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ABSTRACT

The ~135 Ma Koegel Fontein complex, 350 km north of Cape Town, has rocks with
abnormally low 3'%0 values, as low as -5.2%o. The rocks with the lowest 320 values belong
to an intrusive breccia and have a fine-grained, black matrix. The silica content of these
breccia rocks ranges between 44-68 wt %, their whole-rock 5'®0 values vary between -5.2%o
and +1.8%o, and their water content is between 0.2-1.1 wt %. The major and trace element
composition of the breccia rocks is consistent with them containing variable proportions of
bostonite, alkali basalt, gneiss, and epidote- and xenolith-rich material. Mapping indicates
that the initial intrusion was an alkali basalt dyke and a bostonite dyke that were then
intruded by two breccia plugs that extended along the planes of weakness created by the
pre-existing dykes, forming two sub-parallel breccia dykes. The water content of the breccia
rocks is low (average <1.0 wt %) and is consistent with interaction with fluids at a relatively
high temperature (>300°C). These fluids interacted with the rocks from both dykes and are
responsible for their "®0-depletion. On the basis of the O- and H-isotope composition of the
breccia rocks, the 8'®0 value calculated for the fluids in equilibrium with the breccia rocks is
approximately -10.8 +0.2 %o. This low 5'0 value of the meteoric fluids is too low for the low
latitude and warm climate at ~135 Ma and indicates that '®0O-depletion at Koegel Fontein
predates the intrusion of the complex in the Cretaceous. It is possible that low-3'20 fluids
circulated through the country rock during the Pan African when crustal reworking enabled
deep circulation of surface water. This period of crustal reworking coincides with a ‘Snowball
Earth’ event and would have been accompanied by '®O-depleted meteoric water. In the
Cretaceous, it is assumed that a mantle plume heated the crust, causing dehydration before
partial melting of the crust. The initial low-5'%0 fluids are effectively metamorphic fluids in
equilibrium with the rock. It is proposed that the initial loss of these fluids became explosive.
These fluids migrated along the pre-existing alkali basalt and bostonite dykes, incorporating
fragments of alkali basalt, bostonite, and country rock gneiss. This xenolith-rich fluidised

material was then emplaced rapidly into the crust.
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6.6 The relationship between the Breccia Outcrop and the complex

6.6.1 Suggested sequence of events

Before the Pan African, the high latitude of southern Africa (e.g. Tohver et al., 2006) and
possible Neoproterozoic global glaciations on Earth (e.g. Maruyama and Santosh, 2008)
caused surface water to be strongly '®O-depleted (Curtis et al., 2013). The latitude and
Snowball Earth arguments can explain the low 5'0 values of the meteoric fluids calculated
in this work and in Curtis et al. (2013).

In the Pan African, which was a time of crustal reworking, surface water with low 5'0 values
circulated through shear zones and associated fractures of the country rock gneiss (Curtis et
al., 2013) (Fig. 6.7.a). These meteoric fluids interacted with the country rock at high
temperatures and '®0O-depleted the country rock gneiss. During the Pan African, the
Namaqua country rock gneiss (1200-1000 Ma) underwent intense reworking. Gneiss rocks
were possibly mixed with other gneisses from various localities. Some of the gneisses were
probably metamorphosed, which reset the age of these gneiss rocks to a younger age than
1000 Ma. The metamorphism and the gneiss heterogeneities explain the calculated age of
the gneiss (~666 Ma), which is younger than the Namaqua gneiss and older than the Pan

African.

In the Cretaceous, a South Atlantic mantle plume presently located at Bouvet Island and
Discovery and Shona seamounts initiated magmatism at Koegel Fontein (Curtis et al.,
2013). A shear zone where the complex is presently situated at started to melt due to the
high water content it held from a previous fluid-rock interaction (Curtis et al., 2013). As the
crust warmed, a premature alkali basalt magma intruded through a fracture line situated in
one of the reactivated shear zone. The basalt intrusion broke through a plane of weakness
of the crust and formed the alkali basalt dyke (Fig. 6.7.b).

As the crust was heated further, the crust became more differentiated than before. A
bostonite magma forced its way out through the same fracture line that the basalt intrusion
used (Fig. 6.7.b). Near the surface of the crust, the bostonite intrusion separated from the
pathway the basalt used to intrude and broke through a second plane of weakness, forming
the bostonite dyke. Evidence for the bostonite dyke to be younger than the basalt dyke is the

more mafic than felsic composition of the bostonite rocks.

Once the crust is warm enough, low-5"0 fluids trapped in the country rock since the Pan
African were driven off by dehydration reactions (Curtis et al., 2013) (Fig. 6.7.c). These

fluids, now metamorphic and with a temperature high enough to exchange their 0 with the
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rock they migrate through (>300°C), rose towards the surface of the crust through the same
pathway the basalt and bostonite magmas used to intrude. Given the occurrence of the
reworked, retrogressed, and '®0-depleted shear zones of the country rock, parts of the fluids
must have had extremely low 5'°0 values. The fluids with some of the lowest 5'°0 values
were the fluids that '®0O-depleted the breccia rocks. Evidence for this is the extremely low

5'80 values of the breccia rocks.

When the fluids were eventually dehydrated and migrated through the pre-existing fracture
line the basalt and bostonite dykes used, the fluids incorporated variable amounts of
materials on their way up to the surface of the crust. Some of the material was a mixture of
fragments of alkali basalt and bostonite (groundmass (B) xenoliths), while other was country
rock (gneiss xenoliths), which is the rock material that gives the older age (~567 Ma) of the
breccia rocks than Cretaceous. The fluids eventually became xenolith-rich and burst out
through the Breccia Plug 1 along the bostonite dyke and the Breccia Plug 2 along the basalt
dyke, before extending along both dykes and forming the two sub-parallel breccia dykes
(Fig. 6.7.d). Later in time, once the Breccia Outcrop and the rest of the complex were

emplaced, a phonolite magma intruded the bostonite dyke and formed the Phonolite Plug.
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Fig. 6.7 Schematic cross-sections showing the proposed stages of development of the Breccia Outcrop within

the Koegel Fontein complex. (a) Generation of low-5'°0 crust by meteoric-hydrothermal fluids and rock

interaction along crustal shear zones during the Pan-African (?) regional metamorphism. (b) Emplacement of

early igneous units in the Cretaceous: an alkali basalt dyke followed by a bostonite dyke intrude along a fracture

line. (c) Growth of magma system at depth. Thermal metamorphism causes efflux of dehydration fluids from the

altered crust. A xenolith-filled fluidised mass intrudes through the pre-existing bostonite and basalt dykes.

(d) The Breccia Outcrop is now emplaced. The final stage of the complex is the intrusion of Rietpoort Granite,

which cuts both the bostonite and basalt dykes.
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CHAPTER 7 CONCLUSIONS

1. The Breccia Outcrop is made of two sub-parallel breccia dykes with a breccia plug on
them. These dykes used to be an alkali basalt dyke and a bostonite dyke before a
xenolith-rich fluidised mass intruded both dykes. This fluidised material broke through the
Breccia Plug 1 on the bostonite dyke and the Breccia Plug 2 on the alkali basalt dyke

before extending along both dykes and forming the breccia dykes.

2. The petrography, major and trace element compositions, and radiogenic isotope data
reflect that three main rock components make up the breccia rocks, two of which are

igneous (bostonite and basalt) and one metamorphic (gneiss).

3. A fourth rock constituent is an epidote-rich green rock supporting black and gneiss
xenoliths. This green rock represents a xenolith- and fluid-rich material that migrated
through the same crustal weakness through which pre-existing bostonite and alkali basalt
dykes intruded. The xenoliths in this green rock are fragments of gneiss, alkali basalt, and
bostonite that were broken off from the wall rock when the xenolith-rich fluidised mass

migrated through the crustal weakness.

The phonolites are the first silica-undersaturated rocks described at Koegel Fontein.
These rocks are made of alkali feldspar and nepheline and form the Phonolite Plug,
which is an intrusive plug situated along the bostonite dyke. The absence of phonolite
xenoliths in the breccia rocks and the normal 5'20 values of the phonolites are indicative

that the Phonolite Plug intruded the bostonite dyke after the complex was emplaced.

5. The rocks with the lowest 50 values in the complex (8"Ownole-rock (COK168 and CoK170) =
-5.2%0 and &"®Omineral separates (cokiss) = -5.6%o) are breccia rocks. The breccia rocks and
adjacent gneisses are all low-5"0 rocks with values below that of MORB (+5.7%o). Only

the phonolites are normal-5'20 rocks, with 5'0 values >+5.7%. (average = +8.0%o).

6. The 8'®0 value of the meteoric fluids (-10.8%c) calculated from the breccia rocks is
inconsistent with the low latitude and warm climate of southern Africa in the Cretaceous.
The '®0O-depletion of these fluids is proposed to have occurred in the late Proterozoic
(Curtis et al., 2013) when there were global glaciations on Earth (e.g. Maruyama and
Santosh, 2008) and when southern Africa was at high latitude (e.g. Tohver et al., 2006).
These low-5'%0 fluids could then have 'O-depleted the country rock during the Pan
African orogeny, when crustal reworking enabled deep circulation of surface water (Curtis
etal., 2013).
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7. The Namaqua country rock gneiss (1200-1000 Ma) underwent intense reworking in the

10.

Pan African. Gneisses from various localities were mixed and some metamorphosed,

resetting the age of these gneisses (calculated age of the gneisses: ~666 Ma).

Despite the calculated Pan African age (~567 Ma) of the breccia rocks, these rocks are
suggested being ~135 Ma. This older age than Cretaceous indicates that the age of the
breccia rocks was not completely reset by the Cretaceous breccia-forming event. This
calculated age (~567 Ma) is suggested to reflect the age of the gneiss xenoliths in the
breccia rocks, which was most likely reset during the Pan African orogeny (~500 Ma) due

to crustal reworking.

The low water content and LOI values (0.2-1.1 wt %) and the dominance of epidote and
biotite reflect a fluid temperature (>300°C) high enough for fluid-rock exchange. The fluids
were dehydrated from the country rock when a Cretaceous mantle plume heated the
base of the crust (e.g. Curtis et al., 2013). As the crust was heated further, a premature
alkali basalt dyke intruded through a fracture line. The crust became more differentiated
than before and a bostonite dyke intruded next through the same fracture line the alkali
basalt dyke used to intrude. Near the surface, the bostonite magma separated from the
fracture line and intruded near to the basalt dyke. Low-3'%0 fluids trapped in the country
rock since the Pan African were eventually driven off by dehydration reactions and
migrated through the alkali basalt and bostonite dykes. These fluids broke off fragments
of alkali basalt, bostonite, and gneiss from the wall rock. The xenolith-rich fluidised

material was decompressed rapidly and formed Breccia Outcrop.

The breccia rocks warrant more studies as they form an unusual rock type. The
extremities of the Breccia Outcrop could use further mapping and sampling. Work on the
composition of the breccia xenoliths could indicate if the bostonite and basalt dykes
actually intruded through the same fracture line. The phonolites could be more
extensively studied to further understand its emplacement model. Acquiring magnetic
data and studying the magnetic anomaly at Koegel Fontein could help constrain the origin
of the complex. A thorough comparative study between the Breccia Outcrop and other
intrusive breccias worldwide could help better comprehend the emplacement of the
outcrop. To end, the breccia rocks occur in an area where little igneous activity related to
rifting is preserved onshore. Further exploration of the low-3'°0 rocks could add further
understanding to geological processes occurring in the region and perhaps to the

relationship between rifting and magmatism during the breakup of western Gondwana.
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A.6 Phonolite rock
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Sample COK167 (Sheared augen gneiss)
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Table B.1 Summarised petrography of all the breccia rocks, phonolite rocks, and gneisses

sampled in this work
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APPENDIX A HAND-SPECIMEN PHOTOGRAPHS AND
PHOTOMICROGRAPHS

A.1 Breccia with strong alteration - sample COK168

Sample COK168 consists of ~85% matrix, which is a mixture of groundmass (B) and matrix
(A), and sparse zircon. The phenocryst assemblage makes up ~10% of the rock. The
phenocrysts are made of fine- to medium-grained plagioclase and alkali feldspar and
opaque minerals. Microphenocrysts of feldspar with a fibrous texture are occasional.
Plagioclase and alkali feldspar phenocrysts are only found in groundmass (B). About 5% of
the rock consists of xenoliths made of groundmass (B). Groundmass (B) xenoliths contain

abundant medium-grained opaque minerals.

Fine- to medium-grained epidote and chlorite replace matrix (A). Groundmass (B) is partly
coated by a fine-grained, brown (PPL, XPL) mineral. Phenocrysts have sieve textures,
altered rims, and are embayed. Feldspar phenocrysts are strongly altered by epidote.

Xenoliths are partly to entirely chloritised.
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A.1 Breccia with strong alteration - sample COK170

Sample COK170 consists of ~86% matrix, which is a mixture of groundmass (B) (in grey)
and matrix (A) (in brown/yellow), and opaque minerals. Phenocrysts are not visible in this
rock. About 15% of the rock consists of xenoliths made of granoblastic quartz or

groundmass (B).

Fine- to medium-grained epidote replaces matrix (A). Groundmass (B) is partly coated by a
fine-grained, brown (PPL, XPL) mineral. The granoblastic quartz and groundmass (B)

xenoliths are partly replaced by epidote.
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A.2 Breccia with the most xenoliths - sample COK162 (~60% xenoliths)

COK162 has ~39% matrix, which is described as matrix (A). No phenocrysts are visible in

this rock. About 60% of the rock consists of xenoliths. The xenoliths are made of
granoblastic quartz and groundmass (B). Sparse, fine- to medium-grained quartz xenocrysts

are disseminated in the rock. Two of the quartz xenocrysts show a flow texture.

Fine-grained epidote replaces matrix (A). Groundmass (B) xenoliths are partly coated by a
fine-grained, brown (PPL, XPL) alteration product. The xenoliths show coronas of a fine-
grained mineral, which is too fine to identify any constituents. The quartz in the xenoliths has

a wavy extinction.
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A.2 Breccia with the most xenoliths - sample COK175 (~79% xenoliths)

Sample COK175 consists of ~20%, which is described as groundmass (B). The phenocryst

assemblage makes up ~1% of the rock. The phenocrysts are fine- to medium-grained alkali
feldspar. About 79% of the rock is made of xenoliths of quartz, and groundmass (B).
Groundmass (B) xenoliths contain abundant opaque minerals. There are abundant fine- to

medium-grained quartz xenocrysts disseminated in the rock.

A brown (PPL, XPL) mineral coats groundmass (B). The xenoliths and xenocrysts of quartz
are strained and show trails of fluid inclusions. Phenocrysts are turbid and have altered rims.
The alkali feldspar shows perthitic and sieve textures. The brown mineral is chloritised and

feldspar is replaced by a fine-grained groundmass along rims and cracks.
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A.3 Breccia with a black and green matrix - sample COK165 (~50-50%)

Sample COK165 consists of ~85% of matrix, which is described as a mixture of groundmass

(B) and matrix (A), and opaque minerals. The phenocryst assemblage makes up ~10% of
the rock. The phenocrysts are feldspar, which isx found in groundmass (B). About 5% of the

rock consists of xenoliths of groundmass (B).

The matrices and the phenocrysts are strongly altered. Fine- to medium-grained epidote and
chlorite replace matrix (A). A brown (PPL, XPL) mineral coats groundmass (B). The feldspar
is turbid, embayed, and shows perthitic and sieve textures. Feldspar phenocrysts are

chloritised.
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A.3 Breccia with a black and green matrix - sample COK205 (~50-50%)

Sample COK205 consists of ~45% of matrix, which is made of a mixture of groundmass (B)

and matrix (A). The phenocryst assemblage makes up ~10% of the rock, and is found in
groundmass (B). The phenocrysts are made of feldspar. Less than 2% of the feldspar
phenocrysts are relict. The relict feldspar is replaced by a fine-grained groundmass, which is
too fine to identify. About 45% of the rock consists of xenoliths made of groundmass (B),
granoblastic quartz, and disseminated quartz xenocrysts. The xenoliths of groundmass (B)

are well-defined, round or angular inclusions.

Both matrices are strongly altered. Fine- to medium-grained epidote and chlorite replace
matrix (A). A brown (PPL, XPL) mineral coats groundmass (B). Groundmass (B) xenoliths
have coronas of opaque minerals and chlorite. The feldspar is turbid, embayed, and shows

perthitic and sieve textures. Feldspar phenocrysts are chloritised.
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A.4 Breccia with a trachytic texture - sample COK178

Sample COK178 consists of ~95% matrix, which is described as groundmass (C), and
opaque minerals. Groundmass (C) is fine-grained with a trachytic texture made of oriented,
elongate crystals of alkali feldspar. The phenocryst assemblage makes up ~5% of the rock.
The phenocrysts are medium- to coarse-grained alkali feldspar showing Carlsbad twinning.
Less than 1% feldspar phenocrysts are relict phenocrysts, which are phenocrysts
recrystallised by a fine-grained matrix too fine to identify any constituents. Relict phenocrysts

show intergrowth textures. There are no visible xenoliths.

An abundant brown (PPL) mineral coats the alkali feldspar that makes up groundmass (C).
The phenocrysts and groundmass (C) are strongly altered by fine-grained epidote.

Phenocrysts are embayed and partially to entirely replaced by epidote.
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A.4 Breccia with a trachytic texture - sample COK198
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Sample COK198 consists of ~75% matrix, which is described as groundmass (C), and

opaque minerals. The groundmass is fine-grained with a trachytic texture made of oriented,
elongate crystals of alkali feldspar. The phenocryst assemblage makes up ~20% of the rock.
The phenocrysts are coarse-grained alkali feldspar showing Carlsbad twinning. About 5% of

the rock is made of groundmass (B) xenoliths.

An abundant brown (PPL) mineral coats groundmass (C) and groundmass (B) xenoliths.
The phenocrysts and groundmass (C) are altered by fine-grained epidote. Phenocrysts are
embayed and partially to entirely replaced by epidote. Phenocrysts show resorption textures

and have a dusty alteration.
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A.5 Breccia with a basaltic texture - sample COK172

Sample COK172 consists of ~85%, which is described as groundmass (D), and opaque

minerals. The groundmass is fine-grained with a basaltic texture. The phenocryst
assemblage makes up ~13% of the rock. The phenocrysts include fine- to medium-grained
plagioclase showing polysynthetic twinning. Plagioclase laths are euhedral to subhedral and
clustered in glomeroporphyritic masses. Phenocrysts of amphibole and pyroxene are
recognised by their perfect cleavage intersecting at 60°/120° and right angles respectively.

About 2% of the rock consists of gneiss xenoliths made of fine-grained, granoblastic quartz.

Elongate brown pleochroic (PPL) biotite coats groundmass (D). The phenocrysts and
xenoliths are altered by fine-grained epidote. Phenocrysts are embayed and partially to
entirely replaced by epidote. Phenocrysts show resorption textures. Plagioclase has a dusty

alteration.
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A.5 Breccia with a basaltic texture - sample COK195

Sample COK195 consists of ~85% matrix, which is described as groundmass (D), and

opaque minerals. The groundmass is fine-grained with a basaltic texture. The phenocryst
assemblage makes up ~15% of the rock. The phenocrysts include fine- to medium-grained
plagioclase showing polysynthetic twinning. Plagioclase laths are euhedral to subhedral and
clustered in glomeroporphyritic masses. There are sparse phenocrysts of amphibole and
pyroxene with their perfect cleavage intersecting respectively at 60°/120° and right angles.

No xenoliths are visible.

Elongate, brown pleochroic (PPL) biotite coats groundmass (D). Epidote and biotite fill
fissures in phenocrysts and the groundmass. Phenocrysts are embayed, and show
resorption textures. Plagioclase is partially replaced by fine-grained epidote. Plagioclase has

a dusty alteration.
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A.6 Phonolite rock - sample COK192

Sample COK192 consists of ~95% matrix, which is described groundmass (E). The

groundmass is fine-grained and mostly made of alkali feldspar (>90 volume %). The
phenocryst assemblage makes up ~5% of the rock. The phenocrysts are opaque minerals

and alkali feldspar. No xenoliths are visible.

Fine-grained epidote has replaced parts of groundmass (E). The alkali feldspar that makes
up the groundmass has a dusty alteration. The feldspar phenocrysts are strongly altered,

and show perthitic textures. Opaque minerals have coronas of epidote.
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A.7 Gneiss - sample COK167

AL

Sample COK167 consists of alkali feldspar (~50%), granoblastic quartz (~40%), fine-grained
mafic minerals (~9%), and minor opaque minerals and zircon. The texture is medium- to
coarse-grained with sutured grain boundaries. Quartz and feldspar are elongate, showing

preferred orientation towards shearing. Biotite is sheared.

There is evidence of recrystallization with fine-grained quartz showing 120° grain
boundaries. Quartz and feldspar have altered rims, and are embayed. The feldspar rims and
biotite grains are chloritised. Alkali feldspar and plagioclase are perthitic, embayed, and
turbid.
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A.7 Gneiss - sample COK169

Sample COK169 consists of porphyroblastic alkali feldspar (~50%), quartz (~35%), biotite

(~20%), and minor opaque minerals, and zircon. The texture is medium- to coarse-grained
with abundant porphyroblastic alkali feldspar showing simple twinning. The alkali feldspar is

inequigranular and anhedral to subhedral.

Alkali feldspar rims are chloritised. Alkali feldspar is perthitic, and embayed. Biotite is

strongly altered by epidote and chlorite.
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