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Abstract

The Kibali Granite-Greenstone Belt is located in the Northeast Democratic Republic of the Congo and is
host to significant gold mineralisation in the form of the Kagaraba-Chaffeur-Durba (17 Moz Au), Pakaka
(1.2 Moz Au), Mengu ( 0.7 Moz Au) and Pamao (0.7 Moz Au) ore bodies. The greenstone belt is composed
of variably metamorphosed metasediments, banded iron formations and basalts intruded by 2.63-2.64 Ga
igneous plutons ranging in composition from gabbroic to granitic. The greenstone belt is bounded to the
south by the Upper Congo Granitic Massif, a polyphase intrusive complex dated to 2.62-2.64 Ga, and to the
north by the West Nile Gneiss, a granitic gneiss complex dated to 985 Ma. The Kibali Granite-Greenstone
Belt and Upper Granitic Massif are thought to have formed as part of an arc/back-arc complex that was
active along the northern margin of the Proto-Congo Craton during the Neoarchean. The lithologies of the
Kibali Granite-Greenstone Belt are thought to have been accreted to the northern margin of the craton at
approximately 2.63 Ga. The West Nile Gneiss is hypothesized to have collided with, and over thrust, the
Kibali Granite-Greenstone Belt in the period 600-400 Ma. This event is thought to have occurred as part of
the Oubanguide orogeny in which the Saharan Metacraton and Congo Craton came together. This event is
hypothesized to have reactivated old structures in the Kibali Granite-Greenstone Belt and resulted in large-
scale fluid flow which has been recorded in the U:Pb zircon record as a regional lead loss event, and by

U:Pb monazite in the ore systems.

Mineralisation in the Kibali Granite-Greenstone Belt is characterised by a pyrite(xgold)+arsenopyrite+
chalcopyrite+ pyrrhotite (marcasite) assemblage occurring as both disseminated and vein-style
mineralisation, hosted in deformed and altered volcano-sedimentary conglomerates, basalts and banded iron
formation. Localised deformation of the host lithologies during regional metamorphism is thought to have
created high permeability Fe-phyllosilicate-rich zones into which ascending CO.-rich fluids were focused.
Interaction of these fluids with the Fe-rich host lithologies resulted in the widespread development of an Fe-
carbonate (ankeritetsiderite)+quartztaluminoceladonite alteration assemblage. Gold transporting fluids are
inferred to have been H,S-rich, interacting with the Fe-rich host and alteration phases to form the Fe-
sulphide-rich assemblage and deposit gold. Re:Os pyrite data indicate that mineralisation formed at
approximately 2 Ga with a reactivation of the mineralising system identified through U:Pb monazite dating,
occurring at 600-500 Ma.
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Chapter 1. The Kibali Granite-Greenstone Belt and Kibali Gold Project

1.1 Introduction

The geological terranes of the Northeast Democratic Republic of Congo (DRC) contain some of the least
explored granite-greenstone belts on Earth, and constitute some of the most prospective terranes for gold
mineralisation. The Kibali Granite-Greenstone Belt (KGGB) is located in the Northeast DRC (Fig. 1.1) and
is host to the Kibali gold project, including the giant Karagba-Chaffeur-Durba (KCD) deposit and multiple
satellite deposits (Randgold, 2010). This study aims to examine the geological, geochemical and
geochronological characteristics of the KGGB, in addition to investigating the characteristics of significant
gold mineralisation contained within the belt. This introduction will review the extent of the study area, the
history of gold mining and research in the KGGB, and will outline the specific aims and objectives of the

study.
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Figure 1.1: The Democratic Republic of the Congo; the location of the Kibali gold project is indicated by the red star (modified after United Nations,
2011).



1.1.1 Study Area

The study area (Fig. 1.2) is located in the central portion of the east-west trending Kibali Granite-

Greenstone Belt in Northeast DRC, approximately 100 km from the border with South Sudan and 300 km

from the border with Uganda. The study area is limited to the territory covered by the Randgold Resources
Ltd Kibali gold permit area and includes the central part of the KGGB, and parts of the West Nile Gneissic

(WNG) and the Upper Zaire Granitoid Massif (UZG) (Fig. 1.2). Gold mineralisation occurs principally in
the western part of the license area, focused around the giant KCD deposit with the Mengu, Pakaka and

Pamao deposits constituting the main satellite deposits.
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Figure 1.2: Sketch map displaying the study area showing the three major geological terranes and significant gold deposits. Inset; regional map

showing location of the study area (red box) and extent of the major geological terranes (Redrawn from Lavreau, 1984).



1.1.2 Existing Knowledge

Despite significant gold resources having been identified and extraction taking place for almost a century
(Section 1.3.1), there have been few detailed studies of the KGGB and its gold resource. Published material
has focused on the gold resource within the KGGB, initially described in Woodtli (1961) who examined the
Agborabo and Gorumbwa deposits, describing them as ‘gold impregnation deposits’ (Chapter 2). The
characteristics of the gold resources were later reviewed by Lavreau (1973) and Lavreau (1984) as part of a
review of the gold deposits of the Northeast DRC (Chapter 2). Prior to the commencement of this study, an
investigation into the mineral assemblage within the KCD was conducted at Kingston University by Dr D.
Lawrence and established an initial paragenesis for the KCD deposit. The geological characteristics of the
KGGB were reviewed in brief by Woodtli (1961) and Lavreau (1984) (Chapter 2), consisting of field
descriptions of the lithological units. A review of the geology of the Bomu-Kibalian block, including the
units of the Kibalian sequence of which the Kibali belt is the type descriptor, was included in the reviews of
Cahen and Snelling (1966) and Cahen et al. (1984). Randgold Resources Ltd has conducted extensive work
as part of their continuing program of exploration and extraction of the gold resource within the KGGB.
This consists of extensive regional mapping, investigation of the structural characteristics and

documentation of the ore reserves.

At the inception of this study, the working hypothesis is that the Kibali Granite-Greenstone Belt is Archean
in age, with gold mineralisation hypothesised to have formed during the Archean when the West Nile Gneiss
was thrust over the KGGB and Upper Congo Granitic Massif.

1.2 The Democratic Republic of the Congo

The Democratic Republic of the Congo, located in central Africa (Fig. 1.1), covers 2.3 million km? and has a
population of 62.4 million (United Nations, 2007). The DRC is one of the most mineral rich nations in the
world, the country’s share of global production being estimated at 51% cobalt, 25% of industrial diamonds
and 14% of gem quality diamonds, 14% of tantalum and 3% of both copper and tin (KPMG, 2014). These
production statistics are underpinned by vast mineral reserves which are estimated to constitute, as a
proportion of global reserves: 45% of cobalt, 25% of diamonds and 3% of copper, in addition to significant
gold reserves which are estimated to be the 10" largest globally (KPMG, 2014). Despite this vast potential
wealth, the country is one of the least developed in the world, having been ranked 186 on the Human

Development Index (United Nations Development Programme, 2014).

The nation’s earliest routes stem from Henry Morten Stanley’s expedition of 1877, in which he claimed the

region as the personal possession of Emperor Leopold Il of Belgium, consolidating the region into the



Congo Free State in 1885 (United Nations, 2007; Kisangani and Bobb, 2010). This period was marked by
mass exploitation of the region’s natural resources (principally rubber and ivory) by slave labour, and is
infamous for the terrible conditions experienced by the native population (Kisangani and Bobb, 2010). The
Congo Free State was abolished in 1908 following international pressure and restructured as a colony of

Belgium, renaming it the Belgian Congo (United Nations, 2007; Kisangani and Bobb, 2010).

The colonial period ended in 1960, following rioting in several cities (United Nations, 2007). Elections were
held in May 1960 with full independence formally achieved on 30" June 1960, as ‘The Republic of the
Congo’ (Kisangani and Bobb, 2010). The elections marked the beginning of the Congo crisis in which
several provinces announced their secession from the government, international powers vied for dominance,
and private mercenary militias poured into the country (Kisangani and Bobb, 2010). In September 1960,
President Lumumba was overthrown in a military coup led by Colonel Joseph Mobuto who, by 1965,

reasserted control of the nation, declaring himself president (United Nations, 2007).

The First Congo War began in 1997, following tensions in neighbouring Rwanda. Zairian armed forces and
Hutu militias clashed with Tutsi militias who were allied with opposition groups under the leadership of
Laurent-Desire Kabila. This culminated in Mobutu fleeing the country and Kabila ascending to the
presidency on 20" May 1997 (United Nations, 2007; Kisangani and Bobb, 2010). The subsequent peace was
short-lived, with the ‘Movement for the Liberation of the Congo’s; supported by Ugandan and Rwandan
forces attacking in August 1998 (United Nations, 2007). Zimbabwe and Angola supported the Kabila
government and one of the most devastating wars in recent history began. This war is infamous for the rush
to take control of the nation’s great mineral wealth with its diamond, gold, zinc, copper and coltan resources

being extensively looted (Kisangani and Bobb, 2010).

President Kabila was assassinated in 2001 and succeeded by his son Joseph Kabila, who called for
multilateral peace talks culminating in the Sun City agreement of May 2002. President Kabila would share
power with the principal faction leaders, militia forces would be incorporated into the nation’s armed forces
and all foreign forces would leave the region (United Nations, 2007; Kisangani and Bobb, 2010). In the time
since, Joseph Kabila has been elected president twice and, despite continued conflicts in the Nord Kivu and

Sud Kivu regions, relative stability has returned to the region.

1.3 The Kibali Gold Project

The Kibali Gold Project is a joint venture between Randgold Resources Ltd, AngloGold-Ashanti Ltd and the
Offices des Mines d’Or de Kilo-Moto (OKIMO), with Randgold the senior partner and operator (Randgold,
2010). The Kibali Gold Project is the largest African gold-only project outside of South Africa and is one of



the largest gold deposits under development in the world. The Project is centred on the Karagba-Chaffeur-
Durba (KCD) deposit with an estimated 17 Moz Au. A number of smaller satellite deposits have been
identified across the region, though principally cluster to the north and northwest of the KCD site (Fig. 1.2).
The most significant of these satellite deposits are Mengu (1.1 Moz), Pakaka (0.7 Moz) and Pamao (0.5
Moz) (Randgold, 2010).

1.3.1 Deposit History

Gold was first identified in the northeast DRC by Australian prospectors in 1903, including placer deposits
in the Kibali river area (then known as the Moto deposit) and the Kilo deposit to the east (Randgold, 2010).
Extraction of gold from alluvial and gold impregnation deposits (Woodtli, 1954) began in 1906 and over the
next 50 years, an estimated 11Moz Au was extracted (Randgold, 2013). In 1926, the Belgian government
founded the Société des Mines d’Or de Kilo-Moto (SOKIMO) to oversee operations across the Kilo and
Moto (Kibali). Mining occurred principally during the 1950s in open pit works at the Durba and Sessenge
sites, with underground works at the Agborabo and Gorumbwa sites (Randgold, 2013). Following
independence in 1960, mining activities rapidly declined, with production dominated by artisanal workings
and small alluvial workings (Randgold, 2013). SOKIMO was reorganised in 1966 to ‘Offices des Mines
d’Or de Kilo-Moto’ (OKIMO) and continued overseeing the minor workings over the next forty years
(Randgold, 2013).

In 1996, Barrick Gold Corporation (BGC) acquired exploration rights over the Kilo-Moto regions in a joint
venture with OKIMO (Randgold, 2010). BGC defined a large soil anomaly at the Kibali site and, in 1998,
entered into a joint venture with AngloAmerican Corp (AAC) to define the resource, with AAC acting as
principal operator (Randgold, 2013). BGC/AAC conducted exploration drilling at the KCD and Pakaka
deposits, with results indicating a resource of 2 Moz at Kibali (Randgold, 2013). Following the outbreak of
the Second Congo War in August 1998, BGC/AAC withdrew from the DRC and formally returned the
concession to OKIMO in 2000 (Randgold, 2010).

Ugandan troops in support of the rebel group ‘Rally for Congolese Democracy’ (Rassemblement Congolais
pour la Democratie, RCD) occupied Durba, taking control of the Gorumbwa, Durba and Agborabo mines
(Human Rights Watch, 2005). Ugandan forces are estimated to have removed approximately 35,000 0z Au
over four years. Ugandan forces ordered the reopening of the underground workings at Gorumbwa in late
1998 and the open pit at Durba in July 1999, removing existing OKIMO personnel (Human Rights Watch,
2005). In December 1998, the Gorumbwa mine was the centre of an outbreak of Marburg haemorrhagic
fever, linked to poor conditions within the mine, killing in excess of 50 mine workers in the Durba village
(Human Rights Watch, 2005).



In an attempt to hasten extraction of gold at Gorumbwa, Ugandan forces employed explosives, conducting
more than 50 blasts in December 1999, resulting in the destruction of supporting pillars and the collapse of
the Gorumbwa mine in December 1999 (Human Rights Watch, 2005). The collapse killed an estimated 100
artisanal workers and resulted in widespread flooding of the area, destroying the most significant gold
resource at the time (Huma Rights Watch, 2005). In 2002, Ugandan forces began withdrawing from the
Durba area, leaving control of it to the RCD-ML rebel group. This group was incorporated into the national
government following the Sun City agreement in 2002 and the establishment of the transitional government
in 2003 brought the area back under the control of Kinshasa (Human Rights Watch, 2005).

From 2006 to 2009, Moto gold completed a series of feasibility studies on the Kibali deposit and on 15%"
October 2009, Randgold Resources Ltd and AngloGold Ashanti Ltd jointly acquired all shares of Moto gold
(Randgold, 2010). Following further acquisitions, at the end of 2009, Randgold Resources and AngloGold
increased their share in the project to 45% each, with the remaining 10% controlled by OKIMO (Randgold,
2010). Since 2009, Randgold Resources Ltd have been the principal operator of the Kibali gold project,
taking the project from post feasibility to pouring first gold in Q3 2013, with extensive open pit and

underground operations under continued development.

1.4 Project Aims and Objectives

With the discovery and subsequent extraction of the world class Kibali gold deposit, there has been a
renewed impetus for study of the geological characteristics and history of the Kibali Granite-Greenstone
Belt. This study aims to generate the first significant data for both the Kibalian orogenic gold deposits and,
from a regional perspective, the Kibalian Granite-Greenstone Belt and its neighbouring terranes, the West

Nile Gneiss and Upper Congo Granitic Massif. The study is therefore divided into two distinct themes:

1. Investigation of the characteristics and origins of the Kibali Granite-Greenstone Belt and its
relationship to the neighbouring terranes.
2. Investigation of the characteristics and formation of the Kibali gold resource, focussing on the KCD,

Mengu, Pakaka and Pamao deposits.

Through satisfying these two investigative themes and combining the data from each, we aim to generate the
first geological history of the Kibali Granite-Greenstone Belt and place the development of the gold

mineralisation into this geological context.



While establishing the geological characteristics and history of the Kibali Granite-Greenstone Belt will be in
itself invaluable, the geographical position of the Kibali Granite-Greenstone Belt lends this data a broader
degree of significance. The Kibali Granite-Greenstone Belt lies on the northern edge of the Congo craton at
the northwest end of a series of approximately northwest-southeast orientated granite-greenstone belts that
extend across the Northeast DRC, Uganda and Tanzania (Chapter 2). The data collected in this study will
allow us to develop the first geological model for the formation and evolution of the Kibali Granite-
Greenstone Belt and place this into the broader context of the formation and evolution of the East African

Granite-Greenstone terranes.

The position of the Kibali Granite-Greenstone Belt on the northern edge of the Congo craton also provides
an opportunity to examine the role of Paleoproterozoic orogenesis in the region. The Oubanguide orogeny
(part of the broader Pan-African orogeny (Chapter 2)) has been identified on the northern margin of the
Congo craton in the Central African Republic and northern Uganda but is yet to be identified in the Bomu-
Kibalian block. By examining our data it may be possible to identify, for the first time, the influence of this
Paleoproterozoic event in the DRC. In order to achieve the goals outlined above, the following data sets will
be generated and utilised in developing models for the formation of the Kibali Granite-Greenstone Terrane:

1. Classification of the lithologies present within the Kibali Granite-Greenstone Belt and surrounding
terranes, the West Nile Gneiss and Upper Zaire Granite Massif.

2. Geochemical data to examine the origins, evolution and relationship between the major geological
terranes.

3. Generate accurate dates for the major geological terranes and use them to constrain the geological
evolution of the Kibali Granite-Greenstone Belt.

Orogenic gold deposits have been extensively studied and their mechanisms of formation are reasonably
well constrained (Chapter 3). The orogenic gold deposits of the Kibali Granite-Greenstone Belt display a
number of unusual characteristics that are of significance. Orogenic gold deposits are typically associated
with large trans-crustal shear zones, deposits occurring in 2" and 3" order structures, however the deposits
within the Kibali Granite-Greenstone Belt display no such association and are instead hosted within a
sequence of thrust stacked metasediments. This places the deposits in a minority, with the Macraes flats
deposits in New Zealand being the only other significant deposit to display such an association. The data
collected from the Kibali deposits will be significant in examining the mechanisms through which these
atypical orogenic gold deposits are formed. In examining the gold deposits of the Kibali Granite-Greenstone

Belt, the following data will be generated and used to interpret their formation:



1. Data regarding the compositions, abundances and mode of occurrence of the mineralised sulphide
phases, alteration assemblages and host rocks ranging from textural observations to compositional
data.

2. Stable isotope data to examine the origin and evolution of the fluids and materials involved in the
development of mineralisation.

3. Radiogenic isotope analysis of mineralised material or minor phases texturally associated with
mineralisation to determine the age of formation and place into the context of the regional
geological evolution.

The Kibali Granite-Greenstone Belt presents an almost unique opportunity in modern geology to examine an
essentially unexplored ‘Archean’ granite-greenstone belt and gold deposits. Develop the first models for

their formation and evolution and provide essential data on the evolution of the region as a whole.



Chapter 2. Geology of the Archean Cratons and Proterozoic mobile belts

around the North East margin of the Congo Craton

2.1 The Cratonic Architecture of Africa

The African continent consists of deep rooted Archean Cratons and Cratonic fragments sutured together by
the Palaeozoic mobile belts (Fig. 2.1, 2.2). Five major Cratonic blocks are present, the West African, East
Sahara, Congo, Tanzanian and Kalahari Cratons each being composed of aggregated Cratonic fragments
ranging in age from 3.6 to 2.5 Ga (Fig. 2.2) (Begg et al., 2009). The collision, rifting and subsequent re-
collision of the Archean Cratons as part of the supercontinent cycle has resulted in multiple orogenic events
and the formation of a series of Proterozoic mobile belts (Begg et al., 2009). Of principal interest to this
study are the Cratonic units of East and Central Africa: the Tanzanian, Ugandan, East Saharan and the north
east part of the Congo Craton and the three major Proterozoic mobile belts formed during the Eburnean,

Grenvillian and Pan-African orogenic cycle (Fig. 2.2).

The geological terranes of North East Democratic Republic of Congo (DRC) form part of a block of
Neo/Mesoarchean material that extends into Uganda and Tanzania and constitutes the north eastern section
of the Congo Craton (Fig. 2.1). The margins of this Archean Cratonic block have been extensively modified
by successive cycles of rifting and orogenesis across the Proterozoic and Phanerozoic eons and as such
possess a complex geological history. The Kibali Granite-Greenstone Belt and associated terranes of the
Northeast DRC are amongst the least investigated in the world and as such information regarding their
characteristics and formation are limited. The associated Archean terranes of Uganda and Tanzania have
been the subject of significant investigation and the majority of existing knowledge regarding the evolution

of the Archean Cratons and Proterozoic mobile belts have been derived from these studies.

This chapter will examine the existing knowledge regarding the characteristics of the Archean Cratons and

Proterozoic mobile belts in order to establish a geochronological framework for the evolution of the region.

2.2 The Congo-Tanzania Cratonic Mass

The Congo Craton is thought to consist of four geologically distinct areas of Archean basement, the Gabon-
Cameroon Shield, Kasai Shield, Angolan Shield and Bomu-Kibalian Block (Begg et al., 2009) (Fig. 2.2).
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The Tanzanian Craton, located east of the Congo Craton between the eastern and western arms of the East
African rift and extends under Tanzania and southern Uganda, has generally been regarded as a separate
Craton although recent research has suggested that it was part of a proto-Congo cratonic mass before post

Archean rifting occurred and may still be connected at depth (Link et al., 2010).

The North East Congo Craton is divided into two major units, The Bomu-Kibalian Block of the DRC with
its corollary units in the West Nile Block of Uganda, and the North Uganda basement terrane (Fig. 2.3)
(Begg et al., 2009; Westerhoff et al., 2014). The Tanzanian Craton is formed of three distinct terranes, the
West Tanzania Terrane in Uganda; Northern Block of Tanzania and southern Uganda and The Southern
Block of Tanzania (Fig. 2.4) (Begg et al., 2009; Westerhoff et al., 2014). The two Cratonic masses are
hypothesised to be sutured together along the Nakasongalo discontinuity in central Uganda (Fig. 2.3)
(Westerhoff et al., 2014).

2.2.1 The Bomu-Kibalian Block

The Bomu-Kibalian Block is divided into three major units: the Bomu in the north west extending from
North East DRC into the Central African republic; the Kibalian extending south west from the border of the
Central African Republic to the Ugandan border and the West Nile Gneiss formation which correlates with
the West Nile block of North East Uganda (Fig. 2.3) (Cahen and Snelling, 1966; Westerhoff et al., 2014).
Data collected during a small number of reconnaissance surveys during the 1960’s and 1980’s indicates that
the Kibalian consists of two geological terranes, the Kibalian Greenstone Belts and the Upper Congo
Granitic Massif (Fig. 2.3) (Cahen and Snelling, 1966).

The Upper Congo Granitic Massif is composed of orthogneisses and multiple intrusive complexes which
display internal zoning from alkaline microcline granites to diorite with rare oligoclase, andesine and
labradorite (Cahen and Snelling, 1966). Three distinct generations of material have been identified within
the Upper Congo Granitic Massif (Cahen et al., 1984). The first generation consists of tonalities, diorites and
granodiorites dated between 2894467 Ma and 272577 Ma with evidence for lead loss events at 2336 Ma
and 303 Ma (Cahen et al., 1984). The second generation is composed of medium to coarse quartz
monzonites that are observed intruding the first generation and dated between 2510+64 Ma and 2411+127
Ma (Cahen et al., 1984). The third generation consists of potassic granites and pegmatites of which limited
knowledge exists (Cahen et al., 1984). The orthogneiss units of the Upper Congo Granitic Massif are held to
be reworked monzonites of the second generation and, to a lesser extent, tonalities of the first generation
(Cahen et al., 1984).
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The Kibalian Granite-Greenstone Belts occur as narrow 10 km wide and 30 to 60 km long belts and include
the Isiro, Tina, Kibali, Zani, Kilo, Mambasa, Ngayu, Panga and Tele belts (Fig. 2.3) (Lavreau, 1984). The
Kibalian Granite-Greenstone Belts are composed of variable actinolite-talc-sericite-biotite-graphitic schists,
grading to amphibolite with hypothesised proximity to the underlying Upper Congo Granitic Massif (Cahen
and Snelling, 1966). Sedimentary and metasedimentary lithologies have been variably altered by carbonate
assemblages and are interbedded with basalts and extensive banded iron formation horizons (Cahen and
Snelling, 1966). These metasedimentary units are hypothesised to be of volcano-sedimentary origin (Cahen
and Snelling, 1966) and have been divided into an upper and lower Kibalian based on the estimated ratio of
volcanic/sedimentary material (Lavreau, 1984). The Upper Kibalian has a volcanic/sedimentary ratio of
approximately 1, volcanic components are composed of andesites and non-typical ocean tholeiites, intruded
by granitoids of the second generation (Cahen et al., 1984; Lavreau, 1984). The Lower Kibalian possesses a
high volcanic/sedimentary ratio with volcanic rock being dominated by oceanic tholeiites and high Mg
basalts, intruded by tonalitic material of the first generation of intrusives (Cahen et al., 1984; Lavreau,
1984). The Lower Kibalian is more widespread having been correlated across multiple greenstone belts
while the Upper Kibalian is known only from outcrops in the Kibali, Ngayu and Zani greenstone belts
(Cahen et al., 1984; Lavreau, 1984). The Kibalian greenstone belts are cut by a number of poorly
constrained north-north east — south-south west orientated shear belts correlated to the Rwenzori tectonic
episode (~2 Ga) which cut the Kibalian Granite-Greenstone Belts and the Upper Congo Granitic Massif

where associated with the belts (Lavreau, 1984).

The West Nile Gneiss (-West Nile block) extends across the northern edge of the Kibalian terrane from the
DRC into North West Uganda (Fig. 2.3). The terrane consists of variable Mesoarchean metasedimentary
granulite- granite-charnockitic gneisses and granitoids dated between 3.42 and 3.07 Ga (Cahen and Snelling,
1964; Mantarri et al., 2011; Mantarri, 2014; Westerhoff et al., 2014). These are overlain in places by thin
belts of metavolcanics and metasediments dated between 2.64 and 2.57 Ga and interpreted as accretionary
terranes that have been correlated with the Kibalian greenstone belts (Cahen and Snelling, 1964; Mantarri et
al., 2014; Westerhoff et al., 2014).

2.2.2. The North Uganda Terrane

The North Uganda Terrane comprises the northern section of the Ugandan basement and is separated from
the neighbouring West Nile Block by the ~1 Ga north — south trending Madi-Igisi belt and from the West
Tanzania Terrane by the mid-crustal Nakasongalo discontinuity formed prior to 2.6 Ga (Fig. 2.3)
(Westerhoff et al., 2014).
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The Northern Uganda Terrane is dominated by deformed Mesoarchean and Neoarchean granodiorites and
tonalites occurring with highly deformed gneisses and migmatites (Nyakecho and Hageman, 2014) and has
been divided into two major geological units, the Karuma Complex: a north west-south east orientated belt
of Mafic to Felsic granulites (Westerhoff et al., 2014) dated to 2991+9 Ma (Mantarri et al., 2014); the
Amura Group: consisting of deformed supracrustal gneisses and mafic metavolcanics; and a series of
granitoids, metagabbros and gneisses of uncertain origin (Westerhoff et al., 2014) which have been dated to
a window of 2732+6 Ma to 2611+6 Ma (Mantarri et al., 2014).

2.2.3. The Northwest Tanzania Terrane

The North West Tanzania Terrane is the northern most part of the Tanzanian Craton and outcrops
principally between Lake Kyoga and Lake Victoria though is thought to extend from South West Uganda on
the border of Tanzania to the Kenyan border north of Lake Victoria in the east (Fig. 2.3, 2.4) (Nyakecho and
Hageman, 2014). The West Tanzania Terrane is bounded on the south by the Lake Victoria terrane and to
the north by the mid-crustal Nakasongalo discontinuity delineating the boundary with the Northern Uganda
Terrane (Westerhoff et al., 2014).

The Terrane is dominated by granite-gneisses, migmatites and deformed granitoids (Nyakecho and
Hageman, 2014).These units have been divided into four major units, migmatitic TTG gneisses, the Tororo
suite; consisting of a series of granitoids and gneissic granites and granodiorites dated to 2644+10 Ma with
inherited cores dated between 2.92 and 2.73 Ga (Mantarri et al., 2014); the Kampala suite; consisting of
variably deformed granitoids and orthogneisses including quartz monzodiorite dated to 2.62+0.2 Ga
(Schumann et al., 2004); and the Kiboga suite; consisting of variable porphyritic granites, the Naluvule
feldspar porphyry which has been dated at 2.49 Ga (Mantarri et al., 2014) and the Lutukuma granite which
has been dated at 2.49 Ga (Mantarri et al., 2014; Westerhoff et al., 2014).

2.2.4. The Lake Victoria Terrane

The Lake Victoria terrane extends from south east Uganda southward into Tanzania where it dominates the
northern part of the country around the shores of Lake Victoria. The Lake Victoria Terrane is composed of
three major geological terranes the East Lake Victoria Superterrane, Mwanza-Lake Ayasi Superterrane and
the Lake Nyanza Superterrane (Fig. 2.4) (Kabete et al., 20123).

The East Lake Victoria Superterrane extends from SE Uganda into north east Tanzania and consists of a
series of east-west orientated Archean greenstone belt (from north to south), The Busia-Kakamega Terrane,
the North Mara Terrane, Mara-Mobrama terrane, Musoma-Kilimafadha terrane and Ukerewe-Maswa-

Serengete terrane (Kabete et al., 2012a)) with varying levels of cover by the ~2.6 Ga siliciclastic sediments
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of the Kavidorian Supergroup (Manya, 2002; Westerhoff et al., 2014), Neoproterozoic sediments, Neogene
volcanics and lake sediments (Kabete et al., 2012a; Westerhoff et al., 2014). The greenstone terranes are
composed of mafic volcanic rocks, calc-alkaline felsic volcanics basalts, metasediments and ironstones
metamorphosed to greenschist facies (Manya et al., 2006; Westerhoff et al., 2014) separated by granitoid-
gneisses (Kabete et al., 2012a), granites and rare amphibolites (Manya et al., 2006). A progressive increase
in age of the greenstone belts, moving north to south, is identified with the Northern most Busia-Kakamega
Terrane dated to 2.63-2.59 Ga and the southernmost Musoma-Kilimafadha Terrane dated to 2.72-2.69 Ga
(Kabete et al., 2012a, 2012b; Mantarri, 2014; Westerhoff et al., 2014).

The Mwanza-Lake Eyasi Superterrane lies directly south of the Lake Victoria Superterrane and consists of,
from northwest to south east, the Mwana-Magu Terrane, Malite-Ngorongoro Terrane and laida-Haidan
Terrane (Kabete et al., 2012a). The Mwana-Magu and Malite-Ngorongoro Terranes consists of amphibolite
to granulite facies metamorphic rocks intruded by abundant synorogenic granitoids and K-Feldspar rich
granites with extensional reworking along the eastern edge associated with the East African Orogen (Kabete
et al., 2012a).

The Lake Nyanza Superterrane consists of a series of east-west orientated terranes, from northwest to south
east, The Sukamaland Terrane, The Kahama-Mwadui Terrane, The Nzega-Sekenke Terrane and Singida-
Mayamaya Terrane (Kabete et al., 2012a). The Sukamaland and Nzega-Sekenke Terranes consist of folded
and faulted greenstone belts composed of metavolcanics, metasedimentary rocks and BIFS bounded by
granitoids and gneisses (Manya and Moboko, 2003; Kabete et al., 2012a). The Kahama-Mwadui Terrane
separates the two major greenstone belts and is marked by an absence of greenstone lithologies and is
largely covered by Neogene sediments (Kabete et al., 2012a). The Kahama-Mwadui Terrane is composed of
a migmatite gneiss series intruded by a series of northwest-southeast trending K-feldspar granitoids thought
to have intruded along the suture between continental fragments (Kabete et al., 2012a). The Singida-
Mayamaya Terrane is composed of granitoid gneisses and thin amphibolite facies greenstone belts
consisting of: amphibolite schists; porphyritic andesites; schistose dolerites and rhyolites (Kabete et al.,
2012a). The geochronological characteristics of the Lake Nyanza Superterrane are complex, the Sukamaland
and Kahama-Mwadui Terranes show a progressive increase in age from northeast to southwest. The
Sukamaland Greenstone Belts are dated to 2.82-2.69 Ga and the Kahama-Mwadui Terrane dated to 3.11 Ga
with 2.76-2.65 Ga granitoids (Borg and Krogh, 1999; Manya and Moboko, 2003; Chamberlain and Tosdal,
2007; Kabete et al., 2012b). The Nzega-Sekenke Terrane displays a similar range of ages to the Kahama-
Mwadui Terrane with detrital ages between 3.1-2.6 Ga and magmatic ages ranging between 2.75-2.68 Ga
(Chamberlain and Tosdal, 2007; Kabete et al., 2012b).
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The Singida-Mayamaya Terrane is younger than the terranes directly north of it, granitoids adjacent to the

minor greenstone belts having been dated to 2.68 Ga (Kabete et al., 2012b)

2.2.5. The Central Tanzania Region

The Central Tanzania region forms a belt of Mesoarchean terranes, constituting the southernmost part of the
Tanzanian Craton, and consists of the Moyowosi-Manyoni Superterrane, Dodoma basement/Dodoma schist
Superterrane and the East Ubendian-Mtera Superterrane (Fig. 2.4) (Kabete et al., 2012a). The Moyowasi-
Monveni Superterrane consists of two principal crustal blocks, the east-west orientated Moyowosi-Uyowa
Terrane composed of synorogenic biotite granitoids and orthogneissic migmatites, and the north west-south
east orientated Tabora-Manyoni Terrane composed of orthogneissic migmatites and late K-feldspar
granitoids (Kabete et al., 2012a). The Dodoma basement Superterrane is composed of the Dodoma Gneissic
and Undewa-llangali Terranes (Kabete et al., 2012a).The Dodoma Gneissic Terrane is composed of east-
west trending schist and gneissic belts confined within granitoid basement rocks consisting of tonalite-
trondhjemite-granodiorite (TTG) gneisses and felsic-dioritic intrusives (Kabete et al., 2012a). The Undewa-
llangali Terrane is more varied consisting of greenschist to amphibolite facies greenstone belts and extensive
TTG gneisses, diorites and syn-kinematic K-feldspar granitoids (Kabete et al., 2012a). The Dodoma Schist
Superterrane is made up of the Kaliua-Inyonga Terrane and the Malagasya-Rungwa Terrane (Kabete et al.,
2012a). The Malagasya-Rungwa Terrane is composed of deformed K-Feldspar granitoids, alkali feldspar
granitoids and granodiorite gneisses contains a number of greenstone composed of mafic-amphibolite
greenstones and dioritic-gabbroic sills (Kabete et al., 2012a). The Central Tanzania region is the oldest part
of the Tanzanian Craton with units of the Undewa-Ilangali Belt having returned detrital ages of 4013-3604
Ma and extensive volcanism recorded in the period 2815-2660 Ma (Kabete et al., 2012b).

2.3 Proterozoic Mobile Belts

The margins of the Archean Cratonic fragments have been extensively reworked by Proterozoic rifting and
orogenesis resulting in the formation of Proterozoic mobile belts (Fig. 2.2, 2.3 & 2.4). The Proterozoic
Mobile belts of East Africa are attributed to the three major supercontinent forming events, the Eburnean
cycle forming the Colombia supercontinent (2.1-1.8Ga), the Grenvillian cycle forming the Rodina
supercontinent (1Ga) and the Pan-African cycle during the assembly of Gondwana (Zhao et al., 2004;
Westerhoff et al., 2014). The Proterozoic Mobile belts are dominated by reworked Archean Cratons and
accretionary lithologies having formed during the collision of the Archean Cratonic fragments (Begg et al.,
2009).
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The Eburnean terranes form a continuous belt encircling the Tanzanian Craton and consisting of the (from
north west moving anticlockwise) Rwenzori, Ruizian, Ubendian and Usagaran belts (Fig. 2.2) and are
associated with the suturing of the Tanzania and Congo Cratons (Westerhoff et al., 2014). Of these belts the
Rwenzori is the most significant to this study, occurring in South West Uganda overlying lithologies of the
Tanzanian Craton and Bomu-Kibalian Block. The Rwenzori Belt consists of basement material overlain by
metasediments and metavolcanics of the Buganda Group, both units being intruded by syn and post-
kinematic granitoids (Westerhoff et al., 2014). Late kinematic plutonic granitic units intruding the Rwenzori
terranes have been dated between 1987-1848 Ma (Nagudi et al., 2001; Westerhoff et al., 2014).

Grenvillian terranes consist of the Kibaran Belt extending from the Kibara Mountains of Eastern Congo to
South Western Uganda (Fig. 2.2, 2.3, 2.4). The Grenvillian terranes are composed of folded and
metamorphosed terrigenous sedimentary and metasedimentary rocks including sandstones, slates,
ironstones, quartzites, mica schists and thrust transported carbonaceous schist, phyllites and clastic-
sedimentary rocks overlying Archean basement (Kabete et al., 2012a; Nyakecho and Hagemann, 2014;
Westerhoff et al., 2014). These have been intruded by multiple generations of mafic to ultramafic layered
intrusions, dyke swarms and syn-kinematic A-type granites (Nyakecho and Hageman, 2014; Makitie et al.,
2014; Westerhoff et al., 2014).

Lithologies attributed to Grenvillian orogenesis are also identified obscuring the boundary of the North
Uganda Terrane and West Nile Block in the Madi-Igisi Belt (Westerhoff et al., 2014). The Madi-Igisi Belt
(Fig. 2.3) is composed of intermediate metavolcanic rocks, quartzites and metapelites, dacitic metatuffs,
metasedimentary schists and gneisses, banded ironstones, amphibolites and meta-basalts (Westerhoff et al.,
2014). The Kibaran Belt lithologies record metasedimentary detrital ages ranging from 2.07-1.75 Ga and
multiple intrusive events at 1.57-1.45 Ga, 1.37 Ga, 1.25 Ga and 0.98 Ga (Buchwaldt et al., 2008; Makitie et
al., 2014; Nyakecho and Hageman, 2014; Westerhoff et al., 2014). The Madi-Igisi Belt records a more
limited range of age data with detrital ages derived from mafic metatuffs and metasedimentary schists at
984-977 Ma (Mantarri et al., 2014; Westerhoff et al., 2014).

Two major Pan-African orogenic belts are identified in the region, the north-south orientated East African
Orogen (Fig. 2.2) formed during the collision of East and West Gondwana and the east-west orientated
Oubanguide belt (Fig. 2.2) formed during the collision of the Saharan Craton and Congo Craton. The East
African Orogen extends along the eastern margin of the Tanzanian Craton and Congo Craton and consists of
thrust transported and reworked Archean basement, ophiolites (consisting fragments of the Neoproterozoic
Mozambique ocean), metasediments and syn-collisional magmatic arc granites (Vearncombe et al., 1983;
Ries et al., 1992 ; Mantarri et al., 2011; Kabete et al., 2012a; Westerhoff et al., 2014). Ophiolite terranes

19



attributed to the pre-Pan-African Mozambique Ocean have been dated at 830 Ma and provide an upper limit
on the formation of the belt (Vearncombe, 1983). Reworked Archean metasedimentary lithologies have been
dated returning metamorphic ages from 737 to 584 Ma and syn-orogenic granitoids are dated to 737-593 Ma
(Reis et al., 1992; Mantarri, 2014; Westerhoff et al., 2014). The Oubanguide belt extends east-west across
central Africa from Nigeria to South Sudan where it intersects the East African Orogen, between the Congo
Craton and Saharan MetaCraton (Begg et al., 2009). The position of the Kibali Granite-Greenstone Belt
along the suture between the West Nile Gneiss and the Bomu-Kibalian block makes the Oubanguide
orogeny potentially highly significant to this study. The Oubanguide belt consists of thrust sheets composed
of 2 Ga gneisses and 1.6 Ga granitoids thrust southwards over the Congo Craton (Begg et al., 2009;
Abdelsalam et al., 2011). Syn-orogenic granitoids are identified intruding the thrust sheets of the West Nile
Block and have been dated to 659-595 Ma (Begg et al., 2009; Mantarri, 2014; Westerhoff et al., 2014).

2.4 Formation and Evolution of the Geological Terranes of East Africa

The geological history of East Africa is defined and dominated by successive cycles of rifting and
orogenesis along the margins of the Archean Cratonic fragments. The two major Archean crustal fragments,
the Bomu-Kibalian block/North Uganda Terrane and the Tanzanian Craton, are hypothesised to have formed
independently across the Meso to Neoarchean. Of the two the Bomu-Kibalian Block/North Uganda Terrane
is less understood and is hypothesised by Westerhoff et al. (2014), based on studies of the Ugandan West
Nile Block, to have formed prior to 3.08 Ga, before being buried and metamorphosed under granulite to
amphibolite facies conditions in the period 3.00 to 2.86 Ga (Westerhoff et al., 2014). This period of
metamorphism is followed by the emplacement at 2.63 Ga of the mafic and sedimentary lithologies thought
to derive from oceanic basins, island arcs and accretionary wedges (belonging to the war group, see above)
which overthrust the basement and are thought to mark a period of island arc accretion (Westerhoff et al.,
2014).

Available evidence indicates the Tanzanian Craton is the older of the two major Archean units with detrital
zircon ages ranging from 4.0-3.2 Ga in the Dodoma basement and between 3.6-3.2 Ga in the West Tanzania
Terrane indicating its formation across the Mesoarchean (Schumann et al., 2004; Kabete et al., 2014a).
Multiple models have been proposed for the subsequent evolution of the Tanzania Craton during the
Archean with the two phase model of Pinna et al. (2004) being the dominant model at the time of writing.
Pinna et al. (2004) defined two major Archean orogenic events; The Dodoman orogeny (2.93-2.85 Ga)
characterised by subduction, slab melting and TTG accumulation in the southwest of the Craton with coeval
oceanic and back arc crust formation along the northern margin of the Craton; and the Victorian orogeny

(2.8-2.6 Ga) consisting of three sequential accretionary tectonic events related to the formation of greenstone
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belts in the Lake Victoria Superterrane (Pinna et al., 2004) and the West Tanzania Terrane (Westerhoff et
al., 2014). This two phase model for the Archean evolution of the Tanzania Craton has been further
supported by subsequent studies including the work of Kabete et al. (2012a), Westerhoff et al. (2014) and
Sanislav et al. (2014), who defined the peak of crustal growth during the Victorian orogeny at 2.7 Ga
(Sanislav et al., 2014). The collision and suturing of the Archean Cratonic fragments in to a single mass, the
Proto-Congo Craton (Tack et al., 2010), is hypothesised by Westerhoff et al., (2014) to have occurred in two
phases; the collision and suturing of the Bomu-Kibalian Block with the West Tanzania Terrane between
2.64-2.61Ga (Ruotoistenmaki, 2014; Westerhoff et al., 2014), and the collision and suturing of these units to
the northern margin of the Tanzanian Craton at 2.59-2.55 Ga. (Westerhoff et al., 2014).

The subsequent evolution of the Bomu-Kibalian-Tanzanian Cratonic mass is dominated by successive cycles
of rifting and orogenesis. Rifting of the proto Congo Craton occurred in the period 2.15-2.0 Ga with two
distinct rifts forming, a north-south orientated ocean basin extending along the western margin of the
Tanzanian Craton (lithologies of the Usagaran-Ubendian fold belt) and an approximately east-west basin
generated through the reactivation of the suture between the Tanzanian and Congo Cratons (lithologies of
the Rwenzori fold belt) (Westerhoff et al., 2014). Closure and inversion of these basins occurred in the
period 2.0-1.9 Ga during the Eburnean Orogen (Zhao et al., 2004) and formation of the Colombia
supercontinent with orogenesis ending approximately 1.85 Ga with the intrusion of post kinematic
granitoids (Westerhoff et al., 2014).

Fragmentation and rifting of the Colombian supercontinent began during the period 1.85-1.75 Ga resulting
in the dispersal of the Archean Cratons (Pedreira and deWaele, 2008)). During this time the Congo Craton
remained stable experiencing only intra-cratonic rifting and magmatism (Tack et al., 2010). This rifting
resulted in the formation of the intra-cratonic Kibaran trough during the period 1.55-1.20 Ga, coinciding
spatially with the north-south orientated Eburnean suture zone extending along the western margin of the
Tanzanian Craton and rifting between Bomu-Kibalian Block and the North Uganda Terrane (Tack et al.,
2010).

During the Grenvillian orogenic cycle, culminating in the assembly of the Rodina super-continent and
orogenesis along the eastern margin of the Congo Craton (Fig. 2.5). Inversion of the intra-cratonic Kibaran
trough formed the Kibaran belt, a southwest-northeast orientated belt extending from South East DRC to
Uganda (Fig. 2.5), obscuring the Eburnean suture zone (Westerhoff et al., 2014), and the north-south
orientated Madi-Igisi belt which thrust westwards over the margin of the Bomu-Kibalian block (Fig. 2.5)
(Westerhoff et al., 2014). This orogenic event also resulted in the reactivation of shear structures within the
Eburnean Rwenzori fold belt and the Bomu-Kibalian block (Lavreau, 1984; Westerhoff et al., 2014).
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Figure 2.5: Reconstruction of the African section of the Rodinia Supercontinent displaying the location of the Grenvillian orogenic
belts (Modified after Li et al. (1995)

The period 850-750 Ma is characterised globally by the rifting and dispersion of the Rodina supercontinent,
during this time the Congo Craton remained intact and experienced no significant intra-cratonic rifting (Tack
etal., 2010).

During the Pan-African orogenic cycle and assembly of Gondwana the Congo Craton occupied a central
position (Fig. 2.6). The other continental masses assembled around the outer edges of the Congo Craton
which is therefore encircled by orogenic belts of Pan-African age (Begg et al., 2009; Westerhoff et al.,
2014). The Pan-African orogenic belts are attributed to, in the case of the East African Orogen, the collision
between East and West Gondwana (Begg et al., 2009; Westerhoff et al., 2014), and in the case of the
Oubanguides, the collision of the northern margin of the Congo Craton and the Saharan Meta-Craton (Fig.
2.6) (Abdelsalam et al., 2011).

The East African Orogen occurs down the eastern edge of the Tanzanian Craton (Fig. 2.6) and is interpreted
as having polycyclic development across the period 830 Ma to 470 Ma (Westerhoff et al., 2014).
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Figure 2.6: Reconstruction of the Gondwana supercontinent. The Congo/Tanzanian Cratons occupy a central position and is
encircled by the Pan-African orogenic belts (Modified after Gray et al. (2008)).

Four distinct phases of development have been identified in the East African Orogen; the Samburuan-
Sabachian between 830-800 Ma, The Baragoian-Barsaloian event between 630-570 Ma, and the Loldakian
and Kipsangian events occurred in the period 580-470 Ma (Westerhoff et al., 2014).

The Oubanguide orogenic event occurred due to the collision of the Saharan Metacraton and north margin of
the Congo Craton forming an east-west orientated belt extending along the length of the northern margin of
the Congo Craton (Fig. 2.6) (Abdelsalam et al., 2002; Begg et al., 2009). Westerhoff et al. (2014) correlated
this event with the emplacement of the 0.69 Ga Granites and 0.66 Ga granodiorites in northern Uganda. The
final docking of the Saharan Metacraton and the Congo/Tanzania Cratons is hypothesised to have occurred
in the period 501 to 490 Ma (Abdelsalam et al., 2002; Pin and Poivedin, 1987; Westerhoff, et al., 2014).
Evidence for a Craton wide tectonothermal event associated with the development of the Pan-African
orogenic belts is characterised by lead loss within zircon data (Kabete, 2012a; Mantarri, 2014; Westerhoff et
al., 2014). This is identified within the West Tanzania terrane at 0.8-0.79 Ga and within the Lake Victoria
terrane at 0.68-0.6 Ga and is attributed to the development of the East Africa Orogen (Kabete, 20123;
Westerhoff et al., 2014), and at 0.69 Ga in the West Nile block and between 0.8 Ga and 0.6 Ga within the
North Uganda terrane that has been attributed to the development of the Oubanguide orogeny (Mantarri,
2014).
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2.5 Gold Deposits of Central and East Africa

The Neoarchean terranes of north east Democratic Republic of Congo, Tanzania and Uganda are host to a
number of auriferous greenstone belts while the Proterozoic mobile belts around the edges of the Cratonic
masses are host to a small number of orogenic gold deposits. This section aims to examine the
characteristics of the major gold-bearing terranes and to briefly examine the characteristics of the gold

deposits they contain.

2.5.1. Gold Endowment in the Northeast Congo (Bomu-Kibalian Block)

The Bomu-Kibalian Block is one of the most poorly studied Archean terranes in the world with few
academic or industry studies conducted. As such the existing information regarding the gold endowment of
the Bomu-Kibalian Block is limited but with the discovery of the massive Kibali gold deposit it is
potentially one of the most prospective gold terranes in the world.

Gold mineralisation is strongly associated with a series of greenstone belts (Fig. 2.1, 2.7) which are divided
into two groups; the Ganguan and the Kibalian (Lavreau, 1984). The Ganguan Greenstone Belts lie at the
western edge of the Bomu-Kibalian block within the Bomu gneissic series (Lavreau, 1984) and include the
Matunda and Bili belts which are composed of metamorphosed quartzites, slates, talcschists and diabases on
a folded gneissic basement, gold having been extracted from talc schist units (Lavreau, 1984). The Kibalian
greenstone belts, including the Kibali (formerly Moto), Kilo, Isiro, Tina, Mambaso, Ngayu, Panga and Tele
belts, are a more significant source of gold having produced significant amounts of gold from both placer
and lode deposits (Lavreau, 1984). Of these belts the Kibali and Kilo are most significant being the site of
the two most established mining operations, the Kilo mines and the giant Kibali gold mines with which this
project is principally concerned. The Kibali Granite-Greenstone Belt hosts the most significant gold
resources within the Bomu-Kibalian Block, including the Karagba-Chaffeur-Durba deposit (17 Moz Au),
Mengu (1.5 Moz Au), Pakaka (1 Moz Au) and Pamao (0.5 Moz Au). Mineralisation within the Kibali
Granite-Greenstone Belt has been historically described variably as impregnated, disseminated and
stratabound deposits (Lavreau, 1984). These deposits are characterised by a proximity to ‘itarbiritic
horizons’ and hosted within a volcano sedimentary series with the more mafic deposits containing extensive
pillow lava basalts (Lavreau, 1984). All deposits are described as being altered to sericite-chlorite-ankerite
schist, lacking gold hosted within quartz veins and notable for the volume and high grade of the ore
(Lavreau, 1984). The three most historically important deposits within the Kibali Granite-Greenstone Belt

are the Durba (part of the current Karagba-Chaffeur-Durba project), Gorumbwa and Agborabo ore bodies.
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Figure 2.7: Geological map of the Bomu-Kibalian block displaying the location of gold bearing Neoarchean Granite-Greenstone
Belts and the location of known major gold deposits (Modified after Lavreau (1984))

These three deposits are described as north-northeast dipping tabular and cylindrical lodes controlled by the
‘main foliation” within the greenstones host (Lavreau, 1984). Similar examples of stratabound
mineralisation have been identified in the Ngayu Greenstone Belt with limited extraction having taken place
at the Yindi, Adumbi and Angukuluku deposits (Lavreau, 1984). The controls on mineralisation within the
North East DRC are poorly understood with only limited opportunities for research over the last few
decades. Lavreau (1984) suggested a link between mineralisation and a series of northeast-southwest
orientated shear structures that bisect the greenstone belts and surrounding Bomu and West Nile units
(Lavreau, 1984).

While the majority of gold produced in the North East of the DRC has come from the lode and vein deposits
present within the Kibali and Kilo Greenstone Belts, numerous ‘placer’ style deposits have produced
significant amounts of gold from the other greenstone belts and historically within the Kibali and Kilo
Greenstone Belts as well. Placers are associated with the sediment cover overlying the main mineralised
lodes and fluvial transported sediments geographically associated with the main deposits (Lavreau, 1984).
These placer deposits represent reworking of Au bearing regolith with the source lode frequently identified

several km upstream (Lavreau, 1984).
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2.5.2. Gold endowment in Tanzania

2.5.2.1 The Lake Victoria region

The Lake Victoria region is host to all the major Tanzanian gold deposits (Fig. 2.8) and is typified by
greenschist to lower amphibolite greenstone belts (Kabete et al., 2012b). The most significant district is the
Geita Greenstone Belt which is host to 10 separate gold deposits including the Sanza-Geita, Nyamulilima-
Samena and Kukuluma-Matandani camps all containing approximately 900 t Au (Kabete et al., 2012b) and,
most significantly, the world class Nyankanga deposit (6.3 Moz at 5.42 g/t (open pit) and 1.2 Moz at 8.12 g/t
(underground)) (Sanislav et al., 2014a). The Geita Greenstone Belt consists of an east-west trending
greenstone belt bounded by west northwest-east southeast trending 2660-2620 Ma granite and granitoid-

gneisses to the north and south (Kabete et al., 2012a; Sanislav et al, 2014a).

The Geita Greenstone Belt is composed of mafic metavolcanics (of interpreted MORB-like affinity
(Sanislav et al., 2014a)), banded ironstones, turbiditic metasediments and volcaniclastics intruded by
volumetrically dominant diorite dykes/sills and granitoids (Sanislav et al., 2014a). The Geita Greenstone
Belt is cut by northwest-southeast orientated shear zones and east northeast-west southwest thrust faults

which are associated with the mineralised lodes (Kabete et al., 2012b).

The world class Nyankanga gold deposit is hosted within the Geita Greenstone Belt, in a sequence of
magnetite rich sediments consisting of interbedded sandstone-siltstones intercalated with chert and
conglomeratic sandstones overlain by turbiditic sediments (Sanislav et al., 2014b). The sedimentary
sequence has been intruded by multiple generations of diorite, lamprophyre and quartz-feldspar porphyry
with the entire sequence being metamorphosed to greenschist facies (Sanislav et al., 2014b). The deposit is
bisected by the Nyankanga Shear zone and the host lithologies have been extensively deformed with eight
generations of deformation having been identified (Sanislav et al., 2014b). Three distinct alteration zones
have been identified, a distal zone characterised by a chlorite-epidote-calcitetactinolite-pyritexpyrite
assemblage, a transitional zone characterised by a biotite-chlorite-calcitexpyrite assemblage and a proximal
zone characterised by a quartz-calcite-dolomite/ankerite-hematite-pyrite-biotite assemblage (Sanislav et al.,
2014b). Gold mineralisation is identified within late calcite-quartz-biotite-chloritexpyrite veins in the
proximal alteration zone and are associated with D3 fold hinges (Sanislav et al., 2014b). Mineralisation is
hypothesised by Sanislav et al. (2014b) to have formed through the ascent of deep sourced fluids along the
Nyankanga shear zone with the iron rich lithologies acting as a chemical trap triggering gold deposition
(Sanislav et al., 2014b). The timing of mineralisation is still debated with recent work (Sanislav et al.,

2014b) suggesting mineralisation formed during multiple reactivations of the Nyankanga shear zone.
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2.5.2.2. The Central Tanzania region

The Central Tanzania region is host to small hypozonal gold systems hosted within high grade metamorphic
rocks such as Moyowosi-Manyoni Goldfields, Madengi Hills and Dodoma Schist Goldfields in addition to
the mesozonal Mazoka gold system hosted within an uplifted juvenile granite-greenstone terrane (Fig. 2.8)
(Kabete et al., 2012a).

Gold within the Moyowosi-Manyoni Goldfield is typified by the Mwenge deposit, hosted within foliated
amphibolite-biotite granite gneiss cut by multiple east northeast-west southwest orientated shear zones
associated with intense potassic, silica and pyrite alteration (Kabete et al., 2012a). Gold mineralisation
occurs within multiple sub metre thick laminated quartz veins within the east northeast-west southwest shear
zones. The most significant deposit within the Central Tanzania region is the Mazoka prospect within the
Dodoma schist goldfield. Mineralisation is hosted within an east-west orientated Neoarchean granite-
greenstone belt, composed of shear foliated dolerites, basaltic andesite volcano-sedimentary rocks and BIF
units with multiple zones of mylonite and protomylonite, bounded by Mesoarchean TTG and granitoid

gneiss units, separated by east-west trending crustal scale bounding structures (Kabete et al., 2012b).

2.5.3 Gold endowment in Uganda

Four gold districts have been identified within Uganda (Fig. 2.9), The Busia gold district, The Mubende
gold district, The Buweju-Mashonga gold district and the Karamoja gold district with several other regions
of alluvial gold including the West Nile Belt (Nyakecho and Hageman, 2014). These regions and the

features of notable gold deposits within each are reviewed below.

2.5.3.1. Busia gold district

The Busia gold district lies within the Neoarchean Busia-Kakamega Greenstone Belt, the northernmost belt
of the Nyanzian-Kavidoriam Supergroup, in the South East corner of Uganda (Nyakecho and Hageman,
2014). Within the Busia gold district the Nyanzian Supergroup has been metamorphosed to greenschist
facies with regional development of chlorite and biotite though locally banded iron formations and basalt
have been metamorphosed to epidote rich amphibolite facies (Nyakecho and Hageman, 2014). Rocks within
the greenstone belt have been extensively folded, with regional fold axis orientated north east, with major
north east-south west orientated faults often showing late reactivation (Nyakecho and Hageman, 2014). Gold
mineralisation occurs as both vein hosted and alluvial deposits. Quartz gold veins are hosted within
carbonate altered mafic volcanics occurring within structurally controlled shear zones (Nyakecho and
Hageman, 2014). The Tira mine is the principal mine within the Busia gold district and the only

underground operation active in Uganda (Nyakecho and Hageman, 2014). The Tira mine is hosted by
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metasediments (shales, phyllite, sandstone and quartzite), metabasalts and metadolerites intruded by
multigenerational K feldspar rich granites (Nyakecho and Hageman, 2014). North-south trending sub-
vertical ductile shear zones host gold mineralisation within fault parallel veins up to 2 m in thickness

referred to as reefs (Nyakecho and Hageman, 2014).
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Figure 2.9: Geological map of Uganda displaying the location of the known gold deposits and gold districts within Uganda
(Modified after Nyakecho and Hagemann (2014)).



2.5.3.2. Mubende gold district

The Mubende gold district sits within the Buganda meta-volcano-sedimentary unit in the Palaeozoic
Rwenzori belt and within the Paleoproterozoic post Rwenzori sediment platform in central Uganda
(Nyakecho and Hageman, 2014). The Mubende district is structurally complex with west north west-east
south east trending fault zones crosscut by northeast-southwest trending faults and late north northeast-south
southwest trending faults (Nyakecho and Hageman, 2014). Known gold mineralisation within the Mubende
gold district is focused around the Kamalenge and Kisita mines (Nyakecho and Hageman, 2014). The Kista
and Kamalenge mines are hosted within interbedded metasandstones with mineralisation controlled by a
ductile shear zones striking northwest-southeast and dipping southwest with mineralisation hosted within

guartz-hematite-albite veins and in heavily altered surrounding wall rock (Nyakecho and Hageman, 2014).

2.5.3.3. Buweju-Mashonga gold district

The Buweju-Mashonga gold district sits within the Palaeozoic Rwenzori fold belt and post Rwenzori
Buganda group in South West Uganda (Nyakecho and Hageman, 2014). Within the Buhweju-Mashonga
district the Rwenzori fold belt and Buganda group have been extensively folded and faulted, with two major
fault sets being identified, major north east-south west orientated vertical faults and late northwest-southeast
orientated sub-vertical faults (Nyakecho and Hageman, 2014). Multiple gold occurrences are recorded and
currently being worked within the Buhweju-Mashonga district including the Mashonga Mine, Kitaka mine,
Buckleys reef and Andersons reef (Nyakecho and Hageman, 2014). The Mashonga mine is located in the
South West of the district with gold occurring in situ in the central reef and as alluvial gold (Nyakecho and
Hageman, 2014). The mineralised gold reef cuts across muscovite schist and kaolinised granite which have
been locally mylonitised with veins controlled by east northeast-west southwest sub-vertical shear zone
(Nyakecho and Hageman, 2014). The Kitaka mine is located in the North West of the district. Mineralisation
is hosted within a northeast-southwest orientated brittle-ductile shear zone that cuts meta-granodiorite and
meta-dolerite (Nyakecho and Hageman, 2014). Mineralisation within the shear zone occurs as a network of

cross cutting quartz-carbonate-galenatchalcocitetpyrrhotitexgold veins (Nyakecho and Hageman, 2014).

2.5.3.4. Karamoja gold district

The Karamoja gold district sits within the Karamoja and Karasuk groups, consisting of imbricated thrust
slices composed of sedimentary biotite gneiss, granite gneiss and quartzites defined by north-south
orientated thrusts (Nyakecho and Hageman, 2014). Rocks within the Karamoja gold district display a sub-

vertical north-south orientated variably dipping foliation interpreted as evidence of north-northwest plunging

30



isoclinal folding and are cut by northeast-southwest orientated fault structures (Nyakecho and Hageman,
2014). Gold mineralisation is reported within metasedimentary lithologies, occurring as quartz lenses within
north-south trending shear zones (Nyakecho and Hageman, 2014). A notable deposit is the Lopedo gold
mine located in the North East of the district, gold mineralisation occurring as quartz veins and disseminates
within wall rock associated with north-south orientated shear zones cutting Neoarchean granite gneisses
(Nyakecho and Hageman, 2014).

2.6 Summary

The geological history of East Africa has been dominated by successive cycles of rifting and orogenesis
which have shaped its geological characteristics and evolution. The Proto-Congo Craton coalesced during
the Meso-Neoarchean through a series of accretionary orogenic events. These events formed a cratonic
block composed of thin granite-greenstone belts surrounded by granite-gneiss massifs that today make up
the Tanzanian Craton and Bomu-Kibalian Block. This process of terrane accretion and cratonisation was
completed by the end of the Neoarchean with the subsequent 2.5 Ga being characterised by cycles of rifting
and orogenesis both intracratonic and along the cratonic margins. Three major orogenic cycles are identified
in the lithologies of East Africa with the Colombian, Rodinian and Gondwanan orogenic cycles having had a
major impact on the geological characteristics of East Africa. These orogenic cycles saw the formation of
new litholgocial units and the deformation and modification of the cratonic blocks resulting in the complex

geological history that is identified today.

Gold mineralisation is identified across East Africa with world class gold deposits being identified in the
North East Democratic Republic of the Congo (Bomu-Kibalian Block) and Tanzania (Tanzanian Craton)
while multiple small deposits have been identified and worked in both countries in addition to deposits in
Uganda and Kenya. Though geological terranes of multiple type and age are host to gold mineralisation the
Neoarchean granite-greenstone belts across the Bomu-Kibalian Block (Kibalian Granite-Greenstone Belts)
and Tanzanian Craton (Geita Greenstone Belt) are the most notable host terranes. Neoarchean granite-
greenstone belts are a significant host of orogenic gold deposits across the world, these terranes possessing
favourable structural, chemical and lithological characteristics in addition to enhanced preservation potential
(Chapter 3) that makes them ideal terranes to host significant gold resources. The major deposits of East
Africa, such as the Karagba-Chaffeur-Durba and Nyankanga deposits, display similar geological
characteristics including an association with iron rich sediments and similar metallogenic and mineralogic
distributions. These characteristics are however distinctive of the orogenic gold, arising from the
fundamental mechanisms by which these deposit types form (Chapter 3), rather than being characteristic of

East African gold deposits.
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Chapter 3. The Formation of Orogenic Gold Deposits

Long lived orogenic systems and terranes are host to a wide range of mineral deposit types and constitute
some of the most mineralogically diverse and economically significant terranes in the world (Bierlein et al.,
2010; Groves et al., 2003). The accretion of crustal elements, including allochthonous crustal fragments,
oceanic plateaus, juvenile arc material and ophiolite sequences, results in multiple large first order structures
along the terrane boundaries and the injection of juvenile material into the margin, providing the ideal
conditions for the formation of ore mineralisation (Bierlein et al., 2010). In these long-lived accretionary
terranes, the evolving geological system progresses from constructional stage to orogenic stage to post
orogenic phase (Fig. 3.1), with the evolving geological conditions facilitating the formation of different
mineralising systems (Bierlein et al., 2010). Orogenic gold systems develop during the late stages of terrane
accretion (Fig. 3.1) as a result of high thermal flux and fluid generation during stabilisation and

‘cratonisation’ of accreted terranes (Bierlein et al., 2010).

3.1 Orogenic gold deposits

‘Orogenic gold’ deposits constitute a distinct class of mineral deposit that occur across ~3 Ga of Earth’s
history (Goldfarb et al., 2001). These deposits are characterised and grouped together on the basis of a
number of common geological characteristics, including deformed and metamorphosed host lithologies
(typically greenschist facies), carbonate-sulfidexsericitexchlorite alteration, low salinity CO»-rich fluids,
quartz/carbonate gangue material and a geotectonic and spatial association with large scale compressional to
transpressional structures developed at historic convergent tectonic margins (Groves et al., 1992, 2003,
2005; Goldfarb et al., 2001). Individual deposits, however, display significant variations in host lithologies
and formation temperatures and pressures which vary from upper-mid crustal conditions (200 ‘C-650C and
1-5 Kbar) (Groves et al., 1992, 2003, 2005; Goldfarb et al., 2001). Orogenic gold deposits are one of the
most important producers of gold, accounting for 32% of all historical gold production (Frimmel, 2008).
The crustal continuum model (Groves et al., 1992, 2003, 2005; Goldfarb et al., 2001) has long been the
preferred model development of these deposits. In this model, orogenic gold deposits are formed during
convergent plate tectonics throughout a 25 km crustal interval and in lithologies ranging from prehnite-
pumpellyite to granulite facies with mineralisation occurring syn-peak metamorphism (Groves et al., 1992).
Improved understanding of the characteristics and mechanisms involved in the formation of orogenic gold

systems have led to the continuum model being challenged and significant developments have been
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are hypothesized to form during the orogenic stage (Panel B) during terrane accretion (Bierlein et al., 2010)
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made, with a metamorphic devolitization model now being favoured. The characteristics of orogenic gold

deposits and the current theories and debate regarding their formation are discussed here.

3.1.1 Geological and Temporal Distribution of Orogenic Gold

Orogenic gold deposits are identified within orogenic terranes throughout Phanerozoic and Proterozoic
mobile belts and Archean cratonic blocks across the world (Goldfarb et al., 2001). Three distinct periods of
gold formation are identified within the geological record at 2.8-2.5 Ga, 2.1-1.8 Ga and 0.57 Ga to recent
(Goldfarb et al., 2001).

The distribution of orogenic gold is linked to the global supercontinent cycle (Fig. 3.2), the distribution of
gold deposits paralleling the development of juvenile continental crust (Condie, 1998; Condie and Aster,
2010; Groves et al., 2005; Cawood et al., 2013). It is estimated that approximately 75% of juvenile
continental crust developed during two ‘supercontinent’ formation events at 3.0 2.5 Ga and 2.15-1.65 Ga
(Condie, 1998). This corresponds with established Archean and Paleoproterozoic orogenic gold forming
events, while the incidence of orogenic gold from the Phanerozoic coincides with the assembly of the
Gondwana and Pangea supercontinents and terrane accretion in modern times (Goldfarb et al., 2001). A
major exception to this distribution is the lack of orogenic gold deposits associated with the formation of the
Rodina supercontinent between 1.0-1.3 Ga (Goldfarb, 2001).

Two distinct models are proposed for the apparent temporal distribution of orogenic type gold deposits: 1)
Distribution by preservation (Groves et al., 2005) and, 2) Variations in ocean oxygenation and associated
uptake of gold in biogenic pyrite (Tomkins, 2013). Differing preservation potentials of Archean and
Paleoproterozoic tectonic processes versus modern tectonic processes are attributed to the under-plating of
Archean and Paleoproterozoic by buoyant subcontinental lithospheric mantle, giving them a high
preservation potential (Groves et al., 2005). The transition during the Mesoproterozoic to modern style plate
tectonics changed the preservation potential of orogenic gold deposits (Groves et al., 2005). Modern-style
orogenic belts are underlain by negatively buoyant subcontinental lithospheric mantle and undergo
significant uplift and erosion, resulting in the destruction of orogenic gold deposits formed across the
Mesoproterozoic-Neoproterozoic (1.6-0.57 Ga) period (Groves et al., 2005). The abundance of deposits
within the Phanerozoic between 600-50 Ma is a result therefore of crustal exhumation, mid crustal levels
taking approximately 50 Ma to reach the surface during uplift and being completely eroded before

approximately 600 Ma (Groves et al., 2005).

Tomkins (2013) links the distribution of orogenic gold with the evolution of Earth’s atmosphere, particularly
the two major global oxidation events (Fig. 2.3) (Tomkins, 2013).
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Figure 3.2: Temporal distribution of the formation of orogenic gold (Upper) compared to the rate of crustal formation (Lower) (Goldfarb et al., 2001)

Following the first great oxidation event (GOE 1) (at 2.45 Ga), the oceans were reduced relative to modern
conditions, preventing the transport of gold to the necessary depth for the formation of sedimentary pyrite
(Tomkins, 2013). The relative paucity of orogenic gold deposits following GOE I is therefore attributed to
the deficiency in sufficiently gold enriched source lithologies across this period (Tomkins, 2013). Following
the second great oxidation event (GOE 2) (at 635 Ma), the increased abundance of atmospheric oxygen
increased the solubility of gold within the oceans, allowing extensive uptake of gold into pyrite and creating
rich source lithologies for the development of gold deposits during Phanerozoic orogenesis (Tomkins,
2013).
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Figure 3.3: Correlation between periods of orogenic gold formation, Atmospheric Oxygen % and crustal development (represented by zircon
abundance in global sediments) (Tomkins, 2013)

3.1.2 Host Structures

Orogenic gold deposits show strong association with large first order trans-crustal terrane bounding faults

or

docking structures between two contrasting geological terranes (Goldfarb et al., 1992; McCuaig and Kerrich,

1998; Bierlien and Crowe, 2000; Groves et al., 2003). First order structures are typically high angle
anastomosing brittle-ductile ‘shear’ structures, ranging from sub vertical to sub horizontal. They display a
protracted episodic movement and reactivation and can be several hundred kilometres in length with fault
zones being several hundred metres in width (McCuaig and Kerrich, 1998; Bierlein and Crowe, 2000;
Goldfarb et al., 2005; Phillips and Powell, 2010). These 1 order trans-crustal shear zones focus fluids
produced at depth, in high volume source regions, into low volume sites of mineralisation (Phillips and
Powell, 2010). Gold mineralisation occurs within subordinate 2" or higher order splays along the edges of

the main terrane bounding structures

36



>56 my

&
& & o &
IS &
(S 58, Jo] SN
Kula Plate 3 $’§§ S & 7N
S < /4
AR
N N N Aquitard

Prograded Fluid
(H,0+CO,)

>55 my North American Plate h

< I »Lié"
e
L /g /\.ﬁ
Kula Plate o~ S 5/\

Coast Range
megalineament

Lode Gold Deposit @

Figure 3.4: Schematic diagram of the southeast Alaska region illustrating the relationship between rapid dewatering of the crust and ore forming
processes due to changes in tectonic regime. The convergent tectonic regime traps metamorphic fluids due to low permeability. Change in parity to

trans-current tectonics ¢.55 Ma triggers rapid dewatering and ascent of hydrothermal fluids (Bierlein and Crowe, 2000)

37



(Groves et al., 2003; Goldfarb et al., 2005; McCuaig and Kerrich, 1998). The siting of gold within higher
order splays is linked to changes in physiochemical conditions within these structures. These include:
reduction in fluid volume and increase in concentration of gold within a fluid (Groves et al., 2003) and
increased permeability and fluctuation in fluid pressure (McCuaig and Kerrich, 1998; Groves et al., 2005).
These changes occur due to the brittle character of the higher order structures compared to the aseismic
continuous ductile deformation within the first order structures (McCuaig and Kerrich, 1998; Groves et al.,
2003)

Focussing of fluid into high order structures is thought to occur through fault valve action and the
corresponding fluctuations in the volume of fluid flow and fluid pressures (Sibson et al., 1988; Sibson, 1990,
2004; Goldfarb et al., 2005). Variations in the regional stress field and the transition of major fault systems
from high angle reverse faults accommodating shortening to strike-slip transpressional tectonics (Fig. 3.4) is
considered by some to be a vital part of this process and the development of gold mineralisation (Sibson et
al., 1988; Bierlein and Crowe, 2000; Sibson, 2004; Goldfarb et al., 2005; Phillips and Powell, 2010)

3.1.3 Host Lithologies

Host lithologies within orogenic gold systems are diverse and are noted to vary with time. In the Archean
and Proterozoic host rocks are dominated by oceanic basalts, felsic to mafic arc rocks and clastic marine
sediments, while Phanerozoic deposits are hosted within turbiditic successions interspersed by intermediate-
mafic volcanic units (Bierlein and Crowe, 2000; Groves et al., 2003; Tomkins, 2013). A subset of
Phanerozoic deposits are hosted within volcano-sedimentary successions, thought to be analogous to typical
Archean greenstone environments (Bierlein and Crowe, 2000). Host lithologies are in all cases
metamorphosed, with terranes displaying moderate to high temperature-low to moderate pressure
metamorphism typified by sub-greenschist to amphibolite facies lithologies. The majority of world glass
orogenic gold resources are hosted within greenschist facies lithologies (Groves et al., 2003), although some

Archean orogenic gold deposits occur within amphibolite grade terranes (Groves et al., 1992).

3.1.4 Host Rock Alteration

Hydrothermal alteration is ubiquitous with orogenic gold deposits, forming as ascending fluids experience
chemical and isotopic metasomatic reaction with the wall-rocks (McCuaig and Kerrich, 1998). Alteration
within orogenic gold deposits is typified by enrichment of K, Rb, S, H.0, SiO; and CO, (Groves et al.,
1998; Phillips and Powell, 2010), manifesting as quartz, carbonate, micas, albite, chlorite, scheelite and

tourmaline alteration (McCuaig and Kerrich, 1998; Phillips and Powell, 2010). Enrichment in Au, Ag, As,
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Sb also occurs with variable enrichment of Te, Se, W, Mo, Bi and B and low level enrichment in Cu, Zn and
Pb (Groves et al., 2003; Goldfarb et al., 2001; McCuaig and Kerrich, 1998).

Alteration shows a strong lateral zonation between proximal and distal assemblages (Groves et al., 1998),
with alteration varying by a number of controls: 1) tectonic regime and resultant stress field; 2) the
fluid/rock ratio; 3) compositional variations within the host lithology; 4) compositional variations in the
hydrothermal fluid such as Eh, pH, activity of individual elements and salinity; 5) temperature at which
alteration occurs; 6) pressure at which alteration occurs; 7) equilibrium and disequilibrium conditions
(McCuaig and Kerrich, 1998). These variables constitute a complex interplay of fluid/wall rock reactions
that affect the final characteristics of the alteration assemblage. Fluid/wall rock reaction typically occurs
through three mechanisms: migration of fluid along fractures and micro-cracks, and migration of fluid along
grain boundaries and ionic diffusion through pore fluids (McCuaig and Kerrich, 1998). Which process
dominates is determined by the permeability of the host lithology, migration along micro-cracks dominating
in high permeability environments while diffusion dominates in low permeability environments (Ridley and
Diamond, 2000).

3.1.5 Deformation Characteristics and the Effect on Host Rock Permeability

The range of fabrics and structures observed within orogenic gold systems are intrinsically linked to the
rheological characteristics of the host lithology and the regional thermal and stress fields present during their
development (McCuaig and Kerrich, 1998). The presentation of deformation fabrics is dependent on: 1) the
rheological properties of the host rock, such as grain size and the susceptibility of the rock to adopt
isotropic/anisotropic fabrics (rocks rich in phyllosilicates are highly susceptible while quartz, feldspars and
carbonates are resistive); 2) the precipitation of minerals as part of the developing alteration assemblages; 3)

regional variables such as fluid pressure, temperature and strain rate (McCuaig and Kerrich, 1998).

Brittle behaviour, characterised by faults and cataclasis, dominates at low confining pressures and
temperatures with high strain rates (McCuaig and Kerrich, 1998). With increasing depth, and increasing
temperature and confining pressure, ductile behaviour dominates, with deformation initially occurring as
steady state deformation by pressure solution, and transitioning to dynamic re-crystalisation by dislocation
glide mechanisms at upper greenschist-amphibolite facies conditions (Kerrich and Allison, 1978; McCuaig
and Kerrich, 1998).

Alteration of wall rock material and the development of alteration mineral phases has a significant effect on
deformation mechanisms and associated fabrics through the processes of ‘strain softening’ and

‘hydrothermal hardening’. The growth of phyllosilicates (chlorite, biotite, and muscovite) through
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hydrolysis of mafic minerals under strain imparts a fabric to the deforming lithology, reducing wall rock
competency and mechanical anisotropy (McCuaig and Kerrich, 1998). Increased permeability under strain in
zones of low mechanical competency focuses fluid flow and deformation causing further alignment of
phyllosilicate minerals and enhancing the effect of ‘strain softening” (McCuaig and Kerrich, 1998). In
ductile environments, strain is subsequently preferentially accommodated within phyllosilicate dominated
areas and in brittle environments, hydraulic fractures open preferentially along and parallel to the developed
fabric (McCuaig and Kerrich, 1998). Precipitation of isotropic anhydrous minerals such as quartz,
carbonates and albite, by fluids migrating through the zones of enhanced permeability, has the converse
effect, increasing competency, lowering permeability and restricting fluid infiltration, promoting brittle

behaviour through a process known as ‘hydrothermal hardening’ (McCuaig and Kerrich, 1998).

Multiple generations of deformation under strain and hydraulic fracturing within deposits indicate such
behaviour is cyclic and is linked to fluid over-pressuring (McCuaig and Kerrich, 1998). High fluid pressures
counteract increased confining pressures, enabling rocks under ductile confining pressures and temperatures
to behave in a brittle manner through fluid over-pressuring and allowing hydraulic fractures to form and
increase permeability (Sibson, 1990, 2004). The deformation mechanisms and characteristics discussed
above have a direct bearing on the form of mineralisation developed within the system. Distinctly different
styles of mineralisation are identified in brittle, brittle-ductile and ductile environs (Goldfarb et al., 2005). In
brittle conditions, mineralisation styles are dominated by stockworks and breccias representative of multiple
events of cataclasis with individual quartz grains remaining mostly un-deformed (Goldfarb et al., 2005).
Under ductile conditions, at high temperatures and pressures, mineralisation occurs as bedding parallel vein
structures showing a high degree of deformation, and replacement textures and disseminated lodes with
guartz grains in the host lithologies and veins showing a high degree of recrystallisation and deformation
(Goldfarb et al., 2005).

3.2 Fluid Sources

Study of orogenic gold systems has shown that the fluids involved in their formation display a relatively
uniform composition, typically low salinity with 5-6 wt% NaCl being typical, outliers up to 10 wt% NaCl
(Bierlein and Crowe, 2000), near neutral pH, mixed aqueous-CO- fluids ranging from 5-50 mole% CO; with
associated CH. (below 5 mole percent) and trace N (Bierlein and Crowe, 2000). Multiple models have been
proposed as the source of fluids within orogenic systems, including: (1) metamorphic devolitization of the
orogenic stack (Ridley and Diamond, 2000; Phillips and Powell, 2010; Tomkins, 2010; Yardley and
Cleverley, 2013); (2) exsolution of fluids from crystallising felsic igneous bodies (De Ronde et al., 2000;
Ridley and Diamond, 2000); (3) fluids ascending from the upper mantle (Taylor, 1979; Cameron, 1988;
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Groves et al., 1992); (4) exsolution of fluids from gold-rich lamprophyre magmas (Rock et al., 1989) and;
(5) deep circulating meteoric fluids (Nesbitt, 1988; Jenkin et al., 1994; Large et al., 2011). While elements
of each model may have played a role in the development of orogenic gold deposits across the world, the

metamorphic devolitization model is the most widely accepted and invoked model at present.

3.2.1 Metamorphic Devolatilisation

The metamorphic devolatilisation model proposes that fluids are generated by the breakdown of hydrous and
carbonate minerals deep within an orogenic stack at the greenschist-amphibolite transition, during prograde
metamorphism (Ridley and Diamond, 2000; Phillips and Powell, 2010; Tomkins, 2010; Yardley and
Cleverley, 2013). These fluids then ascend through the crust along structural conduits, transporting
dissolved gold to the site of deposition (Phillips and Powell, 2010; Yardley and Cleverley, 2013). The
conditions at the greenschist-amphibolite facies transition are also favourable for the breakdown of pyrite to
pyrrhotite, liberating sulphur and gold in the process (Tomkins, 2010).

While a metamorphic origin is widely accepted, significant debate exists as to which lithologies within a
metamorphic stack are the ultimate origin of fluids, sulphur and gold that form orogenic gold deposits.
Several lithologies common within accretionary terranes have been identified as potential candidates for
metamorphic devolitization, including mafic successions (Bierlein et al., 2006; Phillips and Powell, 2010;
Pitcairn et al., 2015), carbonaceous shales (Large et al., 2009; Large et al., 2011; Tomkins, 2010; Gabourey,
2013) and non-carbonaceous pelitic successions (Pitcairn et al., 2006; Pitcairn et al., 2010; Tomkins, 2010).

Carbonaceous shales are known to be enriched in Au and sulphur through pyrite formed by sulphate
reduction in the oceans, and models show that at the greenschist-amphibolite transitions they are capable of
producing significant volumes of fluid and sulphur (Large et al., 2011; Tomkins, 2010). The low abundance
of carbonaceous shales within accretionary sequences however prevents them from generating sufficient
fluid volumes to produce giant orogenic gold deposits (Tomkins, 2010). Tomkins (2010) proposed that fluid
produced by devolatilisation of carbonaceous shales can act to enhance the devolatilisation and breakdown
of pyrite within the more voluminous pyrite-bearing psammitic successions (Tomkins, 2010). The
importance of these sedimentary successions is highlighted by Gabourey (2013), who identified ethane
(C2He) derived from carbonaceous material within orogenic gold fluids in host lithologies where
carbonaceous shales are unknown, indicating their presence at depth. Chang et al. (2008) further showed that

the %S signatures of orogenic gold deposits across the Phanerozoic correlate with the seawater sulphate
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curve (Fig. 3.5), indicating that sulphur is principally sourced from fixation of sulphur in the deep ocean
(Chang et al., 2008; Gabourey, 2013).

Like carbonaceous lithologies, basaltic material has been shown to be enriched in Au and capable of
producing significant volumes of fluid and sulphur at the greenschist-amphibolite facies transition (Pitcairn
etal., 2014). Low volumes of basaltic material within Phanerozoic deposits combined with low As contents
within fluids sourced from these lithologies lowers their potential as source rocks (Bierlein and Crowe,
2000; Tomkins, 2010; Pitcairn et al., 2014). Basalts however may be an important source in Archean and
Proterozoic accretionary belts where basalt is more abundant (Tomkins, 2010). The necessary conditions for
the production of fluid through devolitization of metamorphic materials, high temperature and low pressure,
constrain the settings in which orogenic gold deposits can potentially form (Tomkins, 2010). Tomkins
(2010) identified three scenarios in which the necessary conditions are present: (1) inverted back arc basins;
(2) accretionary wedges above subduction zones and; (3) accretionary terranes composed of recently active
volcanic arcs (Fig. 3.6) (Tomkins, 2010).
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mineralisation that may develop (Tomkins, 2010).
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3.2.2. Magmatic Exsolution

The magmatic model considers fluids generated by exsolution during the crystallisation of granitic magmas.
As gold is incompatible during crystallisation, it is concentrated into the fluid phase (Ridley and Diamond,
2000). The high temperature and low pressure conditions present at convergent tectonic boundaries are
conducive to the generation of granitic melts, and large granitic bodies are commonly associated with
orogenic gold deposits, (Powell et al., 1991). Study of fluids exsolving from active granitic bodies has
established that magmatic fluids are rich in elements that are also enriched in orogenic gold deposits, and
show isotopic values similar to those identified within some orogenic gold deposits (Taylor, 1979; De
Ronde et al., 2000). However the magmatic model was widely rejected due to problems regarding the ability
of granitic magmas to generate the necessary volume of CO.-rich, low salinity fluids, a lack of concordant
ages between granitic emplacement and development of mineralisation, and the occurrence of orogenic gold
deposits in terranes where no magmatic bodies were present (Burrows and Spooner, 1989; Barley and
Groves, 1990; Cline and Bodnar, 1991; Koons and Craw, 1991). The magmatic model has been re-examined
following the work of Xue et al. (2013), who concluded that a magmatic source was most likely for deposits
within Archean greenstone belts based on A%S compositions of orogenic gold veins in Australia’s Yilgarn
craton (Xue et al., 2013). Xue et al. (2013) interpreted A®S values around zero as being indicative of a
mantle, derived sulphur source and attributed this to granitic bodies derived from the mantle but rejected the
possibility of mantle derived basalts based on their low abundance in the mineralised area (Xue et al., 2013).
As mantle derived basalts have been demonstrated as possessing similar A*S values (Labidi et al., 2014)
and fluid migration up sequence away from the source is well established (McCuaig and Kerrich, 1998), this

author expresses doubts regarding this interpretation.

3.3 Complexing of Gold in Solution

Experimental investigation into the solubility of gold under conditions approximating natural hydrothermal
systems has shown that the dominant complex varies with temperature, chloride/sulphur concentration and
pH (Fig. 3.7) (Stefansson and Seward, 2004). Sulphide complexes dominate at low temperatures except, in
solutions with low sulphide concentrations when chloride and oxide complexes increase in importance. At
400°C, the dominant species is dependent on the composition of the aqueous phase. In dilute sulphide and
chloride solutions the hydroxide complex dominates and in dilute sulphide but chloride-rich systems, the
hydrochloride complex dominates below a pH of 4 and the hydroxide complex continues to dominate above
pH of 4. In solutions rich in both chloride and sulphide ions, the hydrosulphide complex dominates at all but

the lowest pH values (Stefansson and Seward, 2004).
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In the context of real world systems, typical crustal rock possess greater sulphur abundance (~0.1%)
compared to chlorine (~200 ppm) and under typical greenschist metamorphic conditions, dehydration
reactions will produce dilute aqueous, low Cl, high S fluids (McCuaig and Kerrich, 1998). These low
salinity fluids are not conducive to base metal (Cu, Pb, Zn etc) complexing and transport but provide
abundant sulphide to transport gold as a bi-sulphide complex (Au(HS)?) (see above) (McCuaig and Kerrich,
1998).

3.3.1 Precipitation of Gold from Solution

The precipitation of gold from solution requires changes in the physicochemical conditions at the site of ore
deposition and the destabilising of the gold complex. This can be achieved through (1) adiabatic or
conductive cooling of the fluid; (2) interaction between ore fluids and wall-rock; (3) phase separation due to
pressure changes; (4) flash vaporisation due to rapid pressure fluctuations, fluid mixing, boiling and
chemiosorption (McCuiag and Kerrich, 1998; Mikucki, 1998; Williams-Jones et al., 2009).

Phase separation and fluid-rock interaction are the dominant mechanisms invoked in the deposition of gold
from solution. Phase separation occurs as a result of drops in pressure, such as those theorised to occur
during fault-valve tectonics, or due to chemical changes caused by mixing with graphitic rocks or CH4 fluids
(Mikuki et al., 1998). Pressure drops result in increased pH and oxygen fugacity within the pore fluid
(Mikuki et al., 1998). This results in partitioning of sulphur into the vapour phase, leading to the
precipitation of gold through the destabilisation of the Au(HS). complex (McCuaig and Kerrich, 1998). The
interaction between hydrothermal fluids and wall rocks at the site of deposition is the most significant
mechanism by which precipitation of gold from solution takes place during the formation of orogenic gold.
This mechanism operates by the sulphidisation of Fe-rich wall rock lithologies or by oxidising the ore-
bearing fluids during interaction with the host rock or meteoric fluids held within the wall rock (Neall and
Phillips, 1987; Williams-Jones et al., 2009). This process involves the sulphide ligand in the gold
transporting complex being consumed through reaction with Fe-silicates, oxides or sulphides in the wall
rock, resulting in the destabilising and associated precipitation of Au within the wall rock (McCuaig and
Kerrich, 1998, Williams-Jones et al., 2009). Where Fe-Sulphides form within vein structures, iron is
removed from the wall rocks, resulting in the formation of ferromagnesian silicates and carbonates in the
wall rock surrounding the vein (McCuaig and Kerrich, 1998). In lower temperature deposits, it is considered
possible that precipitation of gold may occur through the reaction of CO, or Ca with MgO-rich wall rocks
(Mikucki, 1998). Graphitic lithologies can also act as a strong control, with primary ore fluids reacting with

carbon to produce methane, resulting in phase separation within the fluid (McCuaig and Kerrich, 1998).
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mClI=0.001, B and H; mStotal=0.001 and mCI=0.5, D; mS;=5X10-4 and MCli»=0.61, E; MS=0.004 and mCli,=0.03, C,F and I; mS;,=-0.5
and mCI=0.5. A-C: at temperature 100C and mCl- to 0.5 mol kg, gold(l) sulphide complex dominate at all pH’s. D-F: at 300°C sulphide complex

dominates except at low sulphide concentrations and in chloride-rich solutions where AuOH(aq) and AuCl,- dominate. G-1: At 400°C dominant gold

complex is insensitive to solution composition, in dilute sulphide and chloride solutions (g) AuOH(aqg) dominates, in dilute sulphide but chloride-rich

solutions AuCI* dominates at low pH and AuOH(aq) at high pH, in sulphide and chloride-rich solutions AuCI*, AuHS(aq) and AuHS? are all

significant at different pH values. (Stefansson and Seward, 2004)
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3.4 Summary

Orogenic gold deposits are a diverse group, displaying a range of lithological, metamorphic, structural,
geochemical and mineralogical characteristics. This diverse group of deposits have been classified together
on the basis of distinct similarities in the composition of mineralizing fluids (being low salinity fluids with
near neutral pH), the interpreted structural setting (association with large scale crustal shears) and
geotectonic setting (at interpreted historical convergent tectonic margins). While debate has existed as to the
processes that facilitate the formation of orogenic gold deposits, in particular the source of the fluids and
metals, the weight of evidence currently favours a metamorphic origin, fluids being produced through
metamorphic devolitization at evolving convergent margins during orogenesis. Secular variations in plate
tectonics and the relative distribution of specific lithotypes, both across time and between individual
orogenic events, may therefore explain the differences between individual orogenic gold deposits. The
variations in host and source lithologies, transitioning from igneous dominated in Archean deposits to
sediment dominated in modern deposits, and isotopic characteristics, §3S values closely tracking the §%S
seawater sulfate curve, are two notable example of these variations across time. The similarities between
orogenic gold deposits are a result of the fundamental mechanisms through which these deposits were
formed. In this respect, the production of gold-bearing fluids at depth through metamorphic devolitization, a
process that has remained consistent throughout geologic time regardless of host lithology, may be
considered the most significant factor in the formation of orogenic gold that ties together all known deposits.
The crustal thickening associated with convergent tectonics, through terrane accretion and orogenesis,
creates the ideal high temperature-low pressure conditions in which fluids of this type may be produced in
addition to creating a structural architecture that channels them to the site of ore deposition. This fact is
reflected by the distribution of orogenic gold deposits within metamorphic lithologies, hypothesized to have
formed at historical convergent tectonic settings. While the metamorphic model has gained widespread
acceptance in recent years, significant debate remains as to the principle source lithology, with basalts, black
shales and metapelites all considered potentially significant. These lithologies are common constituents of
orogenic belts and ultimately may all contribute fluids and metals during metamorphic devolitization. The
dominant source likely varies between individual orogenic gold systems depending on the available
lithologies. The work of Tomkins (2013), however, has highlighted the potential importance of black shales
as both a source lithology and a catalyst, triggering enhanced devolitization in other potential source

lithologies.
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Chapter 4. Lithological Characteristics of the Kibali Granite-Greenstone Belt
and its Neighbouring Geological Terranes; The West Nile Gneiss and Upper

Congo Granitic Massif.

4.1 Introduction

The Kibali Granite-Greenstone Belt (KGGB) and its neighbouring geological terranes, the Upper Congo
Granitic Massif (UCG) and West Nile Gneiss (WNG) have been the subject of limited geological study over
the last century. The major geological units are currently poorly described, with the available data reviewed
in Chapter 2. The area covered by this study extends across the three major geological terranes, providing an
opportunity to examine the physical characteristics of each and the relationship between them. Below the
physical and petrological characteristics of the principle lithological units within the three major terranes are
examined and discussed in relation to the formation and evolution of the Kibali Granite-Greenstone Belt.

4.2 Sampling procedure and analytical technigue

Regional sampling was undertaken during three field seasons between 2012 and 2014 in conjunction with
the Kibali Gold project exploration department. A total of 83 lithological samples were collected from
across the study area (Fig. 4.1). Samples were collected from, where possible, un-weathered material and
each assigned a unique identification number. The geographical position and elevation at which each was
collected was also recorded in addition to any further relevant field observations. Samples were examined in
hand specimen and assigned a preliminary classification. Polished thin sections were produced from a subset
of the available samples, providing a minimum of one section from each of the major lithological divisions
identified. Petrological and mineralogical analyses were conducted using a combination of transmitted light
microscopy and Energy Dispersive System (EDS) microprobe analysis. Transmitted light microscopy was
conducted by petrographic microscope while mineral compositions were determined using a Zeiss EVO 50
Scanning Electron Microscope and X-ACT Energy Dispersive System (EDS) detector with data handling
performed by the Oxford Instruments INCA analytical suite. EDS analysis was performed with an
accelerating voltage of 20 kV, beam current of 1.5 nA and detector process time of 4 seconds. Prior to each
analytical session signal intensity was measured by a Faraday cup until the variation in signal intensity fell
below 1%. A pure albite standard was utilised to calibrate the detector at the beginning of each analytical
session and a cobalt standard was periodically used to calibrate beam intensity throughout each analytical

session.
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4.3 The Kibali Granite-Greenstone Belt

The KGGB terrane dominates the study area constituting an approximately 70 km wide east-west trending
belt bounded to the north by the WNG and to the south by the UCG (Fig. 4.1). The geographical extent of
the belt can be observed by examining regional airborne electromagnetic susceptibility (EM) data (Fig. 4.2).
The high susceptibility units of the KGGB are bisected along an approximately east-west line by the low
susceptibility WNG terrane in the north. The boundary with the UCG is less well defined but is again
characterised by a transition from high susceptibility units in the KGGB to low susceptibility units in the
UCG with a narrow zone of high conductivity defining the boundary between the two terranes (Fig. 4.2).
The geological map of the KGGB presented in this study (Fig. 4.2) represents a combination of data
collected by the author and the staff in the exploration department of the Kibali Gold project.

The KGGB is composed of thrust stacked metasediments, banded iron formations and basalts displaying
varying degrees of metamorphism, the metamorphic grade varying from sub-greenschist in the west to
amphibolite facies in the east. The metasediments are intruded by a series of gabbroic to granitic plutons.
The structural characteristics of the belt are poorly constrained at this time, studies of the structural
characteristics having focussed on the area around the major gold deposits (reviewed in Chapter 7). Ata
regional scale two major structural sets have been identified through examination of geophysical data and
limited ground truthing; a set of northeast-southwest orientated sub-vertical shear zones (Allibone, 2015;
Lavreau, 1984), and northwest-southeast striking thrust faults that dip approximately 25 to 30 degrees in a
northeast direction (Allibone, 2015). The characteristics of the major geological units identified during the
field study are presented here.

4.3.1 Kibalian metasediments

The Kibalian metasediments include all lithologies of interpreted sedimentary origin identified within the
Kibali Granite-Greenstone Belt. As a result this group has extremely variable characteristics ranging from
greenschist facies volcano-sedimentary conglomerates in the western part of the study area to quartz-biotite
gneisses at its eastern end. The lithologies that comprise this unit are some of the most significant within the
KGGB, being host to the giant Karagba-Chaffeur-Durba (KCD) deposit and the smaller Mengu, Pakaka and

Pamao deposits.

49



0§

BsE

207

L
Nzol] NZ02

NZO06 _
P=a

West Nile Gneiss

D Quartz-Feldspar-Biotite Granite Gneiss.

Kibali Granite Greenstone Belt

Kibalian Metasediments
D Volcano-Sedimentary conglomerates
and phylittes

[ North Kibalian Schists

. Eastern Kibalian Quartz-Biotite Gneiss
D Silicified volcaniclastics

. Carbonaceous Shales

D Banded Iron Formations

Kibalian Basalts

[l sub-Ariel Basalts

Intrusives

[[] Grancdiorite

. Gabbro/Diorite

. Granite

. Undifferentiated Igneous Intrusives

Upper Congo Granitic Massif
D Watsa-A; Gabbro

[ watsa-B; Granodiorite

] watsa-C; Dolerite

D K-feldspar Granite

D Undifferentiated Granitic complex

Structures

—— 51 Thrust

- =82

Miscellaneous

River

— Kibali Gold permit boundary

@)XXXXX KGGB sample location
oXXXXX UCGsample location
@XXXXX WNG sample location

Figure 4.1: Geological map of the Kibali Granite-Greenstone Belt and neighboring Upper Congo Granitic Massif and West Nile Gneiss terranes, displaying the major lithological units and sample

locations discussed in this chapter.




19

T
29.75° - Kibali Permit Area

- = =Terrane Boundaries

High [T T Low

Magneitic Susceptibility

Kibali Gra Greenstone Belt

Figure 4.2: Airborne Electromagnetic susceptibility data over part of the Kibali Granite-Greenstone Belt and neighboring terranes (Provided by Randgold Resources Ltd




4.3.1.1 Volcano-Sedimentary Conglomerates

Volcano-sedimentary lithologies, comprising conglomerates and fine-grained sediments, are identified in
outcrop and drill core in the eastern part of the Kibali Granite-Greenstone Belt, extending across a
significant part of the eastern half of the study area (Fig. 4.1 and 4.2). The volcano-sedimentary
conglomerates are characterised by quartz-feldspar clasts hosted within a fine crystalline phyllosilicate
groundmass. The relative proportions of clast to groundmass and the physical characteristics of these phases
vary between samples (Fig. 4.3). Clast material ranges in size from 1 mm to 5 cm and is compositionally

diverse, consisting of reworked sedimentary and igneous material.

Clasts of sedimentary origin are composed of fragments of ironstone and reworked conglomeratic and fine
sedimentary material. Reworked conglomerate clasts consist of rounded feldspar crystals in a fine quartz
groundmass and are only rarely observed. Clasts consisting of fine crypto-crystalline sedimentary material
occur in association with the reworked conglomerate material and in rare cases display sedimentary
layering. Clasts of igneous origin consist of angular feldspar laths within a fine quartz-rich groundmass.
While displaying similar mineral components to the identified reworked sedimentary clasts these are
distinguished on the basis of the well-formed angular morphology of the feldspar crystals. Based on the
available sample set the material of igneous origin is the more abundant clast material. Clast morphology is
predominantly rounded to sub-rounded though ironstone fragments are typically angular to sub-angular. The
clast material is hosted in all cases within a groundmass composed of aligned phyllosilicate minerals,
chlorite and aluminoceladonite (Fig. 4.3 and Table 4.1). These wrap around the clasts where deformation is
significant. The total proportion of clast material varies between samples from 90% (clast supported) of the

sample to <1% (matrix dominated).

Fine-grained sediments lacking any coarse clasts are included in this volcano-sedimentary package. These
sediments are homogenous, fine-grained to cryptocrystalline in hand specimen and display a strong
foliation. The mineralogy of these units consist of <10 um quartz and aluminoceladonite. The relative
proportion of these two phases varies between samples. In all cases, the volcano-sedimentary lithologies
display evidence of deformation, although the degree of deformation is variable between samples.
Deformation is principally distinguished by the deformation of the clast material and alignment of the clasts
and associated phyllosilicate groundmass minerals along their long axis (Fig. 4.3), imparting a strong
foliation to the samples. Increased deformation is characterised by the deformation of the clast material with
associated re-crystallisation of the feldspar mineral phase to fine quartz and stretching the clasts parallel to
the foliation orientation. In the fine sedimentary material deformation is indicated by the alignment of the

phyllosilicate minerals within the samples imparting a phyllitic texture to the samples.
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Figure 4.3: CPL photomicrographs illustrating the range of textures observed in the Kibalian metasedimentary volcano-sedimentary conglomerates.
A (Upper left); Sample ZB10: irregular rounded to sub-rounded clasts consisting of reworked sedimentary material with interstitial chlorite zones. B
(Upper right); Sample Kissanga South 1: Large rounded clasts consisting of reworked sedimentary material hosted in a groundmass composed of fine
quartz and chlorite/aluminoceladonite. C (Middle left); Sample K18: stretched and elongated 0.5-2 mm clasts composed of large angular feldspar
crystals and fine quartz, clasts are separated by thin chlorite-rich bands aligned parallel to the direction of deformation. D (middle right); Sample
K19: 0.5mm stretched and elongated irregular quartz-rich clasts with parallel orientated phyllosilicate-rich intraclast areas. E (Bottom left); Sample
Anzi 1: Highly elongated quartz clasts composed of fine primary quartz and 0.5 mm feldspar crystals with extensive recrystallisation to secondary
quartz. Deformed clasts form a series of parallel quartz ‘bands’ separated by dense chlorite/aluminoceladonite-rich layers. F (Bottom right); Sample
Oere-1: Deformed quartz-feldspar clasts with interstitial chlorite/aluminoceladonite-rich layers. Rounded feldspar crystals occur at the edges of the
clasts with quartz forming a trail extending away to the left.
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Table 4.1: Representative EDS analysis of major mineral phases identified in lithologies of volcano-sedimentary origin within the Kibali granite-

Greenstone Belt

Sample Site SiO, TiO, Al,O3 FeO MnO MgO CoO K0 Na,O Total Mineral
wt%
K18 1-C 70.09 18.65 11.64 100.37 Plagioclase
K18 2-D 69.79 18.63 11.43 99.85 Plagioclase
K18 1-D 26.41 20.21 25.57 14.98 0.21 87.38 Chlorite
K18 2-M 35.70 25.73 12.94 7.82 82.19 Chlorite
K18 1-K 49.99 0.38 26.87 3.63 2.40 10.36 93.63 Al-celadonite
K18 2-0 48.77 26.85 4.10 244 9.44 91.61 Al-celadonite
K19 1-A 70.18 18.80 11.68 100.65 Plagioclase
K19 2-B 69.54 18.96 11.59 100.09 Plagioclase
K19 1-N 3121 38.21 1.46 0.94 100.05 Sphene
K19 1-0 31.50 37.65 1.43 0.49 99.17 Sphene
K19 1-E 26.25 19.61 25.30 14.97 0.09 86.22 Chlorite
K19 2-E 26.18 19.57 25.20 14.72 85.66 Chlorite
K19 1-G 49.31 26.68 3.86 2.40 9.03 91.28 Al-celadonite
K19 1-J 49.14 0.67 27.28 412 221 9.99 93.42 Al-celadonite
Kis-S-1 1-E 69.32 18.34 11.90 99.56 Plagioclase
Kis-S-1 3-B 69.15 18.36 11.54 99.04 Plagioclase
Kis-S-1 1-F 2321 18.93 39.89 4.15 86.18 Chlorite
Kis-S-1 3-H 24.04 19.09 40.95 4.13 0.26 88.47 Chlorite
Kis-S-1 1-0 46.84 0.45 26.59 6.16 1.18 10.04 91.26 Al-celadonite
Kis-S-1 3-0 47.30 0.28 26.62 6.30 1.29 9.91 91.71 Al-celadonite
Oere-1 1-E 70.16 19.01 11.59 100.76 Plagioclase
Oere-1 2-A 69.39 19.03 11.72 100.33 Plagioclase
Oere-1 3-L 26.96 21.47 27.70 0.30 12.30 88.73 Chlorite
Oere-1 3-N 26.22 20.98 27.64 0.29 11.90 87.03 Chlorite
Oere-1 1-0 98.89 0.40 99.29 rutile
Oere-1 2-0 99.71 0.56 100.27 rutile
Oere-1 1-L 47.50 0.54 29.43 3.44 2.01 9.42 0.31 92.66 Al-celadonite
Oere-1 2-G 48.44 0.71 30.02 2.73 1.70 9.83 0.37 93.80 Al-celadonite

4.3.1.2 Silicified Volcaniclastic rocks

Silicified volcaniclastic rocks are identified in the eastern part of the study area (Fig. 4.1) in the vicinity of

the Kokiza gabbroic pluton (Fig. 4.1). The characteristics of the silicified volcaniclastics vary with

proximity to the Kokiza gabbroic pluton. Distal to the Kokiza pluton the silicified volcaniclastics occur as

pale white-grey, homogenous cryptocrystalline material hosting rare (but notable) well-formed 1 cm pyrite

cubes. Adjacent to the Kokiza gabbro the silicified material consists of 10-40 cm angular-sub-angular lithic

fragments set in a cryptocrystalline matrix (Fig. 4.4). The lithic fragments align along their long axis and in
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places the larger fragments are imbricated, the direction of alignment/imbrication pointing away from the
Kokiza gabbroic pluton (Fig. 4.4). The silicified cryptocrystalline material is composed of quartz (60%);
equigranular 10-20 pm elongated sub-rounded crystals, and aluminoceladonite (40%); dark ‘fibrous’ masses
with no individually discernible crystals (Fig. 4.4). The micaceous phases delineate a foliation not
observable in hand specimen. The groundmass is cut by a number of late 0.25-0.5 mm quartz veins that are

observed exploiting and cross-cutting the pre-existing foliation (Fig. 4.4).

Figure 4.4: CPL Photomicrographs display mineral textures identified in the silicified volcaniclastic units. A (upper left); Sample Kokiza-1: <0.1
mm quartz crystals overprinted by ‘black’ bands composed dense aluminoceladonite with minor ankerite. Aluminoceladonite bands are
approximately parallel with a distinct undulation; the quartz groundmass shows some alignment of crystals with long axis orientated parallel to
aluminoceladonite bands. B (upper right); Sample 64_13; Fine quartz groundmass overprinted by aluminoceladonite bands (as observed in sample
Kokiza 1) bisected by an array of sub mm veins composed of ~0.1 mm quartz crystals. C (Bottom left); Photograph displaying large imbricated
fragments within a fine silicified groundmass adjacent to the Kokiza pluton. D (Bottom right); Photograph showing 1-5 cm deformed clastic
fragments hosted in a fine silicified groundmass adjacent to the Kokiza pluton.
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4.3.1.3 North Kibalian Schists

Schistose lithologies probably extend across the north central and eastern part of the KGGB, although due to
low levels of exposure only three isolated outcrops are identified, H1 in the north east, H2 in the centre of
the study area, and sample Makoro 2 in the eastern part of the study area (Fig. 4.1) . The North Kibalian
schists consist of white-yellow fine, crystalline material composed predominantly of 0.5-1 cm thick quartz-
rich bands interspersed by thin (2-4 mm) layers of micaceous material (Fig. 4.5). The samples display a

minor crenulation, this being best displayed where mica is abundant within the samples.

Petrological observations show sample H1 to be dominated by quartz (90%), occurring as irregular anhedral
sub-angular to sub-rounded interlocking crystals, and rare discontinuous bands of biotite (10%), occurring as
acicular to irregular sub-angular 0.25-1 mm crystals (Fig. 4.6). Rare plagioclase feldspar crystals, occurring
as irregular sub-rounded 0.25-0.5 mm crystals with variably developed lamellae twinning, are identified
within the quartz groundmass. These plagioclase crystals have been extensively recrystallised by the
dominant quartz phase (Fig. 4.6). In comparison sample H2 is characterised by alternating bands of parallel
orientated quartz (70%) occurring as marginally elongated to sub-angular 50-200 pum crystals, and
Aluminoceladonite (30%), forming 20-500 pm thick bands of 10-40 um acicular crystals with a ‘flowing’

crenulated appearance (Fig. 4.6).

4.3.1.4 Eastern Quartz-Biotite schists

Quartz biotite schists are identified at the eastern end of the study area outcropping in the area between the
easternmost north-south orientated curving ironstone ridges (Fig. 4.1). The gneisses are tightly folded with
folds ranging in size from 5 cm on hand specimen scale to 1m at outcrop scale with the folds being picked
out by the prominent quartz-rich layers (Fig. 4.5). The quartz-biotite schists consist of fine-grained to
crypto-crystalline minerals consisting of alternating bands of 0.25 cm to 5 cm quartz and 1-5 cm black-
brown layers of mixed biotite-quartz composition (Fig. 4.6). The gneisses are composed of parallel-
orientated quartz (40%), characterised by sub angular anhedral 50-500 pum crystals, plagioclase feldspar
(10%), occurring as elongated sub-rounded anhedral 50-200 um crystals, and biotite (40%); acicular 100-
500 pm crystals forming 50-100 um wide foliae (Fig. 4.6). The parallel bands of quartz-feldspar and biotite
are tightly folded on the millimetre scale, this being most conspicuously visible in the behaviour of the
biotite phase (Fig. 4.6). Quartz and feldspar crystal size increases significantly within the ‘fold’ hinges to up

to five to times larger than in the general groundmass (Fig. 4.6).
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Figure 4.5: Photographs displaying selected samples of the North Kibalian Schists and Eastern Quartz-Biotite Schists A (Upper left); Sample 116-28:
Eastern quartz-biotite schist displaying tightly folded alternating quartz and biotite -ich layers. B (Upper right); photograph showing outcrop of the
eastern quartz-biotite schist demonstrating tight folds, with folding defined by prominent quartz-rich layers (white-grey) that stand proud of the
surface. C (Lower left); North Kibalian schists - cut section of sample H1 displaying quartz-rich (yellow-white) composition with thin undulating
discontinuous layers of biotite defining layering and crenulation within the sample. D (bottom right); North Kibalian schists- cut section of sample
H2 displaying poorly defined alternating layers of quartz-rich (red/yellow-white) and mica-rich(black-green) material.
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Figure 4.6: CPL Photomicrographs illustrating mineral textures identified in the high-grade meta-sediments in the Eastern part of the Kibali belt. A
(Upper left); Sample H1: Quartz-feldspar-biotite schist- deformed plagioclase feldspar crystals hosted in a quartz/feldspar groundmass with rare
aluminoceladonite and biotite crystals forming thin layers cutting across the sample parallel to the long axis of the quartz crystals. B (Upper right);
Sample H2: Quartz-Aluminoceladonite schist- Alternating quartz and aluminoceladonite-rich layers with parallel crystal alignment and poorly
developed crenulation preserved in the aluminoceladonite-rich layers. C (Middle left) and D (Middle right); Sample Makoro-2: Quartz-
aluminoceladonite schist: Alternating layers of fine quartz and aligned aluminoceladonite, aluminoceladonite layers display a poorly developed
crenulation. E (Bottom left) and F (Bottom right); Sample 116-28 — Quartz Biotite amphibolite: Layered quartz-biotite closed microfolds mirroring
outcrop scale characteristics.
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Table 4.2: Representative EDS analysis of major minerals identified in the North East Kibalian shcists (sample H1) and eastern Quartz-Biotite
Gneiss (Sample 116-29)

Sample Site Si0, TiO, AlLO; FeO MnO MgO CaO K, O NaO BaO Cr,03 CoO Total Mineral
wt%
116-29 1-E 65.40 2211 3.83 9.60 100.94 Plagioclase
116-29 2-D 65.33 22.00 3.96 9.59 100.88 Plagioclase
116-29 1-1 3821 204 17.12  15.45 12.57 9.07 94.46 Biotite
116-29 2-] 3878 203 1735 1533 12.63 9.02 95.15 Biotite
116-29 1-N 53.06 4463 159 0.32  99.60 Rutile
116-29 2-Q 52.75 4545 148 0.20 99.89 Rutile
116-29 2-N 24.93 19.98 18.88 17.17 0.28 81.23 Chlorite
116-29 2-S 26.94 2123  19.03 18.97 0.30 86.47 Chlorite
H1 1-C 65.40 18.17 1476 053 0.63 99.49 Plagioclase
H1 2-D 66.47 20.80 2.69 10.10 100.07 Plagioclase
H1 1-B 65.85 21.46 2.86 10.04 100.21 Orthoclase
H1 1-R 65.90 18.13 15.04 0.62 057 100.25 Orthoclase
H1 1-F 36.89 224 1656 2133 037 781 9.04 94.24 Biotite
H1 2-S 39.19 216 16.86 20.09 0.40 7.99 8.34 95.03 Biotite
H1 2-P 4782 044 29.62 2.55 155 10.17 92.17 Al-celadonite
H1 2-Q 48.14 037 2797 299 2.01 10.21 91.69 Al-celadonite

4.3.2 Banded Iron Formations

Banded iron formations are some of the most distinctive units within the Kibali Granite-Greenstone Belt

forming a series of elevated ridges rising up from the surrounding terrane. Banded iron formations are

identified in multiple locations across the KGGB (Fig. 4.1), and defined on field observations and by a

series of high magnetic susceptibility structures on airborne geophysics (Fig. 4.2). The ironstones occur as

two parallel discontinuous sets of southwest-northeast orientated ironstone ridges on the southern margin of

the belt, an M shaped set of ridges east the Kalimva granite (Fig. 4.1), an approximately W shaped set of

ridges in the east central part of the belt and two north-south orientated curving sets of ironstone ridges in

the far east of the belt (Fig. 4.1). Further banded iron formations have been identified in the Kibali Granite-

Greenstone Belt outside of the area under investigation based on airborne geophysics, with the region

immediately west of the study area containing abundant ironstone ridges (Fig. 4.1 and 4.2).
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Figure 4.7: Photographs displaying selected examples of Ironstones from the Kibali Granite-Greenstone Belt. A: Sample PB12-KK01; banded
ironstone consisting of layers of magnetite (dark grey), chert (white/yellow) and Hematite (Dark Red). Chert layers are host to weathered pyrite
crystals (orange colouration). B: Sample PB12-MO06; banded ironstone consisting of alternating layers of chert (grey/white layers) and magnetite
(dark grey layers). Red colour in parts of the sample is the result of surface oxidization.

60



Banded iron formations typically consist of alternating Fe-rich and quartz-rich layers, the abundance of
quartz being highly variable between individual samples (Fig. 4.7). Fe-rich examples are composed of 0.5-1
cm layers of magnetite and hematite with multiple layers of 1-4 mm quartz-rich ‘chert’ bands (Fig. 4.7 A).
Quartz-rich layers are bedding parallel but vary in thickness along there length and may be discontinuous.
These quartz-rich layers are host to sub-mm pyrite crystals (though heavily weathered) and display a strong
association with hematite-rich layers, quartz-rich layers always being surrounded by hematite-rich layers. At
maximum the quartz-rich layers are observed constituting approximately 70% of the lithology (Fig. 4.7 B).
These quartz-rich lithologies consist of 0.5-2 cm thick crypto-crystalline quartz layers separated by 1-5 mm
bands of fine crystalline magnetite (Fig. 4.7).

4.3.3 Kibalian Basalts

Basaltic material is identified across the study area, being present in the area around the Atekoma
granodiorite (Samples AT1 and 5), around the north western edge of the Upper Congo Granitic massif
(Samples KS2 and 82_22) and in an isolated sample (46_7) in the north of the study area (Fig. 4.1). Though
only identified in a small number of outcrops the basaltic 