contact and negative protile of dyke cutting Cape
Granite; [6] north-south striking minor dyke south of CL1 with non-perpendicular joints in
dyke; [7] stringer dyke parallel to larger dyke with cryptic intrusive relation to the other dvke.
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Figure 3.9 Clifton 3 dyke, | 1] Sketch of Clifton area showing the relative orientations of the
dvkes, map 15 nod drawn 1o seale; [2] anastomoesang dyke incorporating geanite slabs; 13 - 4
en-echelom patlern of smaller dykes; [4] main CL3 dyke ouwerop, mostly covered by beach
sand.
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Figure 3.10: Bakoven dyke. [1] View of Bakoven Beach and the Kasteelspoort Ravine with
the KS dyke outerep indicated (Figure 3,111 [2 und 3] Dolente boulders found on the pebhle-
houlder beuch
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Kasteelspoort [KS)

G 33" sgave
E 018" 22 828

Kasteclspoort (K5
I 33 o6 099
E 018" 22.961"

Figure 3.11: Kasteelspoort dyke. [1] Roadside outerop of dyke in 4 ravine with the Kasteel-
spoort Vulley shown m the background: [2] dark fresh dolerite sample; [3] small offshoot and
[4] minor dyke intruding along joinis and deviating into conjugate joint; [3] anastamozing mi-
nor dyke network parallel to main dvke; |6] granite pavement hosting dolerite dyke with GPS
co-ordinates given: [7] Outerop and northern contact of main 7 m wide Kasteelspoorl dyke.
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f Oudekraal 1 (OD1)
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Figure 3.12: Oudekraal 1 dyke, |1] Looking northwest towards seashore outcrop down from
eranite clitf along Victeria Road; [2] locking up {east) towards road showing lacee sranite
10 m xenolith and veracal extension of dyvke indicaled by dotied white line; [3] minor dykes
following joits in lower granite xenolith,
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Oudekraal 2 (OD2)
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Figure 3.13: Oudekraal 2 dvke. [1] Weathered road-sidge outerop in weathered Peninsula Giran-
ite; | 2] looking west along strike down scree slope towards Atlantic Ocean, where 1o outcrops
of the dvke are Tound; | 3] sowhern contact with gramite; [4] northern contact with granite,
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grass/vegetation
(Walker, 1956)

Figure 3.14: Logics Bay 1 & 2 dykes. [1] Logies Bay dyke outerop north of Llandudno Beach;
[2] chilled margin on southern dvke edge; |3| northern contact with granite showing sinistral
strike slip shear fracture with Mectunng of alkali-feldspar phenoeryst [4] LB1 and LB2 contacl;
[5] couarse graned natore of LB1: |6] Map of Logies Bay adapted from Walker {1956} with the

addition of a lurther LB2 outcrop imarked wath a dotted ling) in western comer of the LBI
oulcrop,
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Chapman's Peak 1 (CP1) i
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Figure 3.15; Chapman’s Peak. |1] View of a dyke froim boat in Hout Bay; |2] looking down
from northern clift alongside dvke showing biturcation, | 3] sharp contact of dyke with Penin-
sula Grranite ; [4 and 5] original phetographs by D L Rewd and T Rogers showang the CTL dyke
outerop froam g the sea. Note: photographs show two different dykes - 1,23 and 4.5; 6] Google
Earth image showing relatve posiion of CT1 [4] dyke and additional dvke shown in | 1],
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Figure 3.16: Chapman’s Peak 2 dvke. |1] ¥iew of the dyke froom a boat below the main
view point on Chapman’s Peak Drive, [2] road-side dyke outcrop in Graatwater Formation
country tock; [3] northern contact of dvke with altenition cone in adjacent Graafivater Forma-
tion; [4] photo of dyke outcrop in the Peninsula Granites, courtesy of 1D [0 Reid (2001, link:
https!fwebuct.ac. zafdepts/geolse/din s 01 Andex html),
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Figure 3,17 Chapman’s Peak 3 dvke. [1] View of dyke from bout below Chapmuan’s Peak
Prive: | 2] view of dyke culting through the Graatwater Formation into the Peninsula Formanon,
[3] schematic figure of dyke owcrop pattern showing strike variations: [4] looking down 10
ocean from road at dyke extension; |5] dyke outerop in kloof.
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Figure 3.18: Chapman’s Peak 4 dvke. |1]| View of dyke from boat below Chapman’s Peak
Dhive; |2] densely veoctated Kloot occupied by Lhe dyvke cutting through the Table Mountain
Group sandstones; [3] view down [rom road of dyke intruding Lhe Peninsula Granite: [4] view
ol Hout Bay and Chapman’s Peubk Drive from ihe CP4 locality,
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Figure 3.19; Chapman’s Peak 3 dvke. ||| View of Chapman’s Peak Drive trom the Sentinel
Mountain showing location of dykes CP2 through CP3; [2] fresh dolerite sample: [3] contact
of dolerite with srunite; [4] road cot outerop ol CPS coting bolh Cape Granitz and Graatwater
I'ormation with the southern end covered in shock-crete: | 5] pholo of pre-shock-creie covered
dyke with person tor seale, courtesy of I3 1. Reid,



(CHAPTER 3. FIEID RELATIONS AND DYKE OUTCROPS 4%

Figure 3.2(k Cukaapsewey dyvke. |1] Google larth image of the OK outcrop area and the
development northwest ol the M6d road where the dyvke samples were collected; [2] Peninsula
Formation country rock with cross-bedding: |3 and 4| mad cuts showing southem dyke contact
and highly weathered nature of the dolente.
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Figure 3.21: Nursery Ravine dvke. [1] Piclure luken looking west towards Nursery Ravine from
Kirstenbosch Gardens, [2] weathered dyke oulcrop alongside contour palh: |3] fresh dolente
sumple; |4] contrast between doleriie and sandstone when weathered rocks are split to fresh
surfaces; [5] contact with Pemnsula Formation of the Table Bountan Group (TG
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Figure 3.22: Toka dyke. [1] Picture taken looking west back towards dyke outcrop on path up
Constantigberg; |2] fresh coarse grained dolerite dyke sarmple: [3] normal fuult and estimation
of fault aricntation is shown in [5] by normal Fault symbol: [4] weathered dyke outerop adjacent
o rowd: [5] Google Earth image showing location of dyke as mapped in this study (pink): *
white highlighted area is the dyke outcrop as depicted on the seological map of Cape Town
{Theron, 1954,
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Froggy Pond (FG1)
S 34°12.284'

E 018" 27.485

Figure 3 23: Frogey Pond dyke. [1] Sketch map of dykes at Froggy Pond, showing the dyke
that was sampled (FGL: |2] minor parallel dyke pinching out in Peninsula Granite country
rock: [3] looking soothwest at main FG1 dyke with granite senolith; [4] view opposite to [3],
i.e. picture orientated northeast, showing joint pattem in granite country rock; |3] hend/kink of
dolenite dvke and parallel joints in granite.
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Fizure 3.24: Oulland Point dvke. [17 Piclure of the dyke outerop in the Peninsula Granite at
sea level: (2] felsic veining in granite, which is also cut by the dolerite dyke; |3] Google Farth
image showing location of FG1 and BG2 and relative onentauons of dykes,
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(1)Millers Point (MP) . ach
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Figure 3.25: Millers Point dyke. [1] Sketeh map ol the M dyke: [2] photo view of dyke
from parking aren highlighting the dyke outerop below the high tide level; [3] southern contact
of dvke with granite countey rock, looking cast out owards False Bay; [4] quench texture of
dolerite at dyke murging [5] fresh and unallered granite xenotith block in dolenle,
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Figure 3.26: Smitswinkelbawl dyke. [1] View of Smilswinkelbam and False Bay Trom moad
leading to Cape Point; [2] approximately 18 m wide Smitswinkalbaai dyke: [3] southern contact
with eranite country rock; [4] example of & xenolith ac Smitswiokellaal {details shown (o Figore
3270 [5] smiall dvke oft-shootls on northern contisct - RS coin Tor scale (dfiameter = 26mm).
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Mineral
seperation

Figure 3.27: Coarse prained tonalite xenolith in Smitswinkelbaai dyke. [1] Xenolith with re-
action rims developed between individual grains; [2] disaggregation of xenolith and isolation
of individual minerals as xenocrysts; | 3] pink quartz with green apatite grain: [4] mineral sep-
grates of pink quartz (), plagiocluse (plag) and green apatite; [5] binocular microscope view
of mineral contact highlighting rounded nature {scale bar = lmm): |6] granitoid-dolerite con-
tuct; | 7] reaction rim between quartz and plarioclase producing rounded shape of erains - {scalc
bar lor [4]. [6] and [7] = 2mm).
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Iinbben Island (F{___IH

Figure 3.28: Robben Island dvke. [1] Western extension of dyke: [2] casten extension of dyke;
[3] Google Earth image of the scuthern coast of Robben Island with dyke outcrops indicated:
[4] image of Long Bay (National GeoSpatial Information Imagery, 2008), showing westen
dvke cutting Mabmeshury Group structure (stiucturil dat from Rowe et al., 2010),



Chapter 4

Petrography and Mineralogy

The petrography and mineralogy of the False Bay dykes were initially investigated by Butt
(1989), Hirschel (1989) and Wulfse (1989) (Honours projects at UCT). This work was sum-
marised and published by Reid (1990). The existing thin section collection was examined
during this work with the addition of new samples from the Robben Island dolerite dyke (RI)
and a summary of the petrography is presented in Table 4.1. The mineralogy of the dykes is
typical of dolerites, consisting of fine to medium grained subophitic plagioclase (Figure 4.1-A)
and clinopyroxene (Figure 4.1-B), with late stage skeletal octahedra of opaque Fe-Ti oxides
(Figure 4.1-E), often as an anhedral interstitial matrix (Figure 4.1-F). Olivine is found in only
the two widest dykes (Logies Bay and Tokai) in the coarse-grained interior (Figure 4.1-C) and
is often highly altered (Figure 4.1-D).

The quenched margins contain few, if any, phenocrysts. Samples of the Oudekraal dyke
(OD2) have a bimodal grain size distribution of equal proportions and contain phenocrysts of
plagioclase (1.5 mm) and clinopyroxene (1 mm) set in a still identifiable matrix of plagioclase
(0.25 mm) and clinopyroxene (0.1 mm). The phenocrysts in the quenched margins of dykes are
commonly of similar grain size to the minerals developed in the interior. Coarser phenocryst
phases are observed in a few dyke interiors (see Table 4.1) and these are predominantly plagio-
clase, with few examples of clinopyroxene phenocrysts and one dyke (LB2) showing olivine
phenocrysts. Often the phenocrysts form glomeroporphyritic textures (occur in aggregates) and

plagioclase phenocrysts are commonly zoned.
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E - skeletal oxides

.;;‘u N t - subophitic growth
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Figurc 4.1: Photomicrographs of dyke minerulogy: A - plagioclase (plag): B - clinopyroxene

(cpx); € - olivine (ol); D - partially altered olivine; E - Fe-Ti oxides with skeletal iexture; F
- imterstitial Fe-Ti oxides: G - subophitic plagioclase and clinopyroxenc inter-growth. A 1o D
shown i PPL (top) and XPL (bottom) for same photomicrographs,

A distinet featuee i the dykes 15 the presence of sub-rounded vanoles, identificd as amy-
odales. The presence ol vesicles and amygdales i the False Bay dvke suite wos reported by
Walker (1956) andd Reid (1990), which they interpreted to be imdicative of a relutively shallow
infrusion depth. Amygdales m the False Bay dolenites are clearly identilicd in specific samples,
where the intenor has prescerved nmmeral phases of culeite and quartz (Figure 4.2). "U'he quarte
graans tend o be nucleated on the circumferenee of the varioles showing o growth pattern in-

ward into the variole tFigure 4.2-C7), This is best scen i a sample that was split mte a fresh



Table 4.1: Summary of the False Bay dyke petrography, showing average grain size of mineral phases and extra notes for samples. nf = not found

notes

# | Location plagioclase | clinopyroxene | olivine phenocrysts | phenocryst size | amygdales | amygale density
1 SP E— E— E— —_— no thin section
2 cL2 0.5mm 0.25mm nf plag 2-4mm 0.5mm very low Elongated cpx grains and glomeroporpheritic
3 CLt 0.4mm 0.25mm nf plag & cpx imm 0.5mm very low interstitial quench texture
4 BK 0.6mm 0.6mm nf plag 1.5mm 1.5mm low-med interstitial quench texture
5 KS 0.6mm 0.6mm nf nf e imm med
6 OoD1 0.3mm 0.2mm nf nf e imm med —
7 OoD2 {1.5&0.25mm | 1&0.1mm nf nf —_— 0.4mm med bimodal grain size
8 LR 0.25mm 0.1mm nf plag & cpx 1.3mm no octahedral and hexagonal opaqued
9 LB1 3 4mm 2mm 1imm nf e 0.5mm very low low frequency, coarse grained opaques
9 LB2 imm 0.4mm nf olivine 1.5mm imm high
10 SB 1.5mm 0.5mm nf plag 3mm 0.5mm med green pleochroic amphiboles
1 CP1 1mm 0.5mm nf nf N imm high interstitial quench texture
12 CcP2 imm 0.25mm nf plag & cpx 1-1.5mm 0.5mm low-med
13 CcP3 1.5mm 0.7mm nf nf — 0.8mm med —_—
14 CP4 0.4mm 0.5mm nf nf — 0.6mm low
15 CP5 0.4mm 0.25mm nf cpx 2mm 1.5mm very high up to 2mm long cpx needles
16 oK 0.88mm 0.3mm nf plag 2-4mm 0.8mm low quartzite xenolith
17 NS tmm 0.5mm nt nf —_— 0.4mm med devitrified glassy matrix
18 TK1 1mm 0.4mm nf plag 1.5mm 0.8mm med-high relatively opaque poor
19 TK2 3.5mm 1.5mm 0.5mm nf — nf e gabbroic grain sizes
20 FG1 0.8mm 0.13 nf plag 1.5mm 0.5mm low strongly bimodal plag texture
21 FG2 1mm 0.4mm nf nf _— nf — interstitial quench texture
22 MP 1.5mm 0.2mm nf nf —— 1.5mm med quartz xenocryst
23 Sw 1mm 0.8mm nf nf — imm low tonalite xenoliths
24 Rl 3mm 1.5mm nf nt S 0.4mm low coarse cpx grains with elongated habit

ADOTVIANIN ANV AHdVIDOILAd v ¥dLdVHD
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Figure 4.2; Photomicrographs of quartz and caleite filled amygdales found in the dolerites
dvkes: A - hollow vesicle with quarty erystals growing inward from the circomference: B -
altered amygdale with caleite and few quartz grains; C - plain polarised light {PPL) photomic-
roeraph of amyvgdale; Do cross-polarised light (XPL) of C.

surface and showed an open central void with quintz grains around the circumference (Figure
4.2-A). In field exposures, many amygdales are seen as preferentially eroded features, This
15 more comiwenly scen in the finer prained samples. wheee the amyvedales are lareer than the
average orain s1ze of the doletite minerals. In thin section mwost amygdales appear as dark sub-
rounded structures thiae are highly altered and the frequeney of theie occurrence in the dyvkes
varies (see Table 4.1). One of the Chapmun’s Peak dykes (CP5) has a very high density of
amyadales, while other dykes (e.g. C1.1 or FG2) have few or none,

Xenoliths arg are commonly observed 1n the dyvkes (see Chapter 31, Most xenoliths appear
o be fragmenis of the Cape Granite and do not show extensive alteratiom or melting associated
with the intruding dolerite magma. The sharp edges of the xenoliths are typically parallel o

the dvke-pranite mirusion contact and show no evidence of rotation. This 15 consistent with
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Table 4.2: Microprobe mineral analyses for selected dykes: Logies Bay (LB1), Tokai (TK?2),
Chapman’s Peak (CP3), Millers Point (MP), Oukaapseweg (OK) and Nursery Ravine (NS).
The composition of feldspar, pyroxene and olivine shown is the averaged value of mineral core
analyses. Complete data set shown in Appendix D. Data from Butt (1989); Hirschel (1989) and
Waulfse (1989).

Dyk Feldspar Pyroxene Olivine

Sample yKe An | Ab | or En | Fs | wo Fo | Fa
GCH89-47 LBl 76.6 22.8 0.7 48.0 12.8 39.1 62.7 37.3
GCH89-22 TK2 76.1 229 1.0 49.4 19.3 313 62.7 37.3
GCH89-14 CP3 75.0 24.0 0.9 45.8 21.8 325 - -
GCH89-34 Mp 731 26.0 1.0 52.0 17.2 30.8

GCH89-36 OK 51.0 457 33 42.0 24.6 334

GCH89-24 NS 51.0 46.1 2.8 40.1 319 27.9

wall rock stoping. A quartzite xenolith observed in a thin section cut from the Oukaapseweg
dyke shows no alteration associated with it and is likely sourced from the Peninsula Formation,
which is also the local country rock at the dyke outcrop. A quartz xenocryst in the Millers Point
dyke shows a distinct reaction rim and embayed texture. Xenoliths found at Smitswinkelbaai
are distinctively different to the xenoliths of Cape Granite, as they shows resorbed and embayed
grain edges (Figure 3.27, Chapter 3).

Mineral compositions of the False Bay dykes were not obtained in this study. A summary
of the dolerite mineral compositions from previous studies is presented below along with the
original microprobe data, which was produced by Butt (1989); Hirschel (1989) and Waulfse
(1989), and later published by Reid (1990). Six samples across the compositional range of
the dyke suite were analysed by microprobe and the complete microprobe data is presented in
Appendix D. Table 4.2 shows the average plagioclase, clinopyroxene and olivine (if present)
compositions for the six samples that were analysed. The average mineral compositions shown
in Table 4.2 are calculated excluding analyses taken from the rim of mineral grains.

Compositions of plagioclase are mainly labradoritic with a compositional range of Ans; _7¢
(Table 4.2), but do show a significant variation in their calcium content as low as Anys (Fig-
ure 4.3). The lower calcium plagioclase is typically groundmass plagioclase and phenocryst
rims, and even the Logies Bay dyke, which has plagioclase with the highest anorthite con-
tent (Anyg), has rim compositions of Angg. Although the range in plagioclase compositions
of each dyke largely overlaps, the average mineral compositions of plagioclase decreases in
calcium content from Anyg (dyke LB1) to Ans; (dyke NS) (Table 4.2). The Nursery Ravine

and Oukaapseweg dykes have a lower Ca composition of Ansg_gp, compared to the dykes at
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Figure 4.3: Feldspar ternary diagram, with the dyke teldspar compositions plotted. [.cft dia-
sram comparcs core, fim and groundmass analyses for each dyke, while the tighl diagram only
plots core compositions,

Lowes Bay, Toka {TK ), Chapman's Peak (CP3) and Millers Point (MP), which show a range
i1 plagioclase composition of Atsg g (Flewee 4.3 Reid (1990 correlated the deercase in An
content o differentiation from 2 more primitive dyke (.2, LB 1) 10 a more evolved dyke (e.p.
N&).

Pyroxene 15 the dominant mafic mineral in the dykes. Walker (1956) noted the presence
of few orthopyroxene erains rimmed with clinopyroxene and Fizure 4.4 two analyscs of or-
thopyroxene and one of pizeonite, whereas the majority of the pyroxencs are augite 10 Cotmn-
position. Figure 4.4 also highhghts the trend from more magnesium-rich augite in Logies Bay
and Tokai dvkes o a more won-rich augie in the Nursery Ravine dyke. The trend of pyroxens
compositions i1 the False Bay dykes 15 compared to a know differentiation trend o iron-rich
tholeiites as sgen in the Birds River complex (Figure 4.4, which shows a similar iron corich-
ment. interpreted to be related to mapmatic difterentiation {Ealcs and Booth, 14974, Eales and
Robey, 1976).

Olivine has only been identified in the Lagies Bay and Tokai dvkes. The composition of
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Figure 4.4: Pyroxene quadrilateral showing the composilional range of the six analysed dykes
{lop ligure): Logmes Bay (LB1L Toka (TKY Chapman’s Peak (CP3), Millers Point (MP),
Oukaapseweg (OK) and Nursery Ravine (NS). The Jower Figure highlights the trend o swre
iron-rich augite and s comparcd compared to the Birds River gubbros of the Karoo. in the
Dordrechl District of the Eustern Cape, South Atricailiales and Booth, 1974; Eales and Robey,
1976).

olivine is predominantly loesterite with a composilional range from Fosg, 7z and an uverage of
Fogz. Reid (19907 determined this 1o be out of equilibrium with the predicted Fogs composition
given the whole rock composition of the Logies Bay dyke. Reid {1990) also argued that the

Fe-mich olivine evolvad ay a result of re-equilibration during the longer crystallisation period of

the interior of the dykes. where the olivine grains are more commonly found.



Chapter 5

Analytical Methods

The False Bay dyke swarm samples used in this study were collected during a combination
of past geochemical studies at the University of Cape Town (UCT). New samples collected
from Robben Island (RI) and Chapman’s Peak (CP4) dykes during this study are included. The
samples were analysed using various instruments at both UCT and the GeoForschungsZentrum
in Potsdam, Germany (GFZ), which allowed for data comparison across different instruments
as well as different laboratories. Some of the dykes were sampled at shoreline outcrop locations
(e.g. Sea Point, Clifton, Froggy Pond and Millers Point). Therefore care was taken to avoid
alteration by seawater, by splitting the outer weathered surface and washing the sample in
distilled or de-ionised water in an ultrasonic bath. Samples were all crushed at UCT using
a hydraulic splitter and Sturtevant Laboratory Jaw Crusher (Carbon Steel Ribbed Jaws) and
the crushed material was further powdered using a Seibtechnik Swingmill with Carbon-Steel

vessels.

5.1 X-ray Fluorescence

Most of the samples for this study were previously analysed by X-ray Fluorescence (XRF)
and selected results were published by Reid (1990). Newly sampled dykes (Rl and CP4) were
added to the data set in this new study. The new samples were analysed for major elements and
selected trace elements with the X’ Unique XRF spectrometer using fusion disks (prepared with

a LiT-LiM flux in the proportion 57:43 and LiBr as the releasing agent) for major elements and
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powder briquettes for trace elements.

5.2 Inductively coupled plasma mass spectrometry (ICP-MS)

A subset of the samples (n=27) wes chosen for selected trace element analysis in this new
study. The subset covers the entire range of major element compositions and at least one sample
per dyke found on the Cape Peninsula (and on Robben Island) was analysed. Samples were
analysed using a Thermo Fisher Xseries2 quadrupole ICP-MS at UCT. Trumbull et al. (2007)
had previously analysed selected False Bay dyke swarm samples (n=12) for trace elements
at the GFZ, using an ICP-MS, whereas rare earth elements (La - Lu) measured at GFZ were
determined using an Inductively Coupled Plasma - Optical Emissions Spectrometer (ICP-OES).
The internal standard check used in the ICP-MS lab at UCT is BHVO-2 (results shown in
Appendix B), which produced values within the range of the published values (Wilson, 1997,
Ila and Frey, 2000).

The procedure at UCT for sample preparation follows that described by Le Roex et al.
(2001), where 50 mg of sample powder was put into a Teflon beaker and 4ml of a hydrofluoric
- nitric acid mixture was added (HF : HNOj ratio of 4:1) and placed on a hot plate for 48 hours.
Next the beakers were opened and the samples dried to leave a silicate-free precipitate. The
precipitate was then further diluted with concentrated HNO3 and dried on the hot plate. This
step was repeated to prepare the precipitate for the ICP-MS. Before insertion into the ICP-MS,
the sample precipitates were mixed with 4 ml of an internal standard solution of 5% HNO; with
10 ppb indium (In), rhenium (Re), rhodium (Rh) and bismuth (Bi); then left in an ultrasonic

bath for 1 hour and afterwards further diluted with the standard solution to 5000:1.

5.3 Multi-collector ICP-MS (MC-ICP-MS)

A further subset of selected samples (n=16), covering the MgO and SiO; range of the False Bay
dyke swarm, also including five samples of Cape Granite and Malmesbury Group, were ana-
lysed for Nd and Sr isotope ratios using the Nuplasma MC-ICP-MS. Samples were prepared by

following the Mikovd and Denkova (2007) technique for Sr and Nd separation. Internal long-
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term standard BHVO-2 produced 87Sr/36Sr values of 0.703468 + 0.000013 and '“3Nd/'*Nd
values of 0.512994 + 0.000005, compared to recommended values of 0.703479 + 0.000020
and 0.512984 + 0.000011 respectively (Weis et al., 2006). Sample powders of the Cape Gran-
ites and Malmesbury Group where also analysed for whole-rock Sr and Nd isotopes on a Triton
and a Finnigan MAT262 mass spectrometer at the GFZ, following the technique described by
Romer et al. (2005). Present day 3’Rb/30Sr and '#7Sm/'*Nd isotope ratios have been calcu-
lated from ICP-MS elemental data and the measured 37Sr/%6Sr and *3Nd/'"**Nd isotope ratios
using GEODATE (Eglington and Harmer, 1999), for use in regression calculations presented
later. Initial 87Sr/36Sr and *3Nd/!*4Nd isotope ratios were recalculated to 130 Ma (Reid et al.,
1991) using GEODATE.

Isotope analyses for the False Bay dolerites include one duplicate measurement of a dyke
from Tokai (sample GCH89-22), which was initially published by Trumbull et al. (2007). The
results of both studies are highlighted in Table 5.1 and show good correlation and reproducib-

ility for both Sr and Nd systems, where differences are found in the 5th decimal place.

Table 5.1: Isotope analysis comparison of sample GCH89-22 from the Tokai locality.

GCH89-22 (TK2) | thisstudy [ Trumbull et al. 2007) |
87Sr/%08r 0.706849(13) 0.706878(7)
87Sr/%0Sr (130Ma) 0.70644 0.70644
183Nd/1*4Nd 0.512516(6) 0.512502(5)
T33Nd/™Nd (130 Ma) 0.51239 0.51237

5.4 Malmesbury Group and Cape Granite Suite Analysis

The country rock intruded by the False Bay dyke swarm in the Cape Peninsula and False Bay re-
gion include the Neoproterozoic Malmesbury Group meta-sedimentary rocks and the Peninsula
Granite batholith of the Cape Granite suite. Previous studies suggested crustal contamination
affected the False Bay magma and that an assimilation model is required to model the observed
trends seen in the compositional range of the dyke suite (Trumbull et al., 2007). The petro-
genetic models are discussed later in Chapter 7; however, it was necessary to analyse samples
of the local basement, as this data is not complete in the available literature. Malmesbury

Group meta-sediments were analysed for major and trace element data by Mbangula (2004)
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and Mbeje (2005). Two samples of Cape Granite (sample CJ-08 and CJ-12; Appendix C) are
analysed for trace elements, Sr and Nd isotopes. The granite samples were originally collec-
ted by Creighton-Jones (1982) and the major element data is shown in Appendix C. One new
sample of Cape Granite was collected from the Higgovale Quarry in Cape Town below the
Cable Way and was analysed for major elements, trace elements, Sr and Nd isotopes (sample
CG-Al; Appendix C). Known problems that were encountered during analysis of the Cape
Granites are the dissolution of zircons. Different analytical techniques produce Zr concentra-
tions of ~160 ppm in XRF and ~40 ppm in ICP-MS, clearly showing an under evaluation of
the Zr content by ICP-MS. Therefore, the concentration for Zr presented in the data tables is
that determined by the XRF technique from Creighton-Jones (1982). Zircons are known to be
a reservoir for the heavy rare earth elements (Gd - Lu), this should however not affect the light
rare earth elements such as Sm and Nd concentration adversely; however, the issue of zircon

dissolution needs to be kept in mind.

5.5 Graphs and Data Plots

Results were compiled into spread sheets using the newly collected data and those from Reid
(1990). The data were imported into Petrograph (Petrelli et al., 2005), a plotting program
that includes discrimination diagrams, ternary diagrams and normalisation values. All plots
were created in Petrograph and further edited in Inkscape, a graphics program, for presentation

purposes.



Chapter 6

Geochemistry

Major and trace element analyses of all samples determined by XRF techniques are presented
in Appendix A. Prior to interpretation the geochemical data set was processed and screened for
the purposes of identifying altered or weathered samples (see Chapter 5), rejecting suspect ana-
lyses and applying a suitable normalisation. With respect to alteration, field and petrographic
observations were the first screen applied to the samples. Inspection of Loss on Ignition (LOI)
values with respect to dolerite dykes indicate limited alteration, with only one of the 74 ana-
lyses reporting an LOI of > 2% (Table 6.1). Normalisation of major oxides was to 100% on
an LOI-free basis, with total Fe as FeO. Table 6.1 lists a subset of the geochemical database,
containing a representative sample from each dyke that was selected for ICP-MS traces and ra-
diogenic isotopes. The Mg# value (molecular MgO/(MgO+FeQ)) shown in Table 6.1 has been
calculated using an assumed Fe,O3/FeO wt % ratio of 0.15 (Frey et al., 1974; Brooks, 1976;

Langmuir et al., 1977).

6.1 Major Element Variations

To investigate the use of a single sample as representative of the dyke’s composition, the widest
dyke (LB1) was sampled across its entire width to observe geochemical variations (Figure 6.1).
Figure 6.1 shows the limited chemical variations of samples taken across the 40m wide Logies
Bay dyke with a range of 0.8 wt.% in SiO; and 0.6 wt.% in Na;O + K>O and the error bars

showing a lot of overlap. Immobile element oxide TiO; has a range from 1.22 to 1.59 wt. % in
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Table 6.1: Major oxide data (volatile free, total Fe as FeO, recalculated to 100%) from Reid
(1990) with new trace element for the False Bay dyke swarm. Measured LOI (Appendix A) is
listed below major oxides and dykes are listed in order of decreasing MgO content.

Sample GCH89-20 LB07  GCH89-22  GCHB9-11 LB-11  GCH89-14 GCH89-03  GCHB9-33
Dyke Location TK1 LB1 TK2 CP1 LB2 CcP3 SB MP
Major element oxides (wt. %)

S0, 50.55 50.13 50.04 50.29 5051 52.59 50.65 51.16
TiO, 159 122 142 148 163 0.99 2.02 210
ALO, 14.98 16.92 15.96 1563 15.02 15.78 1445 14.54
FeO 11.19 963 10.60 10.50 1148 1045 13.24 12.26
MnO 0.35 017 0.19 0.19 0.20 0.21 0.24 023
Mg0 745 742 729 721 7.03 6.32 6.12 5.81
Ca0 11.30 1163 11.28 117 10.81 10.32 9.41 9.36
Na,0 204 220 235 255 240 214 259 2.80
KO 0.38 0.50 0.67 0.70 066 1.05 0.96 1.27
PO, 0.25 0.18 0.21 0.23 0.27 0.16 032 047
LOI 1.81 1.19 040 1.40 082 040 1.08 091
ICPMS trace elements (ppm)

Sc 4 38 39 42 44 3 39 42
v 293 254 276 208 319 299 368 48
Cr 270 33 285 194 139 144 % 77
Co 45 44 4 4 4 4 513 48
Ni 67 89 79 63 63 69 506 25
Cu 84 80 71 83 83 112 85 40
Zn 96 86 93 101 1M 89 141 118
Rb 149 119 164 16.1 144 331 23 311
Sr 326 209 214 204 212 163 355 300
Y 25 20 v&) 2 2 24 2% 37
Zr 96 80 84 127 134 98 128 171
Nb 95 77 9.0 120 122 74 118 242
Ba 400 137 164 181 180 218 251 323
La 11.2 95 11.0 145 146 127 157 246
Ce 248 209 241 317 324 274 353 522
Pr 328 276 3.16 410 425 347 467 6.40
Nd 149 123 142 18.2 189 147 208 274
sm 384 314 360 449 468 363 493 6.10
Eu 129 1.08 1.21 141 149 1.08 168 194
Gd 436 362 4.09 498 533 412 535 698
™ 0.70 058 065 0.77 085 067 080 1.06
Dy 464 3.78 437 5.12 549 447 499 668
Ho 095 0.77 087 104 1 091 099 133
Er 280 230 261 310 330 272 283 385
m 0.40 033 0.36 043 046 0.38 039 052
Yb 265 215 244 293 312 255 253 341
Lu 040 0.32 036 0.44 046 038 039 050
Hf 256 214 231 325 345 262 332 428
Ta 052 046 048 0.65 0.70 0.41 0.70 123
Pb KR 37 33 40 44 54 41 56
Th 12 13 14 17 15 32 24 32
u 03 04 04 04 04 08 05 08
Mg# 57 60 58 58 56 55 48 48
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Table 6.1 continued...

Sample GCH89-28  GCHB945 FBD-601  FBD-611 GCHBY-31  GCHBI-40 GCH89-39 LB-50
Dyke Location FG1 002 RI RI FG2 SP sL SW
Major element oxides (wt. %)

S0, 5222 53.74 5043 4892 5273 50,63 5143 53.12
TiO, 212 185 253 3.06 222 297 304 183
ALO, 14.82 17.24 12.24 1241 14.36 13.07 1347 1345
FeO 11.47 773 17.36 17.62 11.84 15.40 14.18 14.23
MnO 0.21 0.12 0.26 0.26 0.19 0.26 0.69 023
MgO 5.29 5.16 5.05 5.04 5.01 487 473 463
Ca0 8.83 10.67 9.18 9.53 8.52 8.77 7.93 8.14
Na,0 2.90 2.27 1.80 194 287 232 2.28 2.96
K0 164 092 0.84 0.81 172 115 1.7 1.16
PO, 050 0.31 0.31 041 0.54 0.56 054 0.24
LOI 0.87 138 0.52 0.27 0.89 261 157 0.52
ICPMS trace elements (ppm)

Sc 35 4 48 48 3% 45 40 4
v 300 290 634 612 329 484 433 535
cr 69 270 61 81 49 7 2 43
Co 39 43 51 48 39 51 63 47
Ni 37 63 51 55 20 8 21 4
Cu 27 57 420 569 12 41 47 198
Zn 119 129 179 188 121 167 140 136
Rb 462 17 278 268 493 371 510 318
Sr 302 252 116 116 288 326 207 143
Y 37 3% 56 67 38 49 58 40
Zr 220 146 201 244 218 237 283 154
Nb 288 153 123 150 285 40 280 13
Ba 378 240 195 196 390 396 408 251
La 30.1 189 165 19.4 309 282 330 184
Ce 64.2 354 383 4“9 66.1 612 70 400
Pr 7.91 512 517 6.15 8.17 7.64 8.80 5.05
Nd 329 224 42 290 339 336 380 17
sm 125 525 6.72 8.08 7.39 7.81 8.30 5.3
Eu 200 170 202 2.33 199 242 2.20 161
Gd 7.39 6.16 8.82 107 748 9.22 9.60 647
i 112 097 146 177 113 143 150 1.06
Dy 7.06 6.16 9.97 124 707 9.28 960 714
Ho 1.39 1.25 207 251 140 1.88 200 150
Er 409 359 6.30 765 408 558 570 453
m 0.57 0.50 0.90 107 057 0.79 0.80 064
Yb 376 39 6.03 7.18 3 524 530 433
Lu 0.56 049 0.89 1.08 055 0.78 0.80 065
Hi 5.36 3.74 5.37 6.42 5.39 595 5.30 414
Ta 155 0.82 069 0.84 154 129 140 073
Pb 8.0 58 41 64 87 72 1.1 78
Th 48 26 28 30 54 39 171 5.2
U 13 10 05 06 14 10 21 13

Mg# 48 57 7 37 46 38 40 39
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Table 6.1 continued...

71

Sample LB40 LB-60 LB43 GCH89-17 GCHB9-36 GCHBI-43 PD-2 GCH8941  LB-33 GCH89-24 GCH89-07
Dyke Location cl1 W cl2 CP5 0K BK LR KS 0oD1 NS CcP2
Major element oxides (wt. %)

Sio, 5303 5559 5359 5450 5542 5291 5579 5401 56.01 54.64 55.22
Tio, 224 151 247 2.36 2.24 291 253 267 257 255 265
ALD, 1463 1399 1432 1369 1372 1265 1346 1244 1327 12.33 12.60
FeO 1300 1205 1279 1262 12,59 1539 1308 1586 1268 15.38 1490
MnO 023 020 02 0.28 0.20 024 042 0.24 0.20 0.24 027
Mg0 434 424 423 413 3589 385 328 313 301 290 2.74
Ca0 651 761 809 7.32 6.86 743 620 7.11 595 742 6.26
Na,0 300 228 248 2.36 244 232 173 2.18 295 2.04 209
K0 250 22 170 2.20 2.14 183 287 196 268 207 249
PO, 042 024 041 0.53 0.51 077 065 042 0.67 043 0.78
Lo 163 129 092 0.77 113 143 145 1.25 1.69 0.77 1.18
ICPMS trace elements (ppm)

Sc 39 35 39 35 39 41 38 Y] 37 39 37
v 444333 440 410 349 375 42 401 404 343 286
cr £ 1N 4 23 65 513 3 8 3 11
Co 41 39 40 39 35 48 3 45 35 40 2
Ni 0 46 R 25 29 16 16 4 12 3 9
Cu a7 100 47 2% 20 16 12 16 7 13 1
Zn 140 120 140 132 136 169 145 169 146 166 156
Rb 1341 841 670 803 837 628 1053 76.1 1335 763 98.3
Sr 170 155 181 182 187 142 198 138 159 427 161
Y 4 38 4“ 2 45 55 54 52 48 53 53
Zr 214 189 220 225 195 20 239 220 243 226 239
Nb 198 127 201 219 183 205 239 168 243 17.0 216
Ba 372 30 37 413 358 375 961 356 408 845 614
La 67 251 213 313 276 323 U5 265 35.2 278 35.1
Ce 517 540 584 669 586 690 736 573 754 60.3 764
Pr 747 664 724 8.26 710 842 890 7.02 9.23 754 9.51
Nd 304 275 307 34.1 26 /8 372 30.1 38.1 322 398
sm 701 630 7.4 760 6.72 818 825 720 8.36 7.81 9.18
Eu 193 161 192 195 195 232 215 222 212 2.16 223
Gd 781 673 784 794 7.79 976 923 8.98 8.86 8.93 9.69
T 122 106 125 121 1.22 153 141 144 137 144 152
Dy 805 692 816 AL 8.06 1012 908 9.49 875 9.62 975
Ho 162 139 165 155 164 206 187 1.96 1.76 196 196
Er 489 414 495 457 490 614 546 5.84 5.27 591 5.83
Tm 069 057 070 0.64 0.69 086 05 0.83 073 0.85 0.82
Yb 464 386 470 426 456 575 487 5.49 489 564 551
Lu 069 056 069 0.63 0.68 084 072 0.82 074 0.84 0.81
Hf 550 495 563 578 506 594 619 5.71 6.25 6.01 6.28
Ta 120 080  1.21 136 119 119 153 0.99 164 1.04 141
Pb 94 116 101 124 123 17 143 109 146 15 140
Th 62 73 64 83 83 80 100 73 10.4 78 102
U 16 16 17 23 25 21 28 18 27 20 26
Mg# o M 40 39 K 31 3 2 2 7 27
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Figure 6.1: Logies Bay (LB) dyke samples (open symbols with error bars) taken across the
width of the 40m dyke including the quenched dolerite close to the Cape Granite (CG) contacts.
Closed symbol represents the average dyke composition.

the LB1 dyke with a maximum 12% difference from an average TiO; of 1.40 wt. %, smaller
than the % difterence of KO (68 %), which is plotted along with NaO and SiO; in Figure 6.1.
Therefore, intra-dyke variations are minimal, even in the widest dykes (e.g. LB1), and a single
sample provides a good geochemical representation for the respective dyke.

The compositional range of the False Bay dolerite suite is shown in two conventional clas-
sification diagrams (Figure 6.2), where the bulk of the data points plot within the sub-alkaline
fields with basalt and basaltic andesite compositions (Figure 6.2a) and show a distinct tholeiitic
affinity (Figure 6.2b). For purposes of further description and subsequent discussion the dykes
with the lowest and highest SiO; (Logies Bay LB1 and Chapman’s Peak CP2 respectively)
have been labelled. Other major element plots are shown in Figure 6.3, where the degree of
differentiation can be monitored by the MgO content, which changes from 8% in dykes with
basaltic composition to 2% in dykes with basaltic andesite composition. Relatively smooth
correlation between MgO and other high abundance major oxides, such Al,O3, FeO and CaO,
and minor oxides like KO, P05 and TiO; reveal continuous change with no obvious compos-

itional gaps. The behaviour of Na,O appears to be more complex but perhaps indicative of a
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Figure 6.2: {a) Total alkali-silica diagram and {b) AFM dizgram for the False Bay dvke swarm.
where A = NuxO+Ko0), F = Totul Fe as FeQ, M = Mg(3, L.ogies Bay (1.B1), Chapman’s Peak 2
(CP2) und Robben Island (RI) dykes are lubelled.

mxinium at intermediate MgQh. Samples from the Robben [slund dyke (RT) and one from the
Oudekraal locality (OD2) reveul notible departures in compasition away from the trend defined
by the dyke suite’s end-member compositions (1.B1 and CP2).

The relationship between Mg# (Tuble 6.1) and geographical disuibution of the dykes is
examined to observe if any spacial control on dyke locations is related 1o the degree of differ-
entiation (Figure 6.4). Bearing in the mind the general NW-5E otientation of the dykes and
their restricted owterops that essentially span a N-5 tract down the Cape Peninsula, the dykes
with highest Mg# are exposed around Hout Bay, whereas the other dykes do not show spatial
restrictions in terms of their Mg#. 1owever. the Chapman’s Peuk location contains adjucent
dykes separated by only u few 10s of metres that encompass the entire range in Me#, Therefore,

there is 1o apparent spatial variation in MgQ.

6.2 Trace Elements Variations

Variation of compatible trace elements such a5 Cr and Ni show progressive depletion with de-
creasing MeO and follow curved rends, with continuous depletion during early stages of dit-
ferentiation (high-Ma( dykes) followed by a more subdued behaviour in the low-Mg(Q dvkes
of basaltic andesite compositions (Figure 6.53. Other compatible taces, like V, have a max-

imim defined ar intermediare Mg, while St shows significant scatter, but appears 1o defite a
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Figure 6.3: Major element oxides of the False Bay dyke swart, End-member dykes (LB1 and
CP2) are labelled and star symbol used for Robben Island dyke and circle symbol wsed for
Oudckraal dyke (see Legend). Correlation coefficient (r) indicated for each plot in lower left
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Figure 6.5 Trace elements of Cr, Ni. 'V, 51 and Co plotied agamst MgO. Bottom right shows

variation of Zy with MgQ.

trerwd of slight deplenion with decreasing Mg, The behavicur of Cua displays a clear positive

correlation with MgO. Some dykes (labelled on the diagrams) have anomalous compositions

and the sume samples are identified repeatedly in Fieures 6.5 and 6.6, The anomalous dykes

include the Millers Point (MP). Frogey Pond (FG 1, Oatland Point (FG2). Oudekraal 2 (0D2)

and Robben lsland (R} dykes, all of which fall within a narow range of 5 to & wi. % MeO.

The vuriation of un immehile incompatible trace elemwnt such as Zr shows a sweady pro-

eressive entichment with dectease in MeO content (Figure 6.3), ranging from about 80 ppm and

increasing by a factor of three in the most diffierentiated dykes with basaliic andesite compasi-

tioms. I order 1o highlight the correlation of changes in trace element contents with differenti-
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Figure 6.6: Incompatible trace clements ploted against Zr. Samples are grouped into high- and
low-MgO groups (see text for details). Star symbols represent dykes (labelled) that have MgQ
compositions of approximately 5 wi%.
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Figure 6.7 New trace clement data of Hi, Ta, Pb. Th and U. 5amples are divided into high-
and low-MgO groups (see text [or details) and shaded area represents the 11O for comparison
{Trembull et al, 20073, The average relabve standard deyviation (%RSD) for the elements are:
Ta=|.04; HI =081, U =182 Th = 092; Pbh={1.77; and Ce = (125, Hrror bars are excluded
liom graph to maintain a clearer overview,
ation, the graphs utihse dilferent symbols to disunguish between samples with = 5 w9 Mg0
(high-MgO range ) and < 5 w9 MeO (low-MeO range ). Variations of other incompatible trace
elements analysed in the present study are plotted against /1 in Figure 6.6, Well-defined pos-
itive correlations of Yh and Y {representing the heavy REE), Ce (light REE), Nb and HI (high
field strength elements or HESE), Ba {large ion Iithophile clement or LILE) arc noteworthy.
The previously identitied anomalous dykes also appear anomalous in the trace clement graphs,
where these dykes are prouped as part of the high-%gO group, but overlap with both high- and
low-MgO dyvke groups o Zr and other incompatible trace element concentrations (Figures 6.6
and 6.7), Departures [tom simple lncar relationships are evident in the behaviour of Rb and
Pb (LILE}. as well as U and Th (HFSE} with the more differentiated low-MueO dykes defining
a completely different trend to that ohserved for the higher-MgO dykes (Figure 6.7}

Selected inter-element plots are presented in Fipue 6.7, where the False Bay dyke swarm

is compared with ktendeka-age dykes in Namibia. The higher degrees of dilferentiation off
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Figure 6.5: Trace element ratio plis. Samples divided o high- and low-MgO groups (see
texl for details).

the Lnw-MeO dykes associated wiath high Ta, HIL U and Th contents, 15 emphasised in the
comparison with the more primitive dyvkes from the HOD mega-swarm in Namibia, which
overlup with the high-MgO group of the False Bay dyke swarm. The near constant Th/U ratio
it both the high- and kne-Mp) dykes provides a wseful reference when tracking the behaviour
of Ph, The more differcntiated low-MgO dykes show ancmalous Ph enrichment patterms. A
similar pattern is observed when plotting Ce vs Pb, which shows the trend 10 high enrichment in
the [alse Bay dyvkes, but with a pende change in slope al the passage (rom the high- o low-Mg()
dykes. suggesting achanpes in the processes thal control the behaviour of these elements. Inter-
clement ratios pertinent o the radiogenic isolope system presented later are plotted in Figure
6.5, where the high-MpO mombers of the False Bay dyvke swarm show restricted variation in
SmiNd and Rb/Sr, but the more differentiated Jow-MeO dykes show vanations 1o much higher
Rb/Sr ratios, (ther inter-element ratios plotied in Fipure 6.8 are normalized 1o Wb or Yh

These plats highlight a clustered range 1n Zr, Y and Nb for all the dykes from False Bay, when
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Figure 6.9 [ncompatible trace elements normalised 1o primtive wantle (MeDonough and Sun,
1995}, Samples LB and CP2 represent least- and most differentiated dyvkes of the False Bay
dyke swarm respectively.

excluding the anomalous dykes idenilied above, Plots of CefY b and more-so ThiYb vs Nh/Yh
seem to indicate a more complex behaviour, dominated by higher Ce/Yh and ThiYb ratios in
the low-Me0) basaltic andesites (Figure 6.8¢ and d).

Another popaolar approach adopted in geochemical characteisation of basaltic rocks 1s the
mantle-normalised spider-grams where perturbations in the behaviour of trace clements may
indicate source region control during the fermation ol parental magnias. Figure 6.9 shows the
range in mantle-normalised composition ol the False Bay dyke suite, with the Logies Bay dvke
(LB 1} representing the least differentiated composttion and Chapman’s Peak 2 (CP2) being the
most differentiated compaosition. OF particular significance is the development of a positive
Th-U anomaly. the Ta-Nb negative anomaly. as well as the presence of 4 positive Ph anomaly,
Also evident is the large negative Sr- and En unomalies, although the latter is better illustrated

in the REE plots,
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Figure 6.10: (A} Chondrite normalised RLEE data of the False Bay dyke swarm. Chondrite
values taken from MeDonough and Sun (1995). (B} False Bay dyke swarm range from least to
most evolved samples and is compared o the range of compositions of the Talelbery type of
the HOD (Trumbull et al., 20073, (C) total REE ratio (La/Tu): (D) light REE ratio (1 .a/Sm): (E)
heavy REE ratio (Gd/Lu).

Variation of the REL as a separate gioup 1s displayed in Fig 6,10, where the analysed com-
positions are norplalized to chondnte, Lasge changes in nortalised REE concentration values
arc observed across the range of the dvke suite, although limited changes in the slope of overall
ELE profiles are evident in Figure & 10a, which shows approximately parallel profiles, The de-
tail ol REE profile slopes can be ohserved m Lhe ratio plots as a function of Mg cFigures 6. 10c,
d, and ¢). Although the normalised REE concentrations show approximately parallel profiles.
subtle changes in slope are observed. The relative [ractionation of the LREE is gradual and pro-
gressive in the passape from least 1o most diffcrentiated dykes, while the [IREE show even less
perceptible changes, but again are gradual. However, the rato plots all show o subtle but dis-

tinctive chiange at intermediate Mg concentrations of ¢lose 10 5 w.% Mg, The development
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Figure 6.1 1: Eu-anemalies of the False Bay dykes, where Eus = VEmGd Looies Bay
(LBI}. Smitswinkel (SM) and Chapman’s Peak (CP2} dykes are highlighted by triangle, circle
and square symbols respectively. (a) Variation of the Eu anomaly with MgO. {b) Comparative
REE trends of selected dykes (LRI, SM and CP2) with varying degrees of the Fu anomaly,
highlighting the change in the Eu-anomaly with increasing REE abundances.

of a negative bu anomaly as a funcion of decreasing Mg() is shown in Figure 6.11.

6.3 Sr and Nd Isotope Variations

6.3.1 False Bay Dykes

Further sugmentation of the False Bay dvke swarm seochemical database invelved the ana-
lysis of BISrA8r and WNGMNd isotope ratios {Table 6.2 in selected samples covering the

compositional range described above. On a Rb-Sr 1sochron diagram (Figure 6.12a) the data
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points show a rough correlation that produces a regression age of 563 + 85 Ma with a MSWD
error of 1.85. When the high-MgO basaltic samples are regressed separately the age produced
is slightly younger at 313 + 86 Ma and a lower MSWD error of 0.596. A similar approach
has been taken in the Sm-Nd isochron diagram (Figure 6.12b) where the high-MgO basaltic
samples follow a rough trend equivalent to an age of 279 + 122 Ma (MSWD error of 34.1). Re-
gression of the entire Sm-Nd dataset produces an age of 680 + 428 Ma (MSWD error of 516.4).
None of the regression ages are consistent with the Ar-Ar age of 130 Ma, which is interpreted
as the intrusion-age of the dykes, but the older values calculated here probably reflect an open
system behaviour discussed in later chapters.

Initial Sr and Nd isotope ratios, assuming a 130 Ma emplacement age, are plotted against MgO
in Figure 6.13, where it is clear that the more differentiated dykes have higher initial 8’Sr/%0Sr
and lower initial 143Nd/'**Nd respectively. The data points and presence of some scatter does
not differentiate between changes in isotope ratios as either a step-wise function at about 5 wt.%
MgO, or as a curvilinear change. However, either case shows a relative progression in isotope
ratios with change in MgO concentration. The high-MgO dykes have an initial 87 Sr/%6Sr ratio
of 0.706 at the time of emplacement, whereas the low-MgO dykes have higher values up to
0.720. The corresponding values for initial '**Nd/'**Nd are 0.51237 and 0.51213 respectively,
equivalent to an éNd range of -1.6 to -6.6 (Table 6.2). The negative correlation of initial Sr and
Nd isotopes is presented in Figure 6.14, where the array forms a well-defined linear trend from
near bulk Earth to higher Sr-isotope and lower Nd-isotope ratios with progressive changes.
Also pertinent in Figure 6.14 is the cluster of the high-MgO dykes (dark symbols) relative to
the linear trend of the low-MgO dykes (light symbols).

6.3.2 Country Rock

The country rocks into which the False Bay dykes are intruded include the Malmesbury Group,
Cape Granite Suite and Table Mountain Group. In this study and the discussion that follows,
reference to the Cape Granite is restricted to samples of the S-type Peninsula Granites exposed
at the Cape Peninsula. Samples from the Peninsula Granite and the Malmesbury Group were

also analysed during this study for Sr- and Nd-isotopes with the view that the results described
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CHAPTER 6. GEOUTIEMISTRY B3

Table 6.3: F'Sy*Sr and "W NJMNG isotope analysis of three Cape Granite Suite and two
Malmeshury Group samples, Error in mcasured value (m} is given by 2sigma and values are
recalculated 10 130 Ma for comparison with the False Bay dyke swarm,

‘Rack Type = . Cape Granile Saita ; Melmesbury Group

Sample CE-Ad CJl-0e G212 MM-001 MhA-012
Lecation Cable Way Cuamy Saa Point Sea Point Grotlo Bay Fobber [sland
FEN™Sr + 2o {m) 0732517+ 12 (0780039 £ 17 [0.779631 £ 10 | 070116012 | 0778917 £ 14
FEESe (130MMa] 0.76472 0.75305 076291 0F2vT N7Bd51
NG HN £ 2 i) DEI2177 £ 7| 05121747 | 051221329 | 0612143+ 8 0512054 £ 5
hd N [(130Ma) 0.5120% [L.51207 Q31210 051405 .E1195
Ehd {120 Ma) -1.% -9 -7.2 -B.2 01

previousky for the False Bay dykes might have been influenced by litcraction with country
rock during intrusion. Previously published Sr-isotope duta are available for the Cape Gran-
ite (Allsopp and Kolbe, 1963), while for the Maimesbury Group both Sr-isoope (Allsopp and
Kolbe, 1963) and Nid-isotope data (Bugeisch et al, 2010) exist and have been incorporated
in the graphs that follow. However, hoth olope systems have never before hoen analysed in
combination on common samples for ejther the Cape Granite suite or the Malmesbury Group.
Therefore, four samples (1wo Malmesbury and two gramite) wore analysed at both UCT and
GEZ for 5780598 and " Nd/™Nd and one fwrther granite sample (rom the Higgovale Quarry,
was also analysed at UCT, The complete geochemical data set, including major and trace ele-
ments by XRE, as weldl as TOP-MS traces are listed in Appendix €. whereas Se-Nd isotopic
data corrected 1o the same False Bay dvke swarm age ol 130 Ma for comparison arc given
in Tuble 6.3, The Malmesbury Group samples give *7St8r gy, of 0.7645 and 0.7272 for
the Robben Island sample (NM-012) and Grolto Bay sample (MM-001), respectively, The
3N/ N 30 w0 1alio for the same samples is £0.5121 and (15120, respectively. The threc
samples of Cape Granile show relatively limited variation in isolopic ratios and Zive an average

of 0.7636 for 57 St/08r s ar, and 0.3121 for "™ Nd/"™* Nd jaa.
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6.4 Correlating dykes exposed along strike

Limited exposure away from shoreline outcrops around the Cape Peninsula make it difficult
to track individual dykes along their strike and separate dolerite outcrops that lie approxim-
ately along strike have been tentatively assumed to be the same dyke. Day (1987) provided
one means of correlation based on magnetic anomalies interpreted as lineaments and another
based on dyke petrology and geochemistry, specifically the degree of differentiation, is ex-
plored here. It is permissible to relate dykes based on their composition, having established
that limited chemical variations exist within dykes. Further, blocks of dolerite have been noted
in some building operations around Cape Town and their compositions have been determined
for purposes of establishing possible sources. This was included in order to establish if the
samples represent dykes not mapped in this study (see Chapter 3), or if they belong to known

outcrops.

6.4.1 Logies Bay and Tokai Dykes

The two dykes most likely to be grouped together are the largest dolerite dykes from Logies
Bay and Tokai, which line up along strike (Chapter 3, Figure 3.1). From field and petrographic
evidence this assumption can already be drawn, as both are greater than 30 m wide (not seen
in any other location) and have coarse grained (> 2 mm) interiors. These are the only olivine-
phyric dykes found in the dyke swarm and thin sections from both localities are essentially
identical. A lower estimate for dyke thickness:length ratios is approximately 1:100 with more
common aspect ratios of 1 to 2 orders of magnitude smaller (Rubin, 1995), which for a 30
m wide dyke results in a > 30 km length along strike. Before the development of residential
areas in the northern parts of Hout Bay, Nell and Brink (1944) mapped a considerable length
of the Logies Bay dyke across into Hout Bay, and magnetic maps by Day (1987) also show a
continuous linear anomaly for over 20 km (see Chapter 2, Figure 2.6).

Two samples were taken from the Tokai dyke locality (TK1 and TK2) and show slight
differences in thin section, in that TK2 is coarser grained than TK1. The geological maps of

the Cape Peninsula show a dyke splitting into two splays at Tokai, a feature not observed during
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Figure 6,16: Trace element plots of the Logics Bay (LB1). Tokal (TK), Nursery Ravine (NS},
kasteclspoort (KS) and Bakoven (BK} dykes: novmalisation values from McDonough and Sun
(1993) for primitive mantfe (left) and chondnte (right), Open square symbols highlipht the
enriched Ba and Sr concentrations in the sampies from NS relative 10 samples from KS and
BK.

this study: however, the magnctic data docs sugeest & split in the Tokai area (Day., 1987) and
thus was probably osed 1o draw in the contacts. Al [ogies Bay Lhere are definitely two dykes,
with LB representing the widest and coarsest intruded by [.B2, which is a much smaller, very
finer grained intrusive vein (Walker, 1956), Geochemicaily all the TK and LB dyke samples
have compositions which plor ot the most MgO-rich ¢nd of the Si0; vs MeO plot (Figure
6.15A). The Zr and Nb abundances (Figure 6. 15B) sepurate the more euriched 1.B2 dyke from
LB und TK. Normalised trace element plots (Figure 6.16) confinm the composilional overlap
of the TK and LB1 dykes and would be consistent with them being comelated across the 6
ki stivich between the two localions. ‘Therefore. from field, petrographic and geochemical
observations, it is plausible to suegest that doderite outcrops at Logivs Bay and Tokai ane of the

same dyke.
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6.4.2 Bakoven, Kasteelspoort and Nursery Ravine

On the western shore of the Peninsula, just south of Camps Bay, there are two dyke outcrops
that fall along strike of one another within the Kasteelspoort ravine that cuts down from Table
Mountain, namely the Kasteelspoort and Bakoven dykes (Figure 3.11 and 3.10). Field outcrops
are no longer possible to compare, as the Bakoven residential area has been developed and the
dyke is only seen as individual boulders on the beach. It is possible that the boulders have been
transported to the beach along the Kasteelspoort valley, but previous studies and geological
maps indicate an outcrop of dolerite existed here (Nell and Brink, 1944; Walker, 1956; Theron,
1984).

Following the regional trend of the dyke swarm across Table Mountain and the Twelve
Apostles from the Kasteelspoort ravine lies the Nursery Ravine dyke outcrops. Although the
country rock is different on each side of the mountain where the dyke outcrops, with Cape
Granite at Kasteelspoort and Table Mountain Group at Nursery Ravine, the geometry and petro-
graphy of the dykes are very similar. Normalised trace element concentration are shown in Fig-
ure 6.16, which groups samples from the three dykes together: Bakoven (BK) - Kasteelspoort
(KS) - Nursery Ravine (NS). Small variations exist in the Nursery Ravine dyke, which shows
less pronounced negative Sr and Ba anomalies. However, overall the dykes have the same trace

element concentrations and show the same degree of enrichment relative to the Logies Bay

dyke.

6.4.3 Robben Island

The southern coast of Robben Island has two dyke outcrops that are present in the field as topo-
graphic lows in the reef around the island, which have been preferentially eroded and flooded
by the sea, compared to the folded greywacke and siltstone beds of the Malmesbury Group.
Recent sediments cover the interior of the island. The composition and petrography of samples
collected from both outcrops are identical and the dyke is presumed to extend under the Qua-
ternary cover present on Robben Island suggesting a minimum strike length of approximately
2 km, well within the range of a typical aspect ratio for a 15m wide dyke (Rubin, 1995). Both

dyke samples plot as clustered outliers in many geochemical plots (e.g. higher Cu content, Fig-
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ure 6.5) and the most noticeable common geochemical difference of the Robben Island dykes

is the shallower slope of REE chondrite normalised profile compared to the rest of the swarm

(Figure 6.10B).

6.4.4 Waterfront Breakwater sample

The dolerite that was sampled from the old Waterfront Breakwater does not show compositions
that are common with any dyke currently exposed, which have been sampled for this study. The
dyke with the composition that most closely matches the Waterfront sample is from Clifton,
which has similar MgO concentration; however, the Cr and Ni concentrations of the Waterfront
sample are significantly higher and there are other distinct chemical differences shown in Table
6.1. The geological map of Cape Town (Theron, 1984) shows two dykes located within the city
centre close to the Cape Town railway station. These no longer outcrop due to urbanisation,

but could have been a possible source for the boulders found at the Waterfront Breakwater.

6.4.5 Silvermine Pathway sample

The dolerite boulder collected from the Silvermine pathway shows a composition, which is
similar to one of the Chapman’s Peak dykes, namely CP3. The Silvermine Nature Reserve
from where the loose sample was collected is roughly along the regional dyke swarm trend
from Chapman’s Peak, supporting that a possible CP3 strike parallel outcrop could exist here.
As field evidence from many localities shows that the dykes intrude the Table Mountain Group
sandstones (e.g. Nursery Ravine, Oukaapseweg, Sir Lowry’s Pass and Chapman’s Peak), it
is likely that dykes could exist in the Silvermine Nature Reserve. Certainly the CP3 dyke
also clearly shows extension from the Cape Granite up into the overlying sandstone strata,
yet no outcrops of dolerite have been found or mapped in the Silvermine Nature Reserve.
Alternatively dolerite from the CP3 dyke could have been exposed during the construction of
the new Chapman’s Peak Drive, where the road was cut back into the mountain and sampling
of the loose rock could have been used for pathway demarcation in national parks.

The methodology of comparing the degree of differentiation of the different dykes is ap-

propriate to compare and relate dyke outcrops that are exposed along strike of one another.
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Correlating different outcrops to one another means that a smaller number of dykes have been
sampled than suggested by the 24 listed dykes locations (Figure 3.1) and therefore less variety
of the False Bay dyke swarm composition is recorded. The sample set collected and analysed
is, however, the largest sample set available given the limited outcrop of the dyke swarm and
the differentiation process that produced the observed geochemical variations is discussed in

the following Chapters.



Chapter 7

Petrogenetic Modelling

It was shown in Chapter 6 that the False Bay dyke swarm ranges in composition from basalt
to basaltic andesite. The relatively continuous variation from 8% MgO to at 2 wt.% MgO is
accompanied by progressive depletion in compatible trace elements such as Ni, Cr and Sr, con-
comitant enrichments in the immobile incompatible trace elements Zr, Nb and the LREE. Other
elements like V also define continuous trends, but these involve maxima at intermediate MgO.
All the geochemical variations are broadly consistent with the progressive removal of a typical
gabbroic mineral assemblage including olivine, pyroxenes, plagioclase and Fe-Ti oxides. In
this chapter the possible role of fractional crystallisation processes on producing the observed
chemical variation will be investigated quantitatively.

Closed-system fractional crystallisation appears to be ruled out for the entire magmatic suite
since the radiogenic isotope data reported in Chapter 6 show significant variation. Progress-
ive changes in isotope ratios in the lower MgO basaltic andesites with differentiation suggest
assimilation of an isotopically distinct material. Thus the quantitative petrogenetic modelling

needs to explore combined assimilation and fractional crystallisation.

7.1 Fractional Crystallisation and High-MgO Dykes

Limited variation in initial Sr- and Nd-isotope ratios permit the basaltic dyke compositions with
> 5 wt.% MgO to be modelled as products of closed system fractional crystallisation (FC) with

no or little crustal contamination. Phenocrysts of olivine, clinopyroxene and plagioclase are

93
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Fipure 7.1: Mineral control lines using plagioclase, clinopyroxenc and olivine as dominant
fractiomating phases. The data cloud includes only the high-MeO samples from highest MeO
contents (Logies Bay dvke LB1) to approximately 5 wif: MO (Sir Lowry’s Puss dvke SL).
Composition of minerals determined by migraprobe analysis (Reid. 19900, Bottom right tri-
angle combines all three plots to produce a range of modal propodions, represented by the
osurlap of mineral control ficlds. Best fit regression lines through data produce mineral control
lines with mineral fractiomation mode represcnted by “x” on the figore. Labclled open symibols
(1,2 and 3) represent mineral modes determined by MIXER (Table 7.2)

commonly observed al the chilled marcgins of dykes. where these are identificd. Binary plots
of the more abundant major oxides have been wtilised 1o relate the compasitional trend lines
followed by the dvkes 1o combinations of the three major phenocryst phases (Figure 7.1). Al-
thoush the near lincar ¢loud of data poims represent 4 fun of projections through the range (solid
arrows in Fizure 7.1), the best estinate for the relative proportions of oliving | clinopyroxene
s plugioclase 1s 18 0 25 : 57, The overlap of the tields from the three binary plots predicts
a rapge of mineral proportions that ace broadly similar to mineral modes predicied by Mixer
fopen circles 1 and 2 in Figure 7.1, The third mineral modu predicied by Mixer (open symbol
numbyer 3) plots outside of the field detined in Figure 7.1, because olivine is no longer i frac-

tionating phase (sce discussion on Mixer results below), Application of crystallisation models

using the MELTS program (Ghiorso and Sack, 1945), adopting an Fe* /Fe?* ratio of (115



CHAPITER 7, PETROGENETIC MODELLING %3

Table 7.1 Partition coctficients of selected trace elements in plagioclase and clinopyroxene
taken from McKenzie and O Nions (1991, Tenner et al. ( 19933, Bindeman et al, {199%), Paster
et al {1974} and Villemant et al. (1981). The values listed here lic within the range of pub-
lished values for low pressure tholeiitic basalts as available from the online GERM partition
coeflicient database (htp:fearthref. org/GLERMY).

| Element | Clinopyroxene Plagioclase | Element | Clinopyroxene | Plagioclase |

Rb .01 0.1 (3l N3 (1066
Sr n.067 200 Th 030 006

¥ 0,72 003 Dy (.33 0.053
Zr 0128 (.01 Ho (.31 0.048
Bit 001 0.3 Er 0.3 n.041
La 0054 027 Tm (.29 n.036
Ce 0098 (.20} Yh (.28 0031
Pr 015 .17 L 028 0025
Nd 021 (.14 It 0233 Y3
Sm 026 011 Ta 0.04 1.0y

Fu 3l 073

predicted olivine, plagioclase and clinopyroxene phases as liguidus minerals, when applied to
samples from the least evolved dyke with the highest MgO content {e.g. sample [B-07 from
Logics Bay | dyvke with 7.4 w5 MeOy a relatnvely low peessures (1 kbar), Ohivine compos-
itions estimated by the MELTS program range trom Foge down to Fosg_ag. which 1s broadly
consistent with the observed runge (Foqz sqt (Rewd, 1990 According to MELTS, olivine dis-
appears from the liquidus assemblage at about 6% MgO (Millers Point dyke, MP) and this is
consistent with the absence of this mineral in the more differentiated dvkes.

Least squares mixing models for major elements were caloulated vsing the program Mixer
(based on the methodology of Bryun et al, 1269, Computation of least squares puxing as
one interval for the range 7.4 10 4.7 wi.% Mg0, spanning the high-Mz0 dyke group, did not
produce satisfactory results. Theretore, the compositional swite was sub-divided into three in-
tervals at 7.4 1o 7.0, 7.0t0 5.8 and 3.8 to 4.7 wt.% Mg0), to madel fractional crystalhsation of
the separate intervals individually in order to allow for changes in crystallising assemblages,
A sumnary of the results is shown o Table 7.2, Agrecment between computed and obscrved
compositions 1s measured by the swn of the sguares of residuals, with values of 0.05 - 0.32,
udicating a satisfactory to reasonable mateh, respectively, for the results shown in Table 7.2,

Intervals two and three were caleulated using the observed compositions of the dykes and not



Table 7.2: Leust squares mixing results, of selected intervals (1-3) covering the high-MpO compositional range. Samples used in calculations are
L.B-0O7 for Logies Bay | (LB1). LB-11 for Logies Bay 2 (LBZ). GCHS9-33 for Millers Point (MP) and GCHS9-39 for Sir Lowry's (SL} {see Table
6.1). Average olivine, clinopyroxene and plagioclase compositions from sample GCHE9-47 (Appendix D}, listcd ai the wp of the table. were used
in least squares calculations and are taken from microprohe results from sample GCHR9-47, which is from the Logies Bay dyke (see Table 4.2),
Relative imineral modes duning a feactional erysiallisation process are presented below the results. The percent of fractionation is given by the value
for (1 = F) = 100, where F is the proportion ol residual melt remmning after each fractionanion interval. n.d. = not determined.

Si02 Ti02 ARG FeQ Mn MgO Cao Na20 K20

Mineral compaositions {input)
Qlivine 36.48 0.00 0.00 32.67 0.51 3083 0.24 n.d. r.d,
Plagiaclase 49.74 n.d. 30.40 0.63 n.d. .12 15.02 2.84 014
Clinopyroxene 52,17 0.65 2.55 B.16 .20 1743 19,43 0.25 n.d.
Interval 1 (LB1 - LB2): 7.4 1o 7.0 wi®% Mg

Obs. 50.13 1,22 16.92 983 0.17 7.42 11.63 2.20 0.50

Calc. 50.10 1.14 1691 9.69 0.18 7.39 1171 2.38 0.45

DifF. -0.03 -0.08 -0.01 0.06 0.01 -0.03 0.08 0.18 -0.05 3R’ = 0.05

melt portion {F) = 0.67 (33% fractionation)

Interval 2 {(LB2 - MP}: 7.0 to 5.8 wt% MgO

Obs. 50.51 1.63 15.02 11.48 0.20 7.03 10.01 2.40 .66
Calc. 50.51 1.72 15.05 11.41 0.22 7.11 10.77 2.38 101
Diff. o.o0 .09 .02 007 002 0.08 076 -0.02 0.35 3R'=0.14

melt portion {F] = 0.79 {21% fractionation)
cumative melt portion (F) = 0.53 (47% fractionation)

Interval 3 (MP - 5L): 5.8 to 4.7 wi% MgO

Obs. 51.16 21 14.54 12.26 0.23 5.81 9.36 2.8 1.27
Calc. 51.22 203 1436 12.26 0.47 543 957 276 1.1
DiH. 0.06 -0.07 0.18 0.00 024 -0.38 o.n -0.04 -0.17 SR'=0.32

melt portion {F) = 0.64 {36% fractionation)
cumulative melt portion (F) = 0.34 {66% fractionation)

Mineral mode results Fl_aﬁindlu proportions
interval Qlivine Plagioclase  Clinopyrox. Magretite plag/(plag + cpx)
3 i3 G4 23 4] 0.74
2 10 a6 44 4] G581

3 Y 56 38 6 0.60

ONFTIFAOW M EANTDOH LA L ¥ LIVHD
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Tuble 7.3: Comparison of measured analysis and modelled values of selected trace clement compositions across the high-MgO group with sample
LB-07 as the stadting composition. Values were calculated using the Raleigh fractional erystallisation (see text). Partition coefTicients (1) for race
elements are shown in Table 7.1. Mclt portions {f) and mineral modes used to calculate bulk D for cach interval is taken from major clement
madels (Table 7.2). Olivine and muEm'liu: 1% taken as D = 0.000 for the clement list (see texi).
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Figure 7.2: Percent difference of trace ¢lement modelling for the 3 intervals defined for the
high-Mg) dykes. Shaded block indicates the average percent difference from 7 - 15%.

the resultant caleulated composition from the preceding interval, therefore the emor messure-
ments refer to calculations of its respective interval only and not a cumulative error, Various
combinations of mineral compositions swere computed vsing Mixer, Combining end-member
Favalite and forsteoite cormpositions as an ipat le inte the Mixer program, resulted ina range
of olivine compositions, but typieally the most agreeable results produced olivime conmposi-
tions of Fogs gy For plagioclase, least square calealations computing end-member anorthite
and albite compositions produced plagioclase compositions of Angs 79 for the most agree-
able computations in the tirst and sccond intarval. The third interval was considerably lower
{Alsn_ap), Which is inconsistent with microprobe analyses tor the high-Mp( dykes shown in
Chapter 4 {Angp_7n, Freure 4.3 The most apreecable results for all three intervals are shown
in Table 7.2 and were caleulated using the average mineral compositions from microprobe anga-
Iyses on mineral grain cores from the Logics Bay dyke sample GCH&9-47 (see Table 4.2). The
compositions are olivine a1 Fogs, plagioclase at Angy and clinopyroxene at Engg. Predicied
mineral proportions friom least squares mixing models show olivine featuring early, but disap-
pearing in later differentiates (xee also open cireles in Frgure 7.1). Fe-Ti oxades as magnetite has
been invoked in the end stages of dilferentiation {third interval) in order to compute agrecable
resubls,

Changes in trace element concentratons during fractional crystallisation can be modelied
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Figure 7.3: Plot of Rb/Sr vs Zr showing different dyke groups based on MgO content (2-5, 5-6
and 6-8 wi). Also plotted are gurves representing up to 70 % Rayleigh fractional crystallisa-
tion of a magma having the cotposinon of the from the dvke sample with the lowestZr cotenl
Intervals of 10% F are indicated along the curves for varying plagioclase and clinopyroxene
propactions, where the value shown nest o cach line represents the total proportion of pla-
moclase as a traclionaling phase (plagioclasef{plagioclase+clinopyroxeneg)) . Element partition
coctticicents are shown in Table 7.1.

using the Ravleigh fractonation cquation (Gast, 1968), where € ' = residual element concentra-
tion in the daughler rock, ¢ = original element concentration in the parent rock, £ = resicdual
mell portim (taken from major element least squares modelling, Tahle 7.2) and /3 = bulk par-

lition coefficient of the modelled elements {partition coctticicnts shown in Table 7.1) and the

equation is given by:
G Ay G

Results for trace element calculauons are show in Table 7.3 and, in geoeral, show a good
agreement between the caloulated and observed values with an average percent difference of 7
- 15% (Figure 7.2), The porcent difference is acceptable given the range in published partition
coefficient values for the clements that were calculated (htrpiéfcarthret org/GERMY), The low

proportion of magnctite in the fractionating assemblage (Table 7.2) with typically low partition

(1}

e —

e ——
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coefficient values does not introduce unacceptable errors (see Figure 7.2). Olivine and mag-
netite partition coefficients are set equal to 0.000, mostly acceptable for the elements listed in
Table 7.1. Models of fractional crystallisation trends for Rb/Sr and Zr are shown for varying
plagioclase proportions (Figure 7.3). The Rb/Sr ratio is one that may be affected by contamin-
ation or alteration. Alteration was assessed to be negligible in the fresh dolerite samples with
LOI of < 2 wt.%. Table 7.3 shows a large misfit between calculated and observed Rb and Sr
concentrations for the second interval (sample GCH89-33). The misfit and highest average
percent difference of 15% for the second interval can be explained by the anomalous dykes
identified within the range of 5 to 6 wt. % MgO (Millers Point (MP), Froggy Pond (FG1),
Oatland Point (FG2), Oudekraal 2 (OD2) and Robben Island (RI)), plotting away from the gen-
eral trend defined by the end-member samples from the dyke suite (see Chapter 6, Figures 6.5
and 6.6). Although these dykes show anomalies in various elements, their Sr and Nd isotope
ratios are within the range of the high-MgO group, which suggests that they are less affected
by assimilation and are modelled here as part or end of the FC process. Variations in the Rb/Sr
ratio can typically be used to test for fractional crystallisation throughout the differentiation
process, comparing observed chemical variations with modelled curves for different modes of
mineral fractionates, but considering the larger compositional range (e.g. variations in Rb and
Sr) of some of the dykes mentioned above, care needs to be taken when interpreting Figure
7.3. Individual curves do not explain the total variation of the high-MgO dykes and some
samples plot on or below the 100% clinopyroxene curve. The Rb/Sr vs Zr plot suggests a broad
range in fractionation of mineral modes of approximately 40 to 80% plagioclase and 60 - 20%
clinopyroxene. Although these results define a broad range, the mineral modes are in reason-
able agreement with least squares mixing models (Table 7.2). Most notably however, Figure
7.3 shows the clear departure of the low-MgO group from the high-MgO group, in having much
higher Rb/Sr ratios.

The geochemical variations of the False Bay dolerite magma for dyke samples with > 5
wt.% MgO are broadly consistent with closed-system fractional crystallisation (Tables 7.2 and
7.3). Most dykes with lower MgO concentrations (< 5 wt.%) are not consistent with a fractional

crystallisation model involving any ratio of plagioclase and clinopyroxene proportions (Figure



CHAPTER 7. PETROGENETIC MODELLING 101

7.3). Obvious changes in 87Sr/30Sr and 'Nd/!**Nd isotope ratios in the low-MgO group
further suggest an alternative model needs to be established to explain the chemical variation

of these more evolved dykes.

7.2 Crustal Assimilation in Low-MgO Dykes

Certain incompatible trace element abundances, trace element ratios and initial Sr- and Nd-
isotope ratios in the more differentiated members of the False Bay dykes (< 5 wt.% MgO)
show distinct departures from those expected of closed system fractional crystallisation. The
salient feature of these is the progressive change in initial 87Sr/®0Sr and '**Nd/'**Nd isotope
ratios with decreasing MgO concentrations (Figure 6.13 and 6.14), providing the best evidence
for assimilation during magma evolution. The change towards higher Sr- and lower Nd-isotope
ratios in the more evolved dykes, suggests that the material assimilated was continental crust.
Although the high-MgO group does not appear to be affected by a progressive crustal contam-
ination with decreasing MgO content from 8§ to 5 wt.%, it is important to note that even the
high-MgO dykes have higher initial Sr- and lower initial Nd-isotope ratios than Bulk Earth and
could already represent a contaminated parental magma prior to their intrusion. Fields for vari-
ous crustal provinces in south-western Africa have been added to Figure 7.4 for purposes of
identifying the most suitable source of contaminant. The variation for the Malmesbury Group
and Peninsula Granites of the Cape Granite Suite were determined from samples analysed in the
present study together with published Sr-isotope data from Allsopp and Kolbe (1965) and Nd-
isotope data from Buggisch et al., (2010). The Malmesbury Formation and the Cape Granites
are the most obvious candidates for crustal contaminants, as the False Bay dykes intrude these
rocks, and xenoliths of granite are found hosted in the dolerite dykes. As only the Peninsula
Granite of the Cape Granite suite is exposed at the Cape Peninsula and was sampled, reference
to Cape Granites in the discussion that follows is restricted to the S-type Peninsula Granites of
the Cape Granite Suite. Da Silva et al. (2000) showed similar éNd for both S- and I-type gran-
ites, therefore parts of the discussion could be pertinent to the entire Cape Granite suite, but the

details require further studies. In keeping with their Neoproterozoic - Cambrian age, the fields
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Figure 7.4: Initial Sr isotope and £Nd plor for the False Bay dyke swanm samples (FBDS) (all
data fields at 130 Ma), Open syimbaols from data collected from this study for the False Bay
dyvkes (squares), Malmeshury Group (frangles) and C'ape Granites (diamonds). The Sr range
(solid double-headed arrows) for the Malmesbury Group and Cape Granite felds is defined
by data trom Allsopp and Kolbe (1965). Range in £Nd (dotted double-headed urrow) for the
Malmesbury Group feld s fremm data published by Bugeisch et al, (20100, Fields for the Bush-
manland Terrane (Rewd etal., 19973, Richlersveld Subprovinee (Reid et al.. 1987 Reid, 1997),
Namibian Denties Bay Outjo dyke swarm - PO (Trumbull et al,, 2007) and MORB {1iof-
man, 19977 have been ineluded for comparison

fir Malmesbury Group and Cape Ciranite plot at an inlermediate £éNd. compared to that occu-
pied by older terranes such the Palaco- to Mesoproterozoic Wamaqua Province, represented by
the Richtersveld Subprovince ( 1.Y Ga)y and Bushmanland Terrane (1.2 - 1.0 Ga),

The felds of Namaqua-Natal Belt termanes cover o laree canee (Figure 7.4) and a swmple
ot the Bushmanland Terrane (Reid et al., 1997) was chosen to compare assimilation models
between Mesoproterozoic basement (with significantly lower Nd-isotope ratios) and that of
Neoproterozoic Malmesbury Group and Cape Granite basement.  Although it is clear from

the compositional range of existing Namagua-Natal Terrane data that vanous differznt mixing
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Figure 7.5: Plot ol 7St/ Sy vy RbySr showing compositional ficlds of Cape Granite (diamonds)
and Mulmesbury Group tupright triangles) samples and the Bushmanland Terrane (Reid et al.,
19973, Open symbols for Malmesbury Group and Cape Granite from this study, whereas Gilled
symbuols are from Allsopp and Kalbe (1965). The False Bay dyke swarm is divided into high-
and [ow-MgO groups (sec legend).
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Figure 7.6: Plot of " Nd/'**Nd vs Sm/Nd showing compesitional ficlds of Cape Granite (dia-
monds) and Malmesbury Group {upright trangles) samples and the compositional field of the
Bushmanland Terrane (Reid et al., 1997). Open symbols tor Malmesbury Group and Cape
Granite from this study, whereas filled symbols (Malmesbury Group only) are from Buggisch
et al. (2010} The False Bay dyke swarm is divided into high- and low-MgQ groups (sce
lesend).
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curves would result, the generally higher Sr-isotope ratos and paricwdarty the much lower
MNd-1sotope ratios cousistent for the older basement allow for comparison of modelled mix-
g and assimibation curves for sotopically distinet older Bushmanland Tervane and younger
Malmesbury Group and Cape Granite. The ¥ S8y and " Nd/"**Nd isotope ratios of the
dyke swarm are compared with crustal compaositions of Cape Granite, Malmesbury and Bush-
manland Gneiss in Figure 7.5 (for Rb-Sr) and Figure 7.6 (for Sm-Ndj. In the Rb-Sr systent
the dykes trend towards the Cape Granite Suite and the Malmesbury Group and are consist-
cnt with a mixing fine. The Malmesbury Group forms a wend paallel w that of the dyvkes.
where the higher STSASE rutios gencrally belong o shales and silistones {e.z. sample NM-
012} and the lower 7818 ratios correspond Lo greywacke (e.g. MM-OG1). Mixing of the
magma with pure greywacke suggests that the most differentiated dykes, which overlap with
STSEASr isotope and Rb/Sr ratios of greywacke, o be 100% greywacke. while increasing pro-
portions of shalefsiltstone would decrease the required amount of assimilation - a more likely
model, Bushmanland Terrane gneisses form an array with a much steeper slope with higher
ratios of Rb/Sr and *"8r°Sr. 1t is likely that the Namagua-Natal Provinee as a whole has a
much broader spread in trace element composition and radiogeme isptope ratio than represcn-
ted solely by the Bushman|and Gneisses. and the models should be tuken only as an indication
of the different effects of Meso- lo Neoproterozoic assimilation. A plot of " Nd/'™Nd vs
Sm/Nd ratios shows a less well defined trend compared to that of the ¥ St Sy v Rb/St plot
{Figure 7.5}, but similarly the low-MgO eroup plots towards crustal compositions (Figure 7.6).
All three crustal compositions fulk within the arcay of mixing lines that coutd account for the
compositional change from high- w low-MgO dykes.

Simple mixing curves caleslated using the equations by Langmum ct al, (1978) lor both
trace elements and radiogenic isotopes are shown in Figure 7.7, As the high-MgO dykes arc
shown to he consistent with essentially closed-system fractional crystallisation, mixing curves
are caleulated ssing a dyke with intermediate Mg comtent (OD2 with 5.2 wi% MgO) In
Figure 7.7 the low-Mg0) dykes. which were analysed for Sr- and Nd-isotope ratios are also
plotied and the most evolved dyke (C12 with 2.7 w5 MgO) s labelled along with QD2 1w

show the Teast and most evolved of the low-MeO dyvkes. The most evolved dyke, CP2, also



Table 7.4, Concentration data nsed for simple mixing medels in Figure 7.7. Dara for Bushmanland sample NF-66 [rom Reid et al. (1997).
Composition of low-Mgz0 dykes plotted in Figure 7.7 are also shown i order of decreasing MeO.
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Figure 7.7: Selected trace element ratio (1, b} and 5t- and Nd-isotope ratio (¢} simple mixing
curves (Langmuir et al., 1978) Mixing was calculated using & dyke with intermediate MgO
concentration (QTY2 with 5.2 wi% MpO) and mixing with Malmesbury (samples MM-001 and
MM-U12, open diamonds), Cape Gramite {samples CI-E and CG-Al, hlled dismonds) and
Bushmunland Terrane gneiss (sample NF-66 (Reid et al., 1997), dashed line, solid diamonds).
Ticks on curves are shown at 1% mixing increments (diamond symbol). Low-MeQ dyke
samples shown in grey squares and sample GCHE9-07 {CP2) indicates the most evolved dyke
composition.
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shows the most extreme Sr- and Nd-isotope ratios of the dyke suite (Figure 7.7¢), however
in Figure 7.7a and b, CP2 does not show the most evolved Rb/Y, Rb/Sr and Sm/Nd element
ratios. Although it is clear that not a single mixing curve can account for all of the variation
in the low-MgO dykes, individual samples could be explained by a combination of mixing
curves involving both Malmesbury and Cape Granite. The plot of Ba/Sr vs Rb/Yb shows the
best agreement with the sample MM-001 from the Malmesbury group of up to 70 % mixing,
whereas a smaller 10 to 20 % of mixing is shown with samples NM-012 from the Malmesbury
Group and/or Cape Granite (Figure 7.7a). Element ratios of Rb/Sr and Sm/Nd show mixing
proportions of 10 to 30 % Cape Granite and Malmesbury to account for the variation seen in the
dyke suite (Figure 7.7b). Observed variations of the Sr- and Nd-isotope ratios in the low-MgO
dykes correlate to about 50 to 60% mixing with Cape Granite and sample NM-012 (Figure
7.7¢). Although some samples can be adequately explained in one plot, overall the mixing
patterns are inconsistent for trace elements and isotope ratios, in that the degrees of mixing
vary considerably between the different modelled curves: for example 20% for trace element
ratios and 50% for isotope ratios. Compositional heterogeneity of the country rocks, which
is not covered in the simple mixing models above, or mixing of multiple components could
overcome this lack of fit. Nevertheless, mixing with either Cape Granite and/or Malmesbury
Group to an extent of 60%, which is required to explain the isotope ratio variations, is unlikely
to be consistent with the observed range in trace element ratios that relate better to smaller
amounts of mixing (Figure 7.7a and b) and dyke magmas would be unlikely to maintain a
less evolved basaltic andesite composition of the low-MgO dykes with respect to their major
element compositions.

It is accepted that assimilation of crustal material (specifically at larger quantities of assim-
ilation) is achieved by melting and therefore is an endothermic process resulting in cooling and
therefore crystallisation of the magma (e.g. Thirlwall and Jones, 1983). Contamination of hot
basaltic magma is likely to be accompanied by cooling and resulting fractionation when assim-
ilating crustal rocks, making a simple mixing model unrealistic. Rather, combined assimilation
and fractional crystallisation (AFC) modelling is applied here to assess the amount of assim-

ilation and the nature of the crustal component involved. DePaolo (1981) presented a model
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that describes both assimilation and fractional crystallisation. The concentration of a selected
element during assimilation and fractional crystallisation is governed by the equations below,
where G, = concentration in melt, C; = concentration in residual melt, dC,, = change in ele-
ment concentration during AFC, F = residual melt portion, C, = concentration in assimilant,

r = mass assimilation/mass fractionation, and D = bulk partition coefficient:
dCp/d(InF) = £5Co—2Cp

where:

r+D—1
r—1

and:
C=C,,+dCy

Similarly for isotope ratios DePaolo (1981) defined the equation below, where E,, = ori-
ginal isotope ratio of magma, E; = isotope ratio in residual magma, dE,, = change in isotope

ratio during AFC:
dE, /d(InF) = 25Co/Cp* (Eq — Ep)
and:
Ey=E,+dE,

Equations (4) and (6) are then used to calculate element concentration and isotope ratio vari-
ations at 10 % intervals of differentiation, which are defined by the residual melt portion (F).
Figure 7.8 shows the effects of AFC observed from modelled curves with a starting composition
of a dyke with an intermediate composition of 5.2 wt.% MgO (0OD2, sample GCH89-45), which
has equal trace element ratios and isotope ratios to the high-MgO group (i.e. mostly unaffected
by assimilation). Resulting curves for AFC involving contaminants of Cape Granite, Malmes-
bury Group and Bushmanland Gneiss are shown in Figure 7.8. Simple mixing lines for Cape
Granite and Malmesbury Group are also shown. Bulk partition coefficients are calculated for
fractional crystallisation of 60% plagioclase and 40% clinopyroxene (Table 7.5), based on the

assumption that the FC portion of differentiation in the low-MgO dyke group is broadly similar

(2)

3)

4)

&)

(6)
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Table 7.5: Input data for AFC modei (Figure 7.5). Bulk partition cocficients for trace elements
catculated Tor 60% plagioclase and 40% clinopyroxene fractionating modes. This ratio is based
on the FC portion of the model being broadly similar to the resubts for high-MeO group of dyke
compositions (see text, Figure 7.1 and Fable 7.2 tor details).
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to what has been used in the hieh-MpO) FC models, The caleulations are done at 10% crystal-
lisation increments used to construct the curves, A critical variable in AFC maodels is the mass
assimilation / mass crystallisation ratio () and curves are labelled aceording to their respective
r-value, Given the same r-value, assimilation of granite resubts n a higher *7Se/*Sr for a eiven
F compared to the Malmesbury Group, whereas the opposite is true for ™*Nd/"™*Nd. Even the
hizh mass assimilation to crvstallisation ratio (r = (L4 used to caleulate AFC curves involving
these assimilants does not reproduce the most extreme isotope ratios of the low-MgO) dykes,
which at 70% crystallisation implics that 28% of the differentiation iy altributed to assimil-
ation. The alternative source suggested here, the Mesoproterozoic Namaqua-Natal Province
(using the Bushmanland Goeiss as an example), produces a more satisfactory 0t 1o the models
for both *'Sr/**Sr and NN isotopes. Using a Mesoproterozoic hasement sample as
the contaminant, results 17 a model with a lower mass assunilation o crystallisation ratio (t =
.1 to 0.2), requiring less than hall the amount of assimilation al a given stape of fructionation
compared to assimilation of Neoproterozoic Malmesbury Group or Cape Granite. Although
ncither maodel exactly reproduces ail of the observed values of the low-MgO dykes, Figure 7.8
hghlights the more reasonable fit of the model using a Mesoproterozoic contaminant.

The above model was calculated from one sample (GCHE9-45 from dyke O2) and it
is likely that this dyke does not represent the parent magma for all of the low-MgO dykes and
from the model it is ¢lear that not one single curve will be able W explain every evolved sample,
Possifly the Sm/Nd ratio (and also the Rb/Sy ratio) of the assimilant (or assimilants} is variable
and defines rather a ficld, which encompasses the actual contaminant. Further, the modelling is

based only on the Rb-Sr and Sm-Nd isotope systemns, Although not all trace element variations
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Fizure 7.8: Assimilatiom and fractional erystallisation models of magma evolution in the False
Bay dyke swarm. Madel AFC curves start from sample GCOHBS-45 with 5.2 wt 58 MeO (dyke
0D2), and represent a range of T= 1 w .3 (3% melt remaining), with uc marks at inter-
vals of 105, Labels indicate the crustal component and r-value used [or each curve (CG-Cape
Granite. MM-Malmesbury metasediments, BML-Bushmanland pneiss), The arrows labeled FO
show trends [or fractional crystallisation only. (a) The Rb-Sr model results are not consistent
with assimilation of Cape Granite and Malmesbury Formation, but are consistent with assim-
ilation of Bushmanland Goeiss. Binary misxing of Cape Granite and Malmesbury are shown
(dashed Fines). (b) The Sm-Nd data plots with a first stage magma cvolution of no change in
Nd isotopic composition (high-MgO samples), after which crustal assimilation progressively
lowers "N HNG ratios. AFC models starting [rom sample GCHR9-45 (labeled curves with
tic marks) show that Bushmanland poeiss can produce the observed Nd- isotopic range at mod-
crate r-value of 0.2, whercas the Cape Granite and Malmesbury curves do not reach the most
evolved 150tope rutios, even fur r = 004, Bulk partition cocfficients used in the caleulations are
given in Tahle 7.5. Compositional data are [rom Cape Granite {sample CJ12) and Malmesbury
Group (sample NM-012), and for Bushmanland Gociss (Reid et al, 1997) (Table 7.5).
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show the same distinction between Meso- and Neoproterozoic assimilants, many incompatible
trace elements and trace element ratios show distinct variations in samples with < 5 wt.% MgO.
The departures of trace element ratios in the low-MgO group from the high-MgO group are also
indicative of contamination and are included here for completion. One example is the Ce/Pb
ratio (Figure 6.7D), which decreases from 8 in the high-MgO samples to 5 in the low-MgO
samples. The lower Ce/Pb ratio can be explained by a greater increase of Pb compared to the
increase of Ce, by assimilating an enriched crustal source, which would have had lower Ce/Pb
ratios (Hofmann, 1989). Figure 7.9 highlights the Nb-Yb-Th relationships, with the high-MgO
group plotting at the upper limit of the mantle array, whereas the low-MgO group plots between
the mantle array and the continental crust on a sub-vertical trend away from the less evolved
dykes. Element ratios of Th/Yb and Nb/Yb show a narrow range in the least evolved dykes (6 to
8 wt.% MgQO), whereas the dykes with 5 to 6 wt. % MgO composition (dykes RI, MP, FG1 an
FG2) define a linear trend nearly parallel to the mantle array with the 6 to 8 wt.% MgO cluster
at its centre. The dykes that occupy the range from 5 to 6 wt. % MgO were identified in earlier
element plots (Figures 6.5 and 6.6) in having anomalous compositions and these same dykes
are identified and labelled in Figure 7.9. The low-MgO dykes show a broader compositional
range compared to the 6 to 8 wt. % MgO dykes. The field defined by the low-MgO dykes
defines a migration of the magma composition towards crustal components from the cluster
of the high-MgO group (see arrow in Figure 7.9). Pearce (1982) used a similar plot (Ta-Yb-
Th) to discuss crustal contamination and differentiation vectors, but Nb instead of Ta (Figure
7.9) is preferred here, because of the greater availability of Nb data for some of the crustal
sources. Substituting Nb for Ta is suitable for these samples as Nb and Ta both show similar
incompatible behaviours across the compositional range, even in the anomalous dyke samples:
see plot of Nb vs Zr (Figure 6.6¢c) and Ta vs Hf (Figure 6.7a), where Hf and Zr show a strong
positive correlation (Figure 6.6¢).

A possible explanation for the misfit between modelled and observed isotope ratio vari-
ations is that the AFC model, as used above, represents a bulk assimilation process. Mixing
with partial melts from, inter alia, Malmesbury Group, Cape Granite and Bushmanland Gneiss

could be a more realistic contamination processes that would account for higher incompatible
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MORDB (Hotmann, 1997) and Primative Mantle (PM) (Pearce. 1982) are included for compar-
ison. Robbhen Island (RI). Millers Point (MP). Froggy Pond (FG) and Oatland Point (FG) dvkes
are labelled.
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trace element input for smaller amounts of assimilation. Partial melting is well documented in
the literature (Zeng et al., 2005; Vasquez et al., 2009), where partial melts from the wall-rock
or engulfed wall-rock material are mixed into the magma, leaving a restitic wall-rock material
that 1s not mixed into the magma. Different elements are concentrated into specific minerals
(Sr for example is preferentially concentrated into feldspar), but of particular significance is
the fact that other trace elements such as Sm and Nd are bound into accessory phases (zircon
or xenotime). For example, partial melting of feldspar into an intruding magma would have
profound affects on Sr concentrations, whereas Sm and Nd concentrations would not change
by assimilation of many major phases such as feldspar. Therefore, addition of many trace ele-
ments into the magma is restricted to the melting behaviour of their respective minerals in a
particular rock (Zeng et al., 2005). This means that for certain refractory minerals (like zir-
con) disequilibrium melting can result in the partial melt having a lower Zr (and other trace
elements) content than application of batch melting equations would suggest. Assimilation is
a far more complex process than modelled here and in order to produce a more comprehensive
model, more information about the crustal sources is required than is currently available.
However, the mixing and AFC models (Figures 7.7 and 7.8) do show an important differ-
ence involving contaminants of Malmesbury Group and Cape Granite compared to an older
Namaqua-Natal Province rock, such as the Bushmanland Gneiss. Mixing curves incorporating
Malmesbury Group and Cape Granite (Neoproterozoic) contaminants show that a much higher
proportion of the assimilant is required to achieve the observed change in isotope ratios (50-
60%) compared to mixing with melts of the Mesoproterozoic Bushmanland Terrane (10-20%).
Similarly, the AFC models show that a lower assimilation/fractional crystallisation ratio (r) in-
corporating a Bushmanland Terrane contaminant (r = 0.1 to 0.2) achieves a better fit to the data
compared to contamination of the Malmesbury or Cape Granite (r = 0.4). Within the scope of
this study it is only possible to speculate on how partial melts from these different rocks could
differ. But, based on the relatively narrow range of Nd-isotope ratios for each Neo- and Meso-
proterozoic terranes and the large difference between them, assimilation or mixing of a partial
melt of Cape Granite would probably require a higher assimilation/fractional crystallisation

ratio relative to assimilation of a partial melt from the Namaqua-Natal Belt (e.g. of the Bush-
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manland Gneiss). Hence, for the purpose of this study the models sufficiently illustrates the
assimilation restrictions between Meso- and Neoproterozoic basement, as well as support an
assimilation model for the low-MgO False Bay dykes. Whereas studies of mixing, assimilation
and/or fractional crystallisation have been much reported on in the literature (e.g. Langmuir
et al., 1978; DePaolo, 1981; Pearce, 1982; Thirlwall and Jones, 1983) with variable degrees
of success, it must be noted that this thesis lacks a comprehensive geochemical database both
in terms of parameters (e.g. additional isotope measurements such as oxygen, lead, hafnium,
osmium), as well as limited samples that were analysed due to limited dyke exposure, although
the magnetic signature suggests more dyke occurrences (Day, 1987). In addition, the presence
of seemingly anomalous outliers in many geochemical plots (the Robben Island dyke is prob-
ably the most notable) shows a more complicated transition from high- to low-MgO dykes in
the transition from FC to AFC processes. Therefore, this work provides possible causes for the

general trends only and the detail will have to await a more in-depth study.
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Discussion

8.1 Tectonic Setting and Intrusion Dynamics

The Cretaceous age of the False Bay dyke swarm (ca 130 Ma Reid et al., 1991) indicated that
it is not related to the Karoo igneous province (Duncan et al., 1984, 1990) and thus appears
to be related to the 138 - 128 Ma Etendeka - Parana igneous episode (e.g. Renne et al.,
1996a,b; Jerram et al., 1999; Kirstein et al., 2001; Trumbull et al., 2004b.a) that preceded the
breakup of western Gondwana (e.g. Niirnerg and Miiller, 1991). The general NW-SE trend of
the dyke outcrops is consistent with the regional magnetic anomaly pattern of the dyke swarm
established by Day (1987). The orientation of the dykes also follows the regional development
of tensional joints and faults developed in the Table Mountain Group (Figure 3.5). Few dykes
have been noted to deviate from the regional trend at the outcrop scale and intrude along older
Cape Orogeny structures (Walker, 1956). The older structures developed in the Malmesbury
Group, related to the Saldania Belt, are cut by the dyke on Robben Island (Rowe et al., 2010)
parallel to the regional trend of the dyke swarm (Figure 3.28-[4]). Therefore, crosscutting
relations and most specifically the 130 Ma intrusion age (Reid et al., 1991) are consistent with
the formation of the False Bay magmatism being related to the Cretaceous palaeo-rift and
breakup of western Gondwana.

Two deep seismic profiles from the region provide insight into the structures and compos-

ition of the deeper crust that are relevant to this discussion. One profile oriented ENE-WSW
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crosses the continental margin near Springbok, about 700 km north of Cape Town (Hirsch
et al., 2009), and 400 km east of Cape Town the other profile trends north-south across the
southern margin (Stankiewicz et al., 2007; Lindeque et al., 2011). Both profiles indicate a high
velocity layer at the base of the 35-45 km thick crust, which was suggested by Trumbull et al.
(2007) and Stankiewicz et al. (2007) to indicate under-plating of breakup-related gabbroic in-
trusions. The under-plated mafic intrusions are a possible equivalent of the parental magma
that gave rise to the intruding dolerite dykes. Basaltic liquidus temperatures are well known
from experimental data to be around 1300°C at 15 kbar (e.g. Kogiso et al., 1998). Trumbull
et al. (2007) highlighted the contrasting thermal characteristics along the Atlantic margin using
petrogeophysical modelling and contrasting MgO concentrations, where the temperature of the
False Bay magma was approximately 1300°C, compared to the hotter (1560°C) inferred tem-
peratures for the Namibian HOD dyke swarm. The hotter magma and higher MgO contents in
the north is postulated to be associated with the presence of the Tristan Plume (Emesto et al.,
2002), possibly the initial driving force of the breakup of western Gondwana (Morgan, 1981).
The plume, however, had no or minimal influence on the dyke swarms and associated gabbroic
intrusions further south (Trumbull et al., 2007), which they interpret as being the major influ-
ence on the less voluminous magmatism south of the HOD towards False Bay. The contrast in
magmatism between north and south is also shown in a deep-seismic profile directly related to
the Henties Bay Outjo dyke swarm area in Namibia (Bauer et al., 2000), which shows the same

high velocity anomaly at nearly twice the thickness than that farther south.

8.2 Magmatic affinity

The geochemical patterns established for the False Bay dyke swarm indicate parental magmas
that were sub-alkaline basaltic with relatively high Fe/Mg ratios typical of tholeiites. Variation
in elements such as TiO, Zr, Y and Nb in basalts have been used to define separate magma
types (Reid, 1990; Trumbull et al., 2007), perhaps produced from different source regions or
by degrees of partial melting (Pearce and Norry, 1979). Limited variation in the abundances of

these elements at 5-8% MgO, together with relatively homogeneous initial Sr and Nd isotope
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ratios restrict the range in possible magma types present in the False Bay swarm. Comparison
to other major dyke swarms shows similarities in trace element ratios and normalised element
ratios with the Lesotho type (defined by Duncan et al., 1984) of the Karoo dyke swarms (Reid,
1990) and the Tafelberg type (defined by Marsh et al., 2001) of the Henties Bay Outjo dyke
swarms (HOD) (Trumbull et al., 2007). These authors and others have suggested that these
basaltic magmas were sourced from the sub-continental lithospheric mantle that was heated
by the uprise of sub-lithospheric plumes and/or the convecting mantle during passive rifting
(Reid, 1990). The False Bay dyke swarm is set apart by limited element ratio variations in the
high-MgO group, whereas both the Karoo and the HOD define various fields of element and
isotope ratios (e.g. three defined groups of the HOD are circled in and Figure 7.4). An age gap
of approximately 50 Ma (Reid et al., 1991) precludes any magmatic relation between the False
Bay and Karoo dykes, but Trumbull et al. (2007) argued that similar mantle regions produced
both the Tafelberg type and False Bay dykes, the same could be suggested for the Lesotho type
of the Karoo.

From field and petrographic observations there is no compelling reason to separate the high-
MgO (basalts) from the low-MgO (basaltic andesite) dykes in the FBDS. They show no system-
atic crosscutting relationships, possess common mineral assemblages and share amygdaloidal
textures that preclude any major difference in emplacement depth. It is therefore argued that
the FBDS represents a single magma type similar to the HOD Tafelberg or the Karoo central
types, but displays distinctive chemical characteristics due to its petrogenetic history discussed

below.

8.3 Petrogenesis

The False Bay dyke swarm includes relatively differentiated tholeiitic basaltic andesites, which
require derivation from a basalt parent by combined assimilation and fractional crystallisation
(AFC). Trumbull et al. (2007) eluded that AFC was a likely process involved in more evolved
differentiates and this study shows the different petrogenetic processes that predominately gov-

erned two groups of the False Bay dykes. Assimilation of crustal material is best explains
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the radiogenic isotope patterns while fractional crystallisation is required to produce the very
low Mg# values of < 30, depletion in compatible trace elements (Ni, Cr, Sr, Eu), as well as
enrichment in immobile incompatible trace elements (Zr, Nb, Y, LREE). Geochemical vari-
ations in the dyke suite form a well defined and continuous differentiation trend from high- to
low-MgO dykes as shown in the previous chapters. One unique pair of dykes (LB1 and LB2,
Figure 3.14) is in agreement in relative age between geochemical variations and cross-cutting
relations, in that LB2 is the younger (intrudes LB1 and shows a quenched margin) and more
evolved dyke (lower MgO content). Clifton is the only other location where crosscutting dykes
are observed (Figure 3.10-[7]). Unfortunately crosscutting dykes at Clifton were not sampled,
and the samples that were collected from Clifton (LB-40 and LB-43) are of dykes that do not
intersect (see Chapter 3, dykes CL1 and CL2). Therefore, the comparing relative emplacement
timing with degrees of differentiation cannot be further assessed here.

The False Bay dyke swarm has a range in compositions that require a two-stage evolution
based on the geochemical variations with decreasing MgO. The high-MgO dykes (5-8%) have
constant isotope ratios and can be explained by closed-system FC. The low-MgO dykes (< 5
%) require an open system process such as AFC to account for an increase in Sr- and a de-
crease in Nd-isotope ratios. Initial differentiation of the False Bay dolerite magma, recorded
in the high-MgO dykes, evolved via closed-system fractional crystallisation of mainly plagio-
clase and clinopyroxene with diminishing contribution of olivine. Fractionation of abundant
plagioclase within the parent magma suggests a relatively low-pressure regime of less than
40km depth (~13 kbar). Seismic profiles show under-plated gabbros at depths of 10 to 30km
(Bauer et al., 2000; Hirsch et al., 2009), which are thought to be the host magmas of the Creta-
ceous dyke swarms (Trumbull et al., 2007) and are in good agreement with the depth (pressure)
range for plagioclase fractionation. The observed changes in Sr- and Nd-isotopes in the low-
MgO dykes are related to assimilation of crustal material (Figure 7.4). The relatively smooth
and continuous pattern of geochemical variations, specifically the progressive near linear trend
of Sr- and Nd-isotopes towards crustal values (Figure 6.14), as well as spatial relations and
common petrographical features of both high- and low-MgO dyke groups are consistent with

a genetic link between the two, although the differentiation process for each group differs.
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The marked geochemical variations in the low-MgO dykes are compared with AFC models of
magma with similar geochemical characteristics to a dyke with intermediate MgO content (e.g.
OD2 with 5.2 wt.% MgO) that progressively assimilates crustal materials during further frac-
tional crystallisation. Although the petrogenetic modelling in Chapter 7 does not account for
all of the variation seen in the low-MgO dykes, the model curves do show that chemical vari-
ations in the low-MgO dykes are consistent with assimilation of crustal material. Assimilation

of various crustal materials and speculation on deeper crustal sources are discussed below.

8.3.1 Assimilation of Mesoproterozoic Crust

The most differentiated dykes of the False Bay magma (< 5 wt.% MgO) show evidence for
crustal assimilation, which is discussed in this section. Although the high-MgO dykes can be
modelled by closed-system fractional crystallisation, it is possible that the parental magma was
already contaminated, giving rise to the increased Sr- and decreased Nd-isotope ratios of the
high-MgO group relative to Bulk Earth. The low-MgO dykes plot at lower Nd- and higher
Sr-isotope ratios than the high-MgO dykes (Figure 7.4) and the change in isotope ratios is
correlated with a progressive decrease in MgO (Figure 6.13). Changes in trace element ratios
and isotope ratios from the high-MgO group to the low-MgO group define a trend towards
compositional fields of crustal materials (Figures 7.9 and 7.4). The results presented in this
study are consistent with models involving assimilation of Mesoproterozoic crust (with lower
Nd-isotope ratios) as opposed to models involving assimilation of the younger rocks of the
Cape Granite or Malmesbury Group. Nevertheless, the dykes in the field occasionally contain
certain country rock xenoliths, mostly in the form of Cape Granite (e.g. Oudekraal 1, Millers
Point and Froggy Pond). These xenoliths are fresh and competent in exposures and show no
clear evidence of melting or mixing into the dolerite magmas, rather the xenoliths have sharp,
unaltered edges, which are parallel to the dyke walls, therefore consistent with brittle side wall
stoping.

Compositional variations in the Namaqua-Natal Belt are very diverse, even within indi-
vidual terranes (Figure 2.2), and assimilation of other and/or multiple sources could likely

define AFC models with a better fit to the dyke compositions of the low-MgO group. The
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models of assimilation of melts derived from Mesoproterozoic terranes better explain the com-
positional variations of the low-MgO dykes than models involving the assimilation of melt from
Neoproterozoic terranes.

Assimilation of a Namaqua-Natal equivalent basement into the intruding magma that fed
the False Bay dyke swarm, would imply that there is a likely deeper crustal unit below the
Malmesbury Group and Cape Granite, which is of similar geochemical and isotopic composi-
tion to that of the Bushmanland Terrane and/or other Namaqua-Natal Province terranes. Even
though the Malmesbury Group and Cape Granite likely exist to depths of at least a few to 10s
km (the exact depth-extent is not known), the Mesoproterozoic isotopic signatures are a bet-
ter candidate to model the more evolved dykes, mainly due to smaller volumes of the required
contaminant. A study of the deep seismic profile to the east of Cape Town is consistent with the
extension and presence of the Namaqua-Natal belt rocks at depths as far south as the Agulhas
Fracture Zone (Lindeque et al., 2007, 2011), which south of False Bay traces west across the
Atlantic Ocean to the Falkland Islands (Ben-Avraham et al., 1997).

Melting of granitic country rock along the path of the intruding FBDS magma is a distinct
possibility. Deep seismic profiles show the presence of high-velocity zones at approximately
30 km depth along the Atlantic continental margin (Bauer et al., 2000; Hirsch et al., 2009),
suggesting the presence of significant basaltic material within the rifted crustal profile. The
melting curve of granites are such that at about 10 kbar melting will begin at temperatures
around 650°C (if water saturated), and is not influenced by small pressure variations (Boettcher
and Wyllie, 1968). Solidus - liquidus temperatures of water under saturated granites at 10kbar
are 760°C - 1160°C respectively (Huang and Wyllie, 1973).

It can be argued that the temperatures of basaltic magmas would provide sufficient heat
to raise the crustal units above their solidus, thereby producing partial melts that could be
assimilated. For the incorporation of crustal material into the FBDS magma to be restricted
to the more differentiated basaltic andesites, could be explained by a progressive build up of
heat during the magmatic event. Only after the establishment of a significant magma chamber
(perhaps accompanied by significant closed system crystal fractionation) could the country rock

be rendered reactive by partial melting and gain access to the system.
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Conclusions

A series of dyke suites along the Cretaceous western Gondwana palaeo-rift that separated South
America from Africa provide evidence for compositionally and volumetrically variable magma
generation along the Atlantic continental margin. The False Bay dyke swarm is the southern-
most exposed dyke suite and represents a tholeiitic low-Ti-Zr basaltic magma type similar in
composition to the Etendeka HOD Tafelberg magma type (Trumbull et al., 2007) and the Karoo
Central type (Duncan et al., 1984). At False Bay a restricted range in magma types represents
the Etendeka large igneous province and relatively low volumes of dykes are preserved, unlike
the polygenetic voluminous magmatic system developed further north in Namibia (Trumbull
et al., 2007).

The False Bay dykes have compositions that show a continuous range from basalt to basaltic
andesite, which can be explained by a magmatic differentiation model that involves evolution
from a fractional crystallisation dominated system (high-MgO dyke group, 8 - 5 wt. % MgO)
to that of a differentiation process involving both fractional crystallisation and assimilation
(low-MgO dyke group, < 5 wt. % MgO). The high-MgO dykes were produced from a par-
ental magma that experienced closed-system fractional crystallisation of a gabbroic mineral
assemblage dominated by plagioclase and clinopyroxene, accompanied by olivine in the early
stages and by magnetite in the later stages. Build up of magma in the crust is assumed to result
in a temperature rise that increased the chances of assimilation of the intruded country rock,

possibly assisted by partial melting. Evidence for assimilation is shown in trace element ratios
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and Sr- and Nd-isotope ratios, in that the low-MgO dykes plot towards crustal compositions,
relative to the high-MgO dykes. The effects of crustal contamination are not observed in the
less evolved dykes, although it is possible for the magma to have been already contaminated.
Despite field and petrographic evidence indicating the mechanical incorporation of local
country-rock into the intruding dykes, in particular the S-type Peninsula Granite of the Cape
Granite Suite, the compositional characteristics of the low-MgO dykes are not consistent with
the granite being the prime contaminant. Mixing curves incorporating Neoproterozoic Cape
Granite and/or Malmesbury as contaminants indicated higher amounts of contamination was
required (50-60%) to replicate the Sr- and Nd-isotope ratios, compared to approximately 20%
contamination that is required for most of the trace element variations. In order to restrict the
amount of contaminant to ~ 20% and in keeping with the observed major and trace element
variations, it was necessary to invoke an older crustal source as the contaminant, such as the
Bushmanland Terrane gneisses. The Mesoproterozoic Namaqua-Natal Bushmanland Terrane
displays higher Sr-isotope ratios and more specifically lower Nd-isotope ratios compared to the
Malmesbury Group and Cape Granite. Contamination of the False Bay magma by a melt of
the Bushmanland Terrane does not account for the all of the chemical variations seen in each
of the low-MgO dykes, but mixing curves for the incorporation of an older Mesoproterozoic
basement do sufficiently demonstrate that a smaller portion of the contaminant is required to
replicate the Sr- and Nd-isotope ratios of the most evolved dykes (e.g. Chapman’s Peak 2
dyke). While this older source is not exposed in the Cape Peninsula, there is ample evidence
that Mesoproterozoic gneisses of the Namaqua-Natal crustal Province underlie the Neoprotero-
zoic rocks in the area. Unconformities between sequences of similar age of the Malmesbury
Group and Namaqua-Natal basement are documented in southern Namaqualand (e.g. Gresse
and Scheepers, 1993) and their presence has been detected in geophysical surveys of the south-
ern Cape region (Lindeque et al., 2011). Therefore, it is likely the host magma of the False Bay
dyke swarm interacted at depth with crustal units that are compositionally (and isotopically)
similar to the Bushmanland Terrane, or other Namaqua-Natal Province terranes, to produce the

compositional variation that is observed in the more differentiated low-MgO dykes.
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9.1 Future Complementary Research

Variations in element ratios of Ce/Pb as well as high U and Th trace element abundances associ-
ated with the low-MgO group (Figure 6.7), suggest that the U-Th-Pb isotope system similarly
reflects the genetic change in the differentiation process of the False Bay dyke swarm from
fractional crystallisation to one where assimilation becomes more inherent. To compliment
the research presented in this study, future work should focus on the U-Th-Pb isotope system
to complete the isotopic data set, which was unable to be accomplished during this study due
to unforeseen circumstances that delayed analytical procedures. Trumbull et al. (2007) pub-
lished Pb isotope data for selected False Bay dykes, but these did not cover the more evolved

low-MgO samples, thus do not help refine the contamination model presented here.
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Appendix A

XRF data of complete sample set

The complete False Bay dyke swarm XRF data set. The trace elements reported here are also
measured by XRF and were used for comparison to the new ICP-MS data collected for this

study (shown in Chapter 6).
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Sample LB-01 LB-02
Location LB1 LB2
XRF Major elements (wt%)

Si02 48.6 50.2
TiO2 1.45 1.55
AI203 15.1 14.8
Fe203 120 11.8
MnO .19 0.19
MgO 7.62 6.68
Ca0 109 104
Na20 2.25 2.30
K20 0.16 0.75
P205 0.23 0.27
H20- 0.94 0.93
LOI 1.47 1.10
Total 100.86 101.09
XRF trace elements {ppm)

Nb 10.8 136
Zr 102.4 142.8
Y 30.0 33.5
Sr 180.9 211.8
Ba 82.1 2220
Sc 40.0 38.3
Co 571 55.1
Cr 292.9 132.6
Vv 2712 283.5
Zn 97.9 96.6
Cu 99.1 914
Ni 83.8 68.9
S 1251 2017

LB-03
LB2

50.5
1.70
15.1
12.0
0.19

0.93
100.89

15.9
146.4
35.1
236.1
228.6
348
496
177.0
266.5
85.7
7.7
61.2
1095

LB-04
LB1

49.7
1.33
16.3
11.2
0.18
7.22
11.0
227
0.61
0.20
0.46
072
101.20

94
91.9
26.3

209.5
185.0
34.1
50.4
285.6
2223
77.0
88.1
92.2
1593

LB-06
LB1

498
1.37
16.7
111
0.17
6.79
11.0
2.16
0.65
0.21
0.39
0.90
101.28

9.2
93.3
273

217.1
179.0
32.1
50.5
239.0
2325
76.6
829
90.0
1619

LB-08
LB1

49.8
1.31
16.5
1.0
0.17
7.25
10.9
2.18
0.63
0.21
0.37
0.80
101.16

9.7
93.0
26.6

209.6
171.1
336
496
201.1
2228
76.9
80.2
953
1015

LB-07
LB1

49.2
1.20
16.6
10.5
0.16
7.28
11.4
2.15
0.49
0.18
053
1.19
100.87

85
80.4
236

208.0
1421
342
49.6
316.2
220.0
717
89.4
99.9
757

LB-08
LB1

494
1.42
16.3
1.3
0.18
6.84
10.9
2.38
0.70
0.22
0.54
0.87
101.04

10.6
97.8
276
219.9
186.3
348
495
256.0
2426
788
854
854
1010

LB-09
LB1

49.8
1.41
15.8
113
0.18
6.88
10.6
2.33
0.66
0.25
062
0.95
100.75

10.7
108.9
29.9
2119
198.6
36.2
51.2
2773
236.7
85.4
913
89.4
1526

LB-10 GCHB8946 GCH89-47

LB1

492
1.49
14.8
12.0
0.20
7.30
10.9
225
0.31
0.24
0.80
1.29
100.75

10.6
102.9
30.2
190.8
127.0
39.7
56.8
2815
273.8
945
103.1
76.2
1099

LB2

493
1.56
144
121
0.22
6.67
10.1
246
0.76
0.27
1.02
0.91
99.87

13.1
143.8
342
207.2
2129
396
524
138.7
277.2
89.1
928
68.8
1265

LB1

48.7
1.34
16.0
1.0
0.17
7.10
11.0
213
0.65
0.20
0.35
0.98
99.67

96
93.0
26.4

2123
161.9
36.8
52.7
321.7
233.6
787
824
95.6
1467.8

LS A'IdWVS HLATdNOOD 40 VIVd X 'V XIANAddV
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Sample GCH89-48 LB-11

Location LB1 LB2
XRF Major elements (wt%)

§i02 48.2 492
TiO2 1.37 1.59
Al203 15.7 146
Fe203 11.1 124
MnO 0.18 0.20
MgO 6.84 6.84
Ca0o 10.7 10.5
Na20 2.44 2.33
K20 0.64 0.64
P205 0.21 0.27
H20- 0.75 1.35
LOt 0.60 0.82
Total 98.81 100.74
XRF trace elements (ppm)

Nb 10.4 13.7
Zr 97.7 140.5
Y 27.9 342
Sr 224.0 209.7
Ba 178.7 182.1
Sc 340 40.1
Co 491 55.6
Cr 278.9 133.0
\' 238.2 279.8
Zn 80.1 99.0
Cu 916 95.3
Ni 87.5 70.1
S 1197 1227

LB-12
LB2

49.7
1.59
14.4
124
0.20
6.87
104
2.29
0.71
0.27
0.96
1.01
100.71

13.5
142.7
343
220.0
218.0
37.8
53.1
120.0
280.9
942
926
62.4
1423

LB-30
oD1

54.3
247
12.9
13.8
0.21
290
5.88
243
2.50
0.65
037
1.70
100.13

26.6
253.1
54.6
148.8
421.9
37.2
421
11.5
379.7
1323
293
10.6
874

LB-31
oD1

54.2
247
13.0
13.7
0.20
2.91
5.80
2.20
282
065
0.44
1.91
100.26

26.7
256.1
55.6
163.8
452.6
374
39.9
12.2
378.2
131.8
304
10.6
592

LB-32
OoD1

543
2.48
13.0
137
0.19
3.01
6.57
2.35
229
0.65
0.44
1.29
100.20

26.2
25189
54.3
1421
405.0
35.9
417
11.2
364.3
120.1
313
10.5
911

LB8-33
oD1

54.0
247
12.8
13.6
0.19
2.90
574
285
2.59
0.65
048
1.69
99.94

271
265.4
548
158.7
411.4
36.6
424
9.2
372.8
1328
29.9
8.7
977

LB-34 GCHB89-45

OD1

54.3
244
13.0
13.5
0.20
2.92
6.48
2.08
228
0.65
0.41
1.83
100.04

26.6
256.4
55.5
131.8
397.7
384
429
12.8
380.3
128.5
30.2
10.3
774

oD2

51.3
1.77
16.5
82
0.11
4.93
10.2
2.16
0.88
0.30
1.562
1.38
99.22

17.0
159.1
416
252.4
2448
45.0
50.9
2725
2743
1205
726
70.1
44

LB-40
cL1

51.0
2.16
14.1
13.9
022
4.17
6.27
297
2.43
0.40
0.72
1.63
99.97

22.7
228.8
50.7
170.1
3728
39.4
44.2
47.9
423.6
129.7
65.8
324
1434

LB-41
CL1

52.0
2.14
14.0
14.0
0.21
4.10
8.08
224
1.56
0.41
0.61
1.28
100.59

219
226.0
51.3
176.1
341.0
354
46.8
51.2
412.7
118.4
64.2
31.0
1004

LB-42
CL1

518
2.10
14.5
13.6
0.22
4.10
8.13
215
1.55
0.39
0.66
1.32
100.56

212
220.3
50.0
1789
3245
39.1
458
62.7
406.5
116.3
66.2
38.4
927

LHS H1dNVS HLHTdWOO 40 VIVA 44X 'V XIANAddV
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Sample LB-43 LB-50
Location CL2 sSwW
XRF Major elements (wt%)

Si02 52.5 52.4
Ti02 2.13 1.81
Al203 14.0 133
Fe203 13.9 15.6
MnO 0.20 0.23
MgO 4.14 4.57
Ca0 7.93 8.03
Na20 243 2.9
K20 167 1.14
P205 0.40 0.23
H20- 0.40 0.59
LOI 0.92 0.52
Total 100.69 101.26
XRF trace elements (ppm)

Nb 219 1.5
Zr 226.4 160.1
Y 50.6 46.2
Sr 179.8 1441
Ba 3488 270.5
Sc 342 38.8
Co 446 51.4
Cr 52.0 459
\Y 396.9 465.0
Zn 117.1 119.4
Cu 65.2 220.6
Ni 317 427
S 1431 1036

LB-51
SwW

53.8
1.76
13.7
13.3
0.20
4.97
7.47
3.25
1.69
0.29
0.61
0.47
101.56

16.1
183.3
433
178.2
331.9
334

55.4
3039
102.2
100.9

421

935

LB-52
Sw

52.8
1.96
13.1
15.6
0.24
4.23
7.60
264
1.56
0.27

0.54
101.04

13.6
177.7
50.9
148.3
320.0
38.1
48.7
358
465.8
114.0
170.3
38.0
1099

SL-01 GCH89-39

SL1

50.5
2.87
13.2
15.2
0.55
4.67
7.85
2.18
1.61
0.52
071
1.18
101.08

27.9
274.4
57.6
204.6
407.2
36.0
70.8
335
4171
132.0
45.2
347
1983

SL1

49.1
2.89
12.8
15.0
0.66
4.51
7.56
218
1.63
0.52
0.62
1.57

28.2
282.8
58.3
207.0
408.5
395
63.5
36.2
432.8
138.5
47.4
366
2045

SL-02 GCHB89-38

SL2

53.0
2.48
129
15.0
0.38
3.67
712

sL2

51.2
252
126
15.0
0.33
3.94
7.23
2.3
1.95
0.91
0.98
0.90
99.83

233
2315
62.2
163.5
385.0
374
407
27.8
250.5
145.6
324
15.1
1763

GCH89-1
SB

48.7
1.99
13.9
14.5
0.23
5.86
9.16
245
0.87
0.33
1.21
1.00
100.19

128
133.2
298
3565.9
2575
36.9
61.0
305
3433
99.2
1218
60.2
2435

GCHB89-2 GCH83-3

48.9
1.99
14.0
14.5
0.22
5.98
9.30
2.46
0.86
0.32
1.22
0.70
100.44

129
131.2
29.1
354.8
264.2
38.0
62.3
33.7
3395
98.3
120.0
61.5
2256

49.1
1.95
14.0
143
0.23
583
9.12
2.51
0.93
0.31
0.94
1.08
100.33

13.1
136.6
309
352.6
264.7
38.8
577
339
3414
1249
108.3
54.6
2430

GCHB9-4
SB

48.0
1.94
14.0
141
0.23
5.87
9.00
2.46
0.88
0.31
1.15
1.33
99.25

12.2
1288
30.2
3723
246.3
371
64.1
316
341.2
96.3
115.0
69.0
2302

LAS H'IdWVS HLATdNOD 40 VIVA 44X 'V XIANAddY
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Sample GCH89-6 GCH89-7
Location cP2 cP2
XRF Major elements (wt%)

Sio2 55.1 53.5
TiO2 2.19 257
Al203 122 12.2
Fe203 15.4 16.0
MnO 0.35 0.26
MgO 1.93 2.65
Ca0 549 6.07
Na20 2.04 2.03
K20 2.63 2.41
P205 0.87 0.76
H20- 0.48 0.49
LO} 1.01 1.18
Total 99.73 100.17
XRF trace elements (ppm)

Nb 246 241
Zr 256.1 2483
Y 84.4 61.2
Sr 171.4 160.6
Ba 591.3 637.8
Sc 349 353
Co 294 341
Cr 10.5 12.0
\ 185.0 264.7
Zn 1395 144.6
Cu 223 245
Ni <2.392 6.3
S 1295 1515

GCH89-8
CcP2

55.4
220
12.1
15.1
0.23
2.10
5.39
2.02
269
0.88
0.63
1.14
99.78

239
254.8
62.7
167.9
701.4
354
297
10.5
187.5
141.8
21.0
<2377
1043

GCH89-9 GCH88-11 GCH89-12 GCH89-14 GCH89-15 Chappies GCH89-16 GCH89-17 GCHB89-18

CcP2

54.8
2.18
121
154
0.22
1.96
523
2.05
2.63
0.88
0.59
1.01
99.02

249
259.0
60.7
171.4
608.4
35.5
268
8.6
189.0
1440
214
<2.402
1281

CcP1

477
1.40
14.8
11.1
0.18
6.89
10.6
242
0.66
0.22
437
0.40
100.69

13.8
138.3
33.7
208.3
192.1
40.7
524
196.9
288.8
93.5
96.3
723
3044

cP1

48.9
1.57
14.2
12.3
0.20
6.80
10.7
2.32
0.76
027
076
1.48
100.31

14.2
1428
344
2100

cP3

51.8
0.98
156
1.4
0.21
6.23
10.2
2.1
1.04
0.16
043
0.40
100.55

85
103.3
275
158.4
2195
358
480
146.6
2779
80.6
1194
76.5
574

CcP3

50.0
1.48
147
12.8
0.22
6.12
9.46
2.21
0.91
0.24
0.87
0.89
99.96

11.0
119.9
293
2718
236.9
36.2
56.4
854
3115
899
118.9
69.1
1490

CP4

52.9
217
13.3
13.5
0.33
3.79
6.38
1.93
235
0.45
0.59
1.71
99.38

23.0
2352
46.1
161.6
514.1
375

98.5
58.4
28.2

CcPs

52.5
229
13.2
133
0.27
3.97
7.02
227
210
0.50
1.85
0.85
99.93

246
2379
51.2
183.4
425.9
35.1
46.0
248
405.7
1128
484
325
1676

CPS

52.5
2.28
13.2
135
0.28
3.98
7.06
227
212
0.51
1.50
0.77
100.01

248
239.0
48.8
182.3
432.2
344
439
232
3915
116.7
47.8
257
1831

TK1

493
1.50
145
12.0
0.34
7.1
11.1
2.02
0.37
0.24
0.49
1.42
100.35

109
103.6
30.2
3235
4157
404
519
2776
2706
87.1
97.3
80.4
1605

LHS TIdWVS HLHIdWNOO O VIVA 44X 'V XIANAddV
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Sample GCH89-20 GCH89-21 GCHB89-22 GCH89-23 GCH89-24 GCH89-26 GCHS89-27 GCH89-283CH89-28 GCH89-31 GCHB89-32 GCH89-33

Location TK1 TK2
XRF Major siements (wt%)

Si02 48.7 49.4
TiO2 1.46 1.45
Al203 14.4 16.0
Fe203 12.0 1.6
MnO 0.34 0.18
MgO 7.18 6.80
Ca0 10.9 10.9
Na20 1.96 226
K20 0.37 0.73
P205 0.24 0.24
H20- 0.61 0.48
LOI 1.81 0.57
Total 99.97 100.46
XRF trace slements (ppm)

Nb 10.8 103
Zr 102.7 104.3
Y 30.0 285
Sr 3236 2121
Ba 419.8 181.2
Sc 39.6 355
Co 53.9 476
Cr 2759 2489
\ 265.5 2418
Zn 86.7 81.7
Cu 98.1 83.3
Ni 77.0 82.1
S 1638 1328

TK2

49.0
1.38
15.6
1.5
0.18
7.13
1.0
2.30
0.65
0.21
0.28
0.40
99.65

9.8
96.2

TK2

49.1
1.43
16.3
11.2
0.17
6.44
10.8
224
0.68
0.23
0.78
0.59
99.90

9.8
104.5
30.1
219.9
179.6
34.5
49.8
2223
2357
80.7
82.5
85.2
193

NS

52.6
2.46
1.9
16.4
0.23
279
7.14
1.96
1.99
0.42
1.29
0.77
99.94

19.2
238.0
60.8
415.3
908.7
379
428
36
321.0
146.4
35.1
<2.483
2081

NS

51.9
252
12.0
16.4
0.27
299
6.97
1.95
2.00
047
1.47

FG1 FG1 FG1 FG2 MP MP
50.7 50.2 50.5 51.5 52.0 495
2.1 2.04 2.04 217 1.59 2.04
14.2 14.3 14.2 14.0 145 141
128 123 126 12.8 1.6 13.2
0.19 0.20 0.20 0.19 0.18 0.22
526 5.09 543 4.89 5.83 5.62
8.44 8.49 8.76 8.31 8.93 9.06
2.69 279 2.50 2.80 2,67 271
1.69 1.57 1.66 1.67 1.46 1.23
0.54 0.48 0.48 0.53 0.30 0.45
0.86 1.45 0.66 0.37 0.59 0.94
0.98 0.87 1.07 0.89 0.58 0.91
100.41 99.73 100.07 100.13 100.16 99.99
327 328 320 320 17.8 259
236.2 234.3 227.4 2285 156.4 179.0
436 43.2 43.0 446 35.0 43.4
293.3 303.9 329.5 286.3 227.8 302.1
426.8 4129 394.4 411.9 328.9 353.1
309 31.8 33.6 33.3 345 36.8
446 44.4 445 453 46.7 485
65.3 68.4 70.1 48.6 157.9 76.0
2839 280.4 280.5 300.5 2576 3108
106.3 104.3 107.5 105.7 90.2 106.0
50.1 46.6 50.8 328 76.5 59.4
372 M7 40.1 21.2 58.2 33.0
1679 1912 1639 1342 1181 1980

LAS H'IdAVS HLATdNOD AO VIVd 44X 'V XIANAddV
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Sample

Location MP
XRF Major elements (wt%)
Si02 51.8
TiO2 1.53
AI203 14.3
Fe203 1.2
MnO 0.18
Mgo 5.89
Ca0 8.88
Na20 2.61
K20 1.45
P205 0.30
H20- 0.37
LOI 0.74
Total 99.17
XRF trace elements (ppm)
Nb 17.6
Zr 156.0
Y 36.5
Sr 226.4
Ba 3311
Sc 346
Co 485
Cr 165.9
\% 252.3
Zn 91.0
Cu 65.0
Ni 54.6
S 1213

OK

535
2.16
13.3
13.5
0.20
375
6.62
2.35
2.06
0.50
0.66
1.13
99.71

20.0
205.9
52.4
180.2
378.2
37.7
38.7
70.2
306.3
112.1
40.5
308
854

OK

53.7
2.21
13.2
13.7
0.18
3.59
6.38
2.31
212
0.52
0.74
1.36
99.94

20.8
211.1
65.0
193.3
410.4
36.2
387
58.4
303.0
1111
37.1
28.0
823

sP

48.0
2.82
124
16.2
0.25
4.62
8.32
2.20
1.09
0.53
0.66
2.61
99.74

27.0
2518
578
323.7
409.7
447
56.7
375
445.4
166.4
65.4
411
2189

KS

517
2.55
11.9
16.9
0.23
299
6.80
2.08
1.88
0.40
0.83
1.26
99.51

18.1
228.6
59.7
138.3
379.1
39.1
48.1
38
363.6
142.3
39.7
<2.504
1440

KS

516
2.58
121
16.4
0.23
3.18
6.67
2.07
2.02
0.51
0.87
1.29
99.48

204
2383
62.1
137.5
388.6
409
45.2
83
3719
145.8
474
4.3
1560

8K

50.6
279
12.1
16.4
0.23
3.39
7.1
222
1.75
0.73
0.76
1.43
99.43

227
2415
63.7
1425
389.0
40.1
47.3
15.0
3456
156.9
40.5
14.2
1411

GCH89-34 GCHB89-36 GCH89-37 GCH89-40 GCHB89-41 GCH89-42 GCH89-43 GCH89-44

BK

51.0
278
12.2
16.3
0.23
342
7.15
214
1.76
0.74
0.73
1.16
99.59

22.0
2412
69.9
1449
4104
383
46.5
14.5
329.9
149.9
396
16.3
1523

PD-2
LR

53.6
243
12.9
14.0
0.40
3.15
5956

2.75
0.62
0.81
1.45
99.64

26.7
2485
62.6
197.2
114.0
35.6
40.0
123
383.0
114.0
329
16.4
0

LB-100
SM

516
1.15
13.9
126
0.46
6.10
9.19
1.59
11
0.17
0.45
1.71
100.056

10.5
122.2
26.2
173.1
252.6
338
427
88.1
3245
833
119.9
47.8
433

LAS HIdWVS HLITdNOD A0 VIVA AdX 'V XIANAddV
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Appendix B

BHVO-2 Standard Results

Internal standard results of BHVO-2 run with the new ICP-MS trace element batch for com-

parison with compiled values (www.georem.mpch-mainz.gwdg.de). Percent error shown.
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APPENDIX B. BHVO-2 STANDARD RESULTS

BHVO 2 | UCT 2010| Average Compiled Values| Difference| Absolute % Difference
Sc 30.58 32.15 -1.57 49
Vv 330.8 317 13.8 4.4
Cr 288.8 280 8.8 3.1
Co 45.12 45 0.12 0.3
Ni 119.6 120 0.4 0.3
Cu 103.7 125 -21.3 17.0
Zn 116.8 102 14.8 14.5
Rb 8.88 9.8 -0.92 9.4
Sr 395.1 392.5 26 07
Y 23.51 27 -3.49 12.9
Zr 163.8 175 -11.2 6.4
Nb 17.23 18.65 -1.42 7.6
Ba 126.7 130.5 -3.8 29
La 14.62 15.1 -0.48 3.2
Ce 36.08 37.75 -1.67 44
Pr 5.0 5.31 -0.26 49
Nd 236 247 -1.1 45
Sm 5.81 6.14 -0.33 5.3
Eu 2.04 2.07 -0.03 14
Tb 0.92 0.92 0.00 0.0
Gd 6.36 6.27 0.09 14
Dy 5.27 5.31 -0.04 0.8
Ho 0.97 1.01 -0.03 35
Er 252 254 -0.02 0.8
Tm 0.34 0.36 -0.02 42
Yb 1.98 2 -0.02 1.0
Lu 0.29 0.28 0.02 55
Hf 433 419 0.14 33
Ta 0.95 14 -0.45 32.1
Ob 1.47 1.55 -0.08 5.2
Th 1.19 1.225 -0.04 29
U 0.45 0.409 0.04 10.0

average: 56
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Appendix C

Cape Granite and Malmesbury Group

Cape Granite Suite and Malmesbury Group major element oxides and trace elements. Unpub-
lished major element oxide data by XRF for Cape Granites (CJ-08 and CJ-12) from Creighton-
Jones (1982). Unpublished major element oxide and trace element data for Malmesbury Form-
ation samples MM-001 and NM-012 from Mbeje (2005) and Mbangula (2004) respectively.

*Zr concentration of granites is measured XRF.
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APPENDIX C. CAPE GRANITE AND MALMESBURY GROUP

Cape Granite Malmesbury Formation

CG-A1 CJ-08 CJ-12 MM-001 NM-012
Cable Way quarry Sea Point Sea Point Grotto Bay  Robben Island

Major element oxides (wt.%)
Si0, 718 714 75 729 60.9
TiO; 0.48 0.38 0.38 0.88 0.91
Al03 137 146 145 11.8 19.4
FeO 3.02 257 260 4.89 7.33
MnO 0.07 0.07 0.06 0.08 0.12
MgO 1.1 0.88 0.92 2.34 423
Ca0 1.3 1.16 118 1.29 0.28
Nay0 255 3.00 277 267 2.04
K20 5.14 497 495 292 465
P205 0.21 0.24 0.23 0.23 0.15
Lol 0.55 0.83 0.88 - -

ICPMS trace elements (ppm)
Sc 8 4 5 10 16
v 35 30 31 87 123
Cr 23 14 15 68 85
Co 4 5 1 16
Ni 10 7 30 40
Cu <0.5 1 23 46
Zn 49 49 55 - .
Rb 109 238 247 101 153
Sr 33 75 80 136 57
Y 14 21 23 30 19
Zr *135 *147 *155 145 112
Nb 148 124 13.2 122 137
Ba 274 364 357 489 491
lLa 18.6 252 255 40.1 25.1
Ce 458 537 54.3 848 56.3
Pr 5.18 6.20 6.36 9.72 6.35
Nd 20.3 23.9 24.2 38.2 253
Sm 432 499 5.36 7.18 497
Eu 0.49 0.84 0.87 1.41 0.97
Gd 3.78 456 5.05 6.53 4.44
Tb 0.56 0.71 0.80 0.96 0.67
Dy 3.52 435 468 5.64 412
Ho 0.64 0.76 0.82 1.12 0.81
Er 1.76 215 213 3.14 2.39
Tm 0.25 0.30 0.28 0.47 0.36
Yb 153 1.89 1.68 2.99 2.49
Lu 0.21 0.27 0.22 0.44 0.36
Hf 215 1.59 1.55 3.99 2.94
Ta 1.43 1.55 1.27 0.87 7.28
Pb 22.9 239 62.3 16.6 319
Th 8.6 1.1 1.5 10.9 12.2
u 55 3.1 43 32 15
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Appendix D

Microprobe Data

Original microprobe analysis by Butt (1989); Hirschel (1989); Wulfse (1989) of 6 dykes from

the Cape Peninsula, with major elements concentrations reported as their respective oxides:
* Logies Bay
* Tokai

e Chapman’s Peak 3

Millers Point

Oukaapseweg

* Nursery Ravine
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VIVd H4OddOIDIN "d XIANAddY

Sample: GCHB89-47 — Logies Bay
Feldspar
Weight Percent Oxide Plagioclase Ternary Fsp
Na Si Al K Ca Fe Mg Sum An Ab An Ab Or
1 Plagl-core| 1.90 4764 31.86 0.07 16.60 0.41 0.16 98.64 | 8284 17.16 | 8250 17.09 0.41
2 Plag1-rim 5.59 55.30 25.77 0.39 9.12 1.41 0.27 97.85 | 4741 5259 | 46.29 51.35 2.36
3 Plag 2 - rim 6.23 56.93 24.82 0.51 8.46 0.57 0.00 9752 | 4287 57.13 | 4159 55.42 2.99
4 Plag2-core| 3.29 50.63 30.13 0.13 14.18 0.67 0.12 99.15 | 7043 2957 | 69.89 29.34 0.76
5 Plag 3 3.66 51.67 29.02 0.19 13.50 0.75 0.08 98.87 | 67.09 3291 | 66.34 3255 111
6 Plag 4 —rim 2.00 4769 31.50 0.08 16.50 0.58 0.11 98.46 | 82.01 17.99 | B81.62 17.90 0.47
7 Plag4—-core| 211 47.79 3211 0.08 16.14 0.63 0.08 98.94 | 80.87 19.13 | 80.48 19.04 0.47
8 Plag5A 3.02 50.25 30.24 0.14 14.76 0.78 0.14 99.33 | 7298 27.02 | 72.38 26.80 0.82
9 Plag58B 3.43 51.01 28.83 0.18 13.87 0.52 0.15 97.99 | 69.08 3092 | 68.35 30.59 1.06
10 Plag 6 2.25 4883 31.48 0.10 15.94 0.88 0.09 99.57 | 79.65 20.35 | 79.18 20.23 0.59
11 Plag7 A 4.53 53.37 27.45 0.30 12.06 0.83 0.09 98.63 | 59.53 40.47 58.50 39.77 1.73
12 Plag 8 2.10 47.98 3111 0.12 16.54 0.42 0.12 98.39 | 8132 1868 | 80.75 1855 0.70
13 Plag 9 2.08 48.22 31.80 0.07 16.58 0.40 0.13 99.28 | 81.50 1850 | 81.17 18.43 0.41
Pyroxene
Weight Percent Oxide End-member-percentages
Na Mg Al Si Ca Ti Mn Fe Cr Sum En Fs Wo
1 Pyro1l 0.22 17.46 214 5262 1951 0.58 0.16 7.70 0.34 | 100.73 | 48.77 12.06 39.16
2 Pyro2 0.27 17.12 3.33 51.39 20.00 0.55 0.18 6.63 0.86 | 100.33 | 48.62 10.56 40.82
3 Pyro3 0.25 17.46 2.71 51.44 19.57 0.63 0.19 7.48 0.52 |100.25| 48.88 11.75 39.37
4 Pyro4 0.26 16.93 2.35 52.27 18.94 0.78 0.23 9.2 0.1 101.06 | 47.42 1445 38.12
5 Pyro5 0.25 17.21 2.35 5245 19.07 0.74 0.21 9.08 0.13 | 10149 | 4780 1414 38.06
6 Pyro6 0.26 17.04 2.95 52.33 19.9 0.55 0.19 7.22 055 | 100.99 | 48.15 1144 4041
7 Pyro7 0.27 16.72 2.05 5271  18.99 0.72 0.22 9.78 0.08 |[101.54| 4664 1530 38.06
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Sample: GCHB89-47 — Logies Bay
Olivine
Weight Percent Oxide End-member-percentages
Si Al Fe Mg Ca Mn Ni Cr Ti Sum Fo Fa

1 Olivine 1 A 36.15 0.00 37.47 28.08 0.26 0.51 0.00 0.00 0.00 | 102.47 | 57.19 4281
2 Olivine1B 35.41 0.00 3591 28.31 0.29 0.60 0.00 0.00 0.00 | 100.52 | 58.43 41.57
3 Olivine 2 A 36.53 0.00 3241 30.70 0.27 0.51 0.00 0.00 0.00 | 100.42 | 6281 37.19
4 Olivine 2 B 36.92 0.00 29.28 33.14 0.18 0.52 0.12 0.00 0.00 | 100.16 | 66.86 33.14
5 Olivine 3 A 35.65 0.00 37.99 2644 0.24 0.53 0.00 0.00 0.00 | 100.85 | 55.37 44.63
6 Olivine 3B 36.44 0.00 3291 30.46 0.26 0.54 0.00 0.00 0.00 | 100.61 | 6227 37.73
7 Olivine 4 A 37.63 0.00 28.21 3455 0.21 0.41 0.00 0.00 0.00 | 10101 | 6859 31.41
8 Olivine 4 B 37.48 0.00 28.11 35.10 0.20 0.43 0.00 0.00 0.00 | 101.32| 69.00 31.00
9 Olivine5 A 36.41 0.00 3177 3114 0.24 0.49 0.00 0.00 0.00 | 100.05| 63.60 36.40
10 Olivine 5B 36.60 0.00 3243 3045 0.23 0.54 0.00 0.00 0.00 | 100.25| 62.60 37.40
11 Olivine 6 A 36.10 0.00 3290 30.79 0.27 0.49 0.00 0.00 0.00 | 100.55 | 6253 37.47

Oxide

Weight Percent Oxide
Mg Al Si Ti Fe Ca Mn Cr Sum

1 Oxide 2 0.09 2.35 0.00 14.46 76.59 0.00 0.56 0.10 94.15
2 Oxide 4 13.93 1.62 34.87 5.84 27.61 2.37 0.72 0.00 86.96
3 Oxide 5 0.00 0.00 0.00 0.12 78.91 0.00 0.00 0.00 79.03
4 Oxide 6 0.39 0.00 0.00 50.57 46.92 0.00 1.15 0.00 99.03
5 Oxide 7 0.12 1.80 0.11 15.81 76.25 0.00 0.55 0.00 94.64
6 Oxide 8 0.38 1.26 0.18 20.06 73.95 0.00 0.42 0.00 96.25
7 Oxide 8 0.44 0.84 1.00 3143 61.60 0.06 0.96 0.00 96.33

VIVA H4OddOYOIN 'd XIANHddV
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Sample: GCHB89-22 — Tokai GM = groundmass
Feldspar
Weight Percent Oxide Plagioclase Ternary Fsp
Na Si Al K Ca Fe Mg Sum An Ab An Ab Oor
1 Plag1 3.97 51.62 28.15 0.29 12.42 0.64 0.11 97.20 | 63.35 36.65 | 62.26 36.01 1.73
2 Plag1 3.70 52.35 29.28 0.21 13.23 0.80 0.12 99.69 | 66.40 33.60 | 65.57 33.19 1.24
3 Plag 2 Glom 2.56 49.71 3131 0.14 15.16 0.49 0.16 99.53 | 76.59 2341 | 75.95 23.21 0.84
4 Plag 3 Glom 4.03 53.35 28.76 0.24 12.69 0.75 0.14 99.96 | 63.50 36.50 | 62.61 35.98 141
5 Plag 4 G. Rim 3.79 52.60 29.11 0.20 12.93 0.78 0.11 99.52 | 65.34 34.66 | 64.56 34.25 1.19
6 Plag4 G.Core | 2.89 50.40 30.63 0.14 14,95 0.48 0.17 99.66 | 74.08 2592 | 73.48 25.70 0.82
7 Plag 5 Glom 2.06 48.29 32.05 0.08 16.03 0.55 0.18 99.24 | 81.13 1887 | 80.74 18.78 0.48
8 Plag 6 Glom 3.19 5168 29.73 0.15 14.03 0.55 0.21 99.54 | 70.85 29.15 | 70.22 28.89 0.89
9 Plag 7 Glom 3.79 53.00 29.27 0.25 12.93 0.91 0.17 | 100.32 | 65.34 34.66 | 64.37 34.15 1.48
10 Plag 8 (Oliv 8) 3.19 51.26 29.94 0.18 14.03 0.58 0.13 99.31 | 70.85 29.15 | 70.09 28.84 1.07
11 Plag 9 GM 3.40 51.63 29.72 0.24 13.78 0.71 0.08 99.56 | 69.13 30.87 | 68.16 30.43 141
12 Plag 11 Glom 2.07 49.06 32.09 0.08 16.17 0.46 0.19 | 100.12 | 81.19 18.81 | 80.80 18.72 0.48
13 Plag 12 Glom 1.97 48.49 32.15 0.07 16.08 0.47 0.16 99.39 | 8185 18.15 | 8151 18.07 0.42
14 Plag 14 Giom 1.94 4786 3197 0.12 16.10 0.71 0.12 98.82 | 82.10 17.90 | 8150 17.77 0.72
Pyroxene
Weight Percent Oxide End-member-percentages
Na Mg Al Si Ca Ti Mn Fe Cr Sum En Fs Wo
1 Pyroxene 1 0.11 20.92 0.87 53.40 4.70 0.48 0.51 20.75 0.00 | 101.74 ] 58.21 32.39 9.40
2 Pyroxene 2 0.00 20.60 0.80 52.34 4.70 0.44 0.48 20.49 0.00 99.85 | 58.08 32.40 9.52
3 Pyroxene 3 0.28 15.76 1.99 5141 17.29 0.79 0.35 11.70 0.00 9957 | 4536 18.89 35.76
4 Pyroxene 4 0.26 16.04 2.01 50.24 18.14 0.69 0.27 10.13 0.00 97.78 | 46.15 16.35 37.50
5 Pyroxene 5GM | 0.28 16.02 2.73 49.87 19.09 0.74 0.22 8.62 0.19 97.76 | 46.34 13.98 39.68
6 Pyroxene 6 GM| 0.25 16.97 2.55 50.81 19.58 0.52 0.17 6.74 0.63 98.22 | 48.74 10.86 4041
7 Pyroxene 7 0.23 17.17 1.75 50.66 18.57 0.54 0.21 7.96 0.15 97.24 | 49.09 12.76 38.15
8 Pyroxene 8 GM | 0.28 16.71 3.35 49.88 19.19 0.57 0.18 6.77 0.83 97.76 | 48.72 11.07 40.21
9 Pyroxene 9 0.27 15.16 1.72 49.61 15.00 0.94 0.41 15.79 0.00 98.90 | 4357 25.45 30.98

VIVA F4OddOIDIN 'd XIANAddV
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Sample: GCHB89-22 — Tokai
Olivine
Weight Percent Oxide End-member-percentages
Si Al Fe Mg Ca Mn Ni Cr Ti Sum Fo Fa
1 Olivine 1 35.84 0.00 33.83 29.98 0.21 0.55 0.00 0.00 0.00 | 10041 | 61.24 38.76
2 Olivine 2 3521 0.00 36.95 27.24 0.22 0.59 0.00 0.00 0.00 | 100.21 | 56.79 43.21
3 Olivine 3 35.33 0.00 34.99 28.60 0.26 0.52 0.00 0.00 0.00 99.70 | 59.30 40.70
4 Olivine 4 3552 0.00 33.81 29.55 0.21 0.47 0.00 0.00 0.00 99.56 | 60.91 39.09
5 Olivine 5 36.59 0.00 2799 34.06 0.26 0.41 0.00 0.00 0.00 99.31 | 68.45 31.55
6 Olivine 6 37.02 0.00 25.06 36.61 0.25 0.36 0.00 0.00 0.00 99.30 | 72.26 27.74
7 Olivine 7 35.54 0.00 3472 28.83 0.25 0.53 0.00 0.00 0.00 99.87 | 59.68  40.32
8 Olivine 8 32.27 0.00 3240 3094 0.20 0.46 0.00 0.00 0.00 96.27 | 63.00 37.00
Oxide
Weight Percent Oxide
Mg Al Si Ti Fe Ca Mn Cr Sum
1 Oxide 1 0.00 0.00 0.20 0.00 61.90 0.06 0.00 0.00 62.16

VIV HHOAdOAIOIN "d XIANAddV
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Sample: GCH89-14 — Chapmna's Peak 3 (CP3)
Feldspar
Weight Percent Oxide Plagioclase Ternary Fsp
Na Si Al K Ca Fe Mg Sum An Ab An Ab Or
1 Plag 1 core 242 49.49  30.78 0.10 15.59 0.60 0.24 99.22 | 78.07 2193 | 77.61 21.80 0.59
2 Plag 1rim 3.34 51.93 28.93 0.19 13.53 0.85 0.23 99.00 | 69.12 30.88 | 68.33 30.53 114
3 Plag 2 core 2.36 48.69 31.07 0.12 15.47 0.59 0.18 98.48 | 7837 2163 | 77.80 21.48 0.72
4 Plag 2 rim 3.3 51.58 28.93 0.22 13.72 0.83 0.23 98.82 | 69.61 30.39 | 68.70 29.99 131
5 Plag 3 rim 5.86 56.89 24.59 0.73 8.98 0.70 0.00 97.75 | 4585 54.15 | 43.90 51.85 4.25
6 Plag 3 rim 5.19 55.94  26.25 0.54 10.02 0.74 0.08 98.76 | 51.62 48.38 | 49.96 46.83 3.21
7 Plag 3 core 3.38 51.09 2931 0.18 13.60 0.68 0.20 98.44 | 6898 31.02 | 68.24 30.69 1.08
8 Plag 3 core 321 50.95 29.48 0.20 14.04 0.68 0.23 98.79 | 70.73 29.27 | 69.90 28.92 1.19
9 Plag 3 core 3.50 51.82 28.66 0.22 13.27 0.88 0.20 98.55 | 67.69 3231 | 66.80 31.88 1.32
10 plag 3.51 51.70 29.58 0.24 13.67 0.87 0.23 99.80 | 68.28 31.72 | 67.31 31.28 1.41
11 Piag 4 core 2.40 48.48 31.14 0.14 15.52 0.68 0.27 98.63 | 78.13 2187 | 77.48 21.68 0.83
12 Plag 4 rim 2.31 48.53 31.71 0.10 15.87 0.59 0.23 99.34 | 79.15 20.85 | 78.68 20.73 0.59
13 Plag 4 core 2.32 48.38  31.57 0.13 15.73 0.67 0.23 99.03 | 7893 21.07 | 7832 20.90 0.77
14 Plag 4 rim 3.84 51.69 28.89 0.25 12.88 0.94 0.21 98.70 | 6496 35.04 | 63.99 3453 1.48
15 Plag 5 core 2.32 49.06 30.57 0.12 15.82 0.67 0.19 98.75 | 79.03 2097 | 78.47 20.82 0.71
16 Plag 5 rim 2.34 49.19 30.72 0.12 15.66 0.62 0.19 98.84 | 7872 21.28 | 78.15 21.13 0.71
17 plag gm 3.79 52.30 2781 0.23 12.29 1.75 0.42 98.59 | 64.18 3582 | 63.28 3531 1.41
18 Plag 6 2.22 4931 31.63 0.13 15.98 0.60 0.19 | 10006 | 7991 20.09 | 79.30 1994 0.77
19 Plag 6 core 2.23 49.66  31.63 0.15 15.88 0.54 0.20 | 100.29 | 79.74 20.26 | 79.03 20.08 0.89
20 Plag 6 rim 2.98 51.67 30.23 0.17 14.55 0.78 0.26 |100.64 | 7296 27.04 | 7223 26.77 1.00
21 Plag 6 rim 3.67 53.17 29.12 0.24 13.31 1.03 0.21 |100.75{ 66.71 33.29 | 65.77 3282 1.41
22 Plag 7 2.20 49.73 31.73 0.11 15.89 0.61 0.20 | 10047 | 79.97 20.03 | 79.44 19.90 0.65
23 Plag 7 2.61 51.24 30.81 0.15 15.28 0.59 0.23 10091 | 76.39 2361 | 7571 23.40 0.88
24 Plag 8 2.70 51.00 30.66 0.15 14.94 0.71 0.23 |100.39| 7536 24.64 | 7468 2442 0.89
25 Plag 8 rim 4.60 55.90 27.19 0.45 11.25 0.93 0.13 | 10045 | 57.47 4253 | 55.94 41.39 2.66
26 Plag 8 rim 3.69 53.85 28.72 0.30 13.11 1.01 0.17 |100.85| 66.25 33.75 | 65.08 33.15 1.77
27 Plag 9 2.18 49.61 31.68 0.14 16.15 0.59 0.20 | 100.55 | 80.37 19.63 | 79.71 19.47 0.82
28 Plag 9 rim 4.81 56.25 26.66 0.42 10.96 0.84 0.10 | 100.04 | 55.74 44.26 | 5435 43.17 2.48
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VIVd H4O0ddOJOIN "d XIANHIdYV

Sample: GCHB89-14 — Chapmna's Peak 3 (CP3)
Feldspar
Weight Percent Oxide Plagioclase Ternary Fsp
Na Si Al K Ca Fe Mg Sum An Ab An Ab Or

29 Plag 10 2.16 50.29 30.85 0.21 15.37 0.78 0.39 | 100.05| 79.73 20.27 | 78.70 20.02 1.28
30 Plag 10 rim 3.75 53.23 29.16 0.23 13.23 1.00 021 |100.81| 66.10 33.90 | 65.20 33.45 1.35
31 Plag 11 2.29 49.74 3131 0.13 15.99 0.57 0.20 |100.23 | 79.42 20.58 | 78.81 20.43 0.76
32 Plag 11 rim 4.66 5417 27.62 0.46 11.34 0.94 0.09 99.28 | 57.35 42.65 | 55.81 41.50 2.70
33 Plag 4.28 54.92  27.87 0.45 11.84 0.99 0.21 |[100.56 | 60.45 39.55 | 58.84 38.49 2.66
34 Plag 3.43 5295 29.32 0.36 13.54 0.82 0.27 |[100.69 | 68.57 31.43 | 67.11 30.76 212
35 Plag gm 3.48 53.00 2891 0.38 13.42 0.85 0.26 |[100.30 | 68.06 31.94 | 66.53 31.22 2.24
36 Plag gm 3.66 53.44 28.92 0.31 13.12 1.08 0.19 |100.72 | 66.45 3355 | 65.23 3293 1.84
37 Plag gm 4.16 5457 27.95 0.44 12.07 1.05 0.15 |100.39 | 61.59 38.41 | 59.98 37.41 2.60
38 Plaggm 4.56 55.38 27.70 0.46 11.31 0.68 0.12 |100.21 | 57.82 42.18 | 56.24 4103 2.72
39 Plag gm 5.69 58.05 26.64 0.81 8.81 0.20 0.00 |100.20 | 46.11 53.89 | 43.89 51.30 4.81
40 Plag gm 4.98 60.19 24.62 1.66 8.04 0.80 0.12 | 10041 | 4715 5285 | 4225 47.36 10.39

Pyroxene

Weight Percent Oxide End-member-percentages
Na Mg Al Si Ca Ti Mn Fe Cr Sum En Fs Wo

1 Pyroxint 0.17 18.01 2.81 50.41 15.67 0.50 0.29 10.45 0.13 98.44 | 51.26 16.68 32.05
2 Pyroxint 0.13 16.46 2.16 51.14 10.82 0.68 0.50 20.66 0.00 | 10255 | 4595 3235 21.70
3 Pyroxint 0.25 11.50 2.55 49.04 18.20 1.01 0.33 16.50 0.00 99.38 | 3399 2735 38.66
4 Pyrox 0.30 12.34 271 49.73 17.71 1.03 0.45 16.90 0.00 101.17 | 35.72 27.44 36.84
5 Pyrox int 0.19 16.78 2.84 51.54 17.77 0.63 0.25 10.21 0.00 | 100.21 | 4757 16.23 36.20
6 Pyrox int 0.14 19.35 2.85 5259 14.61 0.51 0.28 10.22 0.28 | 100.83 | 54.38 16.11 29.51
7 Pyrox 0.23 15.67 2.40 5159 17.76 0.51 0.27 11.73 0.00 | 100.16 | 4476 18.79 36.45
8 Pyrox 0.21 15.39 2.75 51.29 19.42 0.55 0.23 10.13 0.00 99.97 | 4394 16.22 39.84
9 Pyrox 0.17 18.01 291 51.80 15.60 0.50 0.32 10.48 0.16 99.95 | 51.31 16.75 31.94
10 Pyrox 0.20 15.74 3.46 50.46  18.55 0.60 0.21 10.10 0.16 9948 | 4531 16.31 38.38
11 Pyrox 0.17 16.60 2.96 51.04 17.50 0.60 0.24 10.09 0.11 99.31 | 4765 16.25 36.10
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Sample: GCH89-14 — Chapmna's Peak 3 (CP3)
Pyroxene
Weight Percent Oxide End-member-percentages
Na Mg Al Si Ca Ti Mn Fe Cr Sum En Fs Wo
12 Pyrox 0.19 16.21 2.50 50.64  15.07 0.62 0.29 14.19 0.00 99.71 | 46.32 22,74 30.94
13 Pyrox 0.24 16.05 3.19 50.75 16.87 0.67 0.23 11.89 0.00 99.89 | 46.07 19.14 34.79
14 Pyrox 0.15 15.53 2.30 50.04 1192 0.64 0.37 18.26 0.00 99.21 | 4523 29.83 24.95
15 Pyrox 0.12 19.16 191 51.96 10.62 0.46 0.41 16.11 0.00 | 100.75 | 53.48 25.22 21.30
16 Pyrox 0.19 10.33 1.56 49.39 14.06 0.56 0.62 23.42 0.00 |100.13] 30.77 39.13 30.10
17 Pyrox 0.18 17.91 2.58 51.64 15.11 0.49 0.27 11.73 0.09 | 100.00 | 50.67 18.61 30.72
18 Pyrox 0.22 17.47 3.07 51.26 16.61 0.60 0.24 10.48 0.16 | 100.11 | 4951 16.66 33.83
19 Pyrox 0.20 16.07 2.48 5093 15.77 0.54 0.26 13.63 0.00 99.88 | 45.85 21.81 3233
Oxide
Weight Percent Oxide
Mg Al Si Ti Fe Ca Mn Cr Sum
1 Oxide 1 0.00 2.22 0.25 20.37 69.52 0.09 1.74 0.00 94.19
2 Oxide 2 0.00 2.16 0.22 19.53 70.69 0.11 1.44 0.00 94.15
3 Oxide 3 0.00 2.16 0.18 1922 71.43 0.00 131 0.00 94.30
4 Oxide 4 0.00 2.27 0.19 20.17 69.31 0.07 1.80 0.00 93.81
5 Oxide 5 0.00 217 0.16 20.93 68.85 0.10 1.64 0.00 93.85
6 Oxide 6 0.00 2.16 0.15 21.03 69.01 0.09 1.65 0.00 94.09
7 Oxide 7 0.00 2.38 0.52 18.68 72.38 0.06 1.52 0.00 95.54
8 Oxide 8 1.57 2.34 5.33 2442 59.19 0.28 111 0.19 94.43
9 Oxide 9 3.54 3.44 1570 52.10 15.28 1.87 0.23 0.00 92.16
10 Oxide 10 0.46 2.14 1.52 23.14 62.72 0.14 1.72 0.00 91.84
11 Oxide 11 0.29 241 1.82 20.26  68.96 0.14 1.94 0.00 95.82
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Sample: GCH89-34 — Millers Point
Feldspar
Weight Percent Oxide Plagioclase Temary Fsp
Na Si Al K Ca Fe Mg Sum An Ab An Ab Or
1 Plag 1 —core 257 50.13 31.50 0.10 15.40 0.52 0.19 | 10041 | 7681 23.19 | 76.35 23.06 0.59
2 Pilag 1 -rim 2.54 50.79 31.30 0.13 15.42 0.41 0.19 | 100.78 | 77.04 2296 | 7645 22.79 0.77
3 Plag 2 phen core 2.33 4954 31.90 0.08 16.00 0.54 0.18 | 10057 | 79.14 20.86 | 78.77 20.76 0.47
4 Plag 3gm 4.07 52.77 28.72 0.34 12.59 0.76 0.16 9941 | 63.09 3691 | 61.84 36.17 1.99
5 Plag 4 phen core 4.16 5437 28.34 0.41 12.14 0.99 0.15 | 10056 | 61.72 38.28 | 60.23 37.35 2.42
6 Plag 4 phen rim 5.07 56.41 27.09 0.56 10.31 0.69 0.07 |100.20 | 5291 47.09 | 51.16 45.53 3.31
7 Plag 5 gm 3.90 53.62 28.99 0.35 12.59 0.70 0.18 | 10033 | 6408 3592 | 6275 35.17 2.08
8 Plag 6 gm 4.52 55.25 28.01 0.45 11.54 0.71 0.10 | 100.58 | 58.52 4148 | 56.97 40.38 2.65
9 Plag 7 gm 3.69 53.57 29.23 0.30 13.19 0.83 0.15 | 100.96 | 66.39 33.61 | 6522 33.02 1.77
10 Plag 8 gm 3.64 53.37 29.25 0.33 13.15 0.71 0.15 | 100.60 | 66.63 33.37 | 6533 32.72 1.95
11 Plag 10 gm 3.96 53.25 28.43 0.40 12.06 2.09 0.33 | 100.52 | 62.73 37.27 | 6121 36.37 2.42
12 Plag 11 gm 7.95 62.39 22.78 1.07 4.83 0.30 0.00 99.32 | 25.13 74.87 | 2357 70.21 6.22
13 Piag 13 phen core 2.06 48.94 3252 0.00 16.23 0.44 0.16 | 10035} 81.32 18.68 | 8132 18.68 0.00
14 Plag 14 gm 3.97 53.60 28.50 0.33 12.30 1.42 0.23 |100.35}| 63.13 36.87 | 6188 36.14 1.98
15 Plag 15 gm 4.03 5381 28.78 0.35 12.42 0.91 0.21 | 10051 | 63.00 37.00 | 61.70 36.23 2.07
16 Plag 16 phen 3.16 51.24 29.49 0.17 13.39 2.62 0.54 | 100.61 | 70.07 29.93 | 69.34 29.61 1.05
17 Plag 17 phen 2.28 49.88 32.06 0.07 15.96 0.47 0.18 | 10090 | 79.46 20.54 | 79.13 20.46 0.41
18 Plag 18 phen 3.89 53.74 28.89 0.36 12.61 0.75 0.14 | 100.38 | 64.17 35.83 | 62.80 35.06 2.13
19 Plag 19 phen 5.11 56.57 26.98 0.59 10.35 0.57 0.09 | 100.26 | 52.81 47.19 | 5099 4555 3.46
20 plag gm 4.80 5447 27.25 0.49 10.91 0.61 0.10 98.63 | 55.67 4433 | 54.06 43.04 2.89
21 Plag 20 phen alt. 3.27 51.60 30.47 0.19 14.11 0.54 0.18 | 100.36 | 70.45 2955 | 69.67 29.22 1.12
22 Plag 21 phen 2.54 48.87 31.18 0.10 15.45 0.56 0.19 98.89 | 77.07 2293 | 7662 22.79 0.59
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Sample: GCHB89-34 — Millers Point

Pyroxene Weight Percent Oxide End-member-percentages
Na Mg Al Si Ca Ti Mn Fe Cr Sum En Fs Wo
1 Pyrox 1 phen core 0.31 16.65 3.98 51.28 1996 0.62 0.18 6.62 0.67 | 100.27 | 4797 10.70 41.33
2 Pyrox gm 0.29 17.11 3.27 51.73 19.88 0.46 0.18 6.46 0.46 99.84 | 4886 10.35 40.79
3 Pyrox 2 phen core 0.20 17.56 183 52.38 17.54 0.56 0.29 9.66 0.14 | 100.16 | 49.35 15.23 3542
4 Pyrox 2 phen rim 0.30 17.03 3.83 5159 1941 0.48 0.18 6.48 0.71 |[100.01 | 49.20 10.50 40.30
5 Pyrox 3 phen core 0.21 18.62 1.75 52.68 16.52 0.45 0.21 9.28 0.13 99.85 | 52.16 1458 33.26
6 Pyroxgm 0.21 1457 2.29 50.22 15.39 111 0.34 15.86 0.00 99.99 | 4220 25.77 32.03
7 Pyrox gm 0.06 22.49 0.73 53.65 4.02 0.31 0.48 19.68 0.00 |[101.42| 61.76 30.31 7.93
8 Pyroxgm 0.27 13.89 1.17 50.92 17.23 0.61 0.38 15.28  0.00 99.75 | 39.87 2460 3554
9 Pyrox gm 0.20 16.14 2.12 51.63 17.33 081 0.28 12.22 0.00 | 100.73 | 4553 1934 35.13
10 Pyrox gm 0.21 17.42 1.95 52.40 1765 0.54 0.31 9.30 0.20 99.98 | 49.32 1477 3591
11 Pyroxene 0.00 28.27 0.96 56.24 231 0.24 0.29 13.88 0.09 |102.28 | 7496 20.64 4.40
12 Pyroxene 0.22 16.58 257 52.40 15.13 0.52 0.28 12.66 0.16 | 100.52 | 4798 20,55 31.47
13 Pyroxene 0.05 28.36 1.38 56.09 2.29 0.25 0.28 12.94 0.22 |101.86 | 76.11 19.48 4.42
Oxide Weight Percent Oxide
Mg Al Si Ti Fe Ca Mn Cr Sum
1 Oxide 1 0.48 0.13 0.12 50.71 48.10 0.19 0.49 0.00 | 100.22
2 Oxide 2 0.71 2,51 0.13 13.06 76.72 0.00 0.31 0.09 93.53
3 Oxide 3 — lamination 1.58 0.08 0.09 51.52 4585 0.00 0.92 0.00 | 100.04
4 Oxide 4 0.75 0.09 0.00 51.64 47.07 0.00 0.62 0.00 | 100.17
5 Oxide 5 0.23 3.74 0.08 13.35 7472 0.00 1.37 0.13 93.62
6 Oxide 5 — large lam. 2.15 0.11 0.00 51.76 45.31 0.00 0.56 0.00 99.89
7 Oxide 5 — small lam. 2.50 0.64 144 4580 4758 0.00 0.69 0.00 | 98.65
8 Oxide 6 0.07 2.86 0.32 1831 69.60 0.15 1.59 0.00 | 92.90
9 Oxide 7 0.00 1.85 0.21 22,18 69.12 0.09 0.52 0.00 93.97
10 Oxide 8 0.00 1.53 0.24 2050 7192 0.09 0.36 0.00 94.64
11 Oxide 9 0.27 0.15 0.48 4939 46.63 0.05 0.62 0.00 97.59
12 Oxide 10 0.00 2.17 0.29 2298 69.51 0.09 0.38 0.00 95.42
13 Oxide 11 0.00 1.88 0.19 23.38 69.17 0.07 0.92 0.00 95.61
14 Oxide 12 0.00 1.80 0.30 2252 69.93 0.12 0.38 0.00 | 95.05
15 Oxide 13 0.00 1.70 0.17 2499 68.65 0.05 0.71 0.00 | 96.27
16 Oxide 14 0.11 1.98 0.51 2041 71.39 0.14 0.36 0.00 94.90
17 Oxide 15 0.00 1.90 0.16 20.68 7177 0.00 111 0.00 95.62
18 Oxide 16 0.00 1.18 0.18 2085 72.78 0.08 0.37 0.00 95.44
19 Oxide 17 0.43 0.09 0.08 50.47 47.36 0.18 0.52 0.00 99.13

VIVA H4O04dOJOIN "d XIANAddV
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Sample: GCHB89-36 — Oukaapseweg

VIVA H4O04dOADIN "d XIANAddY

Feldspar Weight Percent Oxide Plagioclase Ternary Fsp
Na Si Al K Ca Fe Mg Sum An Ab An Ab Or
1 Plag 6.60 60.73 24.64 1.00 7.10 0.59 0.00 |100.66 | 37.28 62.72 | 35.09 59.03 5.88
2 Plag 6.33 59.17 25.10 0.80 8.08 0.43 0.00 99.91 | 4136 58.64 | 39.44 5591 4.65
3 Plag 5.65 58.44 25.73 0.63 9.00 0.59 0.06 | 100.10 | 46.82 53.18 | 45.06 51.19 3.76
4 Plag 5.01 55.86 27.15 0.46 10.54 0.60 0.08 99.70 | 53.76 46.24 | 52.30 4498 2.72
5 Plag 4.05 53.21 28.37 0.37 12.32 1.05 0.13 99.50 | 62.70 37.30 | 61.33 36.48 2.19
6 Plag 4.44 5476  27.87 0.42 11.56 0.69 0.07 99.81 | 59.00 41.00 | 57.53 39.98 2.49
7 Plag 4.43 5496 27.75 0.43 11.65 0.77 0.11 | 100.10 | 59.24 40.76 | 57.73 39.73 2.54
8 Plag 5.31 56.99 26.91 0.52 10.09 0.70 0.07 {100.59 | 51.22 48.78 | 49.66 47.29 3.05
9 Plag 4.82 56.29 27.21 0.51 10.62 0.62 0.07 |[100.14 | 5491 4509 | 53.23 43.72 3.04
10 Plag 4.35 54.19 27.85 0.42 11.90 0.79 0.12 99.62 | 60.19 39.81 | 58.70 38.83 2.47
Pyroxene Weight Percent Oxide End-member-percentages
Na Mg Al Si Ca Ti Mn Fe Cr Sum En Fs Wo
1 pyroxene 0.25 13.92 2.48 50.48 17.93 1.09 0.34 14.25 0.00 | 100.74 | 40.00 2297 37.03
2 pyroxene 0.21 15.44 2.04 52.70 14.82 0.88 0.41 16.37 0.00 |102.87 | 43.77 26.03 30.19
3 pyroxene 0.18 14.48 1.98 50.85 15.08 0.95 0.44 17.07 0.00 (10103 4150 27.44 31.06
4 pyroxene 0.21 14.70 2.15 50.68 15.11 1.02 0.35 16.54 0.00 |[100.76 | 42.20 26.63 31.17
5 pyroxene 0.23 14.45 2.38 50.53 18.82 0.96 0.29 12.42 0.12 | 100.20 | 41.36 19.94 38.71
6 pyroxene 0.23 14.44 2.34 50.35 17.54 0.90 0.27 13.60 0.00 99.67 | 4165 2200 36.35
7 pyroxene 0.20 15.29 2.08 51.15 16.26 0.87 0.37 14.13 0.00 | 100.35 | 43.81 2271 3348
8 pyroxene 0.26 13.70 2.40 50.31 18.60 111 0.36 13.66 0.00 | 100.40 | 39.45 22.06 38.49
9 pyroxene 0.23 15.49 1.68 51.87 16.06 0.75 0.35 14.26 0.00 | 100.69 | 4422 2283 32.95
10 pyroxene 0.21 15.48 2.26 50.80 14.74 0.99 0.43 16.44 0.00 (10135 43.86 26.13 30.01
11 pyroxene 0.22 13.74 2.39 50.18 17.04 1.16 0.32 15.49 0.00 | 100.54 | 39.63 25.06 35.32
12 pyroxene 0.13 14.95 1.14 51.60 12.77 0.68 0.44 19.32 0.00 | 101.03 | 42.76 3099 26.25
Oxide Weight Percent Oxide
Mg Al Si Ti Fe Ca Mn Cr Sum
1 Oxide 1 0.00 2.06 0.34 21.53 69.07 0.51 1.42 0.00 94.93
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Sample: GCHB89-24 — Nursery Ravine

VILVU HHOddOJOIN 'd XIANHddV

Feldspar
Weight Percent Oxide Plagioclase Ternary Fsp
Na Si Al K Ca Fe Mg Sum An Ab An Ab Or
1 plagioclase 481 55.50 27.17 0.38 11.15 0.75 0.12 99.88 | 56.16 43.84 | 5491 4286 2.23
2 plagioclase 536 57.33 26.12 0.60 9.64 0.76 0.06 99.87 | 49.85 50.15 | 48.07 48.37 3.56
3 plagioclase 520 56.88 25.95 0.49 9.83 0.68 0.07 | 99.10 | 51.09 48.91 | 4959 4747 294
4 plagioclase 5.07 5594 2676 0.50 1026  0.72 0.09 99.34 | 52.79 4721 | 51.22 4580 297
5 plagioclase 496 56.61 2650 042 10.30 0.74 0.09 99.62 | 53.44 46.56 | 52.08 45.39 2.53
6 plag core 5.18 56.47 26.24  0.48 10.06  0.60 0.07 | 99.10 | 51.77 4823 | 50.29 46.86 2.86
Pyroxene
Weight Percent Oxide End-member-percentages
Na Mg Al Si Ca Ti Mn Fe Cr Sum En Fs Wo
1 Pyroxene 0.14 14.46 1.42 50.48 11.76 0.68 0,57 2147 0.00 |100.98 | 41.37 34.45 24.18
2 Pyroxene 0.19 10.56 145 4946 1330 0.75 0.63 23.96 0.00 |100.30 | 31.47 40.05 28.48
3 Pyroxene 0.23 1211 162 49.87 15.63 0.82 0.48 19.72 0.00 | 100.48 | 3520 32.15 32.65
4 Pyroxene 0.17 14.77 1.78 50.22 1286  0.85 0.53 19.25 0.00 | 10043 | 4243 31.02 26.55
5 Pyroxene 0.14  14.58 212 50.08 13.13 0.92 0.46 18.10 0.00 | 99.53 | 4267 29.71 27.62
6 Pyroxene 0.15 15.55 1.25 50.48 9.90 0.62 0.58 21.39 0.00 | 99.92 | 4486 34.61 20.52
7 Pyroxene 0.25 12.13 236 49.73 18.60 1.14 0.32 15.81 0.00 | 100.34 | 3530 25.81 38.90
8 Pyroxene 0.13 14.71 150 4895 1164 0.77 0.45 20.22 0.00 | 9837 | 4274 3295 24.30
9 Pyroxene 0.16 14.90 1.62 50.66  13.06 0.74 0.44 18.37 0.00 | 99.95 | 43.08 29.79 27.13
10 Pyroxene 0.15 15.37 1.53 50.72 1200 0.78 0.43 19.48 0.00 | 100.46 | 44.02 31.29 24.70
11 Pyroxene 0.22 13.19 1.82 50.19 1537 0.89 0.41 18.15 0.00 }100.24 | 38.33 2958 32.09
Oxide
Weight Percent Oxide
Mg Al Si Ti Fe Ca Mn Cr Sum
1 Oxide 1 0.32 2.46 0.39 27.14 6240 0.06 0.93 0.00 93.70
2 Oxide 2 0.71 2.37 0.21 26.33 6480 0.08 0.89 0.00 | 95.39
3 Oxide 3 0.67 2.34 0.23 26.24 64.04 0.06 0.85 0.00 94.43
4 Oxide 4 0.33 214 2.66 3240 54.79 0.16 1.20 0.00 | 93.68
5 Oxide 5 0.15 161 2.70 37.16 51.55 0.16 0.79 0.00 | 94.12
6 Oxide 6 0.30 3.30 2.88 30.32 56.06 0.13 0.71 0.11 | 9381
7 Oxide 7 0.60 2.36 494 2335 6255 0.09 0.89 0.00 | 94.78
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