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Abstract

The Kunene Anorthosite Complex (KAC), located in southwest Angola, is one of the largest
Proterozoic anorthosite intrusions on Earth, with an areal extent of at least 18 000 km?.
The KAC is composed of anorthosite, leucotroctolite, leuconorite, leucogabbro and
granitoids. Many aspects of Proterozoic anorthosite petrogenesis are still unknown with
debates including the parental magma source, temporal restriction of anorthosite, and
anorthositic magma emplacement mechanisms. Very little research has been conducted
on the Angolan portion of the KAC, and published maps lack detail and are often
inconsistent. Previous studies considered the Kunene Complex to be have formed as a
layered intrusion and, more recently, as a series of coalesced plutons. As one of the
largest and least studied Proterozoic anorthosites in the world, the KAC provides a unique
opportunity to test recent ideas surrounding Proterozoic anorthosite petrogenesis related
to the KAC. Its linear geometry, make-up of multiple plutons and large age range also
create a great desire for study. This study allows for the development of new models for
the emplacement dynamics, timescales, and tectonic setting of the KAC. This study makes
use of the interpretation of remote sensing datasets (Landsat 8 and SRTM 3 — Shuttle
Radar Topography Mission) as well as U-Pb TIMS (Thermal lonisation Mass Spectrometer)
geochronology to analyse the composition, structure and age variations of the KAC. In
order to extract maximum compositional data from this magmatic complex, various image
processing techniques have been performed, including false colour composites, a
minimum noise fraction, a principle component analysis, and band ratioing for the
Landsat 8 data. To best identify structural data, hill-shading and an automatic lineament
extraction was used for the SRTM and Principle Component 1 images. The results of the
Landsat Image processing enable identification of different spectral signals and allow for
the differentiation of the KAC from country rocks, in addition to separating the
anorthositic rocks of the KAC itself. From the SRTM imaging, lineament data were
extracted and various structural features identified throughout the KAC. In combination
with ground truthing, these lineaments are classified into either magmatic foliations,
subsolidus planar structures or fault structures. Using these techniques, this study
reiterates the batholitic appearance of the KAC and identifies two main magmatic entities

of distinct crystallization age, composition and Landsat spectral response, making up the



KAC. In combination with ground truthing, a new interpretative lithological map for the

KAC and adjacent country rocks has been produced.

Understanding the relative timing of the anorthosite emplacement is crucial for
understanding how these enigmatic magmas form and how they rise through the crust.
The ages and relative emplacement sequence of the individual batches forming the KAC
are unknown. New high precision U-Pb ID-TIMS ages on zircon and baddeleyite for many
of the newly defined spectral domains across the anorthositic complex are presented.
These new geochronological results reveal subtle variations in crystallisation age within
the KAC on the order of 10 Ma. There is no gradual age progression between potential
distinct magmatic batches but distinct groupings of ages. Mean age clusters of 1379.8 +
2.0 Ma (n=5) occurring to the north of the NE — SW striking Red Granite intrusions,
whereas in the south there is an older age grouping of 1390.4 + 2.3 (n=3). Two additional
ages of 1400.5 + 1.3 Ma and 1438.4 + 1.1 Ma have been obtained in the centre and
southeast of the complex, respectively. These results indicate that the Kunene
anorthosites were emplaced over 60 Ma. The 40 Ma difference between emplacement of
the first anorthositic body and the remaining anorthositic emplacement suggests two
possibilities for the long-lived magmatic system: 1) Magma differentiation occurred slowly
over an extended period of time with anorthositic mushes reaching their final
emplacement depth at a faster rate. 2) Differentiation occurred at a faster rate but the
mushes ascended slowly to their final emplacement depths. A link has been found
between spectral domain composition and age. In general, leuconoritic domains are older
than the leucotroctolitic domains. This may imply that the first pulses of magma received
a greater degree of crustal contamination, forcing the initial broadly basaltic magma to
produce orthopyroxene as the main mafic phase. The later pulses received less
contamination as they ascended through the already partially melted and refractory crust,
producing olivine as the mafic phase and deforming the older domains. This study
reiterates the multiphase petrogenesis of Proterozoic anorthosites and sheds light on the
assembly of crystal-rich magmas as they ascend through the crust. Utilizing the remote
sensing data and the geochronological results, a new model for the petrogenesis of the
KAC been developed and it is suggested that the most valid setting for the KAC is a

continental arc.
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1 Introduction

Bowen (1917) recognized that anorthosites present a particularly unusual problem, in that
a rock with a very simple mineral assemblage is associated with many difficult
petrogenetic questions. These questions include identification of a parental magma for
anorthosites in general, plagioclase concentration mechanisms, emplacement
mechanisms, tectonic setting(s), and the temporal restriction of Proterozoic anorthosites
(See Sections 1.1 — 1.3 for more specifics; Bowen, 1917; Ashwal, 1993; Ashwal, 2004).
These topics have challenged, and continue to challenge, the minds of petrologists.
Anorthosites are rocks with a near monomineralogical composition of at least 90%
plagioclase (Streckeisen, 1976) and can cover a significant areal extent of up to 20 000
km? (Morse, 1982; Ashwal, 1993). Proterozoic anorthosite, the focus of this study, is one
of six types of anorthosites (Ashwal, 1993; Ashwal, 2010): Archean (calcic) anorthosite,
Proterozoic anorthosite, anorthosite in layered intrusions, anorthosite in oceanic settings,
anorthosite inclusions in other igneous rocks, and extraterrestrial anorthosite. Each of
these anorthosite types are unique and have distinctive characteristics (Ashwal, 1993).
Examples of such characteristics include the temporal restriction of Proterozoic
anorthosite, and the occurrence of Proterozoic anorthosite as massifs (large batholiths of
anorthosite and related plagioclase rich rocks; Ashwal, 2010). The temporal restriction of
Proterozoic anorthosite between ~2.69 — 0.55 Ga (Morse, 1982; Ashwal, 2010) and their
highly debated origins (see Section 1.1) create a great desire for study. Proterozoic
anorthosites are the most voluminous type of anorthosite on Earth and although they are
found from 2.69 —0.55 Ga, most occur between ~1.8 — 0.8 Ga (Morse, 1982; Ashwal, 1993;
Ashwal, 2010). The dominant rock types include: anorthosite, leuconorite, leucogabbro
and leucotroctolite, with minor amounts of mafic rock and rare or absent ultramafic rocks
(Ashwal, 1993). Typically plagioclase in Proterozoic anorthosites has an intermediate
anorthite content of Anso+ 10 With the coarsest grains reaching up to one meter in length.
Common among these Proterozoic anorthosites are the occurrence of high alumina
orthopyroxene megacrysts of up to 1 meter in length (HAOMs; 2 — 9 wt. % Al,O3; Ashwal,
1993).



The Kunene Anorthosite Complex (KAC) in southern Angola and northern Namibia is one
of the Earth’s largest Proterozoic anorthosite bodies with a mapped surface area of ~18
000 km? (Ashwal and Twist, 1993; Mayer et al., 2004). It has been suggested that this
anorthositic body is made up of ~10 — 12 coalesced plutons (Ashwal and Twist, 1994).
Owing to civil conflict and poor outcrop accessibility in Angola, minimal research has been
completed on the KAC, aside from the Zebra Lobe (Figure 1.1) which is the most southern
part of the KAC in Namibia (Ashwal and Twist, 1994; Driippel et al., 2001; Drippel et al.,
2007; Gleillner, 2010a; Gleiner et al., 2010b; Gleillner et al., 2010, Maier et al., 2013).
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Figure 1.1 — Simplified geological map and outline of the Kunene Anorthosite Complex and its surrounding
rocks.



As one of the largest and least studied Proterozoic anorthosites in the world, the KAC
provides a unique opportunity to test recent ideas surrounding Proterozoic anorthosite
petrogenesis related to the KAC. (See Section 1.5). Its linear geometry, make-up of
multiple plutons and large age range also create a great desire for study. This study allows
for the development of new models for the emplacement dynamics, timescales, and

tectonic setting of the KAC.

1.1 Parental Magma Source for Proterozoic Anorthosites

The major issue still being debated over the last century is the source of parental magmas
of Proterozoic anorthosites. Originally consensus on a mantle source with a high silica
contamination component was established for the parental magma (Barker, 1975; Ashwal
and Wooden, 1983). More recently, however, a second opinion argues for lower
continental crust as the magmatic source (Figure 1.2; Morse, 1982; Taylor et al., 1984;

Duchesne et al., 1999; Schiellerup et al., 2000; Longhi et al., 2005).
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Figure 1.2 - Two models for origin of Proterozoic anorthosites (after GleiBner, 2010a). (a) Mantle Origin (after
Ashwal, 1993) (b) A lower crust origin (after Duchesne et al., 1999).

Based on field observations, petrology, geochemistry, and modelling of Proterozoic

anorthosites, an Al-enriched tholeiitic magma is suggested as the likely starting
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composition in the mantle-derived source models (Morse, 1982; Charlier et al. 2010;
Heinonen et al., 2010; Bybee et al., 2014). The role of crustal contamination is a vital
process in the mantle source origin and developing magmatic signatures (such as: §'20 of
~ 7%o, initial Sr ratios > 0.704 and negative eNd values) indicating influences of crustal
contamination of an initial mantle magma (Ashwal, 1993; Peck et al., 2010). Associated
anatexis of a crustal component also allows for formation of jotunites, monzodiorites,
ferrodiorites and granitoids (Morse, 1982; Emsile et al., 1994; Mitchell et al., 1995; Frost
et al., 2010; Peck et al., 2010; Bybee et al., 2014). Overall, the model for a mantle source
involves partial melting of the mantle to form a tholeiitic magma, this magma ponds at
the base of the crust and over time causes anatexis of the crust which is assimilated with
the magma (Emsile et al., 1994; Frost, 2010; Heinonen, 2010; Bybee et al., 2014). This
magma ascends from the Moho and emplaced as a crustally contaminated magma
derived from the mantle (Emsile et al., 1994; Frost et al., 2010; Heinonen, 2010; Bybee et

al., 2014).

Recent field and experimental studies have challenged the mantle source hypothesis and
favour a mafic lower crustal source as the more preferable source for anorthositic
magmas (Taylor et al., 1984; Duchesne et al., 1999; Schiellerup et al., 2000; Longhi et al.,
2005). Part of this debate is created by the crustal isotopic signatures which could either
originate from a contaminated mantle source (as explained above), or a derivative directly
from a lower crustal source. Evidence such as unreasonably high Al compositions, low An
content and low Mg# (Taylor et al., 1984), as well as Re/Os isotopic evidence of crustal
components within the anorthosite from the Rogaland region, Norway (Schiellerup et al.,
2000), are suggested to be incompatible with a mantle parental source. Rather, the
observed mineral assemblages and isotopic signatures are more compatible with partial
melting of a mafic lower crust (Taylor et al., 1984). In the case of the Gothian Orogeny in
Norway, Schiellerup et al. (2000) suggested that yos values of +419 would require 610 Ma
to evolve from yos O (the starting chondritic value) to +419. They suggested that a 1400 —
1550 Ma-old lower crustal component could be a likely source for the 930 Ma
anorthosites in the Rogaland region and that there is no isotopic evidence to justify a
mantle-derived source. This specific crustal source was challenged by Sauer et al. (2013)
and produced ey values for the Rogaland anorthosite of +3.8 £ 3 (20) which better fits a

crust of ~1260 Ma or 1050 — 1020 Ma as more plausible crustal sources. They therefore
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suggest the 1050 — 1020 Ma aged lower crust as a more preferable source owing to the
large volume of rocks in the south western region of Norway at that age. An experimental
study involving phase stability of anorthosites at 11 kbar indicates that the parental
compositions will fractionate away from the observed mineral assemblages and are not
compatible with a mantle source (Longhi, 2005). Longhi (2005) uses this study to reaffirm
that only partial melting of mafic lower crust can produce the observed mineral
assemblage. A model suggested by Duchesne et al. (1999) shows that anorthosites are
associated with crustal weakness zones that extend to Moho depths and that lower
crustal “tongues” are underthrust into the mantle, which results in their partial melting

(Fig. 1.2b).

Both mantle and lower crust are plausible sources for anorthosite suites. Either the crustal
component is an indicator of assimilation of the crust by a mantle-derived magma, or it is
a direct component of melting the lower crust (Ashwal, 2004; Bybee, 2013). Although a
combination of the two as a mixed source is another possibility. A complete consensus on
the question of the source of anorthosites is fundamental as it directly influences the

possible types of tectonic environment (Ashwal, 2004).

1.2 Accumulation of Plagioclase and Emplacement Mechanisms

The way in which large volumes of plagioclase are crystallised, and the subsequent
emplacement mechanisms, add to the anorthosite problem. The process of plagioclase
accumulation can be achieved in essentially two ways: Floatation and accumulation of
plagioclase crystals (Morse, 1982; Ashwal, 1993) or crystallisation of plagioclase from a
hyper-feldspathic magma (Wiebe, 1990). The mechanical processes of plagioclase
accumulation involve ponding of the parental magma at lower crustal levels, plagioclase
crystallisation, and subsequent floatation due to the positive buoyancy of plagioclase
relative to its host basaltic magma. An experimental study by Kushiro (1980) shows that
at pressures lower than 6 kbar plagioclase sinks but at a pressures higher than 6 kbar
plagioclase will float relative to its host magma. This allows large volumes of plagioclase
to float and accumulate, as well as allowing the minor mafic component to sink and
recycle back into the mantle (Ashwal, 1993). A hyper-feldspathic magma in which large
volumes of plagioclase can directly crystallize may be formed in different ways. They

encompass the existence of an anorthositic liquid (Buddington, 1939), delayed nucleation



of plagioclase (Morse, 1982), and formation of a ponded magma where remelting and
resorption of preexisting plagioclase enriches the magma and forms a supersaturated
hyper-feldspathic magma (Wiebe, 1990). The existence of an anorthositic liquid is
implausible owing to unrealistically high temperatures required (~1400 °C), whereas
delayed nucleation and super-saturation of plagioclase are more plausible, although

further research is required (Ashwal, 1993).

The emplacement mechanism of anorthositic mushes is thought to be similar to that of
granitoids with a diapiric rise (a body of magma of a near solid-state crystal mush) which
is emplaced into the crust (Ramsey, 1989; Cruden, 1990). This emplacement mechanism
and its applicability for anorthosites has been proposed by using finite element modeling
(Martignole and Schrijver, 1970; Barnichon et al., 1999). In addition to diapiric ascent, the
magma could employ conduit ascent mechanisms where a less viscous magma (as
compared to a near solid state diapir) is emplaced into the mid-crust through crustal

weaknesses (Royse and Park, 2000).

Geobarometric studies (Emslie, 1975), experimental work (Longhi, 1993), and
geochemical modelling (Charlier et al., 2010) are indications that comagmatic High
Alumina Orthopyroxene Megacrysts (HAOMs) form at Moho depths of around 35 km.
These HAOMs are evidence that diapiric ascent is far too slow to be plausible as the
settling velocity of the HAOMs are far too great and the diapir would need to ascend close
to eight orders of magnitude faster to be able to support the HAOMs (Royse and Park,
2000). This process assumes plagioclase magma crystallinity is less than 50%. However, a
study by Bybee and Ashwal (2015) shows that the anorthosite magma system can reach
crystallinity greater than 50%. The increased viscosity of the magma would allow HAOMs
to be transported with the diapiric mush even with a slow ascent velocity. Evidence for
this is not yet clear and more research is required. HAOMs offer evidence for the onset
polybaric crystallisation starting at depths of about 35 km (Emslie, 1975; Charlier et al.,
2010; Bybee et al., 2014 and and showing by Valley and O’Neil (1982), 60 values of
Proterozoic anorthosites from the Adirondack Mountains that indicate a shallow

emplacement of the anorthosites at less than 10 km.



1.3 Tectonic Settings

A variety of tectonic settings have been proposed for Proterozoic anorthosites. These
settings range from divergent plate margins to continental collision zones and subduction
zones, as well as intra-plate settings associated with mantle hotspots (for a full review of
tectonic settings, see Ashwal, 1993). Divergent margins were initially a popular tectonic
environment for Proterozoic anorthosites. Rift settings allowed for an effective system of
magma transportation from the mantle to the base of the crust. The magma could then
fractionate and subsequently form anorthositic mushes that were emplaced within the
crust (Berg, 1977; Morse, 1982; Ashwal, 2010). Other models include non-
uniformitarianism ideas such as supercontinent-derived mantle superswells. The
superswells are caused by a stationary supercontinent and subsequent thermal
blanketing has been proposed as an additional setting to account for the restricted
temporality of Proterozoic anorthosites (Hoffman, 1989). This setting, however, is not
appropriate for Proterozoic anorthosites as not all younger supercontinents (e.g. Pangea)
are characterised by the presence of these anorthosites (Bédard, 2010). Consensus over
the last few years, however, has shifted to convergent settings as a more appropriate
tectonic environment (Ashwal 2004, McLelland 2010, Bybee et al., 2014). A collisional
setting could account for the linear array seen in these anorthositic bodies in map view,
as well as a delivery system of magma to the base of the crust (Ashwal, 2004). While there
is significant evidence favouring a converging orogenic setting (Ashwal 2004, McLelland
2010, Bybee et al., 2014), no agreement on the tectonic setting has yet been reached. A

more detailed discussion of an appropriate tectonic setting will be discussed in Chapter 4.

1.4 Geological Settings of the Kunene Anorthosite Complex

The KAC is one of the largest and least studied Proterozoic anorthosite complexes in the
world (Ashwal, 1993) and is located in southwest Angola with extensions into north
western Namibia (Figure 1.1). The KAC intruded along the southwestern margin of the
Congo Craton (Silva, 1990; Ashwal and Twist 1994), and has a surface areal extent of 18
000 km?, extending ~350 km in length and 30 — 50 km in width (Ashwal and Twist, 1994;
Mayer et al., 2004). The KAC is emplaced into several different rock types including
regional granites in the north (De Carvalho and Alves, 1990), Archean-Paleoproterozoic

basements rocks, and Mesoproterozoic rocks of the Epupa Metamorphic Complex (Brandt



et al., 2007; Drippel, 2007) in the west and southern regions respectively. The regional
granites are Archean basement rocks and characterised by a large area of homogenous
biotite granites (De Carvalho and Alves, 1990). The Archean-Paleoproterozoic basement
rocks exhibit a large range of rock-types including gneisses, amphibolites, migmatites, as
well as granodioritic and dioritic rocks (De Carvalho and Alves, 1990). The Epupa Complex
is @ metamorphic complex composed of the Orue Unit and the Empembe Unit which were
metamorphosed at around 1330 + 10 Ma to upper amphibolite and ultrahigh-
temperature granulite facies respectively (Brandt et al., 2007; Brandt and Klemd, 2008).
The Orue Unit is dominated by migmatitic granitic orthogneisses and a volcano-
sedimentary sequence of interlayered mafic and felsic volcanics with migmatitic
metagreywackes and minor metapelites (Brandt 2003; Brandt and Klemd, 2008). The
Empembe Unit is composed of massive- to weakly-banded, mafic, two-pyroxene
granulites interlayered with felsic orthogneisses and orthopyroxene bearing
orthogneisses (Brand 2003; Brandt and Klemd, 2008; Glei3ner, 2010). There are extensive

Kalahari sands covering part of the eastern margin of the KAC.

The KAC is made up of several anorthositic rock types. These include anorthosite sensu
stricto (i.e. containing at least 90% of plagioclase), leucotroctolite, leuconorite, and
leucogabbro (De Carvalho and Alves, 1990). There are also several granitic bodies
associated with the KAC. These granites, referred to as “Red Granites”, occur as a NE —
SW orientated belt inside the KAC and large granite bodies that surround part of the KAC
(Figure 1.1; Ashwal and Twist, 1994; Morais, 1998; Mayer et al., 2004). The Chela
Supergroup overlies the KAC unconformably in the southern part of the KAC (De Carvalho
and Alves, 1990). The Chela Supergroup is composed of the Chela Group (a volcano-
sedimentary sequence of conglomerate quartzite, sandstone, and felsic volcanics; De
Carvalho and Alves, 1990; McCourt et al., 2010), dolomitic limestone of the Leba-
Tchamalindi Formation, and a subhorizon of dolerite sills (De Carvalho and Alves, 1990).
Dykes of ~1110 Ma commonly cross-cut and surround portions of the KAC (De Carvalho
and Alves, 1990; Mayer et al, 2004; Ernst et al., 2013). The economically valuable
commodities found within the KAC are occurrences of massive Fe — Ti ore bodies
(Villanova et al., 2010; Charlier et al., 2015), and the use of anorthositic blocks as

dimension stone.



Initially the studies of the KAC involved reconnaissance mapping at a variety of scales,
from more detailed maps of the Namibian portion to regional-scale maps over the entire
KAC (Simpson and Otto, 1960; Kostlin, 1974; Silva, 1972). These mapping studies were
inhibited however, owing to the civil conflict, the semi-arid desert conditions of the area,
and paucity of outcrop. In later years, data collected by the Servicos de Geologia & Minas
were used to perform additional mapping at 1:250 000 to 1:100 000 scales, petrography,
and geochemical studies of the KAC (De Carvalho & Alves, 1990; Silva, 1992; Menge,
1998). Silva (1990) reported systematic E — W and N — S variations in mineral chemistry
and mineral assemblages throughout the KAC. These trends were interpreted to indicate
magmatic layering, such as in the Bushveld Complex in South Africa or the Great Dyke in
Zimbabwe (Silva, 1992; Menge, 1998). Ashwal and Twist (1994), however, disagreed and
found evidence (coarse plagioclase grains, presence of block structures, and a lack of
constant compositional trends in the anorthosites, as well as information extracted by
satellite imagery) to suggest that the KAC is rather a composite batholith made up of
coalesced plutons. More recent thermobarometry and geochemical studies reveal that
the Namibian side of the KAC was emplaced at 7 — 9 kbar and likely originated from a
mantle magma source owing to its 880 values of 5.88 + 0.19 %o, with Sr and Nd isotope
data (8Sr/®S: 0.7039-0.70413 and €Nd: 1.1 — 2.0) indicating that the magma underwent
crustal contamination (Driippel, 2001; Drippel, 2007). GleiRner et al. (2011) showed that
in Namibia there are two types of anorthosite: a white (leuconoritic) and a dark
anorthosite (leucotroctolitic). They suggested that the white anorthosite is an evolved
melt from a mantle source that has undergone fractional crystallisation and significant
crustal assimilation, and that the dark anorthosite indicates a later emplacement of a

mantle-derived parental melt that only experienced minor crustal assimilation.

1.5 Scope of this Study

This study aims to test new hypotheses related to the understanding and formation of the
KAC and offer new interpretations of the emplacement dynamics, magmatic timescales,

and tectonic setting.



The overarching working hypotheses of this studies are:

1) Enhanced satellite imagery will reveal spectral information about the KAC in
relation to its composition and structure and allow for the creation of a new

geological map of the KAC.

2) The KAC has similarly long-lived magmatic emplacement processes as other

Proterozoic anorthosites around the world.

This dissertation assesses the applicability of using remote sensing techniques (more
specifically, Landsat 8 and SRTM data) for creating new, detailed geological maps of
magmatic bodies, in this case, the KAC. In Chapter 2, it is shown how the use of image
processing techniques such as false colour composites, band rationing, principle
component analysis, and a minimum noise fraction can enhance the Landsat 8 data and
allow for interpretation of different spectral domains. For the SRTM and principle
component 1 data, an automatic lineament extraction was used to map the regional scale
lineaments through the KAC. In Chapter 3 newly obtained U-Pb ID-TIMS data were used
to test whether there is any genetic link between the composition and age of the spectral
domains within the KAC, what timescale the KAC is formed over, and develop a model for
the emplacement of the KAC. Finally Chapter 4 shows the integration of the results from
the remote sensing mapping and geochronology studies to suggest a new conceptual
model for the petrogenesis and tectonic settings of formation of the KAC and Proterozoic

anorthosites in general.
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2 Mapping the Kunene Anorthosite Complex: A Remote Sensing
Approach

2.1  Introduction

The Kunene Anorthosite Complex is one of the largest and least studied Proterozoic
anorthosite complexes in the world with minimal mapping compiled mostly by Servicos
de Geologia e Minas de Angola, De Carvalho and Alves (1990), and Menge (1998).
Although these maps show a good general depiction of the surrounding geology of the
KAC, they show little detail within the KAC itself. Where the geological maps have slightly
more detail of the KAC itself (Figure 2.1), issues such as inconsistent transition of
geological features across map sheets and changes in map legends (depending on the map

publishers) are common.

Remote sensing has become a popular technique for fast and informative mapping over
large areas and holds promise for better imaging and mapping of magmatic complexity in
the extensive KAC. Alone, remote sensing is an important first order interpretive tool, but
when combined with ground validation it becomes a much more valuable technique. The
aim of this contribution is to perform a remote sensing analysis of the KAC, in combination
with ground truthing, to understand fundamental compositional variations and the
magmatic architecture of one of the world's largest Proterozoic anorthosite complexes,

and to characterize the extent of the KAC.

2.2 Material and Methods

Landsat 8 OLI (Operational Land Imager) and SRTM 3 (Shuttle Radar Topography Mission)
data of the Angolan portion of the KAC have been obtained from the US Geological Survey
Earth Resources Observation and Science Centre (http://earthexplorer.usgs.gov) on the
10th of September 2015 (Figure 2.2a). 3 Landsat 8 tiles (rectangles covering an area of
185*180 km each) and 8 SRTM tiles (1 degree latitude by 1 degree longitude each) were
chosen to cover the entire KAC. Landsat 8 data were chosen because of the better spectral
resolution per band and higher number of bands than previous Landsat datasets.
Additionally, fewer Landsat tiles are required to cover the KAC, and therefore less

processing is required compared with other available products (such as Aster data). Image
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processing was performed using the computer programs: ENVI, ArcGlS, ILWIS, Global

Mapper, PCI Geomatica, and Rockworks.

Figure 2.1 - Mosaic of geological maps of the Kunene Anorthosite Complex (compiled from Servigos De
Geologia E Minas De Angola maps: SUL D-33 T-Il & SUL D-33 T-IV, SUL D-33 U, SUL D-33 O and SUL E B-C-H-I;
Miller and Schalk, 1980). The grey outline shows the published extent of the KAC.

The multiple image enhancement methods used in this study, and the rationale for using
them, are outlined in Figure 2.2 and described below. They encompass False Colour
Composite (FCC), Minimum Noise Fraction (MNF), Principle Component Analysis (PCA),
and band ratioing for the Landsat 8 data as well as hill-shading and automatic lineament
extraction for the SRTM data. These processing methods were used to achieve the best

image detail and contrast, to enhance the geological units and structures of the area.
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Figure 2.2 - Workflow diagram showing the methods employed and processing chain involved in image processing. See text for details.
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2.2.1  Pre-processing Methods

2.2.1.1 Llandsat

The pre-processing of the image was done by a three step method chain (Figure 2.2b): 1)
A FLAASH (Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes) atmospheric
correction was used to produce a more accurate estimation of the true surface
reflectance (Felde et al., 2003; Perkins et al., 2005; Owojori & Xie 2005). This was done by
removing the effects of the atmosphere (namely water vapour and aerosols) that alter
the true surface reflectance (Matthew et al., 2002). 2) Clipping of the data to remove
spectral signals outside the area of interest, allowing for a greater stretching of image
pixel values of target areas. 3) The use of an inverse MNF from estimated statistics in a
forward MINF process. This is used to identify and remove bands with the most noise and
enable noise reduction in the final surface reflectance image (Green et al., 1988; Kruse

1996; Waldhoff et al., 2004; Harris et al., 2006).

2.2.1.2 SRTM

Eight SRTM version 3 DEM (Digital Elevation Model) image tiles were obtained to cover
the entire study area. The DEM data are at 1-arc second spatial resolution (~¥30 meter
resolution) and were hillshaded and seamlessly mosaicked in Global Mapper to highlight

the surface lineament data.

2.2.2  Image Processing Methods

The resultant image of the pre-processing was used as the base image for further
processing and enhancement (Figure 2.2c). All Landsat processed tiles were mosaicked
using ENVI software. The FCC and band ratio data were mosaicked after individual tile
processing and the outcome of the image processing was not affected by the mosaicking
process. The PCA and MNF images were mosaicked before the image processing in order
to keep a consistent and seamless spectral response output, as the PCA and MNF
processes will change depending on the total data within each image. Multiple colour
composites were made as a first order discrimination tool to identify the different rock-
types in the area. A true colour composite of bands 4, 3 and 2 in Red Green Blue (RGB),
and multiple FFCs such as Bands 6, 4 and 1 in RGB were chosen to best represent the
signal responses. The FCC bands used were based on an Optical Index Fraction (OIF)

calculation, which calculates the optimal combination of three bands out of all 7 individual
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Landsat OLI bands, and shows the highest amount of information in bands with the least

amount of redundant data.

The PCA and MNF methods were chosen as techniques in which the image data can be
transformed for easier discrimination and pattern identification (Jolliffe, 2002; Gupta et
al., 2013). The PCA transformation is able to compress data by eliminating redundancy
between bands of the image in a way that combines similarities without loss of
information from the image data. This is achieved by transforming the dataset into a new
set of components (principle components — PCs), which are uncorrelated and orthogonal
variables to each other (Jolliffe, 2002). The PCs are ordered so that the first PC contains
the most data variability and the second to last PCs contain progressively less data and
variability. The MNF is a similar transformation to the PCA, except the data components
are ordered in decreasing signal to noise ratio (Green et al.,, 1998). The MNF
transformation is comprised of two PCA transformations. The first is based on estimated
noise statistics of the data in order to reduce the noise in the image and the second is a
regular PCA transformation of the noise-reduced data (Green et al., 1998; Harris et al,
2006). The resultant images of both PCA and MNF allow for more simple discrimination

of the image and later classification processes.

Band ratios 4/2, 6/5, and 6/7 of the Landsat dataset were used to enhance areas of ferric,
ferrous, and OH-minerals respectively (Drury 2001; Gad & Kusky 2006; Mshiu 2011; Ali &
Pour 2014; Pour & Hashim 2015). The ratios were combined into a RGB image to enable

discrimination of the various compositional differences.

2.2.3  Automatic Lineament Extraction

Automatic lineament extraction is performed on both elevation data from the SRTM
image and optical data of the PC1 band from the processed Landsat image. The LINE
function of PCl Geomatica 2016 was used to extract linear features from the imagery and
convert them into vector lines. The LINE algorithm consists of 3 steps: 1) an edge detection
process to convert the images into an edge strength image, 2) thresholding of the edge
strength image to assign an ON/OFF value to each pixel in the image, and 3) a curve
detection to extract and link all possible curved features (PCl Geomatica Manual, 2016).
Both extracted lineaments of the SRTM and PC1 images were processed and overlain on
top of each other to combine matching, and to fill in missing, lineaments. Lastly, manual
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editing of the data was done to remove any lineaments that were interpreted as
geologically unrelated (i.e. roads, railways, and farming-related patterns). In addition to
identification of lineament data, hydrology tools (basin fill > flow direction = flow
accumulation = stream order) were utilised in ArcGIS to extract the river networks from

the DEM image over the study area.

2.2.4  Ground Truthing

Two field expeditions (2015 and 2016) to the Angolan portion of the KAC allowed for
sample collection and structural measurements throughout the KAC. This ground truthing
process (Figure 2.2d) allows for the validation and additional interpretation of the satellite
images. The geological interpretation of Landsat 8 imagery was supported by field
observations on 193 reference points and was complemented by assessing a group of thin
sections (see Section 2.3.1.1) that are representative of all rock types occurring in the
study area. All 135 thin sections and geochemical data (Appendix B) collected by the
project team were briefly assessed and detailed analysis of a representative selection of
the samples was used to confirm spectral responses of the satellite signals. This

representative selection is described in Section 2.3.1.1.

2.3 Results
2.3.1 Rock-types and their Spectral Signatures

Field geology as well as an overview of collected thin sections allows for identification of
the different rock types that make up the KAC and the surrounding country rocks. These
rocks show distinct, individual spectral responses. The rock-types, their descriptions
(section 2.3.1.1.), and their spectral responses are shown in Table 2.1. The processed
images and ground truthing database of each rock type are shown in Figures 2.3a —e. The
multispectral images indicate regions of homogenous signal responses and were
correlated with field samples, which have been separated into individual domains based
on differing spectral signatures and their relating ground validation. The processed images

allow for identification of several domains (7 in Angola and 2 in Namibia; Figure 2.3c).
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Table 2.1 - Characteristic spectral response signals of individual rock-types for the processed images, where the band ratio and MNF 234 images show the most useful data.

Rock Type

Rock Description and Common
Characteristics

FCC 641

(Figure 2.3a)

Band Ratios

(Figure 2.3b)

PCA 234

(Figure 2.3¢)

MNF 234

(Figure 2.3d)

Anorthosite

Commonly coarse-grained (cm-scale) rock with
dark grey euhedral plagioclase crystals. Minor
interstitial mafic phases are present and include
mainly olivine, orthopyroxene, clinopyroxene, and
magnetite (or a combination thereof). Plagioclase is
commonly sericitized.

Medium brown to
brown-purple at
outcrop locations.
Purple-blue to white
at weathered
surfaces.

Light green at outcrop
locations. Dark blue at
weathered surfaces.

Light purple at outcrop
locations. Cyan-green at
weathered surfaces.

Brown-green at
outcrop locations.
Yellow-pink at
weathered surfaces.

Leucotroctolite

Medium- to coarse-grained rock. Plagioclase is dark
grey and euhedral. Olivine and clinopyroxene are
common mafic interstitial minerals with an
occasional occurrence of orthopyroxene. Both
pyroxenes occasionally rim the olivine grains.
Olivine weathers to a brown-red colour
(iddingsite). Plagioclase is commonly sericitized.

Medium brown to

brown-purple signal.

Strong cyan signal with
a faint light green in
the northern portion of
the complex. In the
southern portion it
shows as a bright lime
green signal.

Strong light green signal
with a faint purple in
the northern portion of
the complex. In the
southern portion it
shows as a medium -
dark purple signal.

Strong magenta signal
with a faint brown-
green in the northern
portion of the complex.
In the southern portion
it shows as a medium -
dark green signal.

Leuconorite

(LN)

Leucogabbro

(LG)
Leucogabbronorite
(LGN)

Medium to coarse-grained rock. Plagioclase is dark
grey and euhedral. LN - orthopyroxene is the
common major mafic interstitial mineral with
minor clinopyroxene. LG - clinopyroxene is the
major mafic interstitial mineral. LGN -
clinopyroxene and orthopyroxene are similar in
proportions and are the common mafic interstitial
minerals. There is also an occasional occurrence of
olivine in various samples. High Aluminium
Orthopyroxene Megacrysts are common and range
from 10 cm — 0.5 m.

Medium brown to

brown-purple signal.

Pale sea green signal.

Magenta-purple signal.

Brown-green signal.

17




Table 2.1 (cont.) - Characteristic spectral response signals of individual rock-types for the processed images, where the band ratio and MNF 234 images show the most useful data.

Rock Type

Rock Description and Common
Characteristics

FCC 641

(Figure 2.3a)

Band Ratios

(Figure 2.3b)

PCA 234

(Figure 2.3¢)

MNF 234

(Figure 2.3d)

Metasomatized
Anorthosite

Fairly inhomogeneous rocks that are medium to
coarse grained. Plagioclase occurs as large white
cumulus euhedral crystals (4 — 5 cm) as well as
smaller crystals (~1 cm). Minor interstitial mafics
are present. Orthopyroxene can sometimes been
seen as brown interstitial crystals in hand samples.
Rocks are commonly altered and epidotised in
places.

White signal with blue
or purple undertones
as well as a sea green
signal in flatter
regions.

Dark blue signal as well
as purple-blue or
purple-green signals in
weathered regions.

Light and dark blue
signals as well as a
yellow-green signal in
weathered regions.

Yellow and purple
signals as well as a
purple-blue signal in
weathered regions.

Red Granites

Medium grained rock composed of mainly quartz
and K-feldspar. Appearance of rock is distinctly
reddish in colour owing to weathering products of
iron rich minerals. In some places the granite is
strongly foliated.

Beige-maroon signal.

Reddish yellow signal.

Red-maroon signal.

Cyan signal.

Syenite

Phenocryst of K-feldspar (~ 2cm) in a quartz and K-
feldspar matrix. Bleb like networks of hornblende
occur throughout and are commonly altered to
chlorite. The rock is red in colour (hematisation),
and is sheared and brecciated in places.

Beige-maroon signal.

Pale green-yellow
signal.

Magenta signal.

Dark purple-cyan
signal.

Regional granite

Coarse-grained granite composed of K-feldspar
(pinkish in colour), quartz and hornblende. Rock is
fairly homogeneous.

Beige-maroon signal.

Peachy-orange signal.

Green-red signal.

Light and dark blue
signals.
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Table 2.1 (cont.) - Characteristic spectral response signals of individual rock-types for the processed images, where the band ratio and MNF 234 images show the most useful data.

Rock Type

Rock Description and common
Characteristics

FCC 641

(Figure 2.3a)

Band Ratios

(Figure 2.3b)

PCA 234

(Figure 2.3¢)

MNF 234

(Figure 2.3d)

Metamorphic

A Complex made of various rock types including:

Predominantly
brown-yellow signal

Predominantly green
signal with some

Predominantly purple-
pink signal with some

Predominantly light
and dark blue signals

Dykes

B orit . i it .
asement granodlo.rl = e .I = i gnelsse's, . with some brown- oranges, reds, and oranges, reds, and dull with some green and
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Figure 2.3 - Results of image processing of Landsat 8 data: a) FCC of bands 641 in RGB, b) Colour composite of band ratios 4/2, 6/5, and 6/7 in RGB, C) PCA with bands 234 in RGB.
Newly defined domains are indicated by dashed lines (those located in Namibia are not discussed in the text), d) a MNF with bands 234 in RGB, and e) an outline of the KAC showing
ground truthed samples and their rock-types.
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Although all image processing methods (FCC, Band Ratioing, MNF, and PCA) used were
useful in determining various domains and changes in spectral signals, the most useful
image processing techniques were the band ratio image and the MNF 234 image. These

image provide the best contrast and details in the KAC.

2.3.1.1 Representative rock types of the KAC

The representative sample descriptions of rocks in and around the Kunene Anorthosite
Complex are shown below. These samples depict a representative appearance of the main
rock types described in Table 2.1 that were used for ground truthing of the spectral signals

seen in the processed Landsat 8 imagery.

12/14 — Leucotroctolite (-16.991294 S, 13.914362 E)

This sample is a medium to coarse grained rock, with average grain size ranging from 4 —
5 mm. The weathered surface of the rock is brown in colour while the fresh surface
appears to be dark grey and black (Figure 2.4a). Moderate foliation of the mafic minerals
are present. Plagioclase (80 %) occurs as cumulus grains. Plagioclase grains are commonly
sub- to euhedral, with some grains in the outcrop reaching up to 5 cm in length. Olivine
(15 %) is present as anhedral interstitial grains and subhedral grains, and is commonly
rimmed by orthopyroxene. Phlogopite, magnetite and ilmenite make up the minor phases

(5 %) of this sample (Figure.2.4b).

Figure 2.4 — Sample 12/14: a) Hand sample (1 cm scale blocks), b) microphotograph (cross-nicols) of same
sample.
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57/55 — Leucogabbronorite (-16.61172 S, 13.88787 E)

This sample is a fine to medium grained rock (1 —5 mm) and is brown in colour on the
weathered surface, with dark greys and black on the fresh surface. The sample is mostly
homogenous (Figure 2.5a). Major phases includes plagioclase (60 %), clinopyroxene and
orthopyroxene (~ 20 % each) and minor phases of biotite and opaque minerals.
Plagioclase occurs as sub- to euhedral cumulus grains. The pyroxenes commonly fill the

interstitial spaces (Figure 2.5b).

Figure 2.5 — Sample 57/55: a) Hand sample (1 cm scale blocks), b) microphotograph (cross-nicols) of same
sample.

67/65B — Leucogabbro (-16.258059 S, 13.861273 E)

This sample is a medium to coarse grained rock (2 — 5 mm). The rock has a brown colour
on weathered surface. The fresh surface ranges from greys to black with some reddish
brown minerals. There are patches of pegmatitic areas of plagioclase and clinopyroxene
in the outcrop that grade into finer grained portions (Figure 2.6a). Major phases include
plagioclase (75 %) and clinopyroxene (23 %). Biotite and opaque minerals occur and minor
phases (2 %) Clinopyroxene occurs as interstitial networks between the coarse and fine

grained plagioclase grains. The clinopyroxene is occasionally kinked (Figure 2.6b).
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Figure 2.6 — Sample 67/65B: a) Hand sample (1 cm scale blocks), b) microphotograph (cross-nicols) of same
sample.

003/002 — Metasomatasied Anorthosite (-17.332119 S, 13.956332 E)

The sample is coarse grained that is white and green on the weathered surface (Figure
2.7a). The rock is made up 90 % of large white cumulus euhedral plagioclase crystals (up
to 5 cm) and smaller plagioclase (~1 cm) crystals with ~10 % interstitial mafic minerals
(orthopyroxene and ilmenite and/or magnetite). The rock is fairly inhomogeneous and is

altered, metasomatised and epidotised in places (Figure 2.7b).

Figure 2.7 — Sample 003/002: a) Hand sample (1 cm scale blocks), b) microphotograph (cross-nicols) of same
sample.

31/35 — Granite “Red Granite” (-16.941510 S, 13.469986 E)

Rock is red in colour owing to strong hematisation of the sample (Figure 2.8a). The rock is

medium to coarse grained and composed of quartz (55%) and K-feldspar (43 %) with large
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K-feldspar phenocrysts in places. Common minor phases minerals are biotite (~2 %) and
lesser chlorite (<1 %) There are areas of heterogeneous deformation throughout the rock
in the outcrop. Quartz and K-feldspar are commonly recrystallized and also occur as a

granophyric texture (Figure 2.8b).

Figure 2.8 — Sample 31/35: a) Hand sample (1 cm scale blocks), b) microphotograph (cross-nicols) of same
sample.

39/40 — Porphyritic Dolerite (-16.576120 S, 13.556150 E)

Fine grained rock (~1 mm matrix) with euhedral plagioclase phenocrysts (up to 6cm in
outcrop). Rock is dark brown on the weathered surface and black on fresh surface (Figure
2.9a). The matrix is made up of sub- to euhedral grains of plagioclase (55 %) and anhedral

to subhedral grains of olivine (45%,; Figure 2.9b).

Figure 2.9 — Sample 39/40: a) Hand sample (1 cm scale blocks), b) microphotograph (cross-nicols) of same
sample.
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62/59 — Granodiorite (-16.454342 S, 13.933262 E)

Fine grained rock with a light grey colour as the fresh surface (speckled with dark green
and black minerals) (Figure 2.10a). The major minerals are quartz (45 %) and plagioclase
(40 %) with lesser K-feldspar (10 %). Minor phases (5 %) occur as biotite, muscovite and
opaque minerals. Sample is relatively homogenous with an equigranular texture. In

outcrop there are areas of migmatitic banding (Figure 2.10b).

Figure 2.10 — Sample 62/59: a) Hand sample (1 cm scale blocks), b) microphotograph (cross-nicols) of same
sample.

2.3.1.2 Spectral domains of the KAC
Using the relation between rock-type and spectral response (Table 2.1), the dominant
spectral signal response of each domain (Figure 2.3c) and relating rock-type is described

below:

Domains 1 and 2 are dominated by a leucotroctolitic signal (as per ground-thruthing, Table
2.1 and Figure 2.3e). These best seen in the MNF 234 (Figure 2.3d) image as a purple
signal. Domain 1 is separated from domain 2 because the former shows a strong OH signal

in the band ratio image (Figure 2.3b).

Domain 3 is difficult to see in its entirety owing to alluvial cover. With the small areas of
signal response available and subsequent ground validation, it is apparent that the
domain represents a more anorthositic domain (sensu stricto) with minor occurrence of
leuconoritic rocks. Domain 3 is best seen in the band ratio image (Figure 2.3b) as the
mixed dark purple and orange colour of the alluvial cover with a more solid blue-green

signal to the south.
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Domain 4 is best identified using the MNF 234 (Figure 2.3d) image. It shows the general
green to brown-green signals of the anorthosites, leucogabbros, and leuconorites of the

domain.

Domain 5 is a more heterogeneous domain with mostly anorthosite, but also occurrences
of leuconorite, leucogabbro, and leucotroctolite. This domain is best seen in the FCC 641
image (Figure 2.3a; area of a more green, yellow, and cream coloured oval) and band ratio

image (Figure 2.3b; lime green, blues, and purple signals).

Domain 6 is best depicted in the MNF 234 (Figure 2.3d) and the PCA 234 (Figure 2.3c)
images. In the MNF image the leucogabbroic and anorthositic signals show up as green to
brown colours, with a pink-orange signal for the weathered area around it. In the PCA

image there is a pink to green colour signal with a blue weathered area around it.

Domain 7 is most prominent in the FCC 641 (Figure 2.3a) and band ratio images (Figure
2.3b). The leucotroctolitic domain shows up as lime green in the band ratio image and a

dark brown surrounded by brown-green signals in the FCC image.

2.3.2 Internal Architecture of the Kunene Anorthosite Complex

Using the various processed images in combination with ground truthing, it is possible to
further separate the KAC into not only domains of broadly similar spectral responses
(Figure 2.3 above), but also to identify lineaments within these spectral domains. Using
an automated lineament extraction process (with some manual refining, see Section
2.2.3), lineaments were assigned to the individual domains identified above in Figure 2.3
using the spectral data (Figure 2.11). These domains differ in their shape and areal surface,

as well as in the direction of the lineaments throughout the KAC.

Described below is the map shape of each domain as well as each of the domains internal

lineaments geometry from north to south:

1) Domain 1 is elliptical in shape along its western, eastern, and northern contacts
where it is adjacent to the regional granites. The Landsat imagery, shows that the
entire eastern contact is covered by sediments of the Kalahari Supergroup. The
southern contact with domain 2 is marked by a WNW — ESE trending irregular

contact (Figure 2.12). Domain 1 is divided into two sub-domains. In the northern
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2)

3)

4)

part of the domain, the processing extracted a fewer amount of lineaments than
in the south. Here, the lineaments are generally oriented at high angle to the main
NNE-trending long axis of the KAC showing an east-west trend and deflecting
along the northern contact of domain 1 in a WNW — ESE trend (Figure 2.13-1a). In
the southern part of domain 1, lineaments are more abundant and they generally

show a NNW — SSE trend with a few east-west trending outliers (Figure 2.13-1b).

The external contact of domain 2 is straight to slightly westward-convex on its
western and southern margin where it is in contact with country rocks. The
domain shares its northern WNW — ESE-trending irregular contact with domain 1
and its eastern contact is shared with the NE — SW trending belt of Red Granite.
Blebs of what shows up as similar signal responses to that of the rim in domain 1
signal appear irregularly throughout the northern portion of domain 2 (Figure
2.5). A large proportion of lineaments in this domain are oriented in a NNW — SSE
trend with minor deflections in either direction (Figure 2.13-2). These lineaments

are (sub-)parallel with the western contact of domain 2.

Domain 3 lies between the Red Granite belt on its western contact and Kalahari
sedimentary cover to the east. Its shape is irregular and controlled by its
surrounding rocks. The major lineament direction is NNW — SSE with minor
outliers on the eastern portion of the domain showing a NE — SW trend (Figure

2.13-3).

Domain 4 has an N — S elongated oval shape. This domain is in contact with Red
Granite to the north and east, metamorphic basement and regional granite to the
west, and domain 5 to the south. The lineaments broadly define a NNW — SSE-
trending maximum with some spread to the NNE and NW (Figure 2.13-4). These
lineaments are commonly cross-cut by NW — SE trending lineaments (Figure 2.11

b).
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Figure 2.11 - a) A Mosaick of SRTM 3 DEM image of the KAC overlain by automatically extracted lineaments.
Lineaments belonging to different compositional and multispectral domains are grouped into different
colours. Domains are outlined in orange and numbered 1 — 7. The white outline shows the extent of the KAC
b) Zoomed in area of domain 4 showing lineaments cross cutting higher frequency NNE — SSE-trending
lineaments. c) Zoomed in area of domain 5 showing termination of lineaments.
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Figure 2.12 - Band ratio image of bands 4/2, 6/5, and 6/7 as RGB showing: 1) the WNW — ESE trending irregular
contact between domain 1 and 2 (red dashed line) and 2) blebs (thin black dashed lines) which have the same
signal response as the rim signal responses in domain 1. These blebs appear irregularly throughout the
northern portion of domain 2.

5) Domain 5 shows an oval like shape (Figure 2.11 c). To the east, the domain is
rounded and in contact with Red Granite rocks. To the west and south the domain
is covered by capping rocks of the Chela Supergroup. To the north the domain is
in contact with domain 4. The lineaments are slightly curved: on the north of the
domain they trend in a NNW — SSE direction, in the centre they trend ina N —S
direction, and in the southern part of the domain they are NNE — SSW trending

(Figure 2.13-5). The lineaments are terminated by a NE — SW trending lineament.
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Figure 2.13 - Rose diagrams for lineaments within each domain (Petal length is based on frequency of
lineament occurrence of the total domain population, Bin size of 5°). The azimuth of field measurements of
steep magmatic foliations are shown as solid blue arrows.

6) Domain 6 has an irregular shape with a more squared off southern edge, and

northwest extending elongate portion for the western and northern edges. The

domain is surrounded by the capping unit to the north and east, and by
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metasomatic anorthosite, a unit of Red Granite and metamorphic basement rocks
to the southwest. The lineaments show a strong NNW — SSE trend (Figure 2.13-
6).

7) Domain 7 has a pinched-out oval shape and is surrounded by Red Granite rocks
to the north, west and east, and metasomatic anorthositic rocks to the south
(Figure 2.13-7). The lineaments display a general WNW — ESE trend that contrasts

strongly with the other domains.

2.4 Discussion
2.4.1 ARevised Geological Map of the Kunene Anorthosite Complex

The internal architecture and compositional differences of the KAC and its surrounding
rocks can be extracted from the processed images. New data presented in this study can
be summarized in three major parts: 1) Linking the various spectral responses to specific
rock-types in order to map the geology of the complex and adjacent country-rocks, 2)
characterizing the geometry and nature of the margins of spectrally homogeneous

domains, and 3) presenting new data on the internal geometry of these domains.

2.4.2  Discrimination of Various Rock Types

As seen throughout the processed image data there are notable differences in spectral
responses between the surrounding country rocks and the KAC itself. This, as a first order
discrimination, allows for easy separation and classification of the KAC and country rocks.
Figure 2.14a shows an example where blue signals in domain 1, and green to blues in the
other domains, represent the KAC and are easily distinguishable from the peachy orange
signals of the surrounding regional granite. The green signals overlaying the peachy
orange signals overlap well with the river network (extracted from DEM) and its alluvial
deposits. Accordingly, the green signals are interpreted as a cover overlaying the regional

granite.
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Figure 2.14 - Band ratio image of bands 4/2, 6/5, and 6/7 as RGB used for a) distinguishing the KAC (blue
signals) from the surrounding country rock (orangey peach signals) and b) a leucotroctolitic domain (small
green signaled body) surround by metasomatised anorthosite to the north (purple-green and Red Granite to
the south (orange-yellow).

Current published maps stop at this level of detail, as they do not show the internal
geological differences in the KAC. Using the Landsat 8 dataset it is possible to discriminate
between the different rock types that make up the complex. These spectral responses are
confirmed by ground truthed data (field survey and petrographic analyses) to reinforce
this classification. The classification is a two-step process in which the multispectral
response data are correlated with ground samples of that response. In general, the
northern portion of the KAC (domains 1 and 2, north of the NE — SW trending Red Granite
belt, Figure 1.1) is more leucotroctolitic in composition (with rare occurrences of
orthopyroxene), whereas in the southern portion (south of the NE — SW trending Red
Granite belt) there is an increase in the proportion of orthopyroxene-bearing rocks and
the KAC is generally more leuconoritic (Figure 2.15). Exceptions to this pattern are a small
satellite body to the east of the southern portion of the KAC which is leucotroctolitic
(Figure 2.14b), and the Zebra lobe of the Namibian portion of the Complex, which shows
alternating layers of leuconorite and leucotroctolite.

32



Leucotroctolitic (Purple)

o Leuconoritic (Green)

Figure 2.15 - The MNF image (bands 234 in RGB) shows a clear signal difference between the leucotroctolitic
area (purples) and the leuconoritic areas (greens), separated by the Red Granite belt.

Further discriminating features are evident in the image data. Domain 1 shows a strong
signal for an OH-signature. This is best seen in the Band Ratio image (Figure 2.16) as a
more dominant blue signal compared with the green-teal signals of the rest of the KAC.
This representative signal can be interpreted as an area of enhanced sericitization of

plagioclase, which is a common alteration phase seen in anorthositic bodies.
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Figure 2.16 - Band ratio image of bands 4/2, 6/5, and 6/7 as RGB showing the different spectral signals of the
OH-dominated area (bluer signal, shown in dashed lines) compared to the remainder of the Complex which
shows a more greenish teal colour.

2.4.3 Geometry and Lineaments

The lineament data provides a good first order indication for the orientation of the
regional-scale lineaments seen in the SRTM and PC1 data throughout the KAC. Lineament
orientation for most of the domains coincide well with field measurements of magmatic
foliations (Figure 2.13), although local outliers (e.g. domains 1b, 2 and 4) probably suggest
that outcrop-scale variations in the geometry of the magmatic foliations are not recorded
by the remote sensing. The field description of magmatic foliations at outcrops is further
supported by micro-scale observations. This allows for the classification of most of the
SRTM and PC1 lineaments (following the similar overall trend of the KAC lineations) as

magmatic foliations (Figure 2.17).
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Figure 2.17 - Example of magmatic foliation from the northern portion of domain 4 in the KAC (sample:
146/141c; 15.8790S, 13.8111E) (a) Photograph of locality where a 50 cm-wide leuconorite layer alternates
with more anorthositic layers. At the outcrop, all layers are continuous along strike. (b) Microphotograph
(cross-nicols) from the same outcrop where elongated and oriented plagioclase, orthopyroxene, and
magnetite mark the magmatic foliation. The magmatic foliation is parallel to m-scale anorthosite/ leuconorite
layering. Grain boundaries of plagioclase are irregular owing to subsolidus recrystallisation.

The lineaments of the KAC shows an overall N — S to NNW — SSE trend. Deflections of this
trend are generally located at the margins of the domain are following the trend of the
adjacent country rocks. The pattern is similar to that described by Paterson et al. (1998)
for a marginal-type magmatic fabric pattern. These fabric patterns could be due to similar
conditions as described by Royse and Park (2000), whereby the rocks emplaced into the
cold Archean basement rocks (the regional granites of the KAC) should display more
undeformed margins; whereas the rocks emplaced into thermally softened hosts (such
as the metamorphic basement complexes) have more deformed margins (Royse and Park,
2000). Other controls could be that the lineaments are (sub-)parallel to the long axis of
the elongate-shaped domains(Paterson et al., 1998), or to pre-KAC regional structural

trends.

A few lineaments show much wider spacing and don’t follow the trend than the magmatic
lineaments (km spacing vs. 100 m spacing). They are interpreted as faults (Figure 2.11b).
When using regional scale satellite images, it is generally not possible to identify and
classify sub-solidus structures in the KAC. This is because they are only observed at the
outcrop- and micro-scales (e.g. the sub-solidus recrystallization visible in Figure 2.17 b)
and do not form sufficiently thick rhythmic layers of different compositions to be depicted

with Landsat and SRTM data.

Two possible interpretations can be inferred from the lineament and spectral images: 1)
there is a decrease in the density of mapped lineaments from the northern to the

southern domains and 2) orientations of lineaments in the northern domain are more
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scattered than in the south (Figure 2.11). Multiple factors can influence the distribution
of outcrops and also the fact that the northern domains are less well-exposed than the
southern ones. A strong argument could be made for differential weathering of the rocks
in the KAC. Goldich (1938) showed that, in general, the weathering sequence (Figure 2.18)
would be opposite to that of the crystallisation order (Bowen’s reaction series; Bowen,

1922).
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Figure 2.18 - Generalised weathering stability of common minerals (modified after Goldisch, 1938).

This would provide one explanation as to why the northern leucotroctolitic domain
displays less outcrop than the southern leuconoritic domain. In addition, or alternatively,
factors that could affect the outcrop distributions are: 1) topographically, the northern
domains are at a higher altitude, which gradually decreases over the length of the KAC
towards the south with a total elevation change of about 350 meters. The difference in
topography could result in different weathering/erosion rates along the length of the
complex. 2) There is a general decrease in exposure and proportion of outcrops as the
distance increases away from the escarpment. This is most evident in domains 1 and 2.
The increased proportions of lineaments are likely owing to the formation of the
escarpment (Huila Plateau; Lopes et al., 2016), post KAC emplacement. (3) Outcrop
exposure in the more central and southern portions of the KAC is also largely controlled
by the river networks running through these domains. An example can be seen with
domain 3(Figure 2.19a), which shows extensive alluvial cover from the crosscutting river

of this domain. In the southern portion of the KAC, nearing the Kunene River, the outcrop
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exposure is greater owing to the eroding river (Figure 2.19b). 4) A final idea is that the
difference in density and distribution of outcrops is related to the compositional
difference of the domains. Domains 1, 2, and 7 of the complex are largely more
homogeneous and isotropic whereas the remaining domains are more heterogeneous (as
seen in domain 4) where leucotroctolite or leuconorite are intercalated with anorthosite,

and are commonly foliated (e.g. Figure 2.17a)

Figure 2.19 - FCC image (641 in RGB) showing: (a) extensive alluvial cover from a river over domain 3 and (b)
a well exposed area of outcrop likely owing to the river eroding away into the terrane and prominently
exposing parts of domain 6. The river network was produced using hydrology tools in ArcGIS on the STRM
data (see method in Section 2.2.3).

2.4.4 Do the Domains of the KAC Represent Individual Plutons?

A pertinent question arises in what do the domains of this study represent? As seen from
this study there may be various possibilities influencing the appearance of the domains of
the KAC. Factors such as the weathering stability of the rocks in different areas of the KAC,
exposure of outcrop owing to regional or local scale tectonics, and erosion and
weathering caused by rivers flowing through the KAC are all possible reasons for the
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formation of the domains as we see them today. It is suggested that the domains
identified in the KAC are due to different compositional characteristics of the anorthositic
rocks themselves. The remote sensing data show that there are at least two main
magmatic entities based on the aforementioned spectral data (north and south of the NE-
SW striking granite belt, Figures 1.1 and 2.15). The differences seen between each of the
domains could be a result of internal compositional variation in each domain, as well as
each domain having a separate concentration and orientation of lineaments. The other
influences acting on these domains (summarized above) are therefore likely to enhance
the exposure of these domains. It is a possibility that the KAC is composed of multiple
plutons as suggested in Ashwal and Twist (1994), where each domain may represent an
individual pluton. Futher remote sensing studies and field work may lead to the
refinement of the number of plutons. Examples that need to be looked into are: the Chela
Supergroup covering parts of domains 5 and 6 (which could possibly be represented as
one domain) and the Kalahari cover to the east of the KAC could potentially overlie more
plutons. Additional detailed petrographic and structural studies are required to further
clarify this point and lead to enahanced understanding of the KACs compositional

structure.

2.45 Revised Map of the Kunene Anorthosite Complex

The differing spectral responses, compositional domains, and lineament populations all
allow for production of a new, detailed geological map of the KAC and surrounding
country rocks (Figure 21). The KAC s likely a representation of two main magmatic entities
producing a batholithic appearance. Evidence for coalesced domains can be seen
between the most northern two domains of the KAC (between domains 1 and 2, Figure
2.5). This intermingling contact and what looks like blebs of domain 1 inside domain 2 are
good evidence for a coalesced contact. The blebs and bleb host-rock are both
leucotroctolitic, as would be expected from domains 1 and 2, but differ slightly in
composition and texture (Figure 2.20). Both rocks within and outside of the blebs are
medium to coarse grained leucotroctolites. Outside the bleb (dark blue to teal colours in
the band ratio image), the rocks have a greater abundance of clinopyroxene and the
olivine grains have a high birefringence. The olivine grains show a peritectic reaction with
rims of clinopyroxene surrounding them (Figure 2.20 a). Inside the bleb (light blue to white
colours in band ratio image), the rocks have areas of more pegmatitic material and are
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very brittle/crumbly. The rocks have minor amounts of clinopyroxene and the olivine
grains have low birefringence and are commonly altered to iddingsite (Figure 2.20 b). This
compositional and textural change could be an indication for evidence towards a
coalesced contact. Additional sampling would be required to fully conclude this point.
Other contacts may be coalesced, but no evidence is seen in satellite imagery. This could
be due to eroding and weathering away of the contacts. The differing spectral responses,
compositional domains, and lineament populations observed, combined with
interpretation and ground truthing of the data allow presentation of a new geological map
of the KAC and parts of its surrounding rocks (Figure 2.21) which will form the basis for

the subsequent chapters as well as a succession of more detailed petrological,

geochemical and structural research on the intrusion.

a) 184/183,15.4402 S, 13.8769 E

Figure 2.20 - Band ratio image showing location of blebs and their related hand samples, and
photomicrographs (cross-nicols). (a) - Outside the bleb (dark blue to teal colours in the band ratio image). (b)
- Inside the bleb (light blue to white colours in band ratio image).

39



Aoa AZ map here

40



2.5 Conclusion

This study evaluated the applicability of using remote sensing data processing (Landsat 8
and STRM), image processing, interpretation, field reconnaissance, and petrography for
mapping the KAC. This multidisciplinary process is shown to be a valuable technique in
such magmatic complexes and it could be applied to other anorthositic complexes
exposed in similar arid — semi-arid regions. The variation in Landsat 8 spectral signal
correlates well with the different type of rocks observed in the field. The SRTM dataset,
combined with an automatic lineament extraction process (which is then manually
checked in order to remove non-geological data) has been shown to provide a good
estimate of the regional-scale lineament distribution and orientations throughout the
KAC. The extracted lineaments appear to match up with field and microscopic
observations of magmatic foliations. Combing these datasets, different domains in terms
of both composition and lineaments are observed. The KAC is shown to be made up of
two main magmatic entities. These entities may be separated into domains that might
represent multiple plutons making up the KAC. This study provides additional evidence in
favour of batholithic appearance of the anorthositic rock of the KAC, rather than
previously suggested models where the KAC was thought to be a layered intrusion. It is
recommended that further investigations of the KAC integrate this study with ASTER
satellite data (for a greater number of band as well as better spatial and spectral
resolution), geophysical data (namely to constrain the eastern extension of the KAC below
the Kalahari Supergroup cover), and a field structural mapping survey for a better and

more detailed understanding of the KAC.
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3 Understanding Magmatic Timescales and Magma Dynamics in
Proterozoic Anorthosites: A Geochronological Investigation of the
Kunene Anorthosite Complex (Angola)

3.1 Introduction

Proterozoic massif-type anorthosite complexes are some of the most enigmatic and
widely debated intrusions in the world. The large volumes of this rock type has made
questions regarding anorthosite petrogenesis highly controversial. One emergent
guestion relates to the magmatic timescales of these magmas which form at the Moho
(30 — 40 km depth) and intrude into the upper- to mid-crust (10 km depth). Large
timescales of emplacement (~80 — 100 Ma) have been noted in Proterozoic anorthosite
complexes such as the Mealy Mountains Intrusive Suite, Nain Plutonic Suite, and the
Rogaland Anorthosite Province (Table 3.1; Emslie, 1978; Meyer, 2008; Bybee et al., 2014).
Long magmatic timescales have important implications for the tectonic settings of
Proterozoic anorthosites as it places constraints on the types of settings in which these
rocks can form. For instance, long timescales can account for the time required to emplace
such large volumes of magma over vast areas.

Table 3.1 - Anorthosite emplacement age and the relating megacrysts isochron Sm/Nd ages (which indicate

start of crystallisation of the magmas at high pressure) of three well studied Proterozoic anorthosites (After
Bybee et al., 2014)

. Megacryst
Anorthositic Complex Anorthosite Isochron Sm/Nd
Emplacement Age
Age

Mealy Mountains 1640 + 10 Ma 1765 + 12 Ma
Intrusive Suite
Nain Plutonic Suite 1326 £+ 37 Ma 1444 + 100 Ma
Rogaland Anorthosit

08aland ANOTNOSIe | 93/ 54+ 145Ma | 1041+ 17 Ma
Province

The KAC provides an excellent study site to address the aforementioned problems as it is
suggested to be composed of multiple plutons (Ashwal and Twist, 1994) that vary in

composition and chemistry (Mayer et al., 2004; Maier et al, 2013). Previous dating of the
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KAC suggests that long magmatic time scales greater than 150 Ma may be preserved in
the plutons of the KAC, but large age errors preclude any firm conclusions being drawn in
this regard (see Section 3.2). Thus, the KAC represents an excellent example in which to
test whether the duration and timing of magmatism in Proterozoic anorthosites is indeed
on the order of 100 Ma (Ashwal and Twist, 1993; Mayer et al., 2004). Previous age dating
was mostly conducted on related or possibly coeval rocks to the KAC, with little to no age
data coming from the anorthositic rocks themselves. New, high precision U-Pb dating in
this study attempts to resolve age differences between the different domains delineated
in the previous chapter, and elucidate whether Proterozoic anorthosites do form over

hundred million year periods.

3.2 Age Review of the Kunene Anorthosite Complex

Past studies of the KAC and its basement rocks show a wide spread of age data (1.3 -2.2
Ga; see Appendix A for table of all published ages). A recent study in the Angolan portion
of the KAC (Mayer et al., 2004) reports Sm — Nd ages ranging from 1470 + 25 Ma to 1319
+ 28 Ma. The large spread of observed ages may result from no systematic study of the
age variation within the KAC as well as due to the use of lesser advanced dating techniques
(e.g. Rb-Sr of De Carvalho et al., 1987) which resulted in errors that in some cases
encompass the entire timescale of the KACs possible emplacement. This age range could
also represent the actual magmatic timescale for the emplacement of the KAC. The ages
of the KAC summarized in Table 3.2 and Figure 3.1 show that published dates derive
mostly from related/coeval rocks of the KAC, or have large errors when they are derived
from anorthositic rocks. In the Angolan part of the complex, U-Pb analyses of zircons from
a cogenetic mangerite vein produce an age of 1371 £ 2.5 Ma, which has been used as one
of the main reference ages of the KAC (Mayer et al., 2004). In the Namibian portion of the
KAC, the Zebra Mountain lobe returns a U-Pb age of 1385 + 25 Ma on zircons from a
leucogabbronorite (Driippel et al., 2007). Maier et al. (2013) suggested that the age range
observed throughout the KAC may be a representation of the initiation and termination
of anorthosite magmatism, and that the plutons that make up the KAC could possibly have
resolvable age differences. In order to assess the possible age range throughout the KAC,
as well as whether any age patterns exist between plutons, a systematic series of high
precision U-Pb TIMS analyses on zircon and baddeleyite (from the various domains

identified in the remote sensing analysis presented in Chapter 2) has been conducted.
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Table 3.2 - A compilation of age for the Kunene Anorthosite Complex from current literature. For a full table with all basement and post Kunene Complex
ages, see Appendix A. ¥Unpublished data; * Datum: WSG 1984.

Latitude* | Longitude* Rock Type Method | Mineral / Whole rock(WR) analysed Age (Ma) | Locality precision Reference
13.9363 E 15.1913S Anorthosite dyke Sm—Nd WR, Pl phenocrysts, Pl groundmass 1319+ 28 <50m Mayer et al., 2004
14.9961 E 14.6530 S Red granite Rb—Sr WR 1350 + 65 <50m De Carlvalho et al., 1987
13.6610 E 17.4374 S Leucotroctolite U-Pb Baddeleyite 1363 +£17 <1 Km Maier et al., 2013
14.0272 E 15.4227 S Mangerite dyke U—Pb Zircon 13713125 <50m Mayer et al., 2004
13.7845 E 17.3761S Syenodiorite U-Pb Zircon 1376 +£2 <1 Km Driippel et al., 2007
13.7662 E 17.1324 S Leucogabbronorite U-Pb Zircon 1385 + 25 <1 Km Driippel et al., 2000
14.0227 E 15.4198 S Mangerite dyke U-Pb Zircon 1385+ 7.6 <50m McCourt et al., 2013
13.9522 E 16.6703 S Mangerite dyke U—Pb Zircon 1403 +7.1* <50m Baxe et al., 2007
13.9363 E 15.1913 S Anorthosite dyke Rb-Sr Zircon 1406 + 97 <50m Mavyer et al., 2004
13.4667 E 16.1833 S Red granite Rb—Sr WR 1407 + 26 <50 m De Carlvalho et al., 1987
13.9333 E 16.4833 S Red granite Rb-Sr WR 1411+ 24 <50m De Carlvalho et al., 1987
13.9121 E 16.9924 S Olivine gabbro U—Pb Zircon 1434 + 2% <50m Baxe et al., 2007
14.0965 E 15.0663 S Anorthosite Rb-Sr WR, Pl and Orthopyroxene 1464 + 140 <50m Mavyer et al., 2004
14.0965 E 15.0663 S Anorthosite Sm-Nd WR, PI, Orthopyroxene and Biotite 1470 + 25 <50m Mayer et al., 2004
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Figure 3.1 - Map of the Kunene Anorthosite Complex (in grey) showing the distribution and ages (Ma) of
previous studies summarized in Table 3.2 (circles) and samples of this study (stars). Split circle with diagonal
line represents two samples dated at same locality with different methods.

Sampling and Analytical Procedure

Sampling for geochronological studies of the KAC was based on the remote sensing study
(Chapter 2) which identified various possible domains that make up the KAC. At least one
sample per domain was collected during field expeditions to the KAC in 2015 and 2016.
Sample mass averaged between 5 — 8 kg to facilitate sufficient extraction of datable
material (zircon and/or baddeleyite). Three of the 14 selected samples had neither zircon
nor baddeleyite, but the remaining eleven samples covered a representative portion of

the KAC (Figure 3.1). The samples were processed at the University of Oslo (Norway) using
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extraction procedures adapted from Krogh (1973), Krogh (1982), and Corfu (2004). The
samples were cleaned, crushed in a jaw crusher and pulverized in a hammer mill, followed
by mineral separation using a combination of a Wilfley table, a 250 um sieve, free-fall
magnetic separation, and heavy liquid density separation. Recovered zircon and
baddeleyite grains were then handpicked under a microscope. The selected zircon grains
were subsequently annealed (~ 60 hours in an oven at 900 °C) and later chemically
abraded (in HF acid for 12 hours in an oven at 185 °C) to remove any damaged external
regions. The selected baddeleyite was air abraded with pyrite for ~3 hours and cleaned
with HNOs (to remove any pyrite). Both zircon and baddeleyite were then washed on a
hot plate in 4N NHOs for 20 minutes and rinsed repeatedly using H,O and acetone in an
ultra-sonic bath. The grains were then weighed on a microbalance, loaded into individual
Teflon bombs and spiked with a 2°2Pb - 2%°Pb - 235U tracer (the tracer is correlated with the
Earth Time 100 tracer). The Teflon bombs were loaded into an oven for ~120 hours at
~185 °C. All baddeleyite grains and large zircon grains (> 5 pg) underwent chemical
separation (as in Krogh, 1973) in order for elution of the U and Pb to take place. The
sample was then loaded onto Re filaments with Si-gel and HsPO,4. The isotopic ratios of
the sample grains were measured using an ID-TIMS (isotope dilution - thermal ionization
mass spectrometer) method, on the MAT 262 mass spectrometer. The isotope ratios were
measured either Faraday cups in static mode, or by peak-jumping in an ion-counting
secondary electron multiplier (SEM) mode (for smaller, weak signal samples and all
207pp/20%ph ratios). Correction standards for measuring of samples were based on
concurrent measurements of the NBS982 Pb and U500 standard. All data were corrected
for 0.1% per atomic mass unit (a.m.u) fractionation using reproducibility factors of £0.05%
per a.m.u. for Faraday data and £0.1% per a.m.u. for secondary electron multiplier data
(Corfu, 2004). The zircon and baddeleyite analyses were corrected for a Pb blank of 2 pg
and 0.1 pg U, but in some cases the actual blank was higher and allowance has been made
for that during the recalculation of the data. The residual initial common Pb was
subtracted using compositions calculated with the Stacey & Kramers (1975) model for the
age of the sample (at 1400 Ma) and decay constants are those of Jaffey et al. (1971). The
data were reduced with ROMAGE 9D (written and later modified by: T. E. Krogh & L.
Heaman respectively). Data plotting and age calculations were performed with Isoplot

(Ludwig, 1999).
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3.4 ID-TIMS Results

Anorthosite, being predominantly an adcumulate of plagioclase, generally has a small
proportion of interstitial material and incompatible elements such as zirconium. This
makes the occurrence of minerals such as zircon and baddeleyite uncommon. Zircon and
baddeleyite of the KAC exhibit an anhedral, segmented morphology. This morphology is
related to crystallisation in remaining pore spaces between cumulus phases (Scoates and
Chamberlain, 1995; Van Breemen et al, 1986). The crystals are free of any cores or
secondary alteration and can generally be interpreted as fresh primary zircon and
baddeleyite. The data table of U-Pb isotopic compositions of all single grain fractions
(Table 3.3) and their resulting Concordia plots (Figure 3.2) were determined for the 11

samples (10 anorthositic and 1 country rock) of the KAC.

KAC113/103 (14.86366 S, 14.29551 E):

Sample KAC 113/103 (Figure 3.2 a) is a leucotroctolitic rock composed of plagioclase (85
%) and olivine (10 %) with orthopyroxene, clinopyroxene, biotite, and opaque minerals as
minor phases (5 %). The Concordia plot was calculated from four grain fractions (three
baddeleyite and one zircon). The zircon fractions’ reverse discordance on the plot is likely
a result of analytical error having a large amount of common Pb (4 pg). The remaining
baddeleyite grains are concordant and overlap within error. The resultant Concordia age

is 1381.8 + 1.8 Ma and can be interpreted as the crystallisation age of the sample.

KAC 108/99 (14.87895 S, 14.18267 E):

Sample KAC 108/99 (Figure 3.2b) is a leucotroctolitic rock composed of plagioclase (85 %)
and olivine (12 %) with orthopyroxene, clinopyroxene, biotite, and opaque minerals as
minor phases (3 %). The Concordia plot was calculated from three baddeleyite grain
fractions. Two of the baddeleyite are concordant and within error, with normal
discordance of the youngest baddeleyite fraction owing to Pb loss of the grain. The
regression of the Concordia plot gives an age of 1381.0 + 3.3 Ma and is interpreted as the

crystallisation age of the sample.
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Table 3.3 - ID-TIMS U-Pb Results for Zircon and Baddeleyite Fraction of the Kunene Anorthosite Complex.

Fraction Analysed Properties* Weight  Ph[t] u Th/U  Phlc] Phcom**  pp;  Mpps 3%y 20 Heppy 23ty 20 rho  27phf%pp 20 Mpps By 20 PP/ Py 20 b/?Pb 20 Disc.
lug]  [ppm] [ppm] lppml _ [pg]  *™eha# # [abs] # [abs) hd [abs] hd [abs] hd [abs] H [sbs] [%]
113/103
113/103 449/56 ZR CA 1GR 11 38 115 100 354 453 434 300848 001668  0.24640 000073 O0.61 008855 000033 14199 38 14098 43 13945 B4 20
113/103 449754 BDY A4 1GR 8 48 217 001 0.00 EX 8237 288122 000784 023763  0.00054 092 008794 000003 13744 28 13770 20 13811 21 0.5
113/103 459759 BDY A4 1GR 1 16 71 -001 000 L0 1082 287139 0.02438  0.23734 000088 047 008775 000066 13728 46 13744 64 13769 143 0.3
113/103 459760 BDY AA 1GR 1 45 197 008 0.00 0.8 3824 289536 001271 023939  0.00086 0.69 008809 000018 13783 45 13807 33 13844 38 0.5
108/99
108/99 455/50 BODY AA 1GR 1 5 24 0.03 0.00 10 384 2.86648 0.03137 0.23834 0.00163 0.65 0.08780 0.00073 1378.0 8.5 1378.9 8.2 1380.2 158 0.2
108/99 455/51 BDY AA 1GR 1 4 0 004 oo 19 162 281664  0.05126  0.23050 000136 041 008863 000148 13321 71 13600 14 13961 36 47
108/99 455/52 BODY AA 1GR 6 24 106 0.01 0.00 13 6896 2.868098 0.01066 0.23765 0.00073 0.87 0.08792 0.00016 1374.4 3.8 1376.9 2.8 1380.8 3.4 0.5
123112
123/112 454760 BDY AA 1GR 1 66 291 002  0.00 16 2722 300156 001263  0.24110 000086 092 009029 000015 13924 44 14080 32 14317 31 3.0
123/112 454/62 BODY A4 1GR 1 23 103 0.01 0.00 1.2 1258 290114 0.01436 0.23762 0.00080 0.85 0.08855 0.00024 1374.3 4.7 1382.2 3.7 1394.4 51 1.6
123/117 454761 BDY A4 1GR 1 25 115 003 0.00 31 544 286245  0.01740  0.23461 000085 O0.68 0.08845 000040 13886 44 13721 46 13931 85 2.7
123/112 459/54 BODY A4 1GR 1 106 473 0.01 0.00 1.9 3635 2.86495 0.00779 0.23823 0.00054 0.92 0.08783 0.00010 1377.5 2.8 1378.0 2.0 1378.7 21 0.1
123/112 459/55 BDY AA 1GR 1 205 510 000 000 13 10137 288500 0.01526 023967  0.00113 0.4 008767 000016 13798 59 13780 40 13752 35 04
20/83
90/83 449/58 BDY A4 11 37 167 002 0.00 1.5 18246 287927 000774 023735  0.00055 095 008798 000008 13729 29 13765 20 13821 L7 0.7
90/83 455/26 BODY AA 1GR 11 43 192 0.01 0.00 3.0 10280 2.86986 0.01013 0.23676 0.00066 0.90 0.08791 0.00014 1369.68 3.4 1374.0 2.7 1380.6 31 0.9
90/83 455/25 BDY A4 1GR 11 43 189 001 0.56 12.1 2515 286586 001078 023712 000072 091 008766 000014 13717 37 13730 28 13750 31 0.3
50/83 449/57 ZR CA1GR 1 41 146 0.688 0.00 0.9 2450 2.86487 0.01394 0.23736 0.00034 0.88 0.08754 0.00020 1373.0 4.9 1372.7 3.7 1372.3 4.4 -0.1
152/146A
152-1464 466/53 BDY EU TIP NA 1GR 1 145 666 002 000 3.4 2862 287445 001130 023717 000072 O0.68 008780 000017 13720 38 13752 30 13803 37 07
152/146A 459/53 BODY AL 1GR 1 554 2482 0.01 0.00 2.1 17441 2.86058 0.01111 0.23806 0.00081 0.96 0.08776 0.00010 1376.6 4.2 1376.8 2.9 1377.2 22 0.1
152-1464 466/52 BDY EU TIP NA AGR 1 S0 229 001 000 10 3188 284103 000968  0.23503  0.00060 0.89 008767 000014 13608 31 13664 26 13753 31 13
152/146A 459/52 BODY A4 1GR 1 363 1633 0.01 0.00 3.0 7841 2.86482 0.01180 0.23722 0.00073 0.83 0.08758 0.00020 1372.2 3.8 1372.7 3.1 1373.5 4.4 0.1
152/1464 459/51 BDY A4 1GR 1 108 485 002 000 19 3632 285084 001170  0.23630 000083 0.5 008750 000013 13674 43 13630 31 13715 29 0.3
144/139
144/139 454/54 BODY A4 1GR 1 324 1446 0.00 0.00 1.2 168293 292973 0.00854 0.23843 0.00067 0.94 0.0B675 0.00010 1383.7 3.5 1389.6 2.5 1398.7 21 1.2
144/139 454755 BODY AA 1GR 1 163 723 0.01 0.00 1.4 7755 294107 0.00845 0.23997 0.00058 0.93 0.08689 0.00009 1386.6 3.1 1382.5 2.2 1401.7 20 1.2
144/133 454756 BDY AA 1GR 1 177 761 000 000 2.4 4814 296151 000938  0.24172 000061 0.89 008896 000013 13956 3.2 13978 24 14001 28 04
417424
41/42A 449/60 ZR CA1GR 1 139 439 0.53 0.00 0.5 15371 4.15180 0.02453 0.29118 0.00158 0.95 0.10341 0.00019 1647.4 7.9 1664.6 4.8 1666.2 3.4 2.6
41/424 455727 ZR CA 1GR 2 12 3B 143 000 3.0 373 300538 002658  0.24326  0.00120 0.63 008960 000062 14036 62 14080 67 1471 132 L1
417424 449/62 ZR CA1GR 14 7 21 1.33 0.00 23 1908 2.98508 0.01431 0.24188 0.00103 0.91 0.08951 0.00018 1396.4 5.4 1403.8 3.6 1415.1 37 1.5
41/424 449761 7R CA 1GR 5 16 48 185 000 17 2133 291855  0.01313 02393 000090 091 008833 000017 13848 47 13867 34 13887 37 04
41/42A 455/28 ZR CA1GR 14 6 21 1.24 0.00 23 1878 294878 0.01370 0.24230 0.00087 0.85 0.08630 0.00022 1398.6 4.5 1394.8 3.5 1388.9 4.7 -0.8
57 /55
57/55 449/53 7R CA 1GR 5 18 63 097 000 11 22008 293206 000796  0.24062 000056 0093 008838 000009 13869 2.5 13803 i 13008 20 01
57/55 474/12 ZR FR CA 1GR 22 17 65 064 000 0.8 27754 293145  0.00868  0.24062 000061 093 00883 000010 13899 3.2 13800 22 13903 21 00
57/55 455/40 BDY AA 1GR 2 123 549 000 0.00 15 10707 292572  0.00882 023976 000070 0,94 008850 000011 13855 36 13886 25 13934 23 06
57-55 449/52 BODY A4 1GR 4 58 260 0.00 0.00 3.5 4380 292150 0.00773 0.23973 0.00051 0.89 0.08639 0.00011 1385.3 2.6 1387.5 2.0 1390.9 23 0.5
57/55 466/54 BODY AA 1GR 1 134 596 0.00 0.00 2.8 3122 292082 0.00891 0.24027 0.00065 0.88 0.08617 0.00015 1388.1 3.4 1387.3 26 1386.1 3.2 -0.2
17/22
17/22 454759 BDY AA 1GR 1 64 284 002  0.00 23 1817 290534 001301 023955  0.00084 0.67 008833 000020 13792 44 13833 34 13837 42 0.8
17,/22 454/57 BODY AA 1GR 1 194 871 0.01 0.00 57 2234 2.88779 0.01121 0.23692 0.000638 0.85 0.08640 0.00018 1370.7 3.6 1378.7 29 1391.2 39 1.6
17/22 454756 BDY AA 1GR 1 37 165 002  0.00 57 434 288964 002584 023493 0.00090 0.54 008921 000068 13603 47 13792 67 14086 145 3.8
12/14
12/14 459/61 BODY A4 1GR 9 16 325 0.01 0.00 1.9 23615 311275 0.00856 0.24805 0.00066 0.94 0.08065 0.00009 1433.6 3.4 1435.8 2.4 1438.2 20 0.4
12/14 455/62 BDY A4 1GR 14 50 214 001 000 L7 27240 312306  0.00364  0.24986 000058 094 009065 000009 14377 3.0 14384 21 14383 19 01
12/14 454/53 BODY A4 1GR 10 124 529 0.01 0.00 2.1 37810 312379 0.01027 0.25026 0.00072 0.96 0.08053 0.00009 1439.8 3.7 1438.6 2.5 1436.8 18 -0.2
27/31
27/31 459/56 7R CA 1GR 12 56 156 0.63  0.00 33 11219 485469 001237 032033 000076 0.96 010991 000003 17914 37 17944 22 17980 14 04
27/31 459/57 ZR CA 1GR 1 201 553 072 0.0 4.0 2733 483190 001732 031922 0.00095 091 010978 000016 17859 46 17905 30 17958 27 0.6
¥ZR = Minerd analysed: Zircon CA = Chemical Abrasian ** Total comman Ph, Including Blank, Sample and Spike
BDY = Mineral anlysed; Baddeleyite A= Air Abrasion ¥ aatio; " Age
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Figure 3.2 - Concordia plots for all U-Pb data of analysed baddeleyite and zircon fractions. Each ellipse
represents the result of a single fraction analysis. Solid line ellipses: baddeleyite, and dashed line ellipses:

zircon.
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Figure 3.2 (cont.) - Concordia plots for all U-Pb data of analysed baddeleyite and zircon fractions. Each ellipse

represents the result of a single fraction analysis. Solid line ellipses: baddeleyite, and dashed line ellipses:

zircon.
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KAC 123/112 (15.11102 S, 14.06949 E):

Sample KAC 123/112 (Figure 3.2c) is a leucotroctolitic rock composed of plagioclase (75
%) and olivine (20 %) with clinopyroxene, muscovite, biotite, apatite, and opaque minerals
minor phases (5 %). The Concordia plot indicates the possibility of two generations of
baddeleyite occurrence. The older generation of baddeleyite would indicated the
minimum age of this component. Another possibility would be inheritance of zircon cores
which have desilicified and are now baddeleyite. Further studies are needed in order to
completely resolve this sample’s possible baddeleyite inheritance. The Concordia age
(1377.8 £ 1.8 Ma) of the two youngest baddeleyite grains give the best estimate of final

emplacement ages of the sample.

KAC 90/83 (15.36449 S, 13.94658 E):

Sample KAC 90/83 (Figure 3.2d) is an anorthosite composed of plagioclase (90 %), olivine
(5 %), and clinopyroxene (3 %), as well as biotite and opaque minerals as minor phases (2
%). The Concordia plot was calculated from three baddeleyite fractions and one zircon
fraction. The reversely discordant baddeleyite and zircon grains are most likely a result of
analytical error where the samples had low 2°Pb/?®*Pb measurements (~2500 as
compared to 10 000/18 000). The two normally discordant baddeleyite grains indicate Pb

loss in the sample and produce a Concordia age for crystallisation of 1381.7 + 1.5 Ma.

KAC 152/146A (15.41555 S, 13.81692 E):

Sample KAC 152/146A (Figure 3.2¢e) is a leucogabbro composed of plagioclase (85 %) and
clinopyroxene (14 %) with biotite and opaque minerals as minor phases (1 %). The
Concordia plot shows a larger spread of baddeleyite analyses with some analyses
exhibiting a reverse discordance as a result of low 27Pb/?%*Pb (as explained in sample KAC
90/83) or some late stage alteration/mineral growth. The remaining baddeleyite samples
are normally discordant owing to Pb loss and produce a Concordia age of 1369.9 + 1.5 Ma

which is interpreted as the crystallisation age of the sample.
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KAC 144/139 (15.84750 S, 13.81432 E):

Sample KAC 144/139 (Figure 3.2f) is a leucotroctolitic rock composed of plagioclase (85%),
olivine (10%), and clinopyroxene (5%). The Concordia plot is calculated from three
baddeleyite fractions and produces a normal Pb loss discordance pattern. The resultant
Concordia age is 1400.5 + 1.3 Ma and is interpreted as the crystallisation age of the

sample.

KAC41/42A (16.57356 S, 13.55232 E):

Sample KAC 41/42A (Figure 3.2g) is an olivine-leucogabbro composed of plagioclase (60
%), olivine (20 %), clinopyroxene (15 %), and orthopyroxene (5 %). The Concordia plot was
calculated from five zircon fractions. The sample shows that there is an inherited
component that results in an upper intercept age of 1803 + 28 Ma and a lower intercept
age of 1369 + 11 Ma. To estimate the minimum emplacement age of the sample, the two
youngest zircon analyses were used and produced an age of 1389.4 + 2.9 Ma. The
remaining zircons fractions aligned on a discordia are defined by the youngest (Kunene)

and oldest (inherited) zircon analyses.

KAC 57/55 (16.61172 S, 13.88787 E):

Sample KAC 57/55 (Figure 3.2h) is a leucogabbronorite composed of plagioclase (60 %),
clinopyroxene (20 %), orthopyroxene (18 %), as well as biotite and opaque minerals as
minor phases (2 %). The Concordia plot was calculated from four grain fractions (three
baddeleyite and two zircon). The error ellipsoids overlap well within error with minor
normal (caused by normal Pb loss) and reverse discordance seen in the baddeleyite
(where the reverse discordance is likely an analytical error or a low signal run of the
baddeleyite fraction). The zircon indicated a possibility of an age difference with the
baddeleyite, but the difference is small and likely negligible. Regression produces an age

of 1391.3 + 1.1 Ma and is interpreted as the crystallisation age of the sample.

KAC17/22 (16.93143 S, 13.63432 E):

Sample KAC 17/22 (Figure 3.2i) is an olivine-bearing leucogabbro composed of plagioclase
(70 %), clinopyroxene (10 %), olivine (5 %), orthopyroxene (4 %), and minor amounts of

biotite (1 %). The Concordia plot was obtained from three baddeleyite fractions and
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produces a normal Pb loss discordance pattern. The largely discordant point is likely a
result of the small baddeleyite grain size or a low signal run giving a small 2’Pb/2%“Pb ratio.
The resultant Concordia age is 1390.5 £ 2.8 Ma and is interpreted as the crystallisation

age of the sample.

KAC 12/14 (16.99129 S, 13.91436 E):

Sample KAC 12/14 (Figure 3.2j) is a leucotroctolite composed of plagioclase (80 %) and
olivine (15 %) and orthopyroxene, clinopyroxene, phlogopite, and opaque minerals as
minor phases (5 %). The Concordia plot was obtained from three baddeleyite fractions
and produces a normal Pb loss discordance pattern with fractions overlapping mostly
within error. Regression of the Concordia plot results in a crystallisation age of 1438.4 +

1.1 Ma for this sample.

KAC 27/31 (16.90432 S, 13.46386 E):

Sample KAC 27/31 (Figure 3.2k) is a gneissic meta-granodiorite from the surrounding
country rocks, west of the KAC. The Concordia plot was obtained from two zircon fractions
and produces a normal Pb loss discordance pattern with fractions overlapping well within
error. The regression age of the Concordia plot resulted in an age of 1797.5 + 1.3 Ma and
is a first order interpretation of the possible crystallisation age of the sample. Regression
was anchored at a Kunene-aged event and yields an upper intercept age of 1814 + 7 Ma.

These ages agree with the 1803 *+ 28 Ma inherited age of sample KAC 41/42A.

3.5 Discussion
3.5.1 A Genetic Link between Anorthosite Age and Composition

The data show that the KAC geochronology is characterized by distinct age groupings. An
important consideration is whether there is any relationship between these age groups
and the mineral assemblages or the composition of the anorthosite bodies. Combining
the remote sensing study and petrographic validation (Appendix B) of the samples in the
KAC with this new age data reveal that a clear trend is visible. In the KAC, as shown in
Figure 3.3, the older domains (~1400 Ma and 1390 Ma) coincide with orthopyroxene-rich
compositions and in general occur south of the Red Granite belt, whereas the younger

domains (~1380 Ma) coincide with the olivine-rich domains (orthopyroxene occurrence is
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rare/poor). Exceptions to these general age groups are the oldest and smallest

leucotroctolitic domains of the KAC with an age of 1438.4 + 1.1 Ma, and a more

heterogeneous domain (in the south of the KAC) mainly made of anorthosite sensu stricto

and leucotroctolite, with a subordinate amount of orthopyroxene in the assemblage.
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Figure 3.3 - Map of the Kunene Anorthosite Complex showing new U-Pb ages of anorthositic rocks of the KAC
and their relating rock-type. Domains of this image are based upon domains of Chapter 2.

This relationship between crystallization ages and compositions can be explained by a

model where older pulses of magma have intruded and which previously experienced a

greater degree of contamination forcing the broadly basaltic parental magma to produce
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orthopyroxene (instead of olivine) as the main mafic phase (Emslie et al., 1987; Driippel,
2007; Myer et al., 2008; GleilRner, 2011). In this model, the later pulses of magma would
receive a lower degree of contamination as they would be ascending through already
partially melted crust, producing olivine as the main mafic phase. The exception to this
model is the oldest and smallest domain of the KAC. A possible reason for this is that this
is the first small pulse of magma of the Kunene event received very small degrees of
contamination owing to its size. This could be related to insufficient thermal energy, due
to its small size, to induce significant contamination. A more detailed study is required to
determine the cause of this outlier. The heterogeneous southern domain may be a result
of an intermediate degree of contamination having developed a magma composition
which produces both olivine and orthopyroxene phases. Overall, this model corroborates
previous studies in the KAC where intrusive relationships between older leuconoritic
bodies and younger, crosscutting, leucotroctolites are described (Kostlin, 1974; De

Carvalho and Alves, 1990; Drippel, 2007; GleiBner, 2011).

These results have important implications for Proterozoic anorthosites from a global
perspective. Many studies in the past have suggested a link between anorthosite
composition and crystallisation ages, and in general there is a growing consensus that this
link between older leuconoritic rock and younger leucotroctolitic rock exists (Emslie et al.,
1987; Myer et al., 2008; Frost et al., 2010; Heinonen et al., 2010). Whereas studies on
Proterozoic anorthosites such as in the Nain plutonic suite, Laramie Anorthosite Complex,
and the Ahvenisto Complex based these interpretations mainly on field relationships and
isotope studies, there has been no systematic and precise age data of the anorthositic
rocks to compliment these remarks. This study allows for a true comparison of the
observed age and composition of a Proterozoic anorthosite and sets the stage for isotopic

and contamination studies to be performed.

3.5.2 Emplacement Dynamics and Timescales

The age data presented in Section 3.4 show that the various components of the KAC were
emplaced episodically. Indeed, there is no gradual age progression throughout the
complex, but distinct groupings of ages (Figure 3.3). Mean age clusters of 1379.8 + 2.0 Ma
(n=5) occur north of the NE — SW—striking Red Granite belt, whereas in the south there is

an older mean age grouping of 1390.4 + 2.3 (n=3). Owing to poor yield in datable material
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in samples only one age of 1400.5 £ 1.3 is available in the center of the KAC. An age of
1438.4 + 1.1 Ma is found in a small, leucotroctolitic body to the south east of the KAC
(Figure 2.7b). These age data indicate that there is a minimum magmatic emplacement
timescale of ~60 Ma. However, this timescale could be larger as there is evidence of high
aluminium orthopyroxene megacrysts (HAOMs) occurring throughout the KAC. Bybee et
al. (2014) showed that these HAOM s are indicators that anorthositic systems have longer
magmatic lifespans of ~¥80 — 100 Ma. The age groupings of anorthositic intrusions in the
KAC represent separate pulses of magmatic emplacement, separated by several million-
year periods of quiescence. Evidence of comagmatic HAOMs seen in the KAC is also an
indication of a polybaric crystallisation system for the anorthosites. HAOMs typically
crystallise between depths of 30 — 40 km (Emslie, 1978; Charlier et al., 2010; Bybee et al.,
2014), while final emplacement of the anorthosite is at shallow depths of less than 10 km
(Valley and O’Neil, 1982). Therefore it is likely that the KAC emplacement could be a result
of the accumulation of anorthositic magma at the base of the Moho, where the magma
would only intrude in pulses once a sufficient buoyant volume had been reached. During
this process of accumulation HAOMs are also incorporated in the melt and ascend and

intrude as part of the crystal mush.

The oldest age from this study is 1438 Ma. It indicates early crystallization, at least 40 Ma
before the majority of the emplacement of the KAC. The age is supported by an age of
about 1434 Ma from the same leucotroctolitic body in an unpublished M.Sc. dissertation
by Baxe (2007). It is therefore unlikely to be the result of inheritance, contamination or
analytical error of another rock, but rather confirmation of initial magmatic activity 40 Ma
before the subsequent magmatic bodies’ emplacement. Other small satellite anorthositic
bodies found during a field excursion in 2016, and observed by Maier et al. (2013), occur
in the surrounding country rock of the KAC and could be evidence of similar early
differentiated bodies throughout the KAC. In the following 20 Ma of pulsed magmatism
the remaining domains would follow the expected trend, with magma having sufficient
time to accumulate a large mass of plagioclase and emplace once sufficient differentiation
has taken place. The 40 Ma age difference between the recorded emplacement age of the
first magmatic body and the remaining magmatic emplacement suggests two possibilities.
The first possibility is that magma differentiation occurred slowly over an extended period

of time with anorthositic mushes reaching their final emplacement depth at a faster rate.
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The second possibility is that differentiation occurred at a faster rate but the mushes

ascended slowly in a near solid state to their final emplacement depths.

3.6 Conclusion

The results of the geochronological study indicate that: 1) the Kunene Complex
anorthosites were emplaced over a 60 Ma period (at minimum) 2) There is a 40 Ma period
of no recorded ages in the KAC (as ages represent only the final emplacement age of the
rocks), this could be the result of a difference in magma differentiation rates. A slower
differentiation rate coincides with a quicker anorthositic mush emplacement, while a
faster differentiation rate coincides with slower mush emplacement. 3) Through a brief
petrographic study (Section 2.3.1.1) and Remote Sensing (Chapter 2), a link has been
shown between pluton composition and age. In general, leuconoritic domains are older
than the leucotroctolitic domains. This may imply that the first pulses of magma received
a greater degree of contamination, forcing the broadly basaltic magma to produce
orthopyroxene as the main mafic phase. The subsequent pulses received less
contamination as they ascended through already partially melted crust, producing olivine
as the mafic phase and deforming the older domains. In this study a genetic link between
domain composition and age has been shown using the precise, absolute age of the
anorthositic rocks, rather than indirect methods. The existence of long-lived timescales of
Proterozoic anorthosites, in this case, of one of the world’s largest anorthositic

complexes, the Kunene Anorthosite Complex has been re-emphasised.
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4 Summary and Tectonic Setting of the Kunene Anorthosite Complex

4.1  Summary

The enigmatic nature of Proterozoic anorthosites remains a highly debated topic, despite
many years of research. Several integral topics such as the sources, emplacement
mechanics, and tectonic settings remain unsettled. This study aimed at using two different
approaches, namely a remote sensing analysis and high precision U-Pb ID-TIMS analysis
to test multiple hypotheses in order to better understand the petrogenesis of the KAC
and, in turn, other Proterozoic anorthosites around the globe. Remote sensing was used
to identify and classify the magmatic architecture of the KAC with the goal of improving
the current understanding of the internal architecture of the KAC. The ID-TIMS study
aimed at resolving age differences between domains of differing compositions with the
goal of broadening our understanding of anorthositic petrogenesis/processes in the

Proterozoic Eon.
Using the KAC to test some of these hypotheses reveals several key ideas:

1) Remote sensing data allows for a first order interpretation of the general architecture
of the KAC as well as depicting internal variations in spectral signatures that correlate with
variations in composition. In addition, through lineament extraction, new directional data
on the internal geometry of the complex within each homogeneous spectral domain is
provided. Itis suggested that the KAC is composed of at least two main magmatic entities
that show different compositions (reflected in the mineral phases present) and

geometries forming the overall elongate aspect ratio we see today.

2) New high precision U-Pb ID-TIMS data from the anorthositic rocks show that the KAC
magmatism was episodic, and spread over a period of at least 60 Ma. There is also a
genetic link between composition and the age. Older leuconoritic pulse intruded first and
are interpreted to have experienced a greater degree of crustal contamination. Whereas
younger leucotroctolitic pulses intrude through already partially melted crust and

experience lower degrees of contamination.

From these datasets we are left with questions regarding what tectonic environment is
capable of producing these volumes of anorthositic rocks over relatively long timescales.
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4.2  Tectonic Settings of Proterozoic Anorthosites in Literature
4.2.1 Non-convergent Environments

A variety of tectonic settings have been proposed for the formation of Proterozoic
anorthosites (Ashwal, 1993). These tectonic environments require sufficient heating to
cause melting and produce enough magma to form the Proterozoic anorthosite massifs
(Ashwal, 1993; Bybee et al., 2014). The first ideas for a tectonic setting proposed an
extensional or rifting environment. This environment enabled sufficient heat and magma
delivery into the crust (Berg, 1977; Morse, 1982). Emslie (1978) pointed out that
anorogenic bimodal magmatism is the only way for a large amount of heat to be
transferred from the mantle to the crust. An issue with a rifting environment is that
magmatism in such environments normally operates on shorter timescales (< 1 Ma;
Ebinger et al., 2010; Ebinger et al., 2013) than observed in the KAC (~60 Ma; this study)
and other Proterozoic anorthosite bodies around the world (¥100 Ma; Meyer, 2008;
Bybee et al., 2014). Continuous rifting environments on these time scales, and large
volumes of magma production should lead to continental break up which is not evident
in the case of the Kunene Complex and other Proterozoic anorthosites (Ashwal, 1993).
Other possible intra-plate environments include mantle plumes which can account for the
formation of a linear array of magmatic bodies through time and the long magmatic
timescales. Where this idea falls short is that hotspot plume tracks are generally age
progressive in one direction (such as Hawaii) and leave a progressional age track from
oldest to youngest magmatic products (Tarduno, 1997). This is not evident in the KAC as
there is no such progressive age relationship of magmatic pulses between the north and

the south of the elongate batholith (Chapter 3).

4.2.2 Convergent Environments

Based on these arguments a consensus appears to have been reached among geologists
studying anorthosites for a convergent tectonic setting for Proterozoic anorthosite
formation (Ashwal, 1993; Corrigan and Hammer, 1997; Mclelland et al., 2010, Bybee et
al., 2014). A continent — continent collision setting favours a lower crustal source over a
mantle parental source magma. It does not seem to be the ideal setting as it does not fully
allow for all requirements of Proterozoic anorthosite formation. On average, continent —

continent collision produces about 2.3 km3/year less volume of magma than continental
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arc settings (Hawkesworth et al., 2013). Hence, much more time is required for formation
of huge batholith in a collision belt than in a continental arc. Nevertheless, some
batholiths formed in continent collision setting are massive (about 10 000 km? and
possibly up to 30 000 km?, e.g. the Hook Batholith in central Zambia; Milani et al., 2015),
but these are not of basaltic parental sources as it would be required for anorthosite
production, but are granitic in composition. Morse (1991) explains that a basaltic magma
(the suggested parental source for Proterozoic anorthosites) is unlikely to form in this
environment as it would require complete melting of a mafic lower crust to produce
basaltic magma or a huge amount of hot underplated material at temperatures of about
1650 °C. These high temperatures imply a preexisting generation of mantle-derived
magma and therefore the source would be regarded as a more of a mantle source and

not a melted lower crust (Morse, 1991).

A study based on U-Pb ages of zircon from anorthosites in the Adirondack Mountains
show ages related to the late- to post-orogenic stages of orogeny (McLelland et al., 2010).
There is an extensional period and resulting replacement of the mantle lithosphere with
asthenospheric material which occurs as a result of either delamination or convective
thinning (Corrigan and Hammer, 1997; McLelland et al., 2010). This study and a recent
study by Bybee et al. (2014) shows that typical magmatic durations in late- to post-
orogenic stages do not cover the entire timescales observed in Proterozoic anorthositic
complexes. Rather the long-lived anorthositic magmatism may start earlier in the
orogenic cycle during syn-orogenic magmatism. Geochronological and geochemical
evidence from HAOMs that are comagmatic with Proterozoic anorthosites confirms a
long-lived timescale of ~100 Ma in many anorthositic bodies (Bybee et al., 2014). The
results of this study show an early differentiated anorthositic mush emplaced 40 Ma
before the majority of magmatism in the KAC. Additionally evidence from Bybee et al.
(2014) shows HAOM s are much older than the anorthosite emplacement themselves. This
indicates that there may have been activity during syn-orogenic magmatism with ultimate

emplacement extending into the late stages of orogeny.

Therefore, a continental are setting would be appropriate for the earlier magmatism. This
setting has many attractive factors that can account for the features seen in the KAC and
other Proterozoic anorthosites around the world. The first indication of a continental arc

setting can been seen in the linear geometry of some Proterozoic anorthosites as evident
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in the KAC (see Chapter 2) and other anorthosites (e.g. Grenville Province; Ashwal, 1993,
2004). This is a common and characteristic feature of continental arcs (Ducea et al., 2015).
The long magmatic time scales of continental arcs, such as the Californian Arc, with the
duration of magmatism for 100’s Ma (Ducea, 2001; Ducea et al., 2015), are observed in
the KAC (60 Ma; this study), as well as the Mealy Mountains Intrusive Suite, Nain Plutonic
Suite, and the Rogaland Anorthosite Province (~¥80 — 100 MA, see Section 3.1; Bybee et al
2014). Magmatism in continental arcs, and as presented in this study by anorthosites, is
commonly associated with episodic magmatic activity (De Silva et al., 2015). This is evident
by the 40 Ma period of quiescence of magmatic episodes in the KAC (see Section 3.5.2).
Another factor in favour of a continental arc environment is the evidence of magma
ponding and crystallisation at appropriate Moho deaths (~35 km). HAOMs (found in the
KAC and many other Proterozoic anorthosites) are key indicators of crystallisation at
depths of ~35km (see Section 3.5.2). The above arguments suggest that the KAC, as well
as other Proterozoic anorthosites, form in a continental arc environment. A regional study
of the terranes in and around the KAC needs to be conducted to provide additional
evidence and possible relationships to events such as the ~1400 Ma Kibaran orogeny

(Maier, 2008).

4.3 Tentative Tectonic Setting and Summary Model for KAC.

Considering all evidence from this study whilst ruling out some of the possibilities of
previously suggested tectonic environments, it is suggested that the most favourable
tectonic setting for the KAC would be a continental arc setting. This environment fulfills
the various requirements observed such as the KAC’'s map geometry, magma volume,
composition, and long-lived timescales. A summary model of the Kunene magmatism is

shown in Figure 4.1:

1) Initially arc magmatism produced a broadly basaltic melt that ponded at the
Moho. These melts continually accumulated and crystallised large quantities of
plagioclase rich magma, which begin to differentiate. This magma ultimately

became a buoyant crystal-rich mush.

2) At 1438 Ma, part of this early differentiating magma was emplaced and
experienced minimal contamination producing an olivine-dominant magmatic
pulse. At 1400 Ma a larger pulse of magma rose through the crust and assimilated
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large amounts of crustal material, producing orthopyroxene as the main mafic

phase.

3) At 1390 Ma a new pulse of magma was injected into the crust. This magmatic
pulse is more heterogeneous in composition than the other pulses, having a
common occurrence of both leucotroctolitic to leucogabbronoritic rocks. This
may be an indicator of an intermediate contamination of crust and parental

magma.

4) The Zebra Lobe intruded at ~1385 Ma. At 1380 Ma —two pulses of magma rose
through the crust and were emplaced. These pulses were injected into a crust
that had experienced a prior melting event and was refractory, therefore it
experienced a lesser degree of contamination. This magma therefore produced
olivine as its main mafic phase. Along with the emplacement of these anorthositic
imtrusions, Red Granites (with a U-Pb age of ~ 1374 Ma) were emplaced as
products of crustal anatexis (Seth et al, 2005). These granites are common
throughout the KAC and possibly exhibit a resolvable age difference as well, with
Rb-Sr data giving age ranges of 1350 + 65 — 1411 + 24 Ma (De Carvalho et al.,
1987).

4.4  Conclusion

This dissertation shows how the combination of remote sensing data, ground validation,
and high precision geochronology can be used to help understand the petrogenesis,
composition, structure, and tectonic setting of the KAC. With the use of multiple image
enhancement techniques on Landsat 8, and SRTM datasets, one of the most detailed
geological maps of the KAC has been produced. The study also shows the internal
heterogeneity and complexity of this anorthositic body. This study reaffirms the
batholithic appearance of the KAC and suggests that the complex is made up of two main
magmatic entities, which differs in terms of their Landsat spectral response and
composition. In addition, remote sensing processing allowed refining the KAC into up to
nine domains of contrasting Landsat spectral response as well as density and orientation

of SRTM and Landsat lineaments.
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Figure 4.1 - Summary schematic model of the Kunene Anorthosite Complex.

Following the remote sensing study, the age variation between these remote sensing
domains has been assessed in order to investigate whether any age relationship exists
between them.There is no gradual age progression between domains but distinct
groupings of ages in the KAC. There is an age grouping of ~1380 Ma occurring to the north
of a NE — SW-striking Red Granite belt, whereas in the south there is an age grouping of

1390 Ma.
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Two additional ages of 1400 Ma in the centre and 1438 Ma in the southeast occur. It is
also shown that a genetic relationship between the age of the plutons and the
composition exists. The younger 1380 Ma plutons are more leucotroctolitic and the older
1400 Ma and 1390 Ma are leuconoritic. This age and composition relationship has been
noted by other authors before and suggests that the older leuconoritic magmatic pulse
experienced more contamination, producing orthopyroxene as a main mafic phase where
the young leucotroctolitic magmatic pulse experienced less contamination and produced
olivine as the main mafic phase. The exception to this is the oldest magmatic batch of
1438 Ma which is leucotroctolitic. This body may have experienced less contamination
due to its size and not having had enough energy to melt the surrounding rocks. The age
data also show that there is at least 60 Ma of pulsed magmatic activity occurring in the
KAC. The 1438 Ma body is an indication of magma differentiation 40 Ma before the
majority of magma emplacement. Utilizing the remote sensing data and the
geochronological results a new model for the petrogenesis of the KAC has been developed
and it is suggested that the most valid setting for the KAC is a continental arc. This study
reiterates the multiphase petrogenesis of Proterozoic anorthosites and sheds light on the
assembly of these crystal-rich magmas in arc environments and their subsequent ascent

through the crust.
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Appendix A — Literature Ages of the KAC

All geochronological samples found in literature are represented in the table below.

. . . . Localit
Latitude | Longitude Rock Type Method | WR/Mineral Age (Ma) Interpretation Comment precisioyn Reference
14.9833E | 14.1333S | Dolertite K-Ar PI 880 + 34 Crystallisation Age | O1/318 (Silvaetal1973) | oo aDIe f:;';’alho et
Gabbro-norite . I Sample-356-17,ID-TIMS
- +

13.5589 E | 15.2631S Dyke U-Pb Baddeleyite | 1110.3+2.5 | Crystallisation Age method, MSWD 0.7 <50 m Ernst et al., 2013

14.2500E | 14.15005 | Dolertite K-Ar PI 1157£26 | Crystallisation Age | 0>%/317(Silvaetal1973) | o aDle f:;';’a'm et

14.1000E | 14.0667 S | Dolertite K-Ar PI 1175+69 | Crystallisation Age | 02%/317(Silvaetal1973) | o aDle f:;';’a'm et
HRDD-1 102.8m, MSWD
1.4, Oh

13.2865E | 17.4879S | Troctolite U-Pb Baddeleyite | 1220+ 31 Emplacement Age ’ O amaremba <1KM Maier et al., 2013
satellite body
(approximate position)
HRDD-1 160.62m, MSWD

. . 0.72, Ohamaremba .

13.2865E | 17.4879S | Troctolite U-Pb Baddeleyite | 1220+ 20 Emplacement Age . <1KM Maier et al., 2013
satellite body
(approximate position)

14.1500F | 14.2167S | Dolertite K-Ar Pl 1281£22 | Crystallisation Age | O17/317(Silvaetal1973) | o Ele f;;';’a'h" et

14.1500 € | 14.2000S | Dolertite K-Ar Pl 1301+ 65 | Crystallisation Age | O10/317(Silvaetal1973) | o aDle f:;';’a'ho et

. . Red granite suite near De Carlvalho et
- +
13.6500E | 17.0667 S | Red granite Rb-Sr WR 1302 £ 20 Minimum Age Chitado border <50 m al, 1987
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(Angola/Namibia),
MSWD1.5

G5/318(Silva et al 1973)

De Carlvalho et

14.6500E | 14.100 S Dolertite K-Ar Pl 1309+ 99 Crystallisation Age <50 m al. 1987
13.7658 € | 17.4642 | 88T Sm-Nd Garnet 13173 Metamorphic Age | SomPIe-191-B, MSWD O3 | o Seth et al., 2005
amphibolite
13.7322 E | 17.4617 S | orthogneiss U-Pb Zr 1317.6 £ 8.5 | Metamorphic Age Sample-702 <50 m Seth et al., 2005
MSWD 0.49, (wr + plag
13.9363 E | 15.1913S | Anorthosite dyke Sm-Nd WR 1319+ 28 Crystallisation Age Phenocryst + plag <50 m Meyer et al., 2004
groundmass)
13.8133 E | 17.4625S | metapelitic gneiss | U-Pb Zr 1323.1£9.8 | Metamorphic Age Sample-342-3 <50 m Seth et al., 2005
13.8133 E | 17.4625S | leucosome U-Pb Zr 1328.5+6.6 | Metamorphic Age Sample-342-5 <50 m Seth et al., 2005
- le-302-2
13.6333 E | 17.4492 S | metapelitic gneiss | Sm—Nd ;T;:;;r 1333 +9 Metamorphic Age Sample-30 <50 m Seth et al., 2005
13.7658 € | 17.46425 | 83€t Lu—Hf Garnet 133813 Metamorphic Age | S2mPIe-191-B, MSWD 5.2 | o Seth et al., 2005
amphibolite
13.3333 E | 17.4569 S | metapelitic gneiss | U-Pb Zr 1339.7 £ 7.4 | Metamorphic Age Sample-246A <50 m Seth et al., 2005
13.6333 E | 17.4492 S | metapelitic gneiss | Lu—Hf ;?(;:s:f 1342 +1 Metamorphic Age Sample-302-2 <50 m Seth et al., 2005
14.9961F | 14.6503S | Red granite Rb-Sr WR 1350+ 65 | Crystallisation Age | V2talaregion <50 m De Carlvalho et
(approximate position) al., 1987
— + - -
13.7458 E | 17.5633 S garneF . U-Pb Zr 1356.5 Metamorphic Age Sample-311-3 <50 m Seth et al., 2005
amphibolite 14.4
0JS10, MSWD 1.0
13.6610E | 17.4374S | Leucotroctolite U-Pb Baddeleyite | 1363 +17 Emplacement Age (Manual estimated <1KM Maier et al., 2013
position)
14.0272 E | 15.4227 S | Mangerite dyke U-Pb Zr 1371.3£2.5 | Emplacement Age Coeval with Kunene <50 m Meyer et al., 2004

complex. Anorthosite still
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hot when emplaced (no
chilled margin). Multi
grain vapour dissolution
analyses

13.7708 E | 17.4333S | Granite U-Pb Zr 1374 +£5.2 Crystallisation Age Sample-180-1 <50m Seth et al., 2005
sample number:ku98-

13.7845E | 17.3761S | Syenodiorite U-Pb Zr 1376 +£2 Crystallisation Age 201, Associated felsic <1KM Druppel et al., 2007
rock

13.7662 E | 17.1324S | Leucogabbronorite | U-Pb Zr 1385+ 25 Crystallisation Age subconcordant <1KM Druppel et al, 2000
Sample-00-L4, Min age of

14.0227E | 15.4198S | Mangerite dyke | U-Pb zr 138547.6 | Crystallisation Age | <unene complexor <50 m McCourt etal,
coeval as suggested by 2013
Mayer 2004

13.9522F | 16.6703S | Mangerite dyke | U-Pb zr 1403+7.1 | Crystallisation Age | S2TPIe OSCK&4-MSWD | o Baxe et al., 2007
8.9, Mangerite Vein
MSWD1.2, (wr +plag

13.9363E | 15.1913S | Anorthosite dyke | Rb-Sr Wrplag 1406497 | Crystallisation Age | phenocryst ).Quenched in | <50 m Meyer et al., 2004

phenocryst .

a short time
Ompupa region-in

13.4667E | 16.1833S | Red granite Rb-Sr WR 1407+26 | Crystallisation Age | contact with basement | <50 m gle f:;;’a'h" et
and KAC, MSWDO0.79 N

13.9333EF | 16.4833S | Red granite Rb-Sr WR 1411424 | Crystallisation Age | Otchinjau region, <50 m De Carlvalho et
MSWDO0.32 al., 1987

13.9121E | 16.9924 S | Olivine gabbro U-Pb Zr 1434 +2 Crystallisation Age Sample ONC 88 <50 m Baxe et al., 2007
MSWD 1.05,

14.0965 E | 15.0663S | Anorthosite Rb-Sr wr+Pl+opx 1464 + 140 Crystallisation Age (wrtplag+opx)'rep <50 m Meyer et al., 2004

cumulate from relative
prim magma"
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MSWD 1.6,
(wr+plag+opx+bio)."rep

14.0965 E | 15.0663S | Anorthosite Sm-Nd wr+Pl+opx+bio | 1470 £ 25 Crystallisation Age . <50 m Meyer et al., 2004
cumulate from relative
prim magma"

135731 | 17.55385 | VBAlrich PbSL Spr 1487+50 | Isochron Age Sample-700, MSWD 0.48 | )\ \y Seth et al., 2003

granulite-lens

13.5092 E | 15.2308 S | Dolerite Sill U-Pb Baddeleyite | 1501.5+ 3.6 | Crystallisation Age ?2:::;:,3&65_5\/66 Ig;’TIMS <50 m Ernst et al., 2013
Sample- 614-10, MSWD

13.5941E | 17.5447 S | Meta-Semipelite U-Pb Zr 1510.7 £ 6.2 | Metamorphic Age 1.15, PbSL garnet age <1KM Seth et al., 2003
1491 + 53 (MSWD 3.1)
Sample- 329-1,
Concordant with 1o

13.6905E | 17.5190S | Enderbite U-Pb Zr 1513.8 £+ 4.6 | Metamorphic Age confidence level , PbSL <1KM Seth et al., 2003
garnet age 1462 + 67
(MSWD 0.46)

13.3466 E | 17.5308 S | Charnockite U-Pb zr 1515+10 | Metamorphic Age 33(;';2"* 661-2, MSWD | 1¢m Seth et al., 2003
Sample-434-2, MSWD

13.6209E | 17.5134S | Mafic granulite U-Pb Zr 1516.8 £ 2.7 | Metamorphic Age 1.07, PbSL garnet age <1KM Seth et al., 2003
1485 + 120 (MSWD 0.31)

Quartz-free Sample-212-A, MSWD

13.5166 E | 17.5739 S metapelite U-Pb Zr 1520.5+8.2 | Metamorphic Age 0.82, PbSL garnet age <1KM Seth et al., 2003
1447 + 37 (MSWD 0.81)
Na173, Southern bank of

12.9310€ | 17.02105 | Hormplende- U-Pb Zr 15216+ 1.5 | Crystallisation Age | <unene River, Red, <50m | Kréneretal, 2015

bearing granite

unfoliated hornblende-
bearing granite
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13.5877E

17.5454 5

Metapelite

U-Pb

Zr

1525.7 £ 8.6

Metamorphic Age

Sample- 615-5, MSWD
1.6

<1KM

Seth et al., 2003

12.8774 E

17.0650 S

Granite

U-Pb

Zr

1533.5+2.9

Crystallisation Age

Nal79, Southern bank of
Kunene River, Unfoliated,
red S-type granite cutting
older gneiss

<50m

Kroner et al., 2015

14.2197 E

17.3926 S

Augen-gneiss

U-Pb

Zr

17748 £ 1

Crystallisation Age

Na188, Lookout point on
Ruacana Falls, Kunene
River, Coarse-grained
augen-gneiss

<50m

Kroner et al., 2015

141832 E

17.4273 S

Granite

U-Pb

Zr

1778.1+4.3

Crystallisation Age

Nal189, West of Hippo
Pool on Kunene River,
Boulder of red granite
cutting coarse augen
gneiss

<50m

Kroner et al., 2015

13.2207 E

16.9866 S

Granite—gneiss

U-Pb

Zr

1782.7+0.9

Crystallisation Age

Nal61, Southern bank of
Kunene River west of
Epupa Falls ,Strongly
foliated, almost mylonitic
granite—gneiss

<50m

Kroner et al., 2015

13.2207 E

16.9958 S

Granite—gneiss

U-Pb

Zr

1790+ 11

Crystallisation Age

Na03/81, Small river bed
SW of Epupa Falls
,Strongly foliated, almost
mylonitic granite—gneiss

<50m

Kroner et al., 2015

13.0882 E

16.9958 S

Granite—gneiss

U-Pb

Zr

1790.6 £ 3.6

Crystallisation Age

Na03/82, Small river bed
SW of Epupa Falls
,Migmatitic porphyritic
granite—gneiss

<50 m

Kroner et al., 2015
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Migmatitic

Nal78, Southern bank of
Kunene River, Foliated,

12.8774E | 17.0650S | granodioritic U-Pb Zr 1793.6 £ 3.1 | Crystallisation Age . . g <50 m Kréner et al., 2015
. slightly migmatitic
gneiss o .
granodioritic gneiss
Nal77, Southern bank of
12.8908 € | 17.05045 | Hornblende- U-Pb Zr 17945+ 1.6 | Crystallisation Age | unene River, Weakly <50 m Kréner et al., 2015
granodiorite foliated hornblende-
granodiorite
Nal64, Southern bank of
K Ri -
13.0905 E | 16.9973S | Metagabbro U-Pb Zr 1800.2 £ 3.6 | Crystallisation Age unene River, Coarse <50 m Kroner et al., 2015
grained, weakly foliated
metagabbro
le-CHN-1, MSWD M l.
13.8887F | 15.2468S | Xenolith U-Pb zr 1803.4+9.6 | Original age or rock 3a9r2p e-CHN-1, M5 <50 m zoclc;urt etal,
le- -22, MSWD
13.1792E | 14.8486 S :gr:zende U-Pb zr 1810+11 | Crystallisation Age Z:mp e-335-22, M5 <50 m pereira et al., 2011
Nal71, Southern bank of
12.9910F | 16.99235 | Hornplende- U-Pb zr 1812.842.8 | Crystallisation Age | unene River, Coarse- <50m Kréner et al., 2015
granodiorite grained, unfoliated
hornblende-granodiorite
le- -2, MSWD
13.2425E | 15.0706 S | Rhyolite U-Pb Zr 1814 + 88 Emplacement Age iir;p e-355-2, M5 <50 m pereira et al., 2011
Nal68, Southern bank of
K Ri Mi e
13.0071E | 16.9814S | Granite-gneiss U-Pb zr 1814.6+ 1.5 | Crystallisation Age unene River, Migmatitic | g, o, Kréner et al., 2015
biotite-garnet granite—
gneiss
Sample- 230-E, MSWD
13.6024 E | 17.5557 S | Metapelite U-Pb Zr 1828.5+7.1 | Metamorphic Age? 0.79, PbSL garnet age <1KM Seth et al., 2003

1484 + 37 (MSWD 1.6)
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Nal62, Southern bank of

Quartzo- .
13.2035E | 16.9895S | feldspathic U-Pb zr <1830 Crystallisation Age :2;2‘:23 ;‘J"aerzz'rfe” <50 m Kroner et al., 2015
paragneiss feldspathic paragneiss
Nal66, Eyao River, south
13.0844E | 16.9910S | Granite U-Pb zr 1835.9+0.9 | Crystallisation Age ?;g‘:zgr:r:r:‘i’teer'c L\ft/;:g <50 m Kréner et al., 2015
supracrustal rocks
ioti le-335-9, MSWD 2
13.4678E | 14.71815 g:’aar:istee biotite U-Pb zr 1947 +5 Crystallisation Age | ~omPle-335-9, MSWD 29 | ., pereira et al., 2011
le-00-L10, MSWD M .
13.4392EF | 14.8422S | Granite U-Pb zr 1953.8+ 6.4 | Emplacement Age ia(;gp e-00-L10, M5 <50 m zoclc;urt etal,
k f
15.0000 E | 14.7622S | Ol-gabbronorite | K-Ar PI 1964+ 61 | Crystallisation Age fgwr':('(jjis;ac;go) <1KM Silva et al.,1973
le-CHN-1, MSWD M .
13.8887F | 15.2468S | Xenolith U-Pb zr 1967+11 | Inheritace age sample-CHN-1, M5 <50 m cCourtetal,
0.38 2013
le-00-L1, MSWD M .
13.2397E | 15.0502S | Granite U-Pb zr 2038+28 | Emplacement Age | SamPle-00-L1, MS <50 m cCourtetal,
0.74 2013
le-335- T .
13.4797E | 14.8356S | Foliated granite | Rb-Sr Unknown | 2100+100 | Crystallisation Age | ~omPle-335-8 <50 m 13;‘“9““0 etal,
Anorthosite samples from
14.3184 E | 14.8127S | Anorthosite K-Ar Pl 2102 +£51 Crystallisation Age specimen near Quipango. | <1KM Silva et al. ,1973
25 km west of town
Anorthosite samples from
14.4213 E | 14.8315S | Anorthosite K-Ar Pl 2157 +43 Crystallisation Age specimen near Quipango. | <1KM Silva et al. ,1973

45 km west of town
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Appendix B — Geochemistry of KAC samples

Whole rock and trace element chemistry are presented below for additional reference of data from the KAC.

Si02 | AI203 | Fe203 | FeO MnO | MgO | CaO | Na20 | K20 | TiO2 | P205 | Cr203 | NiO LOl | TOTAL

Sample Latitude Longitude | (wt%) | (wt%) | (wt%) | (wt%) | (wt%) | (wt%) | (Wt%) | (wt%) | (wt%) | (wt%) | (wt%) | (wt%) | (wt%) | (wt%) | (wt%)
KAC12/14 -16.991294 | 13.914362 | 45.84 | 16.24 1.60 | 1297 0.19| 1148 | 7.46| 269| 0.42 1.00| 0.10| 0.05 0.03 0.24 | 100.32
KAC 13/18 -16.985413 | 13.913089 | 47.65 | 20.48 1.03 836 | 0.13 9.04 | 9.07 293 | 040| 051| 0.13| 0.02 0.04 | 0.25 | 100.03
KAC17/22 -16.931429 | 13.634316 | 49.40 | 27.37| 0.28 2.32 0.04| 338| 1294| 298| 0.20| 0.20| 0.04| 0.02 0.01 1.02 | 100.20
KAC 19/24 -16.885108 | 13.540396 | 47.64 | 28.72| 0.35 2.85 0.05 2.78 | 13.93 239 | 0.17| 0.16| 0.03| 0.01 0.01 0.96 | 100.06
KAC41/42A | -16.573563 | 13.552322 | 52.20 | 19.61 | 0.95 7.69 017 | 490 | 873 3.87| 036| 085 0.34| 0.03 0.01 0.23 | 99.94
KAC47/47 -16.586 13.803968 | 50.61 | 25.94| 0.39 3.17 0.05| 4.31| 10.81 365| 029 | 0.11| 0.03| 0.01 0.02 0.53 | 99.92
KAC 57/55 -16.611722 | 13.887869 | 49.36 | 16.33 135| 10.95 019 | 546| 895 334 | 0.53 3.01| 0.15| 0.02 0.01 0.19 | 99.83
KAC 65/62 -16.330336 | 13.910539 | 52.77 | 26.71| 0.37 294 | 0.02| 0.92 937 | 4.88| 061| 0.75 0.02| 0.04| 0.01 0.34 | 99.73
KAC 83/76 -15.764355 | 14.082721 | 54.10 | 27.54 | 0.08 068 | 001| 0.21] 10.43 513 | 050 | 0.13 0.04 | 0.01 0.00 | 0.60| 99.47
KAC 87/79 -15.547076 | 14.052496 | 52.95| 26.36 | 0.31 2.51 0.04 1.53 994 | 475| 058| 0.28| 0.10| 0.01 0.00| 0.30]| 99.67
KAC 90/83 -15.364488 | 13.946578 | 47.85| 23.48| 0.83 6.77 0.10| 6.84| 1078 | 278 | 0.22| 040| 0.05| 0.02 0.02 0.20 | 100.33
KAC 99/93 -14.942444 | 14.044063 | 46.41 | 23.86| 0.71 576 | 0.10| 826| 1171 210 0.14| 022| 0.03| 0.02 0.04 | 0.80 | 100.14
KAC 103/96 | -14.926523 | 14.102807 | 47.90 | 26.75 | 0.46 3.69 0.06 | 5.28 | 13.45 220 0.11| 0.16| 0.03| 0.02 0.02 0.31 | 100.42
KAC 108/99 | -14.878949 | 14.182671 | 48.15| 27.69 | 0.40 3.24 | 0.05 3.67 | 13.43 244 | 0.13 0.23 0.03 | 0.02 0.01 1.04 | 100.53
KAC 109/100 | -14.923292 | 14.196161 | 46.98 | 28.19 | 0.38 3.08| 0.06| 4.33| 13.85 206 | 0.09| 0.18| 0.03| 0.01 0.02 0.94 | 100.19
KAC 113/103 | -14.86366 | 14.295512 | 48.83 | 26.72 | 0.45 3.59 0.06 | 3.61| 12.25 287 | 017 | 038| 0.04| 0.01 0.01 0.59 | 99.57
KAC 114/104 | -14.859644 | 14.316895 | 48.58 | 2836 | 0.38 3.04 | 0.05 290 | 1364 | 243| 017| 0.18| 0.03 0.01 0.01 0.42 | 100.19
KAC 115/105 | -14.850091 | 14.370413 | 47.01 | 2599 | 0.64 5.23 009 | 598| 1238 | 213| 0.12| 0.18| 0.03| 0.01 0.02 0.54 | 100.36
KAC 123/112 | -15.111019 | 14.069486 | 49.08 | 26.10 | 0.52 416 | 006| 4.55| 11.79 306 | 0.19| 0.17| 0.03 0.01 0.01 0.18 | 99.92
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KAC 126/114 | -15.134554 | 14.084448 | 48.68 | 25.77 | 0.56 449 | 007| 502| 11.61| 2.83| 022| 010| 0.02| 000| 002| 021| 99.60
KAC 135/124 | -15.113305 | 14.2057 48.06 | 28.89| 0.31 248 | 005| 3.04| 1401| 224| 011| 015| 0.03| 001| 001| 0.60| 99.98
/K,1A3Cll42 15791505 | 13-84534 | 47.00 | 21.95| 1.04 847 | 012| 846| 9.86| 265| 022| 044| 004| 001| 003| -0.07|100.22
KAC 144 13.814323 | 50.89 | 24.19| 0.58 464 | 006| 516| 9.67| 391| 033| 022| 004| 001| 002| 020 99.90
/139 -15.847505
KAC 152 13.816918 | 52.24 | 2596 | 0.41 328| 005| 136 11.20| 4.15| 042| 062| 0.04| 001| 000| 0.32|100.06
/146A -15.415549
KAC 166/153 | -15.438558 | 13.779098 | 45.77 | 22.43| 0.92 748 | 0.10| 10.26 | 1045| 2.05| 0.12| 008| 0.03| 0.01| 0.05| 0.40|100.16
KAC 168/155 | -15.191133 | 13.936662 | 47.68 | 21.70 | 0.94 763| 014| 532| 11.89| 257| 033| 1.01| 0.14| 002| 001| 0.86|100.22
KAC 170/159 | -15.178472 | 13.987676 | 48.70 | 28.09 | 0.36 289| 005| 339 13.25| 265| 016| 0.13| 0.03| 001| 001| 0.17| 99.88
KAC 172/160 | -15.693594 | 14.091193 | 53.52 | 27.77 | 0.13 1.04| 0.01| 063| 11.00| 468| 041| 0.13| 003| 000| 0.00| 0.32]| 99.67
Li P (ppm) Sc Ti (ppm) \Y Cr Co Ni Cu Zn Ga As Rb
Sample Lat (S) Long (E) | (ppm) (ppm) (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (PPM) | (ppPm)
KAC 12/14 -16.991294 | 13.914362 | 3.62| 270.55| 8.86| 3248.65 | 160.47 | 138.03 | 54.79 | 118.81 | 21.25| 60.36 | 10.15| 0.31| 4.19
KAC 13/18 -16.985413 | 13.913089 | 3.62| 603.55| 4.88| 3160.25| 60.16 | 26.85| 65.14 | 307.53 | 22.45| 68.71| 1506 | 0.53| 5.94
KAC 17/22 -16.931429 | 13.634316 | 0.76 | 171.18| 1.98| 1214.10| 36.09 | 30.01 | 1566 | 109.25 | 22.16 | 14.81| 12.94| 052| 1.12
KAC 19/24 -16.885108 | 13.540396 | 1.44| 89.50| 1.24| 875.42| 21.27| 938| 17.53| 7091 | 12.05| 1733 | 13.85| 0.52| 1.16
KAC 41/42A -16.573563 | 13.552322 | 7.01|1524.82 | 13.23 | 5048.86 | 179.10 | 120.20 | 29.16 | 54.82 | 18.95| 94.28 | 21.91| 053 | 1.43
KAC 47/47 -16.586 | 13.803968 | 1.09| 107.46 | 054| 603.58| 512| 9.46| 2583 |137.90| 4.52| 21.08| 13.28| 0.50| 0.41
KAC 57/55 -16.611722 | 13.887869 | 4.60 | 614.48 | 23.00 | 17058.54 | 331.11 | 26.01 | 46.17 | 88.95| 77.86 | 102.71 | 18.14| 0.52| 1.93
KAC 65/62 -16.330336 | 13.910539 | 1.48| 4258 | 0.11| 4839.18 | 113.69 | 167.16 | 15.60 | 53.64 | 528 | 2436 | 1820| 0.54| 0.31
KAC 83/76 -15.764355 | 14.082721 | 1.67| 161.14| 057 | 94381| 638| 486| 3.40| 940| 577| 17.83| 11.22| 039| 1.23
KAC 87/79 -15.547076 | 14.052496 | 2.80| 416.05| 0.76 | 1693.35| 24.45| 29.01| 17.82| 22.86| 7.93| 20.71| 1952 | 0.53| 1.97
KAC 90/83 -15.364488 | 13.946578 | 2.19| 170.15| 2.78 | 2004.29 | 51.14 | 23.90 | 47.59 | 132.02 | 19.79 | 39.69 | 14.87 | 0.42| 1.82
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KAC 99/93 -14.942444 | 14.044063 | 2.78 | 93.79| 4.76| 1350.60 | 40.28 | 49.47 | 52.41 | 298.96 | 22.52 | 42.84| 14.38| 055| 1.03
KAC 103/96 -14.926523 | 14.102807 | 1.30| 82.90| 3.45| 941.58| 37.47 | 61.99 | 36.92 | 144.80 | 14.88 | 2438 | 1431| 054| 0.73
KAC 108/99 -14.878949 | 14.182671 | 1.46 | 12056 | 2.90| 1424.90| 35.87 | 14.74 | 27.62| 70.13| 11.00| 1523 | 11.31| 044 | 0.76
KAC 109/100 -14.923292 | 14.196161 | 1.13| 6957 | 1.15| 879.87 | 24.38 | 24.35| 23.33|105.71 | 37.93| 2039 | 12.62| 039| 0.52
KAC 113/103 -14.86366 | 14.295512 | 1.78 | 137.65| 2.03| 2385.49 | 44.05| 1337 | 22.79 | 71.66| 17.32| 22.66| 1565| 054 | 130
KAC 114/104 -14.859644 | 14.316895 | 1.78 | 110.45| 1.48| 1132.44| 24.18 | 11.43 | 1863 | 66.50 | 13.14 | 19.61| 1524 | 053 | 0.83
KAC 115/105 -14.850091 | 14.370413 | 2.30 | 124.20| 2.08| 1090.67 | 22.56 | 27.52 | 38.95|132.36| 23.11| 37.49| 13.98| 054 | 0.96
KAC 123/112 15111019 | 14.069486 | 1.77| 93.01| 1.75| 984.05| 21.13| 17.34| 32.44 | 11857 | 10.21| 25.37| 16.70| 053 | 0.75
KAC 126/114 -15.134554 | 14.084448 | 1.88| 57.52| 1.08| 496.25| 8.64| 7.91| 2845| 8899 | 953| 2087 | 11.90| 0.30| 0.85
KAC 135/124 -15.113305 142057 | 1.18| 9113 | 1.73| 79249 | 26.90| 19.33 | 20.80| 56.41 | 13.53 | 15.79 | 1437 | 037 | 0.74
KAC 142 /131 -15.791525 13.84534 | 3.26 | 14430 | 3.28| 2436.90| 67.39 | 26.17 | 66.70 | 176.84 | 12.62 | 54.98 | 1518 | 035| 1.70
KAC 144 /139 -15.847505 | 13.814323 | 3.80 | 125.15| 1.09| 1158.84 | 16.68 | 37.48 | 35.98 | 102.61| 9.90| 28.62| 14.89| 031| 127
KAC 152 /146A | -15.415549 | 13.816918 | 2.61| 158.26 | 4.71| 3402.54 | 13457 | 10.94 | 13.87 | 13.51| 29.99 | 24.58 | 21.50 | 0.33| 0.93
KAC 166/153 -15.438558 | 13.779098 | 1.93 | 89.34| 1.62| 431.55| 8.28| 20.02| 70.82|257.87| 7.50| 4023 | 12.60| 0.35| 0.47
KAC 168/155 -15.191133 | 13.936662 | 7.16 | 557.86 | 14.82 | 5774.83|173.13 | 87.68 | 39.73 | 75.97 | 60.43 | 59.73| 17.70| 0.36| 3.92
KAC 170/159 -15.178472 | 13.987676 | 137 | 74.11| 1.19| 92956 | 13.33| 14.52| 1850 | 160.98 | 17.31| 18.02 | 12.39| 0.35| 0.70
KAC 172/160 -15.693594 | 14.091193 | 2.83| 7494| 043| 680.77| 750| 3.54| 435| 1459| 971| 9.05| 17.39| 032 0.89
Sr Y Zr Nb Ba Sn Cs La Ce Pr Nd Sm Eu
Sample Lat (S) Long (E) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (pPm) | (ppm) | (ppm) | (ppm) | (ppm)

KAC 12/14 -16.991294 | 13.914362 | 399.46 | 7.11| 24.82| 146| 180.76| 069| 007| 6.22| 880| 157| 7.09| 1.63 0.90

KAC 13/18 -16.985413 | 13.913089 | 462.12 | 7.11| 33.21| 2.50| 18676| 053| 0.11| 532 13.96| 155| 6.57| 1.43 0.68

KAC 17/22 -16.931429 | 13.634316 | 218.73 | 1.34| 1564 | 0.66 4401| 018| 0.12| 0.87| 251| 020 094| o024 0.16

KAC 19/24 16.885108 | 13.540396 | 226.38 | 0.74 | 6.54 | 0.42 3344 | 030| 002| 075| 246| 0.18| 0.75| 0.16 0.16

KAC 41/42A -16.573563 | 13.552322 | 728.62| 8.64 | 33.06| 3.29| 42001| 1.14| 005| 16.11| 40.74| 3.83| 1552| 3.00 1.15
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KAC 47/47 -16.586 13.803968 | 321.39 0.28 1.53 0.10 76.68 0.51 0.02 0.85 2.13 0.18 0.70 0.14 0.24
KAC 57/55 -16.611722 13.887869 | 436.95 | 13.86 | 85.91 8.53 489.50 0.78 0.05 7.35| 19.37 2.29 | 12.46 2.63 1.30
KAC 65/62 -16.330336 13.910539 | 423.18 0.01 0.19 0.02 235.36 0.10 0.00 0.75 0.80 0.07 0.21 0.10 0.51
KAC 83/76 -15.764355 14.082721 | 539.90 0.94 4.60 0.63 174.96 0.24 0.00 2.66 4.15 0.53 2.00 0.39 0.56
KAC 87/79 -15.547076 14.052496 | 646.58 1.56 3.76 0.62 312.90 0.41 0.00 4.22 7.97 0.96 3.59 0.71 1.08
KAC 90/83 -15.364488 13.946578 | 331.31 216 | 21.41 1.13 81.43 0.69 0.03 1.45 4.54 0.40 1.89 0.51 0.34
KAC 99/93 -14.942444 14.044063 | 318.56 2.04 8.37 0.51 54.06 0.27 0.01 191 4.24 0.34 1.43 0.35 0.28
KAC 103/96 -14.926523 14.102807 | 203.17 1.66 8.84 0.37 30.91 0.79 0.00 0.75 2.17 0.21 0.95 0.25 0.20
KAC 108/99 -14.878949 14.182671 | 242.12 1.80 | 12.55 0.94 34.57 0.49 0.00 1.14 2.22 0.28 1.24 0.29 0.21
KAC 109/100 -14.923292 14.196161 | 167.97 0.83 5.75 0.48 26.22 1.36 0.00 0.62 1.63 0.16 0.71 0.19 0.16
KAC 113/103 -14.86366 14.295512 | 206.68 1.46 | 15.62 1.59 36.53 0.26 0.00 0.79 2.79 0.21 0.96 0.23 0.15
KAC 114/104 -14.859644 14.316895 | 237.07 0.95 | 10.47 0.60 52.92 0.37 0.00 0.86 2.47 0.21 0.87 0.19 0.18
KAC 115/105 -14.850091 14.370413 | 263.43 1.32 7.61 0.69 35.76 0.45 0.01 1.02 3.04 0.24 1.01 0.24 0.20
KAC 123/112 -15.111019 14.069486 | 237.81 0.85 7.35 0.40 49.02 0.45 0.00 0.68 2.46 0.16 0.72 0.17 0.23
KAC 126/114 -15.134554 14.084448 | 235.17 0.35 2.16 0.16 55.32 0.18 0.00 0.81 1.43 0.16 0.67 0.16 0.30
KAC 135/124 -15.113305 14.2057 | 228.17 0.81 6.02 0.37 36.96 0.40 0.00 0.97 2.06 0.20 0.93 0.21 0.22
KAC 142 /131 -15.791525 13.84534 | 362.03 1.94 | 1455 0.89 99.68 0.48 0.02 1.99 4.32 0.48 2.23 0.53 0.48
KAC 144 /139 -15.847505 13.814323 | 396.77 0.59 4.39 0.43 116.89 0.28 0.01 1.37 2.74 0.27 111 0.28 0.41
KAC 152 /146A -15.415549 13.816918 | 319.22 1.70 | 12.25 0.76 129.28 0.42 0.01 1.77 3.36 0.44 2.11 0.55 0.56
KAC 166/153 -15.438558 13.779098 | 377.01 0.37 2.35 0.14 81.38 0.23 0.00 1.17 191 0.19 0.78 0.19 0.42
KAC 168/155 -15.191133 13.936662 | 342.48 | 10.62 | 42.34 3.72 164.79 1.01 0.15 7.08 | 14.80 1.92 8.87 2.20 0.89
KAC 170/159 -15.178472 13.987676 | 248.02 0.57 4.33 0.43 43.98 1.08 0.00 0.73 1.40 0.15 0.71 0.18 0.26
KAC 172/160 -15.693594 14.091193 | 397.25 0.32 2.43 0.17 122.66 0.85 0.00 1.05 1.78 0.19 0.82 0.23 0.34
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Gd Tb Dy Ho Er Tm Yb Lu Hf Ta w Pb Th U (ppm)
Sample Lat (S) Long (E) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)

KAC 12/14 -16.991294 | 13.914362 | 1.54| 023| 138| 029 0.78| 011| 078| 0.12 0.66 0.08 | 0.06 2.14 0.55 0.11
KAC 13/18 -16.985413 | 13.913089 | 1.42| 021 121| 024| o066| 0.10| 061 0.09 0.82 0.15 | 0.06 1.78 0.57 0.16
KAC 17/22 -16.931429 | 13.634316| 0.26| 0.04| 023| 005| 0.13| 0.02| 013| 0.02 0.37 0.03 | 0.01 0.77 0.04 0.02
KAC 19/24 -16.885108 | 13.540396| 0.17| 0.02| 0.13| 003| 006| 0.01| 006| 0.01 0.16 0.02 | 0.02 0.73 0.03 0.03
KAC 41/42A | -16.573563 | 13.552322 | 2.72| 033| 1.67| 031| 0.84| 011 069 0.1 0.94 0.08 | 0.03 3.55 0.16 0.04
KAC 47/47 -16.586 | 13.803968 | 0.11| 001| ©006| 001| 0.03| 0.00| 002| 0.0 0.03 0.01| 0.04 0.74 0.00 0.00
KAC 57/55 -16.611722 | 13.887869 | 2.63| 0.40| 241| 049| 136| 021| 131 0.0 2.07 0.42 | 0.05 2.52 0.10 0.03
KAC 65/62 -16.330336 | 13.910539| 0.02| 0.00| 000| 0.00| 000| ©0.00| 0.00| 0.00 0.00 0.00 | 0.01 0.83 0.00 0.00
KAC 83/76 -15.764355 | 14.082721| 0.30| 0.04| 0.17| 0.03| 009| 0.01| 007 001 0.11 0.03 | 0.04 0.73 0.05 0.01
KAC 87/79 -15.547076 | 14.052496 | 0.55| 0.07| 031| 006| 0.14| 0.02| 012| 0.02 0.09 0.03| 0.02 1.46 0.10 0.02
KAC 90/83 -15.364488 | 13.946578 | 0.50| 0.07| 041| 009 023| 0.03| 021| 0.03 0.55 0.06 | 0.03 0.64 0.18 0.06
KAC 99/93 -14.942444 | 14.044063 | 0.39| 006| 034| 007| 019| 0.03| 018| 0.03 0.22 0.04 | 0.03 0.76 0.06 0.02
KAC 103/96 | -14.926523 | 14.102807 | 0.27| 005| 027| 006| 0.16| 002| 0.15| 0.02 0.23 0.02 | 0.02 0.65 0.04 0.02
KAC 108/99 | -14.878949 | 14.182671| 031| 005| 031| 006| 0.16| 003| 0.15| 0.03 0.29 0.05| 0.03 0.45 0.10 0.02
KAC 109/100 | -14.923292 | 14.196161| 0.19| 0.03| 0.17| 004| 0.10| 0.01| 0.09| 0.01 0.17 0.02 | 0.01 0.76 0.03 0.02
KAC 113/103 | -14.86366 | 14.295512 | 0.27| 0.04| 024| 005| 0.14| 002| 0.14| 0.02 0.40 0.08 | 0.02 0.70 0.06 0.03
KAC 114/104 | -14.859644 | 14.316895| 0.19| 0.03| 0.16| 003| 0.09| 001| 0.08| 0.01 0.26 0.03| 0.02 1.02 0.05 0.02
KAC 115/105 | -14.850091 | 14.370413 | 0.26| 0.04| 021| 004| 0.13| 002| 0.12] 0.02 0.21 0.04 | 0.01 0.90 0.06 0.02
KAC 123/112 | -15.111019 | 14.069486 | 0.19| 0.03| 0.16| 003| 0.08| 001| 0.07| 0.01 0.20 0.02 | 0.01 0.60 0.03 0.02
KAC 126/114 | -15.134554 | 14.084448 | 0.12| 001| 0.07| 001| 0.04| 001| 004| 0.1 0.06 0.01| 0.02 0.43 0.02 0.01
KAC 135/124 | -15.113305 142057 | 021| 003| 016 003| 0.09| 001| 0.08]| 0.01 0.16 0.02 | 0.01 0.44 0.04 0.01
/KlA3C1142 15791505 | 13.84534 | 049| 007 | 037| 008| 021| 003 019| 003 0.35 0.05| 0.02 0.62 0.10 0.03
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KAC 144

/139 15.847505 | 13.814323 0.22 0.02 0.12 0.02 0.07 0.01 0.05 0.01 0.11 0.02 0.01 0.65 0.03 0.01
KAC 152 0.47 0.06 0.39 0.07 0.21 0.03 0.18 0.03 0.34 0.04 0.01 0.90 0.07 0.02
/146A -15.415549 | 13.816918

KAC 166/153 | -15.438558 | 13.779098 0.14 0.01 0.07 0.01 0.04 0.00 0.03 0.01 0.06 0.01 0.01 0.39 0.02 0.01
KAC 168/155 | -15.191133 | 13.936662 2.33 0.33 2.05 0.42 1.15 0.17 1.03 0.16 1.34 0.18 0.02 1.65 0.27 0.08
KAC 170/159 | -15.178472 | 13.987676 0.15 0.02 0.11 0.02 0.06 0.01 0.05 0.01 0.12 0.02 0.01 0.50 0.02 0.01
KAC 172/160 | -15.693594 | 14.091193 0.14 0.02 0.08 0.01 0.04 0.00 0.03 0.00 0.06 0.01 0.00 0.93 0.02 0.01
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