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ABSTRACT

Integration of visually enhanced regional geo datasets has facilitated a new geological interpretation,
(covering 55 000 km?) and prospectivity model for orogenic gold in south-west Uganda. The datasets
include historical geological maps, geological field data, digital terrain models, Landsat TM data and
airborne geophysical data.

The study area, bordered by the western branch of the East African Rift, covers a range of different aged
terranes including the Archaean basement gneisses, Palacoproterozoic volcano-sedimentary Buganda Toro
Belt, Mesoproterozoic clastic sedimentary Karagwe Ankolean Belt and several outliers of undeformed

Neoproterozoic sediments.

The Archaean aged basement gneisses are found in the north and centre of the study area. South-east of
Kamwenge, repetition of the gneiss and schist units imply a stacked geometry typical of fold and thrust
belts. Undifferentiated gneisses are exposed in the south of the study area (Rukungiri) by erosion of the
younger Proterozoic rocks.

The S-shaped volcano-sedimentary Palacoproterozoic Buganda Toro Belt has a WNW-ESE orientation in
the east of the study area where south dipping thrusts and tight north verging folds indicate northward
tectonic transport onto the basement gneiss. West of the Mubende granite the belt trends NE and is
marked by NE trending fold axes and sinistral shears. A pull-apart basin coupled with roof-uplift is
proposed to account for the intrusion of the Mubende granite. Palacoproterozoic schists are exposed

beneath the Mesoproterozoic rocks in the Buhweju area and to the south.

In the south of the study area, the Karagwe Ankolean Belt comprising weakly deformed conglomerate
sandstone, quartzite and argillitic sediments is folded into a series of NW trending asymmetrical anticlines

and synclines and intruded by post and syn-tectonic granites.

Three major orogenies have been mapped in the study area. The oldest being the Ubendian Orogeny (D1
and D2), marking the collision of the Tanzanian and Congo cratons. This was followed by a global
orogenic event at 1000 Ma (D3) which gave rise to the tin metallogenic province and led to the formation
of the Rodinia supercontinent. The youngest orogeny is the Pan African (D4) which marks the collision
between East and West Gondwana.

The mineral system understanding was used to address the critical processes of orogenic gold formation at
the district-scale. These processes are translated into mappable mineral proxies using the available regional
datasets. Tectono-stratigraphic domains, mantle indicators and gold occurrences represent the “source of
gold” as a critical process. Hydrothermal alteration, extracted from radiometric data, structures involved in
the orogenies and terrane contacts were extracted to represent the active pathway as a critical process and
finally the physical throttle is represented by rheological contrasts and geological complexity.

Knowledge-driven multi-class index overlay method is used to model the orogenic gold prospectivity.
Weighting of the predictor layers occurs at the level of the critical process and takes in to account the
relative importance of the critical process mineralisation, the representativeness of a proxy and the
accuracy of the proxy. The resultant prospectivity model shows that 83% of all gold occurrences were
predicted within 30 % of the study area. Eight areas, covering 2500 km?, have been recommended for

follow-up exploration.
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PREDICTIVE MAPPING FOR OROGENIC GOLD PROSPECTIVITY IN UGANDA

1. INTRODUCTION

In the last 15 years the concept of mineral systems approach to understanding orogenic gold systems has
been developed. The orogenic gold model, as defined by Growves et al. (1998) argues for gold to be deposited
during compressional deformation in accretionary orogens, from hydrothermal fluids derived from the
metamorphism of greenstones. These deposits are typically found in late Archacan or in
Palacoproterozoic greenstone belts (Groves et al, 2007) and include the world class gold provinces of
Yilgarn Craton, Superior Province, the Birimian of West Africa and the Tanzania Craton. Archaean and
Palacoproterozoic gold-forming events correlate with the growth of juvenile continental crust and

resulting ores have been protected for billions of years within large, stable cratons.

Uganda overlies the African plate, formed by the accretion of smaller Archaean Cratons welded together
by mobile belts (Begg ¢t al., 2009) of Archaean — Proterozoic age. Much of the northern and central Uganda
is underlain by Archaean basement gneisses, forming approximately two-thirds of the country. Archaean
rocks of the Nyanzian-Kavirondian system are exposed in the south-east and form part of the extensive
granite-greenstone terrane of the Tanzanian Craton. Three major Proterozoic belts underlie central and
west Uganda: the Palacoproterozoic Ubendian belt (2100-1860 Ma) comprises the Buganda Toro
metasediments, the Mesoproterozoic Kibaran belt (1375 Ma) comprising the Karagwe Ankolean
metasediments and Neoproterozoic Pan African rocks (~500 Ma).

According to Traunth et al. (2008) gold mineral occurrences have been found at Busia in the south-east,
hosted within the Nyanzian-Kavirondian Archaean greenstone belt, whilst in the south-west at Kiboga
and Kigezi, gold in quartz veins is hosted in the Palacoproterozoic metasediments of the Buganda Toro
Supergroup. Karamoja, in the north-east, is of particular interest since favourable gold potential is known
to exist in the intrusive and volcano-sedimentary rocks of Proterozoic and possibly Archaean age. The
potential significance of north-west Uganda is poorly understood, however the Kibalian mobile belt
known host to the Kilo-Moto gold mines of the Democratic Republic of Congo (DRC) is believed to
extend into Uganda.

Despite the known gold occurrences (artisanal mining) in Uganda, modern exploration has rarely been
applied and as a result very little is known about the controlling factors of mineralisation. Understanding
the orogenic gold mineral system of Uganda is of fundamental importance to the government of Uganda,

international investors and exploration companies.

Conventional geological field mapping (Hepworth et al., 1966) provides excellent fact information, however
it is costly, time consuming and an inefficient method of understanding the regional framework. Previous
studies have been isolated in their discipline; Buchwaldt et al. (2008) and Tack et al. (2070) studied isotope
data to unravel the relative ages of cratons, mobile belts and intrusives, while ILeggo (71973), Schenk et al.
(2007) and Caben (1982) focused on the metamorphic events affecting the Archaean crust. Most structural
oriented studies have concentrated on the evolution of the East African Rift in Uganda (Aanyu et al.,
20177); however there has never been an attempt to unravel the deformational history in the context of

orogenic gold mineralisation.




PREDICTIVE MAPPING FOR OROGENIC GOLD PROSPECTIVITY IN UGANDA

The focus of this research is thus to synthesize the evolution of the cratons and surrounding mobile belts
in south-west Uganda and assess the implications for orogenic gold mineralisation using the mineral
systems approach outlined by McCuaig et al. (2070). This approach is used to encapsulate the critical
processes of orogenic gold which are then translated into mappable units and combined in weights-of-

evidence model to predict the potential orogenic gold deposits.

1.1. Literature review

1.1.1. Orogenic gold

As the name suggests, orogenic gold deposits, are related to convergent margin tectonics (Kerrich, 1993)
where several allochtonous terranes are accreted along major faults. Subsequent transpressive tectonics
related to either a shift in plate motion or a flip in the principal minimum stress direction (o3) from a
vertical to horizontal position (due to the build of lithostatic pressure) accounts for the efficient fluid
migration along major fault networks (Goldfarb et al., 2007). As a result orogenic deposits are structurally
controlled and usually located within the second or higher order splays off major terrane bounding
structures, where fluid accumulation is highest. Deposits are usually located at the brittle-ductile transition
associated with hydrothermal breccias and discreet shears. Orogenic deposits tend to form post peak
deformation where mineralised veins and fabrics often crosscut the host rock geometry.

As well has having an inherent spatial distribution, orogenic gold deposits also have a heterogeneous
temporal distribution (Goldfarb, et al., 2001), strongly correlated to major peaks in crustal growth as shown
in Figure 1. Two major Precambrian peaks exist; the first during the late Archaean (2800-2550 Ma) and
the second during the Palacoproterozoic (2100-1860 Ma) believed to be influenced by plume induced
mantle overturns. Continuous crustal growth from 600-50 Ma correlates to the widely accepted decrease
in global heat flow during the Phanerozoic.

The complete absence of deposits during 1800-900 Ma (a time of global extension) has been inferred by
Groves et al. (2000), Goldfarb et al.(2007) and Kerrich (1993) to be the result of erosion during the onset of
modern tectonics. Although orogenies did exist (Rodina at 1300-1000 Ma), deposits have since been
eroded down to the higher metamorphic grade roots.

The preservation of Precambrian deposits is attributed to a hotter mantle and smaller more numerous
buoyant plates during the Archaean. The higher buoyancy reduces stress and viscosity at the subduction
zone and as a result the Archaean sub-continental lithosphere could not have been delaminated by
gravitational processes alone. In summary the early Precambrian deposits were protected from uplift and
erosion in the centre of buoyant cratons. As the earth moved away from plume dominated tectonics,
slower plate motion and decreased buoyancy, increases the chances of sub-continental delamination and
hence uplift and erosion all decreasing the chances of preserving a deposit (Bierlein et al., 2009). The
presence of deposits 900-50 Ma is the approximate threshold for preservation. The complete absence of
deposits in the last 50 Ma reflects the amount of time needed to uproot to levels of the crust where

orogenic gold deposits occur.




PREDICTIVE MAPPING FOR OROGENIC GOLD PROSPECTIVITY IN UGANDA

200
a) -
)
-
1"
’ 1

3

Au(Moz)

b)

B[] hvﬂ.«q,m%\ﬂﬂﬂn

ge (Ga)

Figure 1: Positive correlation between a) Global orogenic gold production with time b) Volume percent increase in
crustal growth with time (after Goldfarb et al. 2001).

Most orogenic gold deposits are typically found in greenschist facies rocks indicating moderate
temperature and low pressure, due to higher solubility of gold, however few orogenic gold deposits are
known to occur in higher metamorphic terranes extending into the amphibolite facies (Groves, et al., 1998)
where the sheer volume of fluid released at these temperatures can account for the amount of gold
deposited. Orogenic deposits have also been referred to as mesothermal (Kerrich, 1993) and mesothermal
hydrothermal deposits (Robb, 2005) implying depths of 1500-4500 m and temperatures between 200-400
°C, contradicting with the understanding that orogenic gold can only occur in greenschist-amphibolite
facies conditions (depths of 2-15 km and temperatures of 180-700 °C).

The accepted classification of orogenic gold deposits, (Groves, et al., 1998), takes into account that these
deposits are formed at convergent plate margins as well as the wide range in depth and temperatures of
formation associated with different metal association as shown in Figure 2.
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Figure 2: Schematic representation of the range orogenic gold deposits, their metal associations related to the depth of
formation (after Groves et al. 1998).

1.1.2. Regional geology and tectonic setting in Uganda

1121, Archaean

Unravelling the evolutionary structural history was initiated in 1966 where Hepworth, et al.(1966) used

conventional field mapping methods map the Archaean basement rocks of the gneissic granulite complex

which they termed “Ugandan Basement Complex” (BC) considered by subsequent authors (Link et al.,

2070) and (Leggo, 1973) to represent the eastern extension of the Congo Craton. The BC consists of four

subunits defined on the basis of their structural and metamorphic characteristics:

» Watian event dated at 2900 Ma (Leggo, 1973), displays E-W fold axes, representing a NS compressional
event and granulite-facies metamorphism.

» Aruan event dated at 2600 Ma (Leggo, 1973) displays NNE plunging fold axes and steep axial planes.
The onset of this event is marked mafic dykes.

» Mirian event, (2550 Ma) represents a major tectonothermal event (Gabert, 1990) and displays NE
trending recumbent isoclinal folds that are overturned towards the NW.

» Chuan or Aswa is characterised by a NW trend grading locally into mylonites.

1.1.2.2. Palaeoproterozoic

The Buganda Toro belt also known as the Ruwenzori fold belt (Hepworth, et al., 1966) unconformably
overlies the BC and was affected by the Ubendian Orogeny between 2100-1860 Ma (Caben, 1952). The
Ubendian Orogeny represents a high grade metamorphic event through two deformational phases. The
early (more regional) deformational phase (2100-2025 Ma) marked by an E-W to WNW-ESE foliation
and granulite-facies metamorphism, interpreted as a product of a collisional orogeny along the south-
western margin of the Tanzania, and possibly Congo cratons (Aamyu, et al., 2011). The second phase
(1950-1850 Ma) according to Theunissen (1989) is restricted to the Ubendian belt, south of the Tanzanian
Craton and is characterised by large NW-SE trending dextral shear zones. According to Lenoir et al. (1994)
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this event also caused the northwards thrusting of the Usagaran belt and the intrusion of post tectonic
granitic calc-alkaline batholiths at 1860 Ma, marking the upper time limit of this event.

1.1.2.3.  Mesoproterozoic

Historical literature describes the Mesoproterozoic events (1.4-0.9 Ga) of central Africa as the Kibaran
Orogeny. This ‘prolongued’ event was based on the Rb-Sr age dating (Caben, 1982) of S-type granitoids
and scarce regional geological data. Subsequently any other orogenic event falling within this time span
adopted the term “Kibaran” leading to much confusion. Early theories for the Kibaran Orogeny include
intra-cratonic deformation with a prolongued period of extension, (Klerkx, 1987), collision and subduction
(Rummwegeri, 1991), delamination of sub-continental lithospheric mantle (Tack et al, 1994) and an
intracratonic extensional detachment model modified by strike slip reactivation of the Palacoproterozoic
basement (Theunissen, 1989). As a result, Tack et al. (2010) used U-Pb dating to constrain the time span for
the Kibaran event to 1375 Ma an proposed that the term “Kibaran event” be restricted to the
‘tectonomagmatic event corresponding to prominent emplacement of the bimodal magmatism under

intra-cratonic regional scale extension stress regime’.

North-east of the Ubendian Rusizian basement, the Karagwe Ankolean sediments, now defined by Tack ez
al.,(2010) as the Karagwe Ankolean Belt (KAB), unconformably overlie the Palacoproterozoic Buganda
Toro Supergroup. The metasedimentary sequence consists of pelitic rocks with quartzite intercalations and
minor conglomerates. The KAB characterised by NW-SE trending regional fold axes and NE-SW cross
tolds (Aanyu, et al., 2011) are intruded by S-type granites differentiated by their ages. The G1 granites (1330
Ma) predate the Lomamian Orogeny (1000 Ma) where as the G2 granites are syntectonic formed under
extensional stress regime between 1280-1260 Ma (Klerkx, 71987). The Kibaran event, defined as a short
lived extensional event precludes the younger granites which intruded during later compressional
deformation. This post Kibaran event or Lomamian Event is defined by the local emplacement of
syntectonic S-type granites (G3), under compressional stress (Tack, et al., 2010) and syntectonic A-type
granites (G4), which formed under transpression (Klerkx, 1987) at 1205 Ma (Tack, et al., 2070). This was
followed by the Lomamian Orogeny linked to a global orogenic event at 1000 Ma which gave rise to the
tin metallogenic province and led to the Rodinia amalgamation (De Wacle et al., 2008). Generally the
regional metamorphism in the KAB is of low grade while higher metamorphic grades are confined to the
contacts of intrusions.

1.1.2.4.  Neoproterozoic

The Pan African Orogeny which occurred between 725 and 500 Ma was comprised of two phases. The
early phase (725 Ma) describes the oblique collision between East and West Gondwana, resulting in
mostly sinistral NS trending shear zones. (Westerhof, pers. comm.) The second phase is correlated with the
thermal effect dated at 500 Ma (Lenoir, et al., 1994) and (Caben, 1952).

1.1.2.5. Pleistocene

The Western branch of the East African Rift System (EARS) runs along the western side of the study
area, comprising a series of grabens bordered by high angle normal faults. Volcanism commenced in the
North at Virunga Province at ~12 Ma and propagating southwards, reached Rungwe in the Tanganyika
Rift at ~7 Ma (Ebinger, 1989). The western branch is characterized by the abundance of potassic alkaline
rocks that consists of basalts, carbonatites, ultrapotassic mafic rocks and potassic mafic-felsic lava.
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1.1.3. Tectonic setting and implications for gold mineralisation

1.1.3.1.  The Mesoproterozoic Kibaran belt (KAB) in south-west Uganda

The Kibaran mobile belt is well known for its metallogenic endowment, particularly in Sb, Nb/Ta W and
Au mineralisation where the more important deposits have been discovered in eastern DRC and Rwanda.

The model of intra-plate regional scale stress regime proposed by Tack et al. (2010) to explain the
voluminous bimodal magmatism at 1375 Ma redefines the tectonic evolution of the KAB and has
significant implications for the orogenic gold mineralisation. This major extensional event established
mantle—crust connectivity where the mantle derived magmas exploited the zone of weakness between the
Archaean Tanzanian Craton (Hast) and the Palacoproterozoic Buganda Toro Belt (West). Additionally
these mantle derived magmas initiated large scale crustal melting of the Palacoproterozoic basement
characterised by a thin lithosphere in contrast to the thick Tanzanian Craton. Studies of orogenic systems
around the world have indicated that regions of thin continental crust are most prospective for gold
mineralisation (Bierlein, et al., 2009; Groves, et al., 2007). Crustal reworking and remobilisation of gold rich
fluids during this phase, prior to the Lomamian Orogeny, implies that certain areas of the crust more
enriched in gold (Western Domain, overlying Palacoproterozoic basement) compared to others (Hastern

domain, ovetlying the Tanzanian Craton).

Following the Kibaran thermal event, compressional deformation associated with the intrusion of
syntectonic S-type granites at 1000 Ma facilitated efficient fluid mixing via pre-existing lines of weakness.
These events were followed by strike-slip deformation and tensional tectonics (Pob/, 1987) associated with
A-type granites (Klerkx, 1987). The resultant local stress heterogeneities focussed fluids into zones of
structural complexity. Between 1000-900 Ma numerous granites and pegmatites associated with the Sn-W

mineralisation intruded the Kibaran sequence.

According to Pobl, (1994) the discovered gold-rich quartz veins in south-west Uganda, are found at the
contact between in clastic Kibaran metasediments (specifically the conglomerate unit) and the older
Palacoproterozoic schists and are associated with pyrite, arsenopyrite = magnetite and specularite. Gold
present in the Palaeoproterozoic units would have been remobilised during the Lomamian Orogeny (1
Ga) and the Pan African Orogeny (~650 Ma) and concentrated in the basal conglomerate unit. Structurally
the tectonic setting indicates that these veins are linked to a brittle-ductile regime associated with tight
upright NW-SE trending folds and thrusts located away from the tin granite domes (Pob/, 1994). Fluid
inclusion studies (Pob/ et al., 1991) have shown that these auriferous quartz veins and breccias formed at
temperatures of 450 °C and pressures of 2 kbar (7.5 km burial depth) suggesting a hypothermal
environment, not typical of normal orogenic gold which forms at 200 — 400 °C, and 1.5 - 4.5 km depth
(Groves, et al., 1998). The fluid salinity attained (NaCl — 8 wt % eq) is the upper limit for orogenic gold and
may reflect fluid mixing with a mafic or mantle derived soutce. Fluids rich in COzare normal for orogenic
gold where the CO» is derived from metamorphic reactions. The major solute phases (Na, K, Ca) indicate
a strong interaction with the country rocks and the absence CH4 and N3 in the COx rich fluids precludes
any derivation of the Sn-W fluids associated with the 985 Ma ‘tin-granites’.

In neighbouring NW Burundi, Brinckmann et al. (1994) argue for a two stage genetic model of formation
for gold mineralisation. Gold bearing hydrothermal veins spatially overlap with rare metal G4 granite
related-pegmatite systems and radiometric ages for both pegmatites and gold rich quartz veins suggest
synchronous formation. The second stage of gold formation is associated with breccia bodies containing
hydrothermal quartz, indicating low pressure and temperature conditions (T= 140-190°C, P= 200bar) and
a U-Pb age date of 535 £ 2 Ma (Brinckmann, ¢t al, 1994). Although not genetically linked to the tin
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granites, the auriferous breccias formed contemporaneously in a similar tectonic setting and may be
remobilised by epithermal fluids during the Pan African event

1.1.3.2.  The Palaeoproterozoic Buganda Toro Belt

Very little research has been undertaken to understand the gold potential of the Buganda Toro belt,
despite known gold occurrences at Kisita. According to a press release (Griffis, 2010) current mining
operations have excavated a 200 x 50m wide trench across a sheared zone of quartz vein stockwork
associated with hydrothermal quartz sericite alteration thought to extend for 1 km. The mineralisation is
hosted in schist.

Field observations in the Buganda Toro Belt summarised in Lk et al. (2070) describe a thrust-stacking
geometry and location reactivation along steeply dipping shear zones. This setting implies thick-skinned

tectonics providing the framework for a deep crustal event and hence a source of gold.

1.1.4. Previous work in the region

In an unpublished study, in an area to the south, Msechu, (2017), attempted to establish the geological
controls of gold mineralisation and delineate favourable zones of undiscovered gold mineralisation.
Although this work did identify the importance of NW-SE trending faults/shears and NE-SW
faults/shears and fold hinges it failed to demonstrate whether these structures were active during
mineralisation or whether they post-dated mineralisation. Assuming these structures were active during
mineralisation simply identifying fluid conduits is insufficient evidence for the formation ore deposits,
which are expressions of a geologically complex environment. In addition the study intentionally ruled out
the Palacoproterozoic and Archaean rocks as being prospective but did little to differentiate between the

metasediments of the KAB rocks in which exist important rheological contrasts.

The geological features (predictor layers) extracted during this study (structures and host lithology were
then integrated in the wildcat modelling technique proposed by Carranza (2010). In this knowledge-guided,
data driven method, Msechu, (2077) assumes that all the quartz vein gold deposits in the study area are
related to orogenic-gold mineralisation which is unlikely given the fluid inclusion results (Pobl, et al., 1991)
described in Chapter 1.1.3.1.

This work identified a prospective host terrane and potential fluid conduits however, it failed to predict
where and how the gold rich fluid might be trapped in sufficient quantities for the formation of a gold
deposit. Such studies would involve the identification of a physical throttle (see Chapter 4).

1.2. Research problem statement

In Uganda gold is known to occur in Archaean-Proterozoic aged rocks where the tectonic setting implies
that several deformation events have resulted in the metamorphic reworking of the ancient crust, and
ultimately the remobilisation and concentration of gold enriched fluids, consistent with the current
understanding of orogenic gold (Groves, et al., 1998). Traditional field mapping culminated in the first
published geological map of Uganda (Hepworth, et al., 1966). Since then attempts at understanding the
geological evolution have only been studied in broad outline and much remains to be understood about
the structural controls on mineralisation. In previous studies Pob/ (1994, 1991) have shown that gold
mineralisation in the Karagwe Ankolean Belt is associated with successive periods of extension and
compression spanning the time period 1400-900 Ma and termed the Kibaran event. Recent work by Tack
et al. (2070) has shown that the Kibaran event is a short-lived tectonomagmatic event at 1375 Ma

concluding that the gold mineralisation post-dates this tectonomagmatic event and most likely to be
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associated with the Lomamian Orogeny dated 1000-950 Ma (Pobl, et al., 1991) or the Pan African Orogeny
at ~500 Ma (Dewacle ¢t al., 20117).

With this new understanding and the recent acquisition of high quality geophysical data, the challenge is
now to improve our understanding of the regional structural architecture thus improving our knowledge

of the source and causes of gold deposition and hence mineral potential in the area.

1.3. Aims and objectives
The general aim of this project is to develop a district-scale mineral systems understanding of south-west

Uganda and use this knowledge to identify gold exploration opportunities.

Exploration success is often inhibited by the explorer who selects a specific model at the expense of
others and often misses different styles of mineralisation. In recognition of this limitation, this district-
scale study has adopted the concept of a ‘mineral system’ which is independent on the type of deposit but
which is constrained by the scale of the data. The mineral system approach was first developed for the
petroleum industry by Magoon et al. (1991) and then later modified by Wyborn et al. (1994) to accommodate
large energy and fluid systems typical of hydrothermal deposits. Mineral systems at this scale are complex
and at best poorly understood, requiring a process-based conceptual approach using the “Five question
paradigm” outlined by Walshe et al. (2005). The five question scheme which takes into account the spatial

and temporal evolution of the system at all scales. The five questions are:

What is the architecture and size of the system?

What is pressure, temperature and geodynamic bistory of the system?
What is the nature of the fluids and fluid reservoirs in the system?
What are the fluid pathways and drivers of the fluid flux?

What are the transport and depositional mechanisms?

SR s N =

Specific aims include:
e The aim of this study is to effect a complete geological reassessment of the south-west Uganda,

integrating historical geological maps, geological field data, and remotely sensed optical and
airborne geophysical data into a new geological interpretation.

e Identify and delineate favourable regional scale controls (proxies) of gold mineralisation within
the geodynamic history that are related to critical orogenic gold forming processes.

e These proxies are then weighted according to their role in the mineralisation processes, translated
into predictor maps and finally integrated into a gold prospectivity map for south-west Uganda.
Details of the specific critical processes and process proxies are defined in methology section
(Chapter 2).

1.4. Research questions

Of the five questions paradigm, outlined in section 1.3, questions 3-5 can be immediately ruled out of this
study as they are primarily concerned with economic and ore geological studies involving fluid inclusions
work, isotope studies and petrographic analyses which for which the available dataset is inappropriate and

such studies are beyond the scope of research at this time. In addition spectral data, which would normally
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provide information on the key alteration mineral assemblages and hence proxies to answer to questions 3
and 4, is impractical in this densely forested region of Uganda. Multiclement geochemical datasets are also

not available at this eatly stage of Uganda’s modern exploration history.

Given the available data, and the scale of investigation, questions 1 and 2 of the ‘Five Question Paradigm’

can be answered following the methodology outlined in Chapter 2.

What is the architecture of the system?
What is the geodynamic history of the system?

1.5. Available regional datasets

In an attempt to revamp the mineral sector and attract new investment, the Ugandan government, funded
by the Wold Bank, Nordic development fund and the African development bank has acquired regional
scale high quality geophysical datasets covering nearly 80% of the country. These datasets include:-

» High resolution airborne acromagnetic data (50 m resolution) and

» Gamma-ray spectrometric data (50 m resolution).

>
The magnetic and gamma-ray spectrometric data was acquired by Fugro at a flying height of 80 m along
NE-SW trending flight lines separated by 200 m and at a sampling interval of 0.1s and 1s respectively.
Additional datasets include:

» SRTM DEM (90 m resolution).

» ASTER DEM (15 m resolution).

> Digitised geological map sheets at 1:100 000 and 1:150 000 supplied by the Ugandan Geological
survey which partially cover the area.

» Six scenes of Landsat TM bands 1, 2, 3, 4, 5 and 7 (30 m resolution) acquired from different dates
varying between July 1999 and December 2001.

»  Fact structural data extracted from various map sources and additional data was made available by
the geological survey of Finland (GTK) from the ongoing geological mapping project in Uganda.

» Isotopic age data (Manttiri, 2011).

» Known gold occurrences from the mineral database.

Further data collected in the field, aimed to understand the controls of gold mineralisation on a local scale
at artisanal mining sites and on structural kinematic indicators to validate the geological interpretation.

Figure 3 illustrates the study area and the available datasets.
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1.6.

This thesis aims to integrate the available geological datasets and map the gold potential of the south-west
Uganda.

The first chapter defines the research problem in relation to the available datasets. The literature review
provides critical background information from which the conceptual model was formulated, leading to the
research objectives and research questions.

Chapter 2 outlines the methodology of first two phases of the research, the geological interpretation and
the fieldwork. It also includes a brief description of the methodology used in prospectivity modelling
phase, however since this largely depends on the results of the geological interpretation (Chapter 3), they
are discussed in more detail in Chapter 4.

Chapter 5 is a discussion of the results from all phases and Chapter 6 presents answers to the research
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questions, concluding with recommendations for future work.

Figure 3: Location of the study area in south-west Uganda, illustrating the coverage of the available datasets.
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2.  METHODOLOGY

21. Introduction

Translating the mineral systems approach to practical exploration targeting requires a framework to link
conceptual models with the available data. The conceptual model requires a good understanding of the key
processes and their timing within the geodynamic history of the area. The challenge is that processes
cannot be mapped, only their results. The processes must then be translated into to mappable units from
the available datasets. McCuaig, et al.(2010) have proposed a four step process (Figure 4) linking a
conceptual mineral system with the available datasets thus illustrating the need to define (1) the critical
processes of the mineral system — without which the mineral deposit cannot form, (2) constituent
processes of the mineral system are specific to an orogenic gold mineral system (3) targeting elements,
reflected in the geology, are features that provide evidence that the processes have occurred, (4) targeting
criteria used to detect the targeting elements directly or by proxy. These are the predictor maps, queried by
GIS-based prospectivity analyses.

The significance of the targeting elements and their mappable criteria is defined on the basis of scale and
available datasets. In this study, a district-scale (1:100 000) investigation is considered appropriate given
the scarcity in geological information and absence of existing world-renowned deposits. At this scale of
orogenic gold mineral systems understanding, evidence for the source of gold, active pathways and the
physical traps are considered to be critical and is less concerned with the chemical depositional
mechanisms. Figure 5 illustrates a conceptual model modified from MeCuaig et al. (2070) highlighting how
the critical and constituent processes of orogenic gold can be identified through mapping the fundamental
boundaries, magmatic history and structural deformation using the available datasets in Uganda and Figure
6 illustrates how all the datasets are integrated to ultimately provide answers to the research questions.

( N
Critical Processes Source Active Physical Chemical Presarvation
(ranking level) (magma, metals) Pathway Throttle  Scrubber

S «Zé%l <

( // / =)
Constituent Processes Fluid mixi Reaction with Physical change in fluid (P,
(thinking level) uldmiXing  wallrock reduces T) induces chemical change

L Au solubility reducing Au solubility

A

(Targeting Elements == ~ e B
(Geological features Key Rocks of Recognise chemical
indicating the al@eratlon favourable gradients
processes) minerals chemistry

(Translation into _ ~ Remote @\ Gooohisial A
mappable targeting  Solid geology sensing lithogeochemistry —coPnysica
criteria (proxles and |nterpretat|0n response | resplonse

kpredictor maps) L . l J

Manually or through :

automated process query < Welg(l;t by
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Figure 4: Critical processes of an orogenic gold mineral system and the related mappable targeting criteria, using a
chemical scrubber as an example (after McCuaig et al., 2010).
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Figure 5
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The research has been divided into four main phases as summarised in Figure 6 below:
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Figure 6: Research framework
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2.2. Phase 1 - Preliminary geological interpretation

The geological interpretation (lithological and structural) is principally based on remote sensing data from
a regional perspective, outlining the mobile greenstone belts, lithological formations in geochronological
order and the related deformation events, towards a detailed interpretation of individual units and
structures. This first stage of the project is divided into five main steps; data evaluation, image processing,

data integration, digitizing, geological interpretation and map visualization.

During data evaluation, all datasets were inspected and georeferenced into UTM WGS 1984 coordinate
system, zone 36N and clipped into study area.

2.2.1. Landsat TM

Image enhancement techniques of Landsat TM data includes linear and contrast stretching of single

bands, band ratios, and False Colour Composites (FCC) and Principal Component Analyses (PCA).

Landsat TM B5 and B7 provided the best single bands for the extraction of different textures from which
lithological information was derived. Texturally smooth prominent ridges were used to delineate quartzite,
whereas the parallel drainage patterns help to delineate less competent sediments such as phyllite and
shale. Band ratios 3/1, 5/4 and 5/7 ate applied to enhance areas rich in Fe-Oxide, Fe Oxide-hydroxide
and OH-phyllosilicate which were regarded as laterite and hence unimportant for this study. False colour
composites were created into order to delineate lithological units. The correlation coefficient calculated for
Landsat TM data in the Kiboga and South areas (Table 1) reveals that Bands 4, 5 and 7 shows the least
correlation with the other bands. RGB band combinations 457 and 731 and 732 were thus chosen as they

provide the best colour composites for visual interpretation over the drier and mountainous regions
(Figure 7).

The diagnostic spectral properties of the rocks and minerals are disturbed by the prolific vegetation in the

area and so were not employed. The location of the subset areas is illustrated in Figure 3.

Table 1: Correlation coefficients of Landsat TM data in the Kiboga and South Regions

Cortrelation coefficient matrix for the Kiboga Area Correlation coefficient matrix for the South Area
Bl1 | B2 | B3 | B4 | B5 | B7 Bl1 | B2 | B3 | B4 | B5 | B7

B1 | 1.00 B1 | 1.00

B2 | 0.89 | 1.00 B2 | 092 | 1.00

B3| 0.89 | 093 | 1.00 B3| 078 | 091 | 1.00

B4 | 0.10 | 0.16 | -0.04 | 1.00 B4 | 045 | 054 | 0.30 | 1.00

B5 | 0.66 | 0.79 | 0.79 | 0.23 | 1.00 B5 | 070 | 0.85 | 0.91 | 0.47 | 1.00

B7 | 074 | 080 | 0.87 | -0.01 [ 0.90 | 1.00 B7 | 063|076 | 090 | 0.16 | 0.90 | 1.00
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Figure 7: LANDSAT TM false colour composites of selected regions in the study area a) Kiboga Area: RGB: 732 b)
South Area RGB: 732 c) Kiboga Area RGB: 457 d) South Area RGB: 457

A principal component analysis was used to effectively minimize the redundant information within highly
correlated bands. The PCA processes the original input band values into a new set of orthogonal
coordinate axes. The first principal component (PC1) is in the direction of the greatest variance of the
data. The second principal component is perpendicular to the first and has the next largest variance. Since
the study area is covered by six LANDSAT scenes of variable cloud, water and vegetation cover, and the
coefficients used in the principal component analysis are derived from a statistical analysis, certain areas
were manually subset in order to minimise the variance in the data. PC1 was used to enhance subtle linear
features from which structural information was extracted in grey scale. In addition, because it provides
optimal enhancement of geomorphological features, PC1 was also useful in extraction of lithological
features based on differing textural relief. Figure 8 illustrates the RGB FCC of PCA results of two areas
where a) bands PC 1;2;3 b) PC band 2;3;4 in RGB order provided the best combination to extract
lithological information illustrated by their eigenvalues (Table 2).

Table 2: Eigenvalues and their relative percentages from the PCA in a) the South region and b) the Kiboga region

a b
Axis | Eigenvalues : % | Cumulative % Axis | Eigenvalues )% Cumulative %
PC1 1081.13 73.72 73.72 PC1 164.41 54.39 54.39
PC2 234.89 16.02 89.74 pPC2 113.90 37.68 92.07
PC3 100.81 0.87 96.61 PC3 16.19 5.36 97.42
PC4 31.26 213 98.74 PC4 3.32 1.10 98.52
PC5 11.10 0.76 99.50 PC5 2.51 0.83 99.35
PC7 0.91 0.06 100.00 PC7 0.56 0.18 100.00
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Figure 8: LANDSAT TM PC false colour composites of selected regions in the study area a) Kiboga: RGB: PC123 b)
South RGB: PC123 c) Kiboga RGB: PC234 d) South RGB: PC234

2.2.2. Gamma-ray spectrometric Data

The gamma-ray spectrometric data enhancement techniques include ternary radioelement maps in RGB
colour space (Figure 9), band ratios and interactive contrast stretching of single bands during the
interpretation.

Integration of gamma-ray spectrometric data with higher resolution satellite imagery was used to enhance
the geochemical information contained in the lithological units (provided in the gamma-ray spectrometric
data) and textural features (provided in the satellite imagery). The integration process requires the
registration of all datasets to a common grid call size (30m) before they are ‘fused’ in colour composite
images to the pixels according to the following algorithm (Chaveg et al., 1991).

Red = 1/c @*K + b*TM5)
Green = 1/c (a*eTh + b¥TM5)
Blue = 1/c (a*eU + b*TM5)
c=atb

Where a = 2, b = 3 and ¢ = (a+b) = 5 which are factors used to weigh the hue and saturation with the
intensity contrast from Landsat TM band 5.

Figure 10 illustrates the effectiveness of this image fusion technique in highlighting geological information.
Additionally, the ternary imaged was pan-sharpened with both the DEM (Figure 9) and the magnetic tilt
derivative (TDR) (Chapter 2.2.5) to enhance structural information.
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Figure 9: Gamma ray spectrometric data of selected regions in the study area a) Kiboga: RGB: K eTh eU b) South
RGB: K eTh eU c) Kiboga RGB: K eTh eU pan sharpened with hill shaded ASTER DEM d) South RGB: K e¢Th eU pan
sharpened with hill shaded ASTER DEM

Figure 10: Image fusion of gamma-ray spectrometric data and Landsat TM B5 in the Kiboga Region (RGB= K e¢Th eU)
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2.23.  SRTM DEM Data

A hill-shaded DEM from both SRTM and ASTER DEM data was created using tri-directional
fllumination (270°, 315°, and 360°) and 30° sun inclination. Figure 11 a and b are subsets of the hill-
shaded aster DEM. Additionally the hill-shaded SRTM DEM was fused with LANDSAT TM band 7 in
order to create stereo anaglyphs (Figure 11 ¢ and d).
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Figure 11: Processed DEM data of selected regions in the study area a) Kiboga: hill shaded ASTER DEM b) South: hill
shaded ASTER DEM c) Kiboga: Stereo anaglyph d) South: Stereo anaglyph

2.24. RADAR Data

The ScanSAR is a large scale dataset covering 400 km x 400 km with a spatial resolution of 100 km. The
ability this radar data to penetrate through clouds and vegetation to give a surface roughness makes it
especially useful for geological mapping in densely forested tropical regions of Uganda. The scanSAR data
was geometrically corrected and used to extract lithological boundaries based on differences in surface
roughness.

2.2.5. Aeromagnetic Data

The acromagnetic data was supplied in grid format as Total Magnetic Intensity (TMI) format, where data
spikes (undesired high amplitude short wavelength features) were removed by non linear filtering.
Enhancement filters of the airborne total magnetic intensity (TMI) data includes extraction of the
analytical signal (AS) and first vertical derivative (VD) and magnetic tilt (TDR) derivatives using Oasis
Montaj displayed in Figure 12 .

The AS is the magnitude of the total derivative, and therefore has the effect of broadening the magnetic
anomalies. The AS is particularly useful in determining major terrane boundaries based on differing

18



PREDICTIVE MAPPING FOR OROGENIC GOLD PROSPECTIVITY IN UGANDA

magnetic properties and lithological boundaries marked by large changes in the intensity of the AS for
example the Bujangali basalt in Kiboga region and the dolerite dyke swarms.

The VD enhances the higher frequency shallow features, and has the effect of removing the regional
trends. The VD is useful in identifying closely spaced magnetic bodies (dolerite dyke swarms) by providing
better resolution. Similarly the TDR, which represents the direction of the total derivative highlights the
narrow linear features and provides an excellent base for the structural interpretation.

31°E 32°E 31°E 32°E
Analytical Signal (AS)

1°N

0°S

32°E

Figure 12: Derivatives of the magnetic data a) Total magnetic intensity b) Analytical signal c) Tilt derivative d) First
vertical derivative.
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2.3. Phase 2 - Field work in Uganda

The fieldwork phase involved the validation of the interpreted geology along selected cross sections and
the collection of structural data.

Figure 13 below illustrates the areas visited (red) combined with the distribution of available structural data
structural data (green). In areas where structural data was little or missing, complementary data from the
Ugandan Geological Mapping Project conducted by GTK was used. Field work also reviewed several
areas of artisanal gold mining in order to understand the local scale geological controls of mineralisation.

Structural measurements are detailed in (Appendix 2).
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Figure 13: Map showing the area covered by fieldwork in October 2011. Field observations in current study =red dots,
GTK =green dots

24, Phase 3 - Prospectivity modelling
The ultimate aim of this phase of research is to construct a ‘prospectivity’ map, that has a predictive
capability in assessing the likelihood that the given study area could host an orogenic gold deposit.

Using the conceptual approach to prospectivity mapping, the genetic concepts of orogenic gold formation
(Figure 5) are translated into mappable criteria at a district-scale, and integrated into a single prospectivity

20



PREDICTIVE MAPPING FOR OROGENIC GOLD PROSPECTIVITY IN UGANDA

map. There are several different integration techniques available, ranging from very simple Boolean
techniques to more complex index overlay, Bayesian, algebraic and fuzzy logic methods.

Multi-class index overlay method will be used to model the prospectivity in the study area. Each class of
evidence (j) in a predictor map (i) is given a score Sj (0-10) depending on its importance in mineral
prospectivity and each predictor map is assigned a numerical weight (W) based on ‘expert’ judgement of
its role in the critical processes of orogenic gold. Finally each of the predictor maps will be combined
according to the following equation from Carranza (2009):

i
> S,
g i

H
S,

i

Multi-class index overly method used to model the prospectivity in the study area. Where the output S for
each location is the sum of the products of S; and W;in each evidential map divided by W; for each
evidential map.

The predictor layers are summarised in Figure 5 as proxies.
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3. GEOLOGICAL INTERPRETATION RESULTS

The interactive display of enhanced imagery provided a solid framework for the interpretation of
lithological units based of subtle differences in tone, texture, shape, pattern height and association. The
relationships between lithological units, structures and intrusives was initially established based on
contrasting hues of the ternary radioelement image and textural differences in the SRTM DEM, then later
refined using the higher resolution Landsat and anaglyph imagery. All new recognizable lithological units
were assigned codes, descriptive characteristics and a source of information. The preliminary codes were
later replaced by more comprehensible lithostratigraphic units and geological formations which have been

chronologically ordered where possible.

The following section outlines a summary of the geological image interpretation (Appendix 1) of the study
area. The descriptions of the image diagnostics for the lithostratigraphic units are ordered from oldest to

youngest (Archaecan-Quaternary).

3.1. The Archaen basement complex

Rocks of the Archaean aged Basement Complex (BC) are exposed in the north-east, centre and interleaved
with Palacoproterozoic rocks in west of the study area. The BC was broadly identified by lighter hues in
the ternary radioelement image reflecting higher concentrations of K €Th and eU and low lying areas with
smooth undulating topography and dendritic drainage patterns in the hill shaded SRTM DEM.

Several subunits of the BC exist based on different geochemical signature in the gamma-ray spectrometric
data as well as textural differences evident from the SRTM DEM. The variation in geochemistry is evident
in the NE of the study area where gneiss subunit shows elevated potassium that can be traced around the

folded Buganda Toro Supergroup.

The central portion of the study area displays textural variation within the BC identified by differences in
the drainage patterns, where field evidence in the east confirms the presence of finer grained biotite gneiss
and in the west the biotite gneiss is porphyritic in texture (Figure 14). The subunits and geochemical

variation within the BC were not differentiated in the interpretation.
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3.2, The Palaeoproterozoic schists

The Toro schists occupy the east of the study area (Kiboga Region) in an EW orientation and are
identified by low lying topography and prominent dense dendritic drainage pattern from the Landsat TM
and SRTM DEM, and shows characteristically high K values in the gamma-ray spectrometric data. The
schists were formed by metamorphosed sandstone and semi-pelitic rocks which mainly consist of quartz,
muscovite, cordierite, biotite and chlorite with a flow cleavage or schistosity sub-parallel to the bedding
(Johnson et al., 1960). The Toro schist belt adopts a NE orientation west of the Mubende granite, where it is
stacked against the BC along NE trending SE dipping thrusts.

Around the Buhweju area (Figure 3) the schists are known as the Igara schist series with varying degrees
intercalated quartzite. Field characteristics of the schist appear grey-green in fresh outcrop and red purple
(Figure 15) when weathered. Within the schist the more micaceous bands are deformed around the

competent quartzite bands. The micaceous flakes measure up to 3mm in diameter.
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Woldai (Observation point WP066 looking down).

The Palaecoproterozoic schists outcrop in the south of the study area beneath the KAB, where cross

cutting quartz veins contain tourmaline.

3.3. The Palaeoproterozoic Buganda Toro Supergroup

The Buganda Toro Supergroup unconformably overlies the BC in the Kiboga area and comprises (from
oldest to youngest), the Victoria (ortho) quartzite, the Nile shale formation and the Bujangali basalt
formation. These units trend WINW-ESE and have been isoclinally folded where main antiformal fold axis
plunges steeply to the ESE. These units can be recognized on Landsat TM colour composites by their
linear appearance since these units correspond to alternating linear valleys and topographic ridges. The
Victoria (ortho) quartzite, Bujangali basalt and Kitumbi metasandstone formations tend to form elevated
ridges, with sparse drainage whereas the Nile shale formation occurs in areas of lower elevation. The
Victoria (ortho) quartzite is characteristically lighter in tone, and higher in elevation, forming narrow linear
ridges. The Nile shale is the least competent of the Buganda Toro Supergroup and tends to pinch out
along strike as a result of the intense folding. It is recognized by its dark tone, smooth texture, its position
areas of lower elevation and its contact with both the Bujangali basalt above the Victoria ortho quartzite
below in the hinge of a syncline. The Bujangali basalt occupies the hinge of the major anticline, forming a
competent unit, easily recognizable in Landsat 457 and the analytical signal of the aeromagnetic data.
Within this unit, the analytical signal of the TMI reveals WNW-ESE trending nonmagnetic material,
possibly indicating hydrothermal alteration along thrusts.

The tight isoclinal folding is accompanied by thrust faults trending subparallel to the main fold axes and
extensional faults oriented perpendicular to the fold belt (Figure 16) A major thrust separates the
isoclinally folded units of the Victoria ortho quartzite, the Nile shale formation and the Bujangali basalt
formation from the unit to the south comprising shale, siltstone, chert and ironstone, of possible
Archaean age. This unit is competent and forms elevated areas with sparse drainage and was recognized by

bedding/foliation traces in Landsat false colour composite 457.
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This fold and thrust belt is thought to be the first deformational event in the area (D1) coincident with the

Ubendian Orogeny.
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Figure 16: Geological cross section (A-A’) through the Buganda Toro Supergroup in the Kiboga area (See Appendix 1).

West of the Mubende granite, the Buganda Toro Supergroup, identified from historical 150k geological
map and supported by field evidence, has been divided into subunits based on the differences in
geochemical signature from the gamma-ray spectrometric data and texture from the radar imagery. In this
region the Buganda Toro has a predominantly NE-SW orientation and is separated from the Archaean
basement gneisses by sharp NE trending SE dipping thrusts identified as linear zones of demagnetisation
on the TMI, AS and TDR imagery. NE trending fold axes have been truncated by NE trending sinistral
shear zones. The shear zones were recognised on the basis of their anastomosing geometry on the TDR.
In this area the NE trending fold and thrust belt indicates a possible second deformation event (D2) and a

change from a compressional to transpressional tectonic regime.

In the west of the study area the Buganda Toro Supergroup is cut by the western rift of the EARS and is
commonly known as the Ruwenzori Mountains, thought to represent an uplifted horst (Bawuer, 2010).

3.4. The Mesoproterozoic Karagwe Ankolean Belt

The KAB has been subdivided into an Eastern domain (ED) and a western Domain (WD) (Tack, ¢t al.,
1994). The ED domain unconformably overlies the Tanzanian Craton in the SE of the study area, where
as the WD unconformably overlies the Palacoproterozoic Buganda Toro Supergroup and forms the
northern limits Kibaran belt.

The ED of the KAB comprises a metasedimentary sequence reflecting a quiet deltaic-marine environment
consisting of dark laminated carbonaceous shale (east of Mbarara town) and pelitic sedimentary rocks
intercalated with quartzites, sandstone and siltstones. Localised tuffaceous bands interbedded with the fine
grained sediments mapped in the hinge of the NE trending syncline, south-cast of Mbarara, suggesting it
forms part of the Lower Group of the KAB (Pok/, 1994). Regional metamorphism in the sediments is very

low grade and syn sedimentary structures are cleatly visible as shown in (Figure 17).
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Figure 17: Cross bedding in pink quartzite unit. Photograph courtesy of Dr T. Woldai (Observation point WP082
looking NW).
The folded sequence of fine grained sediments is identified from the Landsat TM band 5 by the
characteristic parallel drainage patterns (Figure 18). Quartzites within this sequence are useful marker beds,
identified by texturally smooth ridges and lighter tone from the Landsat TM B5 and PC1.

Figure 18: Photograph illustrating the parallel drainage pattern characteristic of the fine grained sediments (Phyllite
and pelite) of the KAB (Observation point WP021 looking NW).

Folding in the ED has been attributed to the Lomamian Orogeny (1000 Ma) characterized by NE-SW
compression. However fold axes in the ED domain trend NE and verge slightly to the SE (onto the
Tanzanian craton). Previous authors have described this as cross folds (Aamyu, et al., 2011), however early
granitic intrusives which are evident in the TDR and AS as round competent bodies are believed to

predate the main compressional event and cause strain partitioning.
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The WD is differentiated from the ED by its higher metamorphic grade commonly greenschist-

amphibolite facies (Figure 19). The metasediments of the western domain reflect a similar depositional

environment to the ED, comprising fine grained argillitic sediments and intercalated quartzite.

WP040 S g Y : z ~ =
Looking E 2 e
| Amphibolite schist

Figure 19: Amphibolite schist indicative the high metamorphic grade in the WD of the KAB. Kinematic indicators
reveal dextral reverse movement. (Observation point WP 040, looking east).

The underlying basement rocks composed of schists and gneisses are recognised in the ternary gamma-ray
spectrometric data (RGB: K ¢Th eU) as cyan — magenta corresponding to high ¢Th and eU (gneiss) and
high K and ¢Th in the schists. This was differentiated from the younger intrusions in the sedimentary
sequences which bear a bright white colour reflecting high concentrations of all ternary elements.

Several S-type granites have intruded the metasedimentary sequence and are easily identified on the ternary
gamma-ray spectrometric images in possessing a bright light colour. The TDR highlights several round
intrusions which are overlain by swamps and hence not easily visible in the gamma-ray spectrometric data.
Field observations reveal that these S-type granites are composed of biotite, muscovite, quartz, K-feldspar
and plagioclase and posses a weak-moderate foliation at the contacts (Figure 20). The intrusions appear to
have exploited the hinges of the major folds in the metasediments.
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Figure 20: Photograph of weakly sheared Ntungamo granite containing porphyritic potassium feldspar (Kfs) aligned
parallel to the shear direction. (Observation point WP041, looking east).

Mafic intrusions comprising hornblende and biotite crosscut the KAB sediments as well as the underlying
basement rocks and are undeformed and often associated with contact metamorphic aureoles, indicating
intrusion to be relatively late in the evolution of the KAB. These are differentiated from the amphibolite

schist based on their sharp contacts.

NE-SW compression created the Karagwe Ankolean fold belt (Lomamian Orogeny , 1 Ga) in the south of
the study area. South-west verging folds mapped in the WD of the KAB (Figure 21 and Figure 22)

indicate the dominant force came from the NE.
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Figure 21: Geological cross section (B-B’) through the western domain (WD) of the KAB (see Appendix 1).
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Figure 22: Photograph illustrating the SW directed thrusting in the western domain of the KAB, courtesy of Dr T.
Woldai. (Observation point WP078 looking NW).

In the Buhweju area fluvial conglomerates with well rounded quartzitic pebbles (Figure 23) are mapped
locally ovetlying the schistose basement rocks. The conglomerate, reddish quartzite and fine grained pelitic
sediments are folded in an open syncline (Figure 24), which according to Poh/ (1994) forms part of the
Upper Group. The basal conglomerate forms elevated topography and coincides with high potassium

concentrations from the ternary image.
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Figure 24: Geological cross section (C-C’) through the Buhweju area of the KAB (see Appendix 1).

3.5. The Neoproterozoic sediments

The Neoproterozoic-aged formations within the study area include, Bunyoro, Bukoban and Mityana Series
The Bunyoro series appears as an oval-shaped area in the north-west of the study area and comprises a
sequence of shale and tillite. Although this area was not visited, Caben (1982) reported that this unit is flat
lying and relatively undeformed. Additionally, tillite forms the lower part of the Bunyoro sequence and
contains pebbles of up to 50cm in diameter which are dominated by quartzite.

Mityana series occurs in the east of the study area and comprises flat lying undeformed sandstones and
conglomerates. The Singo series unconformably overlies the units of the Buganda Toro Supergroup and
forms slightly warped plateau dipping gently towards the centre of the study area. This unit consists of
conglomerates and sandstones and can easily be detected from the stereo anaglyph image on the basis of

its flat geometry, eclevated topography and sparse drainage and confirmed during field work. The
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sandstone forms the basal unit and conglomerates occupy the upper unit. It is unclear whether it is a

separate formation or whether it forms part of the Singo series.

3.6. Cretaceous
Several carbonatites recognized in the NE of the study area have characteristically high ¢Th and low K
and was recognized on the basis of its radioelement concentrations, rounded shape and enhanced

elevation.

3.7. The Pleistocene - Recent

Alluvial sediment occupies the river valleys and is composed of unconsolidated alluvial sediments
interpreted from Landsat TM imagery. The western branch of the East African Rift System identified
using the SRTM DEM and confirmed during field work. Figure 25 below shows unconsolidated rift

SRecent conglonith ‘
4 255

conglomerates.

.
.

S il
S

s

Figure 25: Photograph illustrating the unconsolidated rift conglomerates and sediments (Observation point WP046
looking NW).

3.8. Structure

The structural framework was built up from field data and the cross cutting relationships seen in the hill-
shaded SRTM DEM, PC1 of the Landsat TM data and various derivatives of the magnetic data including
the TDR, VD and AS. The structures have been classified according to type, age and sense of movement
in an attempt to place the study area in the context of regional deformation. Figure 26 below summarises
the main deformation event using rose diagrams created from field data (bedding, foliation and fold axes).
The interpreted structures, extracted by tectono-stratigraphic domain, display a similar clockwise rotation
of the principal compressive stress field as shown in Figure 27.

The oldest structures, D1, comprise north verging folds and south-east dipping thrusts in the Buganda
Toro Supergroup, suggesting north directed thrusting across an S-shaped basement. The D1 event
corresponds to NS compression of the Ubendian Orogeny (2100-1860 Ma) outlined by Caben (1982)
(Figure 26 and Figure 27). Post peak deformation and related subsidence coincides with the intrusion of
the Mubende granite at 1848 £ 6 Ma (Mdnttiri, 20117) and the deposition of the Singo series at maximum
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sedimentation age of < 1970 Ma (Mdnttari, 2011). NE trending thrusts and fold axes (‘D2 structures’,
Appendix 1) west of the Mubende granite are considered to be part of the same D1 event in the and
difference in the orientation is due to the S-shaped ramp-flat basement. In the west of the study area the
trend of the structures in the Buganda Toro belt adopts a more ENE orientation coinciding with the
Ruwenzori Mountains. The change in orientation is marked by a major NW trending fault believed to be
part of the Lomamian Orogeny. The D1 and D2 structures cross cut the basement complex and the
Buganda Toro Supergroup but not the Karagwe Ankolean Supergroup.

Later sinistral reactivation of the D1 and D2 structures occurred during the Lomamian Orogeny at 1000
Ma, (De Waele, et al., 2008) where NE-SW compression ( Figure 27) created the Karagwe Ankolean fold
belt in the south of the study area. South-west verging folds mapped in the WD of the KAB (Figure 21)
indicate the dominant force came from the NE, whereas in the ED, early granitic intrusives appear to
predate the main compressional event and cause strain partitioning. Fold axes in the ED thus trend NE
trending and verge to the SE. Within the KAB the two domains (ED and WD) have therefore evolved
differently.

Oblique collision between east and west Gondwana during the Pan African event (650 Ma) resulted in the
dextral reactivation of the EW trending D1 structures (reactivated D1 = RD1 see Appendix 1) and
formation of NS sinistral shear zones.
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Figure 26: Rose diagrams created from field structural measurements illustrating the major deformation events from
oldest (Left) to youngest (Right). (BED = bedding, FOL = foliation, FOLD AXES = fold axes). The foliation mean
resultant vector (arrow) rotates anticlockwise indicating that the principal stress field rotates clockwise with time. BC =
undifferentiated basement complex, BT = Buganda Toro Supergroup, KA = Karagwe Ankolean Belt, Western Domain
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The youngest structures (D5) are related to the Western Rift (Figure 28), and are dominated by NE and

NS trending brittle normal faults accompanied by NW and EW transfer faults. These faults cross cut all
carlier faults and lithologies.
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Figure 27: Directional analysis of interpreted structures by tectono stratigraphic domain. BC = undifferentiated
basement complex, BT = Buganda Toro Supergroup, KAB WD=Karagwe Ankolean Belt (Western Domain)
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Figure 28: Directional analysis of structures which post-date the main orogenies (D5) related to the western branch of
the East African Rift.
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4. PROSPECTIVITY MODELLING

In this chapter the reader is referred to the conceptual model described in Chapter 2 and summarised in
Figure 5. The lithological interpretation (Appendix 1) was converted into a solid geology map, removing

the alluvium that was not attributed to major lakes.

The following sections describe the extraction of proxies derived from mappable criteria, reflecting the
critical processes for orogenic gold formation as outlined in Figure 5. Sections describing the tectono-
stratigraphic domains (4.1), mantle indicators (4.2), gold occurrences (4.3) reflect the ‘source of gold’ as a
critical process. The ‘active pathway’ is reflected in the sections about structures (4.4), terrane contacts
(4.5) and hydrothermal alteration (4.6) and finally the ‘physical throttle’ is explained by the sections about
geological complexity (4.7) and rheological contrasts (4.8).

41. Tectono-stratigraphic domains (Source of Gold)

Our global understanding of the spatial and temporal distribution of world class orogenic gold deposits in
the last 15 years has greatly benefitted from the advances in geochronology and global palaco-
reconstructions. Goldfarb ¢t al. (2007) have recognised that orogenic gold is linked to thermal events
associated with crustal growth and less affected by the immediate lithology, for example the gold occurs in
the greenstone belts of the Yilgarn Craton, Western Australia and/or within the clastic metasedimentary
belts of the Birimian in West Africa. Figure 1 demonstrates the inherent temporal link between crustal

growth and global orogenic gold production.

Taking these advances in research into account and using recent geochronological data from the ongoing
mapping project conducted by GTK and referenced in Mdnttiri (2011) the geological interpretation was
broken down into separate tectono-stratigraphic domains as summarised in Table 3 and the weighting is

illustrated in Figure 29.
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Table 3: Summary of the weights assigned to the tectono-stratigraphic domains

Age (approx in

Domain Unit Ga) Weight | Comment
Low weighting due to less favourable lithology
Basement | undifferentiated ~95 (.e. not greenstones ot clgstlc s;dlments).
complex eisses (T equ0, 1973) 1 Gneisses represent granulite facies
g ’ metamorphism which is unfavourable for
orogenic gold mineralisation.
2iip |, | kv due e and ol
Toro sedimentary (Caben, 1982) &Y > represent proces
favourable to orogenic gold mineralisation).
Recently dated by GTK, however the unit is
. 2.1-1.8
Singo Sandstone L 6 undeformed and does not appear to have been
(Manttari, 2011) . . ) S
involved in deformation hence lower weighting.
Mobilised | granites and 13 Cortrect age range however granites post date
. . . o 5 peak deformation and are less favourable to
intrusives | quartz vein dykes (Mdnttérs, 2011) . . o
orogenic gold mineralisation.
1410 Underlain by Tanzanian Craton where the
KAB ED metasedimentary (Tack, et al,, 2010) 3 chances ,Of gold remobilisation are limited (less
prospective).
Underlain by Palacoproterozoic Buganda Toro
KAB WD metasedimentary 1.4-1.0 - with a good chance of gold remobilisation.
+ amphibolites (Lack, et al., 2010) Matfic intrusives indicate a mantle derived fluid
source.
~900
Mobilised | granites and (Lack, et al., 2010) 3 Mostly associated with tin mineralisation and
intrusives | quartz vein dykes & (Minttiri, narrow discreet quartz veins.
2011)
Mityana sandstone and ~500 1 undeformed Neoproterozoic sediments.
conglomerate
Bunyoro Shale ~500 1 undeformed Neoproterozoic sediments.
Par}- Carbonatite ~500 0 Post dates all deformation phases and therefore
African irrelevant.
Rift recent sedlments ~0.001 0 'Post dates all deformation phases and therefore
and volcanics irrelevant.
Lakes Alluvium 0 0 Post dates all deformation phases and therefore

irrelevant.
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Figure 29: Tectono-stratigraphic domains weighted according to age. Black stars indicate gold occurrences

4.2, Mantle indicators (Source of Gold)

Mantle-crust connectivity is considered to be a critical process in the formation of orogenic gold deposits
as it implies a source of gold. However, direct detection of mantle-tapping structures would employ the
use of magnetotelluric or seismic methods to image the crust and upper mantle and great expense and cost
in resolution. In this case translithospheric structures can only be inferred and are mapped as terrane
bounding structures. The presence of mafic rocks such as amphibolites (WD of the KAB) and the
occurrence of the Kabanga-Musongati mafic-ultramafic layered complex (marking the boundary between
the WD and ED of the KAB) strengthen this inference. Duchesne et al. (2004) believe that the Kabanga-
Musongati layered intrusion was derived from two magma types originating from the same enriched
mantle source, indicative of an old sub-continental lithospheric mantle. In addition Chapter 1.1.3.1
summarises the results of Pob/ et al. (1991), concluding that the fluid salinity (8 wt% NaCl eq.), temperature
(450°C) and pressure (2 kbars) were atypical for orogenic gold and must reflect fluid mixing with mantle

derived soutces.

All mapped amphibolites were extracted from the geological interpretation, buffered to 500m and
weighted 5 as an indicator of mantle metasomatism. The boundary separating the ED and the WD (Tuck,
¢t al., 1994) was buffered according to the minimum width of the Kabanga-Musongatic mafic- ultramafic
layered complex in Burundi (7-24 km) and weighted 6 as a translithospheric structure. The margin of the
Tanzania Craton is inferred based on the existence of several +95 km long discontinuities. This was
extracted as a mantle tapping structure and weighted 7. The terrane boundary separating the northern

gneiss complex from the volcano-sedimentary Buganda Toro belt was extracted and buffered to 5 km and
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weighted 8. Figure 30 illustrates the spatial distribution of the amphibolite intrusions and the major terrane

boundaries.
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Figure 30: Major terrane boundaries as indicators of mantle tapping structures. Black stars indicate gold occurtences

4.3. Gold occurrences (Source of Gold)

The distributions and genesis of the gold occurrences within the study area is at best poorly understood,
with the majority being alluvial gold extracted by artisanal miners. All of the gold occurrences were
extracted from the database, buffered to 1.5 km and weighted according to the criteria summarised in

Table 4 and illustrated in Figure 32.

Of the 27 gold occurrences, 18 are alluvial with scarce reliable information on the source of gold or
production statistics. Although not 7 situ, gold recovered from these workings is typically coarse and

angular (Figure 31) indicating a proximal source and are weighted 5.
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Anderson’s Reef, Buckley’s reef and Mashonga all classified as alluvial, were weighted slightly higher
(weight=0) as previous authors (Bares, 1961) have noted that the alluvial gold is probably derived from
quartz veins hosted within the Palacoproterozoic schists. Mashonga is located at a thrusted contact
between the Palacoproterozoic schists and the basal conglomerate of the Buhweju Group. This additional
structural control weights Mashonga higher (weight =7) than Anderson’s or Buckley’s Reefs’.

Gold, tin, tungsten and bismuth mineral association spatially related to granitic intrusions are found at
Kamalenge, Muramba, Rwanzu and Kitahulira and weighted 6. Typically gold of this type occurs in

narrow discreet veins lacking large hydrothermal systems.

Gold occurrences associated with iron, molybdenum and tungsten (Kyerima-Mugoyi and Kyasampawo)
occur in the WD of the KAB (south-west of the study area) and are spatially associated with granites, but
possibly indicated an iron oxide copper gold IOCG) system. Worldwide, most of the IOCG deposits are
within the 1.6-0.85 Ga range (Williams, 2005), related to a major regional thermal event (Williams, 2005)
and associated with mafic intrusions under low-medium grade metamorphism. The KAB (1.4-0.9 Ga) has
been subjected to the 1375 Ma Kibaran tectonomagmatic event (Tack, et al, 2070) and is host to numerous
amphibolite dykes suggesting amphibolite facies metamorphism. This geological knowledge provides good
evidence for the probability of finding IOCG deposits in the south-west of the study area. Hence gold

occurrences of this type are weighted 7.
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At Kitaka, alluvial gold associated with a predominantly lead-zinc deposit, is believed to have originated
from sheared diorite intrusions hosted within the Igara schists (Barnes, 1967). The gold mineralisation is
associated with scheelite (sch), chalcopyrite (cpy), pyrrhotite (po), pyrite (py), galena (gal) and sphalerite
(sphal). Coarse crystalline gold occurs within the quartz vein vugs. The presence of structure (shearing)
alteration (silica) and mineralisation (cpy, py, po, sphal, gal, sch) and rheologically contrasting lithologies
weights Kitaka as 8.

Current mining operations at Kisita Gold Mine have excavated two 10 m x 2 m wide trenches across a NS
trending quartz vein hosted at the contact between NE trending sandstone and shale. The quartz vein is
associated with gold nuggets and disseminated magnetite, reporting average gold values of 10 g/t gold.

The presence of favourable lithological contacts, intersecting structures and magnetite alteration weight

this gold occurrence as 8.

Table 4: Summary and weighting of the gold occurrences in the study area

Type Names Comment Weight
Kashenyi, Kanungu, Nyamwegabira, Kitagata,
Allavial Rwengwe, Bisisa, Katenga R, Katonga R, Bisya, Unknown source of gold. 5
uv Muti R, Chonyo R, Kyangwahanda R, No production records.
Nyamunyobwa R, Kitomi R, Butiti, Kampono

Alluvial &

quartz vein | Buckley's Reef, Anderson's Reef Quartz veins stockwork in schist. 6

stockwork

Alluvial & Quartz veins stockwork in schist, adjacent

quartz vein | Mashonga to granitic intrusion. Proximal to thrusted 7

stockwork contact of Mesoproterozoic conglomerate.

Granite Gold, tin, tungsten and bismuth mineral

related Kamalenge, Muramba, Rwanzu and Kitahulira association in narrow discreet veins lacking 6
large hydrothermal systems.
Mesoproterozoic host, affected by

IOGC Kyerima-Mugoyi and Kyasampawo tectonomagmatic event (Kibaran) associated 7
with amphibolite dykes.

Intrusive Sheared diorite contacts, silica alteration,

control Kitaka sulphide mineralisation (cpy, py, po, sphal, 8
gal, sch).

Structure Intersecting NS and NE structure,

control Kisita sandstone-shale contact magnetite-silica 8
alteration.
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Figure 32: Weighting of the gold occurrences in the study area

44, Structures (Active Pathway)

The single most dominant control on orogenic gold mineralisation is extensively believed to be structure.
Given the late kinematic timing of mineralisation, deposits occur in dilational jogs, at inflections along
strike or down-dip and along linking faults between first order structures. In addition gold deposits occur
in reactivated fold hinges and thrust ramps and failure occurs when the fluid pressure exceeds the
minimum principal stress (63) (Szbson, 1988).

Thrusts, shears, fold axes and non-differentiated faults believed to be active during the mineralisation
events of the Ubendian Orogeny (D1 and D2) and the Lomamian Orogeny (D3) and Pan African
Orogeny (D4) were extracted and buffered at distances of 1 km, 3 km and 5.0 km. The distances to these
structures were then weighted according to the following criteria, summarised in Table 5 and displayed in

Figure 33.

e Deposits are normally sited in second or higher order structures adjacent to large scale crustal
scale structures (major faults).

e Gold occurrences tend to occur on or close to major structures where larger deposits are typically
found proximal to the fault where fluid accumulation is greatest.

e 3 out of 5 i sitn gold occurrences in the south-west of the study area; occur within 3-5 km of a
fold axis.
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Table 5: Summary of fault proximity and weights

Weighting (out of 10)

Structure Type Buffer distance (km) 1 3 5 >5
km km km km
THRUST 1 3 5 8 6 5 1
SHEAR 1 3 5 8 7 6 1
MAJOR FAULTS 1 3 5 6 8 7 1
FAULTS 1 3 5 8 7 5 1
FOLD AXES 1 3 5 4 6 8 1

30E

310 E

Structures

Figure 33: Structures involved in Ubendian, Lomamian and Pan African orogenies. Weighted according to the size and

type of structure. Black stars indicate gold occurtences

4.5, Terrane contacts (Active Pathway)

Pekkala et al. (1994) stated that the gold at Mashonga (South of Buhweju) and Kitaka was derived from
small quartz vein stringers associated with pyrite within the Palacoproterozoic schists and gneisses, that
gold was also contained within the basal conglomerate unit of the Karagwe Ankolean sediments at
Buhweju, and that the Buhweju sediments are not considered an important source of gold. The basal
conglomerate unit is considered to be an important host of remobilised gold during the Lomamian

Orogeny.
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Taking this field evidence into account the Palacoproterozoic schists and Archaean gneiss units were
extracted from the lithological interpretation and buffered to 1 km. Similarly the Mesoproterozoic KAB
metasediments were also buffered to 1 km. The contacts were then extracted and weighted as shown in
Figure 34. Palacoproterozoic - Mesoproterozoic contact = 7, Archaean — Mesoproterozoic contact = 0,
Archaean-Palaeoproterozoic-Mesoproterozoic = 8

307 E 31T E 320 E

Terrane contacts A

Kilometers

19N

Ranking

4 I 6 5C and MESO
P [ 78T and MESO

kﬁ B s 5C 57 and MESO

3 E 32'E

17s

Figure 34: Extraction of terrane contacts as a predictor layer. Weighted according to field evidence (Palaeoproterozoic
units are the source of gold which gets remobilised into the Mesoproterozoic sediments during the Lomamian
Orogeny). Black stars indicate gold occutrences

4.6. Hydrothermal alteration extraction (Active Pathway)

Regions of enriched potassium (K), extracted from the gamma-ray spectrometric data are used to identify
areas of ‘hydrothermal alteration’, specifically sericitisation. However the difficultly which arises is in
separating elevated K values related to hydrothermal alteration from that of lithology and weathering.
Three methods have been applied to try and alleviate this problem.

The first method originally proposed by Saunders et al. (1987) is based on the fact that thorium is less
geochemically mobile than K and eU and was thus used as a lithological control to define ideal eU and K
values. Normalisation of the data to thorium would therefore suppress the effects of the environment and
lithology on the K and eU concentrations.

Extraction of the ideal K value (Ki) in relation to the thorium concentration is defined by:

Equation 1 Ki = (K average/Th average)/Th map (de Quadyos et al., 2003)
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Deviation from the ideal K values (IKKd) are considered to be K anomalies obtained by the following
equation.

Equation 2  Kd= (K-Ki)/Ki (de Quadros, et al., 2003)
The resultant value (Kd) represents K values due to hydrothermal processes.

The second method is a well known ratio using €Th/K which was analysed simultaneously with the Kd
values. According to Shives et al. (1997), low ¢Th/K ratios are good indicators for hydrothermally altered

areas.

The third method uses the I parameter proposed by Gugjek et al. (1985) The F-parameter comprises two
important relationships, the potassium abundance to the eTh/eU ratio and the uranium abundance to the
eTh/K ratio and is expressed in the following equation:

Equation 3 F = (K*eU)/eTh = K/(eTh/eU) = eU/(eTh/K) (de Quadyos, et al.,
2003)
Integration of the three methods highlights anomalous hydrothermal areas related to sericitisation. This
was achieved by visualisation in a ternary RGB map (Figure 35), where the anomalies related to the low
¢Th/K values were inverted and represented as high IK{/eTh for better correlation with the high Kd values
and high F parameter.

305E

Potassic Alteration
R=Kd, G= F parameter, B= K/eTh

Figure 35: Ternary Image of Kd in red, eU/ (eTh/K) in green an K/eTh in blue. White areas indicate where all three
are present and therefore represent hydrothermal alteration (sericitisation). Yellow stars indicate known gold
occutrrences.
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The three maps were then combined in a principal component analysis, where the largest variation is
recorded in the first PC image (PC1) as shown in Table 6.

Table 6: Eigenvector loadings of principal components for Kd, F parameter and K/eTh and their variances

Axis Kd F K/eTh Yo Cumulative %
PC1 0.9925 0.1164 | 0.0379 99.9073 99.90
PC2 -0.1163 0.9932 | -0.0044 0.0927 100.00
PC3 -0.0382 -0.000 | 0.9993 0.0000 100.00

The first principal component score was then reclassified as weights for the prospectivity model and areas
of alluvium mapped during phase 1 were then used to mask out accumulations K-alteration in the rivers.
Figure 36 shows the results of the K-enrichment prediction layer.

300 E

Potassic Alteration
PC1 from Kd, F parameter & K/eTh

Legend
* Gold

PC 1 reclassified

I

K

K

s

198

32'E

Figure 36: Hydrothermal alteration (K enrichment) extracted from gamma-ray spectrometric data, representing an
indicator for the ‘active pathway'. Black stars indicate gold occurrences

47. Geological complexity (Physical Throttle)

Fluid connectivity and hence deformation induced permeability can be understood in terms of geological
complexity. Geological complexity is used to measure the abundance relationship between geological
structures, lithological boundaries and gold mineralisation. This is a computer based technique quantified
by fractal dimension analyses obtained by box-counting. This method minimises the human-bias often

introduced in geological interpretations.
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Since the gold occurrences in the study are not confined to one lithological unit, but appear to be
structurally controlled, all structures involved in the orogenies (D1-D3) were extracted from the geological
interpretation (Appendix 1) and analysed using shifting box-counting algorithm (Ford et al., 2008). In this
method a square box of length (r) is superimposed on a map and the number of boxes containing lines
(structures) is represented as Nr. The size of the box is then halved and the process is repeated. Nr is the
total number of boxes that contains lines for a given box size. A subset of the dataset and its methodology

is shown in Figure 37.

1.2
Level |BoxSize (m) | Total boxes | Box count
1 5000 4 1 1 4
> 2500 2 2 > = -1.08x+4.04
I 1250 16 4 T 038 | y=-1.08x+4.
4 625 64 11 E
g 06 -
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Ei; NO 0 +

.Y | 2 2 3 35 4
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Figure 37: Calculation of the fractal dimension on the mineralised structure network

In order to assign an appropriate box size, the local scale fault control of mineralisation was assessed in a
fractal analysis on the lode-gold deposits which occur to the south of the study area (Msechu, 2017). The
inflection point in the plot logNr vs. logr (Figure 38) reveals an appropriate box size of 5 km (where logr
=0.7).
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Figure 38: Estimation of a suitable box size for the calculation of the fractal dimension in the study area, where r is the
box size and Nr is the number of boxes containing gold deposits

The structures were then divided into cells of measuring 5 km by 5 km and the fractal dimension was
calculated, as the slope of the graph in a logr vs. log Nr plot, for every location in the study area using
spatial resolutions of 5000, 2500, 1250, 650 m. The value of D was attributed to the centre of the 25 km?
cell and interpolated using ordinary kriging spherical model and a search size of 7500 m. Figure 39 below

shows the results of the fractal dimension calculation. The fractal dimension map was then reclassified

(Figure 40) between 0-10 so as to be comparable to the other predictor layers.
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Figure 39: Interpolation of the fractal dimension values by ordinary kriging. Search radius = 7500m.
Black lines = geological structures used in the fractal dimension calculation. Black stars indicate gold occurrences.
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Figure 40: Geological complexity layer to map the physical throttle as a critical process. Black stars indicate gold
occurrences

4.8. Rheological contrasts (Physical Throttle)

Although a unique lithology does not appear to exert much control on the location and distribution of
gold occurrences in the study area, Groves et al. (2000) have demonstrated, using the Kalgoorie terrane as an
example that lithological contacts which separate rocks of strongly contrasting rheologies are important.
Numerical modelling of rock deformation is not an exact science due to the inability to simulate
deformation with time, however relative differences in their interpreted geomechanical properties enables
the rock types of the study area to be grouped according to relative competency as summarised in Table 7.
Post tectonic intrusives and undeformed Neoproterozoic- Recent sediments not involved in the either of

the Orogenies excluded and hence are not included in the classification.

Table 7: Relative rock competency

VERY HIGH (VH) HIGH (H) MEDIUM (M) LOW (L)
undifferentiated gneiss basalt sandstone mudstone
pre, syntectonic granite quartzite calc-silicate pelite
g Pegmatites conglomerate phyllite
_% quartz vein ridges amphibolite shale
§ siltstone
graphitic schist
schist
siltstone
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The different rheological groups are buffered according to their relative sphere of influence as follows:
VH -1000 m, H-750 m, M-500 m L-250 m and the contacts are extracted and weighted according to the
concept that when subject to deformation, brittle fracturing will occur this increasing the rock

permeability and the focus of fluid flow summarised in Table 8 and illustrated in Figure 41

Table 8: Weighting the geological contacts according to rheological contrasts

Contact | Weighting Comment
VH-H 7 contrast across the contact is low, both units will fracture during deformation and
hence increase permeability
VH-M 8 high rheological contrast across the contact and both units will fracture during
deformation increasing permeability
VH-L 3 VH unit will act as a competent buttress and the L unit will behave in a plastic manner,
thus decreasing permeability
H-M 6 Low rheological contrast across the contacts is unlikely to be able to focus fluids
efficiently.
H-L. 4 H unit will act as a competent buttress and the L unit will behave in a plastic manner,
thus decreasing permeability
M-L 5 low rheological contrast across the contacts is unlikely to focus fluids

30 E

°s

Rheological contrasts

Figure 41: Rheological contrasts. Black stars indicate gold occurrences.
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4.9. Integration of predictor maps

Knowledge-driven multi-class index overlay method is used to model the prospectivity. Each class of
evidence (j) in a predictor map (i) is given a score Sj (0-10) depending on its importance in mineral
prospectivity and each predictor map is assigned a numerical weight (W) based on ‘expert’ judgement of
its role in the critical processes of orogenic gold according to the following criteria, summarised in Table

9.

i.  The relative importance of the critical process (i.e. source of gold) mapped by the proxies to
mineralisation.
. The representativeness of a proxy (i.e. how well the mappable mineral proxy represents the
process).
ili.  The accuracy/extent of mapping the proxy.

Finally each of the predictor maps will be combined according to the equation from Carranza (2009) and
displayed in Figure 42

i
>S,;
S— i
i
oI,
i

Where the output S for each location is the sum of the products of Sj and Wiin each evidential map
divided by Wi for each evidential map.
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Figure 42: Final prospectivity map for orogenic gold in south-west Uganda
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5. DISCUSSION

5.1. Geological Interpretation

The geological interpretation (Appendix 1) is the first to be produced covering the entire study area at
1:100 000 scale. Other published maps, involve subsets of the study area and the only other known
publication is the country scale geological map produced at 1: 2 000 000. The main objective of phase 1 of
the study is to produce a solid geological map of uniform geological detail from which to carry out a
prospectivity analysis. This implies that any one area or polygon cannot have more than one geological

attribute.

Recently (December, 2011) GTK have provided a non-finalised surface geological interpretation covering
two separate areas (parts of the Kiboga area and from Buhweju to the south). These interpretations were
created at 1:50 000 scale and although they do not cover the entire study area, are used to compare and

contrast the results of the new geological interpretation (Appendix 1).

Differences between the geological interpretations, due to the differing mapping scale (1:100 000 vs, 1:50
0000) and the different objectives, (the GTK interpretation combined rocks of differing rheological
properties into one unit) of the two studies as outlined below:

The GTK interpretations have differentiated between ten different types of gneisses: ‘Kampala granitoids,
orthogneiss’, ‘Hornblende gneiss’, ‘Mica gneiss’, ‘Kalangala granite, orthogneiss’, ‘Granitoid gneiss’,
‘(Cordierite, sillimanite)-muscovite-biotite gneiss and schist’, ‘Muscovite beating granite gneiss, porphyritic
in part’, ‘Biotite bearing porphyritic granite gneiss’, “Variable granitic gneiss’ and ‘Quartzo-feldspathic
gneiss. This differentiation, which is largely based on geochemical variation and field evidence, was not
considered necessary for the purposes of the study and hence these units have been grouped together as

undifferentiated gneisses.

The GTK interpretation also differentiated between three different classes of alluvium:
‘Alluvium, swamp, lacustrine deposits’, ‘Alluvium; sand, silt, gravel’ and ‘Papyrus swamp, flood plain mud’.
This study does not make the differentiation between different types of alluvium as it has no implications

in the context of orogenic gold prospectivity.

The GTK interpretation has identified numerous occurrences of laterite, which is a surface reflection of
prolonged chemical weathering, and in this study the underlying bedrock geology was interpreted beneath
the laterite in (Appendix 1).

The variable topography and moderate-flat lithological contacts and geological structures particularly in
the KAB (Appendix 1), reflect the surface expression however trends on the GIS map deviate from the

true strike of the geological features.

The development of the western branch of the east African rift implies that the existing geometry of the

geological terranes may not be similar to that at the time of mineralisation.
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5.1.1. The geodynamic history
The oldest deformation event (D1) evident in the Palacoproterozoic rocks is associated with S to SE
dipping thrusts where the Palacoproterozoic rocks and the Archaean gneisses were thrust northwards and

stacked as shown in Figure 43.

Fault
035/40

SCHIST

Figure 43: Photograph illustrating D1 event. Gneiss is thrust onto schist. NE trending shear post dates the thrusting
event. (Observation point WP107 looking north).

The D1 event corresponds to NS compression of the Ubendian Orogeny (2100-1860 Ma) outlined by
Caben (1982). Post peak deformation and related subsidence coincides with the intrusion of the Mubende
granite at 1848 £ 6 Ma (Manttari, 2011) and the deposition of the Singo series at maximum sedimentation
age of < 1970 Ma (GTK and Westerbof, pers. comm.). NE trending thrusts and fold axes (‘D2 structures’,
Appendix 1) west of the Mubende granite are considered to be part of the same D1 event and the
difference in the orientation is due to the S-shaped ramp-flat basement as discussed below.

The Mubende granite measures 100 km by 50 km at the surface and separates a predominantly EW
structural domain (east) from a predominantly NE oriented structural domain (west). The theory outlined
below attempts to explain the current geometry and account for the space required by the Mubende
granite. The Mubende granite intruded at 1848 £6 Ma (Manttir, 2011) during post peak deformation of
the Ubendian Orogeny as discussed in section 3.8. The Mubende granite is bounded on its eastern margin
by a NE trending sinistral shear, the western margin appears to be offset by several dextral late (D5) faults
and the current surface expression is a result of the intersection with topography. The NE oriented long
axis and the eastern bounding shear indicate a strong structural control on the intrusion of the Mubende
granite. A pull-apart basin in an extensional setting ( possibly post-peak deformation during the onset of
subsidence) coupled with roof uplift (Grocort, 2002) is suggested to account for the intrusion of the
Mubende granite as shown in Figure 44. However more detailed field work is required to validate the dip
direction on the pluton margins and the controlling structures are required to fully understand and validate

the emplacement mechanism.
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2D Schematic cross section 3D Schematic block model

a) Pluton develops as a tabular body b) Sinistral reactivation of pre-existing
replenished by vertical feeder dykes structuresin an extensional setting

Figure 44: Model of Mubende granite emplacement by roof uplift and reactivation of pre-existing structures during
extension. (Modified after Grocott, 2002).

In the west of the study area the trend of the structures in the Buganda Toro belt adopts a more ENE
orientation coinciding with the Ruwenzori Mountains. The change in orientation is marked by a major
NW trending fault believed to be part of the Lomamian Orogeny.

Later sinistral reactivation of the D1 and D2 structures occurred during the Lomamian Orogeny at 1000
Ma, (De Waele, et al., 2008) where NE-SW compression created the Karagwe Ankolean fold belt in the
south of the study area. South-west verging folds mapped in the WD of the KAB indicate the dominant
force came from the NE, whereas in the ED, early granitic intrusives appear to predate the main
compressional event and cause strain partitioning. Fold axes in the ED thus trend NE trending and verge
to the SE. Within the KAB the two domains (ED and WD) have therefore evolved differently.

Oblique collision between east and west Gondwana during the Pan African event (~650 Ma) resulted in
the dextral reactivation of the EW trending D1 structures (reactivated D1 = RD1 see Appendix 1) and

formation of NS sinistral shear zones.

5.2. Prospectivity modelling

The following sections evaluates the contribution of each of the predictor layers (Figure 5 and Chapter 4)
to the final prospectivity map and overall contribution to orogenic gold mineral systems understanding in
south-west Uganda. Since only 2 of the 27 gold occurrences (Mashonga and Kisita) in the study area can
be considered ‘orogenic’, all gold occurrences are considered, irrespective of their genesis to compare and

interpret the performance of the predictor maps in reflecting the respective critical processes.

5.2.1. Source of gold

Goldfarb, et al. (2007) have shown that certain terranes delineated by geological age, are prospective. This is
an empirical relationship and thus it can only be inferred that all terranes within a certain age range are
prospective.

In theory the mantle is more enriched in gold and thus the identification of mantle derived products
(lamprophyres, kimberlites, alkali magma series) does reflect a source of gold. Field campaigns (Tack, et al.,
2010) and (Duchesne, 2004) in neighbouring Burundi and in the area to the south of the current study have
identified a such mantle derived products in the Mesoproterozoic Karagwe Ankolean Belt.
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The prediction-rate curves (Figure 45) shows that at 30 % of the study area, 60% of the gold occurrences
are predicted by the tectono-stratigraphic domains, whereas only 29 % are predicted by the mantle
indicators at the same area. The tectono-stratigraphic domain predictor map out-performs the mantle

indicator and is therefore considered to map the critical process “Source of gold” more accurately.
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Figure 45: Prediction-rate curves representing a source of gold. a) Tectono-stratigraphic domain b) Mantle indicators

The low performance of the mantle indicators reflects the inaccuracy of the proxy, where identification of
all mantle derived products (A-type magma series, lamprophyre) is not possible at the scale and resolution
of the datasets. The extraction of proxies reflecting this process is therefore limited to amphibolites and
terrane boundaries which are only inferred to be tapping into the mantle. In addition the dataset was
insufficient for the identification of large crustal scale structures and craton boundaries. In this case,

gravity data and magnetotelluric data would be more appropriate.

Gold occurrences as an indicator for orogenic gold is often a good place to start but can often bias
exploration endeavours away from unexplored geologically interesting areas or areas with challenging
cover material simply because no work has ever been done there. Table 4 summarises the gold
occurrences into deposit classes based on the field evidence (current study) (Bares, 1961) and (Pekkala,
1994) as well as metal associations given in the mineral database. In the study area, most exploration work
has been centred around the alluvial workings in Buhweju district where stream sediment sampling
(Pekkala, 1994) and geological mapping (Babiru, 2011) have attempted to identify the source of the alluvial
gold with little success. Although the metal association and deposit types do not always reflect on orogenic
gold the mere existence of gold is used as the indicator. These alluvial gold workings are only considered

to represent placer deposits (Figure 31) of a much larger hydrothermal system.

5.2.2. Active Pathway

Given the dominant structural control on all orogenic gold deposits, structure (all major faults, faults,
shears, thrusts and fold axes old to be involved in either of the Ubendian, LLomamian or the Pan African
orogenies) hydrothermal alteration and terrane contacts are indicators of an active pathway as a critical
process. The performance of each of these predictor layers is shown in Figure 46 where structure (57%)
out-performs both the terrane contacts (26%) and the hydrothermal alteration (52%) predictor layers at
30% of the study area.
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Figure 46: Prediction-rate curves representing active pathways as a critical process. a) Structure b) Hydrothermal
Alteration c) Terrane contacts

Using gamma-ray spectrometric data to identify areas of enriched potassium provides a suitable first-pass
regional overview of the potential hydrothermal alteration extent. However since this method can only
detect 50 cm below the surface this is by no means complete. Encouragingly the methods applied in
Chapter 4.6 did not highlight the felsic intrusives or weathering products and although there is still some
‘K enrichment’ along the river courses there is also a strong correlation between the mapped thrusts and
the K enrichment, particularly at Kiboga, Mashonga and the area around Kamwenge where repeated
stratigraphy involving schist and gneisses implies a stacked geometry. At the margins of the survey area,
several strong K anomalies are thought to be related to epithermal alteration related to the adjacent rift
valley, however this could be ‘edge-effects’ at the margin on the survey area. These additional dispersion

processes are thought to falsely increase the performance of the hydrothermal alteration predictor layer.

The contact between Mesoproterozoic aged rocks and the underlying basement and Palacoproterozoic
rocks was targeted in the ‘terrane contact layer’ for the potential to host remobilised gold. The contacts
coincide with the K-enrichment derived from gamma-ray spectrometric data further supporting the model
of remobilisation and the active pathway as a critical process. The terrane contact between the Archaean
gneisses and the Palacoproterozoic belt was not extracted as there is no evidence to suggest gold
remobilisation at this contact, however this may account for the low performance of the terrane contacts

The structures used to model the active pathway process were selected based on their type and relative age
in the deformational history (only those related to orogenies), however recent rift-related structures (D5)
may have exploited pre-existing structures which were not included in the model. In addition not all of
these structures selected may be active fluid pathways and thus the co-existence of K-enrichment derived
from gamma-ray spectrometric dataset and the interpreted structures supports the active fluid pathways

process.
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5.2.3. Physical Throttle

The geological complexity is a measure of the abundance relationship of the geological structures to gold
mineralisation and thus areas of higher fractal dimensions represent zones of well connected fluid
pathways, whereas the rheological contrasts allow differential failure behaviour and allows for brecciation
in competent units and partitioning of strain (Czarnota et al., 2010). Together these proxies represent a

suitable trap to mineralisation.

Figure 47 shows that at 30 % of the study area, the geological complexity layer and the rheological
contrasts map 58% and 44% of the gold occurrences respectively. The geological complexity layer out-
performs the rheological contrast layer as a proxy for “Physical Throttle” since hydrothermal fluids are
focussed (geological complexity) into of areas higher permeability (theological contrasts).
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Figure 47: Prediction-rate curves representing physical throttle as a critical process. a) Geological complexity b)
Rheological contrasts

The relatively low performance of the rheological contrast layer compared to that of the geological
complexity is due to the fact that the lithological contacts were extracted from a surface geological map
where the trends on the map reflect the intersection with topography and thus deviate from the true strike

of the geological features.

5.2.4. Prospectivity map

The prospectivity map is evaluated as to whether the gold occurrences which are well-predicted are of
orogenic-type and those pootly-predicted are of other types using a binary map. The binary map (Figure
49) was created by thresholding the prospectivity map (Figure 42). A threshold value of 4 was chosen to
correspond to the area at which 83% of the deposits are predicted as illustrated in the prediction-rate
curve (Figure 48).
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Figure 48: Prediction-rate curve for the final prospectivity map in south-west Uganda.

The areas of high prospectivity show that both Mashonga and Kisita (orogenic gold occurrences) are well
predicted by the model. Of the 18 alluvial gold occurrences 10 are within areas of high prospectivity.
These alluvial gold occurrences are considered to be proximal to the source since gold recovered from
panning the rivers is coarse and angular (Figure 31). Of the six non-orogenic, granite-related gold
occurrences all are correctly not predicted, although two lie close to high prospectivity.
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Figure 49: Areas of high prospectivity (red) and gold occurrences
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6. CONCLUSION AND RECOMMENDATIONS

The following chapter attempts to provide plausible answers to the research questions formulated in
Chapter 1.4. Since the geodynamic history of a mineral system, governs its architecture, they will be

addressed in that order.
What is the geodynamic history of the system?

The first deformation event (D1 and D2) is characterised by north-directed thrusting marking the collision
of the Congo and Tanzania cratons at ~ 2.1Ga (Cahen, 1982). This event is responsible for the WNW-ESE
trending fold and thrust belt in the Kiboga area and oblique sinistral reverse movement along the NE
trending segments of the S-shaped Buganda Toro Belt (D2 in Appendix 1). Clockwise rotation of the
principal stress direction causes sinistral reactivation of the D1 and D2 fabric and the creation of a pull-
apart basin accommodating the intrusion of the Mubende Granite at 1848 + 6 Ma (Mdanttari, 2011).

Worldwide the geodynamics of the Mesoproterozoic era is characterised by tensional tectonics, this
coincides the intracratonic extensional setting proposed for the KAB by Tack (2070) at 1375 Ma and the
initiation of basin formation (Poh/, 1994). This was followed by the next major compressional event (D3)
at 1.0 Ga (De Waele, et al., 2008) characterised by NW trending tight upright SW verging folds and intruded
by S-type granites (G3) and the “Tin granites” (G4).

The Pan African Orogeny (D4) between 725- 500 Ma is defined by the oblique collision between east and
west Gondwana (Westerbof, pers. comm.). During this event NS shear zones are thought to be responsible for
the reactivation and remobilisation of mineralised structures from the previous orogenies. The carlier ESE
trending D1 thrusts are reactivated by dextral strike-slip movement; while the NE structures reactivated by

predominantly reverse movement in the D4 event.

The architecture of a mineral system is intrinsically linked to the geodynamic history and is concerned with
the distribution of dilation sites and the long-lived features which define high permeability regions in the
crust.

What is the architecture of the system?

The south-west region of Uganda hosts a number of district-scale features considered to be a critical
ingredient in the architectural development of a large mineral system, however many of these features are

still poorly understood.

The data indicate a complex history of crustal recycling throughout the Proterozoic and that the area is
made up of a collection of different domains. One of these major boundaries separates the Archaean
Basement rocks from the Palacoproterozoic Buganda Toro Belt. The Buganda Toro Belt possibly
delineates a long lived accretionary margin in a subduction setting marking the collision between the
Congo and Tanzania Cratons - (D1). Although no known mineralisation is associated with this boundary,
alluvial gold (Butiti) is coincident with a splay off this major terrane boundary in a compressional

imbricate fan.
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The structures west of the Mubende granites have left-stepping geometries (similar to the overall shape of
the Buganda Toro Belt indicating a sinistral transtensional tectonic environment for the given D1 - D3
stress field and later reactivated by sinistral NS Pan African (D4) shears. Although no known gold has
been found in this region, Figure 42 and Figure 49 show this region to be highly prospective.

Regional magnetic data shows that the region is traversed by a swarm of dolerite dykes ~1680 Ma
(Mdnttiri, 2011) aligned parallel to the interpreted extensional direction during deformation (D1) of the
Buganda Toro Belt and the intrusion of the Mubende Granite at ~1848 £ 6 Ma (Manttiri, 2011). Although
these dykes are younger than mineralisation they may be recording a pre-existing weakness later

reactivated as steep pathways for mineralisation at Kisita.

South-east of Kamwenge, repetition of the stratigraphy in a sinistral reverse compressional setting is
coincident with high prospectivity (Figure 42 and Figure 49) suggesting that thrust maybe active fluid
pathways and brittle fracturing associated with this event increased the permeability of the rocks.

Gold mineralisation in the Buhweju area is mostly alluvial, derived from palacoplacers (Figure 31). Cross
bedding and ripple marks, commonly observed in this area imply that they have suffered little deformation
and metamorphism, precluding these rocks from being host to mineralisation. However juxtaposition of
the older Palacoproterozoic rocks at thrusted contacts (Mashonga) indicates that gold has been

remobilised along the contact in a compressional environment.

The intra-cratonic extensional setting proposed for the evolution of the KAB by Tack ¢t al.(2070) implies
that mantle derived fluids have gained access into the crust. This is confirmed by fluid inclusion studies on
hydrothermal quartz veins (Pobl, et al., 1991). Areas of high prospectivity (Figure 49) show that these fluids
were possibly remobilised into D3 fold hinges in a transtensional setting (D3) and later reactivated by NS
sinistral shears and brittle faulting during the Pan African Orogeny (D4).

6.1. Recommendations

The mineral systems approach to district-scale targeting, has resulted in the generation of a new target
map for orogenic gold in south-west Uganda. The map (Figure 42) and the prediction-rate curves
(Chapter 5.2) summarises the critical processes of orogenic gold formation where evidence for a
favourable source of gold and an active pathway is critical to orogenic gold mineralisation. Evidence for a
favourable physical throttle, although considered important, is less critical at the district-scale. This is
largely indicative of the level of detail in the geological mapping and the resolution of the regional geo-

datasets.

In addition to the well predicted orogenic gold deposits, the map shows a number of areas, not previously
known for hosting gold deposits but with favourable geological ingredients representing new
opportunities. Of the prospective areas, eight have been selected for future exploration as summarised in
Table 10 and illustrated in Appendix 3.

One of the most significant outcomes of this research shows how a process-based understanding of the
orogenic gold mineral system derived from the consideration of the geodynamic history and architecture
of a mineral system can be developed into a targeting model at the district-scale using limited regional
data.
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The successful application of prospectivity mapping to geology-focussed exploration for orogenic gold
deposits in Uganda should result in a more cost effective line of investigation and increase the chances of
discovery. Quantification of the geological parameters and the computer-based nature of these

methodologies are ideal for the production of an integrated deposit target map.

Table 10: Targets selected for future exploration

New Targets (irnel?) Comment

e Hosted in volcano-sedimentary Buganda Toro Supergroup

e Associated with splays off the major terrane boundary separating the
Basement gneisses and the Palacoproterozoic Buganda Toro Supergroup.

MUGARAMA 700 e In contact with the Mubende granite where important rheological

contrasts occufr.

e Enriched K coincident with mapped structures indicating fluid pathways.

e Hosted in volcano-sedimentary Buganda Toro Supergroup
NYAIBANDA | 360 e  Sheared out fold hinges
NE shears (D2) reactivated by NS sinistral Pan African shears

Pre-tectonic intrusives - rheological contrasts
RUBONA 450 Hos.ted in volc?no.—sedirn.entary Buganda Toro S.up'ergr.oup .
Enriched K coincident with mapped structures indicating fluid pathways

Sheared out fold hinges

e NE trending thrusts (D2) reactivated by NS Pan African shears
e Enriched K coincident with intersecting structures indicating fluid

BIHANGA 220
pathways

e Buganda Toro sequence

e Thrust separating Mesoproterozoic and Palacoproterozoic rock

remobilisation.
MASHONGA 53 e Thrust coincident with high K enrifzhment
e Conglomerate and quartzite potential host rocks
e Artisanal gold workings in the area

e  Granite intrusive

e Host Buganda Toro Supergroup

e Remobilisation during Lomamian and Pan African Orogenies
BUGANGARI | 250 . . . .
e High K enrichment in fold hinges

e Artisanal gold workings in the area

e Told and thrust belt in Kiboga area
NAKADULA | 160 e thrusts coincident with high K enrichment
e Basalt host in Buganda Toro Supergroup

e  Splay off major terrane boundary
BUTITI 200 e Quartzite host rock
e Artisanal gold working in area

e NS-NE structural intersection
e Folded sandstone, shale and magnetite

KISITA 150
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6.2. Limitations

Although this study has addressed the geodynamic history and architecture of the district-scale orogenic
gold mineral system in Uganda, more detailed fieldwork is required to validate the significance of these
claims to target structurally controlled hydrothermal mineralisation into sites of low mean stress. In
addition much remains to be understood about the metamorphic pressure and temperature of the system.

Hydrothermal alteration in the region could only be detected by gamma-ray spectrometric data due to the
absence of regional geochemical data and the dense vegetation which inhibits the spectral determination

of rocks and mineral assemblages.

Most of the gold occurrences in the region are alluvial and extracted by artisanal miners with scarce
information on the source or the production statistics. Only two validated 7z situ gold occurrences
(Mashonga and Kisita) is insufficient to accurately validate the prospectivity map.
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