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(igneous, sedimentary, and metamorphic) that can be altered by excessive force from their 

equilibrium positions. It explains the processes under which each rock type changes over a 

period to another form. Deep under the Earth’s crust, rocks melt into magma under certain 

conditions which later cool and solidify into igneous rocks. Under temperature and pressure, 

rocks experience physical and chemical changes to form metamorphic rocks.  

Unstable rocks due to exposure to the atmosphere usually undergo weathering and erosion 

that cause the original parent rock to break up into smaller fragments. These fragmented 

materials buried in addition to sand and other foreign materials fuse to form sedimentary 

rocks through a lithification process. The driving force in the process is plate tectonics and the 

abundance of water during the rock cycle. In each rock transformation process, Au 

mineralization may take place.  

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Gabriel K. Nzulu, 2023 

 This work is licensed under the Creative Commons Attribution 4.0 International 

License. To view a copy of this license, visit https://creativecommons.org/by/4.0/.  

 

Printed in Sweden by LiU-Tryck, Linköping, 2023 

 

ISBN 978-91-8075-045-5 (Print) 

ISBN 978-91-8075-046-2 (PDF) 

https://doi.org/10.3384/9789180750462 

ISSN 0345-7524 

 

Cover image: Geological rock cycle of transitions of the three main rock types igneous, 
sedimentary, and metamorphic.



 

 

Abstract 
 

Research on natural minerals and their chemical bonding to economically critical raw 

materials is a viable industrially relevant research area due to its increasing demand. Meeting 

demands requires fast, robust, and efficient techniques to explore new ore deposits and 

continuous operation of active mines as well as recycling. One of the most critical metals is 

gold which occurs in three main types of ore deposits: i) hydrothermal quartz veins and 

related deposits in metamorphic and igneous rocks; ii) volcanic-exhalative sulfide deposits, 

and iii) consolidated to unconsolidated placer deposits. Gold is commonly found as 

disseminated grains in quartz veins in pyrite and other sulfides or as rounded grains, flakes or 

nuggets in deposits in riverbanks, in contact with metamorphic or hypothermal deposits (e.g., 

skarns) or epithermal deposits such as volcanic fumaroles. Pathfinder elements and indicator 

minerals provide means to explore large areas for their potential mineral commodities such as 

gold, diamond, base metals, platinum group of elements, and rare earth elements by 

narrowing the search area to reduce exploration costs. The recent technological advancement 

in obtaining rapid geochemical results using field portable analytical devices as alternatives to 

the old approach where collected field samples are carried to the laboratory calls for further 

investigation to explore other techniques in mineral and metal exploration.  
 

In this Thesis, I investigate the properties of artisanal small-scale gold mining concentrate, 

outcrop, bulk Au, and drill hole samples from the Kubi Gold Project of the Asante Gold 

Corporation near Dunkwa-on-Offin in the Central Region of Ghana with a materials science 

perspective. X-ray diffraction (XRD) is used to identify SiO2 (quartz), Fe3O4 (magnetite), 

garnet, pyrite (FeS2), periclase (MgO), arsenopyrites, pyrrhotite, biotite, titanium oxide, and 

Fe2O3 (hematite) as the main indicator minerals in the mining site with less significant 

contributions from chalcopyrite, iridosmine, scheelite, tetradymite, gypsum, and a few other 

sulfates. X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy 

(EDX) indicate that Fe, Ag, Al, N, O, Si, Hg, C, Ba, P, Ca, Mg, Na, Mn, Cl, S, K, and Ti are 

important host elements that form alloys with Au or are inherent in the sediment at the 

concession site. The results also indicate that Si and Ag are in strong co-occurrence with Au 

due to their eutectic qualities, while N, C, and O occur due to their attraction to Si. Also, the 

XPS results indicate that the relationship between Au and pathfinder elements or indicator 

minerals depends on the d-orbital of Au and other elements that possess octahedral or 

tetrahedral geometry to split into two states, eg and t2g that can acquire either higher or lower 
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energy depending on the geometry and are responsible for the covalent, metallic, and ionic 

states of Au with other ligands. From the air anneal furnace (AAF) and differential scanning 

calorimetry (DSC), I investigated the transformations in quartz and pyrite minerals that alter 

to hematite minerals. The quartz samples are observed to transform from α-quartz to β-quartz 

and finally to cristobalite while the pyrite transforms to magnetite and later to hematite. These 

findings suggest that during the hydrothermal flow regime impurity materials are trapped by 

voids and faults and can be altered at different depositional stages by oxidation and reduction 

processes. Results from the scanning electron microscopy (SEM) revealed the presence of 

carbonates in fracture zones in the quartz, pyrite, and almandine-type garnet mineral in 

gabbroic rocks.  
 

The findings indicate that, from the top of the oxide zone, grains within sediments are seen to 

be controlled by quartz, and hematite, the bedrock consists of pyrite and pyrrhotite, and the 

orebody contains garnet, arsenopyrite, periclase, and biotite as pathfinder minerals within the 

concession area. Therefore, the Au mineralogy of the alluvial environment that is mined by 

artisanal small-scale miners is traced from the chemical weathering reaction of garnet 

minerals from the orebody that produces fractions of other indicator minerals as by-products 

in the Kubi mining area. These findings also indicate that primary geochemical dispersion 

evolving from the crystallization of magma and hydrothermal liquids are the main attributes 

and constitute the identification of indicator minerals and pathfinding elements in this 

mineralogical study area.  
 

Furthermore, the findings suggest that XRD, XPS, TEM, and EDX could be combined in 

other mineralogical laboratories to aid in identifying indicator minerals of Au and the location 

of ore bodies, to increase the knowledge in this field, and reduce environmental and 

exploration costs. 
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Populärvetenskaplig sammanfattning 
 

Forskning om naturliga mineraler och deras kemiska bindning till ekonomiskt kritiska råvaror 
är ett livskraftigt industriellt relevant forskningsområde på grund av dess ökande efterfrågan. 
För att möta denna efterfrågan krävs snabba, robusta och effektiva tekniker för att utforska 
nya malmfyndigheter och för drift av aktiva gruvor samt effektiva återvinningsprocesser. En 
av de mest kritiska metallerna är guld som vanligtvis förekommer som spridda korn i 
kvartsådror i pyrit och andra sulfider, eller som rundade korn, flingor eller klumpar i 
avlagringar på flodstränder och i kontakt med olika vulkaniska bergarter. Guld är kopplat till 
vissa typer av mineraler som man kan använda för att hitta guld och andra viktiga ämnen i 
naturen såsom diamant, basmetaller, platina och sällsynta jordartsmetaller och därigenom 
begränsa sökområdet och minska prospekteringskostnaderna. De senaste tekniska framstegen 
när det gäller att erhålla snabba geokemiska resultat med hjälp av bärbara 
fältanalysanordningar som alternativ till det gamla tillvägagångssättet där insamlade 
fältprover transporteras till laboratoriet kräver ytterligare undersökningar för att utforska 
andra tekniker inom mineral- och metallprospektering.  

I denna avhandling undersöker jag egenskaperna hos hantverksmässigt småskaligt 
guldgruvkoncentrat, och borrhålsprover från Kubi Gold Projektet av Asante Gold Corporation 
nära Dunkwa-on-Offin i den centrala regionen av Ghana ur ett materialvetenskapligt 
perspektiv. Röntgendiffraktion (XRD) används för att identifiera SiO2 (kvarts), Fe3O4 
(magnetit), granat, pyrit (FeS2), periklas (MgO), arsenopyrit, pyrrhotite, biotit, titanoxid och 
Fe2O3 (hematit) som de viktigaste indikatormineralerna på gruvplatsen med mindre 
signifikanta bidrag från karbonat, iridosmin, scheelite, tetradymit, gips och några andra 
sulfater. Röntgenfotoelektronspektroskopi (XPS) och energidispersiv röntgenspektroskopi 
(EDX) indikerar att Fe, Ag, Al, N, O, Si, Hg, C, Ba, P, Ca, Mg, Na, Mn, Cl, S, K och Ti är 
viktiga s.k. vägsökarämnen som bildar legeringar med Au eller är inneboende i sedimentet på 
koncessionsplatsen. Resultaten indikerar också att Si och Ag är i stark samtidig förekomst 
med Au på grund av sina eutektiska egenskaper, medan N, C och O förekommer på grund av 
deras reaktivitet till Si. XPS-resultaten indikerar också att förhållandet mellan Au och 
indikatormineral beror på d-orbitalen hos Au och andra grundämnen som har oktaedrisk eller 
tetraedrisk symmetri vilkas orbitaler delas upp i två tillstånd, eg och t2g, som kan få antingen 
högre eller lägre energi beroende på geometrin och är ansvariga för de kovalenta, metalliska 
och joniska bindningarna mellan Au och dess ligander. Med uppvärmningsexperiment 
undersökte jag hur kvarts- och pyritmineraler omvandlas till hematitmineraler. 
Kvartsproverna omvandlades från α-kvarts till β-kvarts och slutligen till kristobalit medan 
pyrit omvandlas till magnetit och senare till hematit. Dessa fynd tyder på att under geologiska 
förhållanden kan föroreningsmaterial fångas av kristallina hålrum och där förändras genom 
oxidations- och reduktionsprocesser. Resultaten från svepelektronmikroskopi (SEM) 
avslöjade dessutom närvaron av karbonater i sprickzoner i granatmineral av kvarts, pyrit och 
almandintyp i s.k. gabbroiska bergarter.  

Från toppen av oxidzonen kontrolleras korn i sediment av kvarts och hematit, medan 
berggrunden består av pyrit och pyrrotit, och malmkroppen innehåller granat, arsenopyrit, 
periklas och biotit som mineralindikatorer inom koncessionsområdet. Au-minerogin i den 
alluviala miljön kan spåras från malmkroppen vilken producerar delar av spårmineraler som 
biprodukter i Kubis gruvområde. Dessa fynd indikerar också att kristallisering av magma och 
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hydrotermiska vätskor utgör essensen i identifieringen av indikatormineraler och spårämnen i 
detta mineralogiska studieområde.  

Dessutom tyder resultaten på att XRD, XPS, TEM och EDX skulle kunna kombineras med 
andra mineralogiska tekniker för att hjälpa till att identifiera spårmineraler för Au och platsen 
för malmkroppar, och därigenom öka kunskapen om mineralogin i ett geografiskt område 
vilket kan minska miljö- och prospekteringskostnader. 
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1.    Introduction  

1.1 Geological and Exploration Background  

1.1.1 Introduction to Gold and Mineral Formation 
 

Ore deposits consist of important elements from the Earth's crust that can be exploited for 

economic benefits. These elements are contained in minerals that are formed by different 

geological processes including the transportation mechanism of the ore components to the 

deposit sites, the source of ore components, the depositional mechanism to place the minerals 

and associated materials in the ore body, and geological activities that preserve the ore 

deposit. These conditions are best described in terms of the major ore-forming processes and 

ore deposit types:  

(i) Magmatic ore deposits encompass agglomerations of crystals of metallic oxides or 

immiscible sulfide-oxide fluids that formed during the cooling and crystallization 

of magma, typically with mafic to ultramafic compositions. 

(ii)  Metasomatic or skarn deposits which involve diffusion of fluid materials and 

transfer of elements and minerals between volatile-bearing intrusions and reactive 

parent rocks [1].  

(iii) Hydrothermal ore deposits (deposition of ore minerals in veins or stockworks or 

brittle structures or cavities; and replacement deposits in which fluids react with 

parent rocks to deposit silicates and carbonates by new gangue and ore minerals. 

(iv) Exhalative deposits are formed by hydrothermal fluid derived from sub-surface 

magmas that are exhaled onto the sea floor.  

(v) Marine-sedimentary deposits are chemical sediments of Fe and sedimentary Mn 

deposits formed from the precipitation of minerals in stable marine basins.  

(vi) Metamorphic deposits occur over a long period due to both prograde and 

retrograde metamorphic conditions.  

(vii) Supergene deposits as elements released, developed, and dissolved under surface 

weathering conditions and to be leached and redistributed within the profile. 

(viii) Placer deposits refer to the composition and level of concentration of heavy 

minerals and the sorting of the portions of minerals or rocks through weathering 

and erosion [1].  
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Proper identification of primary dispersion patterns around high-grade ore bodies as distinct 

from low-grade mineralization is very essential in exploration. The magnitude, shape, and 

concentration of dispersion that occurs in rocks at or near the time of formation of a mineral 

deposit depend on the nature of ore-forming processes including the physico-chemical 

conditions during transport and deposition of the ore, nature of host rocks, and types of 

structures. Exploring and extracting metals and minerals from the Earth plays a vital role in 

society and has been promoted by geologists and geoscientists, who study the Earth’s 

structure and the processes affecting that structure [2].  
 

Gold is a noble and precious metal with high electrical conductivity, resistance to oxidation 

and corrosion, malleability, and ductility which rate it high in the fabrication of corrosion-free 

electrical connectors in computer, electrical, and communication devices as well as in 

spacecraft and jet aircraft engines amongst others [3, 4] not forgetting its role in jewelry. It is 

the earliest metal used by man since ancient civilization as an international currency and has 

held a symbolic value for humanity and is still used as a hedge against inflation [5, 6]. 
 

Throughout the world, depending on the geological settings, gold is commonly seen to be 

pegged to minerals such as magnetite, iron and copper pyrites, rutile, garnets, tungsten, 

galena, tellurides, uranium, gypsum, sulfide groups, and other groups of minerals [7] 

depending on the deposit.  
 

Beneath the Earth’s crust about 1 km to 10 km depth, there exists a large amount of liquified 

rock or molten rock (magma) in confined cavities known as magma chambers. This molten 

rock is less dense as compared to the surrounding (parent/country) rock [8]. The dense parent 

rock exerts a force of buoyancy on the less dense magma to push it upwards through cracks 

towards the surface resulting in volcanic eruptions. In events where the less dense magma 

cannot find its way to the surface, it returns to the magma chamber which has been built by 

continuous horizontal/vertical magma injection over a long period. This process can cause the 

pre-existing crystalline material to react which eventually increases the pressure in the 

chamber [5]. Figure 1.1 schematically shows the dynamics of a magma chamber above the 

subduction plate. 
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Figure 1.1: Magma chamber dynamics above the subduction plate (author’s figure). 
 

Depending on the higher melting point of the material components (e.g., the mineral olivine 

(Fe, Mg)2SiO4, which is found in the Earth’s upper mantle), the existing magma near the 

cooler walls of the chamber begins to cool and crystallize out of solution to form a denser 

conglomerate of minerals to sink downwards. When the magma finally cools, there is a 

saturation of mineral phases that can lead to the formation of different rock types such as 

gabbro, diorite, tonalite, and granite. If the magma stays for a longer period in the chamber, it 

becomes bedded with both upward-moving less dense material/mineral components and 

downwards-sinking denser material components to form an accumulation of layered intrusion 

rocks [8-11]. As the magma chamber cools, solid-forming compounds release gas/steam 

which was initially liquid to cause the pressure in the chamber to rise significantly to result in 

a volcanic eruption. Also, when components of lower melting points are removed, the magma 

becomes more viscous due to an increase in the concentration of silicate minerals leading to 

an increase in gas content in the magma at the top of the chamber to result in an explosive 

eruption [11, 12]. The resulting structures from these processes deposit rocks that may contain 

precious metals and minerals of economic importance. Minerals and elements (that can act as 

impurities) associated with gold at the same time also make their way to the surface during 

the flow regime acting as indicators or pathfinders of gold. Impurity phases can influence the 

oxidation of some minerals which is important to surface layer evolution and mineral 

processing [13-15]. It is possible for liquid mineral phases to be locked (mixed) when in 

contact with one another, which may alter the particles’ composition and influence the rate of 
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flotation [14]. From geological, geochemical, and mineralogical perspectives, it is essential to 

study the chemical bonding, flow mechanism, phase transformation, and transport properties 

of minerals to understand the efficiency of heat transfer and thermal structure of the earth’s 

mantle as well as the dynamics and evolution of Earth and other terrestrial planets. To date, 

there have not been such studies on the Kubi concession, and this research aims to increase 

the knowledge of the rheological properties (material deformation), thermo-chemical 

structure, the kinetics of phase transformation, and thermal conductivity of minerals in this 

study area [16].  
 

A critical study of the physical, chemical, thermal, and optical properties, and characteristics 

of such elements/minerals can be used as petrogenetic pointers and pathfinders in gold and 

mineral exploration. To this end, there is a need to apply materials science in mineral matter 

studies (bulk and thin film materials): the electronic structure of atomic species in minerals in 

relation to their geochemical processes. Also included are the properties of minerals, with 

their pressure and temperature dependence, mechanisms, and phenomena involved in the 

mineral formation and transformation processes, with their inherent, geological, and technical 

importance as well as the physical tools applicable in mineralogical, geochemical, and 

petrological studies in geological survey and mineral prospecting of which this research on 

the Kubi concession is based on. 
 

This research is situated at the border between mineralogy and solid-state physics (materials 

science) for in-depth knowledge of contemporary physics and chemistry of solids (minerals). 

Apart from mineral identification and description, the research will address the relationships 

between structure, composition, and properties of minerals and their bonding mechanisms, 

regional geological distributions, magmatic, sedimentary, and metamorphic formation, and 

types of ore deposits through these fields.  

 
 

1.1.2 Research Objectives  
 

It is of great interest to know what gold deposits have for associated mineral signatures, to 

understand the chemical, physical, electronic, magnetic, and structural properties of these 

minerals [17].  
 

Gold is known to be associated with sulfides and hydrothermal alteration minerals with 

different chemical compositions and interactions of these minerals make studies in this field 
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very important so far as exploration and ore quality processes are concerned. Previously, 

reflectance spectroscopy has been used to characterize hydrothermal mineral assemblages 

[18-19]. According to Bayari et al. [20] mobility of elements (minerals) and the Au 

mineralization in the soil at the Bole-Nangodi gold belt in north-eastern Ghana can be 

attributed to amorphous mineral phases, as observed in x-ray diffractometer data, where 

metals containing phases show weak and broad diffraction patterns in XRD scans. Hitherto, 

XRD and SEM have been applied to study texture, reaction mechanisms, and kinetics of 

oxidation and mineral transformation in gold and silver (Ag) in fluids using the telluride 

group of minerals and it was found that the solubility of each phase including fluid 

composition, temperature, and pressure have similar reaction mechanisms [21]. Cairns et al. 

[22] indicated that chemical analysis is another approach to identifying topsoil minerals and 

pathfinders of gold. A good knowledge of the bonding mechanism will aid in a better 

separation technique to avoid the use of mercury (Hg), which is harmful to human health as 

used mostly by artisanal small-scale miners to collect gold and to develop environmentally 

friendly artisanal small-scale mining. Hg may change the morphology of gold depending on 

the concentration of the Hg ions available to cause electrochemical reduction [23].  
 

The objectives of the present Thesis are to investigate the relationships of gold with its 

indicator minerals and elements commonly found in mining settings with particular attention 

to the Kubi Gold mining concession of the Asante Gold Corporation in Ghana.  

The specific goals are to: 

a. Identify relationships among the selected minerals with gold. 

b. Understand the principles under which the minerals act as indicators of gold. 

c. Determine the physical and chemical states of the minerals i.e., crystal structure and 

the chemical bonding.  

This Thesis addresses mainly the questions: 

i. Why are some minerals associated with gold and what makes them act as indicators 

of gold?  

ii. What are the chemical properties (chemical bonding, electronic structure, and 

binding energy) of the minerals? 

iii. How could the mining industry benefit from this research? 
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My research deploys various measurement techniques for the analysis of gold and its indicator 

minerals and pathfinder elements. Careful material selection and clean sampling procedures 

aid in improved quality samples for conclusive results. 
 

 

1.2  Introduction to Plate Tectonics and Geology of the African 

Continent 
 

Figure 1.2 shows a geological map of the African continent with the major cratons indicated. 

The African continent can be divided into five main cratonic zones namely, (1) West African 

Craton, (2) East Saharan Meta Craton, (3) Congo Craton, (4) Tanzanian Craton, and (5) 

Kalahari (Kaapval and Zimbabwe) Craton. The Pan-African orogeny that spanned from 600-

500 Ma (millions of years) brought these old continental cratons to form Gondwana and later 

the supercontinent Pangea by the late Palaeozoic. Between the Jurassic and Cretaceous 

periods, there was a break-up of Pangea which led to the opening of the Central Atlantic [24, 

25], Indian [26-28], and South Atlantic [29] oceans as well as the complex history of 

subduction to the north which predominantly molded the African continent and adjoining 

oceanic basins.  
 

Geologically, based on orogenic activities (mountain building) the African continent can also 

be divided into the pre-Eburnean and Eburnean orogenic zones. The Pre-Eburnean orogenic 

zones were affected by Leonean (3.5-2.9 Ga) and Liberian (2.9-2.6 Ga) orogenic events and 

comprise mainly Archean rock types. These Archean rock types were formed at the time 

when the Earth’s crust had cooled for continents to form and marked the period for the start of 

a life of putative fossilized microorganisms [30]. 
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Figure 1.2: Geological map of Africa showing the major cratons (map made by the author). 

 

The rocks that outcrop in Liberia, Sierra Leone, Morocco, Tanzania, and South Africa, are 

highly rich in iron and termed the Fe-rich zone of Africa [30, 31]. Large part of the modern-

day countries of Ghana, Burkina Faso, Côte d’Ivoire, Benin, and Togo fall within the 

Eburnean orogenic zone dated 2.2-1.8 Ga with the sequence of metavolcanic and 

metasediments with strong tectonic and structurally controlled deposits of Au. Archean 

greenstone magmatism and metamorphism sequences play an important role in Au 

mineralization due to the release of large amount of hydrothermal fluids during 

devolatilization (decomposition process influenced by favorable conditions of temperature 

and pressure) of greenstone masses at the interface from greenschist to amphibole facies and 

this is the main cause of mineralization in most Au ore deposits [30, 32]. 
 

The Earth’s lithosphere consists of plates (seven major and many minor plates) that are made 

of two types of materials namely the Oceanic crust (which consist of compounds of silicon 

and magnesium) and the Continental crust (made up of silicon and aluminium compounds). 
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Tectonic events which began about 3.5 billion years ago caused the great motion of these 

plates that made up the Earth’s lithosphere (crust and upper mantle in Fig. 1.1) [33]. This 

movement of plates tectonic is possible because the mechanical strength of the earth’s 

lithosphere is greater than that of the asthenosphere. The movement of these plates has caused 

the formation and break-up of continents over time [33].  
 

The type of boundary formed; convergent (one plate slide underneath the other leads the 

creation of a subduction zone where most earthquakes occur), divergent (one plate moves 

away from the other to produce gaps that are later filled by rising magma to form volcanic 

islands) or transform (a strike-slip fault usually found in the oceanic crust) is determined by 

the relative motion by which the plates meet. The lithosphere exists as a single and distinct 

tectonic plate floating on the fluidic asthenosphere, which allows the tectonic plates to 

undergo motion in different directions. Millions of years ago, tectonic forces caused places of 

continental crust to come together to form the supercontinents which later broke apart. 

Around 2.0 to 1.8 billion years ago (Ga), the supercontinent Columbia was formed and broke 

up around 1.3 Ga. It was then followed by the supercontinent Rodina at about 1.0 Ga which 

embodied almost all the continents on earth and broke up around 750 Ma. Between 600-540 

Ma, the supercontinent Pannotia formed and finally, the Pangea broke up into Laurasia (North 

America and Eurasia) and Gondwana (remaining continents) [33, 34]. 
 

 

1.3 Gold Mineralization in Ghana 
 

Ghana is located along the Gulf of Guinea and Atlantic Ocean, in the sub-region of West 

Africa, and shares borders with Burkina Faso to the north, Togo to the east, and Côte d’Ivoire 

to the west. Figure 1.3 shows a map of Ghana with the major gold belts and the sampling area 

for minerals investigated in this Thesis at the Kubi Gold concession. 
 

Back in the 17th century, Cabo Corso also known as the Swedish Gold Coast was set up in 

1650 as a Swedish trading colony that was later purchased in the same year by the Swedish 

African Company (Svenska Afrikanska Kompaniet) to trade in gold. Cabo Corso was in 

today’s Cape Coast in Ghana and was in the ownership of Sweden for eleven years between 

1650-1658 and 1660-1663 after which the Dutch took possession. Somewhat later, it became 

a British colony until 1957 when Ghana formerly known as the Gold Coast became an 

independent state [36].  



 

9 
 

Ghana has an abundance of rich minerals and is currently the largest gold producer in Africa 

followed by South Africa and is the 6th largest producer globally. The major ore deposits 

currently being mined are gold, diamonds, bauxite, and manganese. Other mineral deposits 

include iron ore, graphite, kaolin, micas, clay minerals, columbite-tantalite, lithium, and solar 

salt with ilmenite, magnetite, and rutile being minor mineral deposits in the country [35, 37, 

38]. 
 

Ghana falls under the West African Craton in sub-Saharan Africa which can be divided into 

four main geological domains based on age, tectonic and lithological characteristics namely: 

the Cratonic domain (Shield area covers 45% of Ghana), the Cratonic cover also known as the 

Voltaian (Platform units), an orogenic zone known as the Dahomeyide belt, and the Coastal 

sedimentary basins [35, 37, 38].  

 

Figure 1.3: Geological map of Ghana showing the major gold belts and the sampling area at 
the Kubi Gold concession, (Map made by the author). 
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The cratonic domain (western unit/shield area) which belongs to the shield area covers about 

45% of Ghana’s total land area and it is divided into Belts and Basins consisting of the 

Birimian Supergroup which have undergone deformation, metamorphism, and intruded by 

syn-and post granitoid during the Eburnean orogeny [37]. The Tarkwaian Group rocks 

(subjected to low-grade metamorphism) which rest unconformably on the Birimian are rich 

paleoplacer deposits, preserved mainly in the Ashanti and Bui belts (Fig. 1.3); and are 

composed of clastic sediments [37]. The Dahomeyide belt occupies the southeastern part of 

Ghana (from Accra to the Ghana-Togo boundary) and is composed of high-grade basement 

rocks representing the deformed edge of the craton, and its cover rocks made up of deformed 

monocyclic metasedimentary rocks known as the Togo Structural unit, and sedimentary and 

volcanic sequences interpreted as dismembered ophiolitic sequences (Buem Structural unit). 

These are separated by a suture zone (mafic, ultramafic rocks, and eclogites), and a juvenile 

arc terrane (migmatites and granitoids) east of the suture. In southeast Ghana, a prominent 

topographic feature known as the Akwapim-Togo range [37, 39, 40, 41] marks the boundary 

between the Birimian and the Dahomeyides belt. The Voltaian sediments, representing the 

front part of the Pan-African Dahomeyan orogeny were deposited on the stable West African 

Craton between Upper Proterozoic to Paleozoic (620-1000 Ma) with epirogenetic uplifts (land 

depressed by long wavelength and little folding) and glacial erosion leading to two 

unconformities [35, 37]. They overlie the Birimian rocks with a marked angular 

unconformity. The Lower Voltaian sediments represent a marine transgression-regression 

cycle on the craton, whereas the Middle Voltaian records a glacial event followed by 

prolonged marine incursion and subsidence of the basin. The Upper Voltaian, also known as 

the Obosum Formation, is the thickest and coarsest in the southeast part of Ghana [39].  
 

Gold occurrences in Ghana, are found in Vein Systems that are typically concentrated along 

the margins of various Birimian ‘greenstone’ belts and adjacent metasedimentary basins 

around Obuasi, Bibiani, Prestea, Konongo, and Nadowli in Fig. 1.3, which stretch to about 

300 m long. There is paleoplacer gold within the banket conglomerate around Tarkwa. In the 

alluvial domain, gold is concentrated mainly in basal gravels that overly weathered Birimian 

units and appears during seasons of high rainfall, minimal vegetation cover, and moderate 

relief [37, 39]. 
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1.4 The Kubi Gold Project 
 

The Kubi Gold Project site (concession) is located about 15 km southwest of the Obuasi gold 

mine on the western margin of the Ashanti Belt as shown in Fig 1.3. The gold mineralization 

(deposit) is located at the intersection of a regional NE-SW trending shear zone of a 

reactivated thrust fault system, forming Birimian/Tarkwaian contact, and a basement fault that 

trends N-S. The area consists of relics of crystalline basement rock, sedimentary basins, and 

volcanic belts believed to be affected by igneous activity and two major orogenic events. The 

gold mineralization occurs in scope of garniferous minerals within Birimian metasediments 

along the N-NE shear zone in the proximity of the Brimian/Tarkwaian contact. Gold 

mineralization is also found in narrow steeping quartz veins in shear zones within the 

Birimian basins containing minerals that are rich in sulfur such as arsenopyrites, pyrrhotites, 

and pyrites. Also found at the Kubi gold project site are alluvia placer gold in gravels and 

reconstituted mineralized placer gold within minerals like magnetite and hematite in quartz-

pebble conglomerates of the Tarkwaian deposits in Offin and Gyimi rivers [38]. 
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2.       Gold-associated Minerals 
 

2.1 Properties of Gold and its Pathfinder Minerals  
 

In mineral exploration, indicators and pathfinder minerals are used to aid in locating the 

different types of ore bodies. These minerals assist geologists with information on the target 

zone, to get closer to the ore body and thus reduce exploration costs. In soils/sediments or 

rocks, their presence points to the direction and existence of a particular mineralization. In 

every geological setting, indicator and pathfinder minerals are used to trap metals such as 

gold, nickel, copper, tungsten, and platinum [42]. Indicator and pathfinder theories are 

deployed by geologists and explorers to gain much knowledge about the location of ore 

deposits. The practices involved are gold-grain morphology where geologists depend on 

changes in Au surface shape through weathering and erosion as materials are transported from 

far distances. Gold grain inclusion in which the presence of other minerals in gold grains are 

potential sources of information about the deposit type and mineralization. Composition 

studies are used to examine mineral samples for information on the transportation and 

direction of transport whilst geochemistry is based on identifying and analyzing minerals to 

trace patterns to locate Au orebodies [43, 44]. 
 

Ore deposits of gold are created by different geological processes which can be classified as 

primary, alluvial, or laterite. Gold deposits occur as the result of tectonic activities and 

orogenic events creating hot fluids beneath the Earth’s crust via internal heat. The fluids 

containing gold and other minerals (quartz, sulfide minerals, pyrrhotite, etc.) flow gradually 

and get dissolved into cracks and up faults hydrothermally [42, 45]. As the fluids cool, the 

dissolved gold and minerals get precipitated in cracks and fractures to form veins. Gold is 

malleable and its grain morphology and surface texture can be altered when transported from 

one place to the other through weathering and erosion. This is known as “gold grain 

morphology”, which can be pristine (fresh or grains not altered) indicating that the main gold 

deposit is within the 500 m range; modified (slightly altered) for a travel distance of about 

1,000 m (1 km) and reshaped (highly altered or rounded outline) for a greater distance [46].  
 

To understand the indicator and pathfinder theory, the chemical and physical properties of 

these minerals must be studied. In this thesis, I discuss the most abundant and common 

minerals available in the Kubi gold mining area and most geological settings namely, garnet 

(A3B2Si3O12), pyrite (FeS2), arsenopyrite (FeAsS), magnetite (Fe3O4), hematite (Fe2O3), 
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pyrrhotite (Fe(1-x)S), chalcopyrite (CuFeS2), and carbonates (CaCO3)2- that can act as 

pathfinder minerals of Au. 
 

 

2.1.1 Gold (Au)   
 

Gold (Au) mostly occurs in its metallic form in association with sulfide minerals like pyrite 

and is corrosion resistant, yellowish, and soft element of group eleven (11) and period six (6) 

in the periodic table with atomic number 79. It is non-toxic, very flexible, ductile, and can be 

hardened if alloyed with Cu, Hg, Ag, or any other metal and amalgamate with Hg [47]. At a 

temperature up to 1064 ˚C, Au exists as a solid and can also be transformed into other states 

of matter (liquids, gases, and plasma) depending on the boundary conditions. Au has a density 

of 19.3 g/cm3 and boiling points of 2836 ˚C [48]. Its electron affinity is 222.749 kJmol-1 and 

the first and second ionization energies are respectively 890.128 kJmol-1 and 1949 kJmol-1 and 

has only one stable isotope 197Au. Chemically, Au is inactive, and does not react with non-

metals, but forms halides with halogens. It dissolves in aqua regia which is a reddish-orange 

to yellowish-orange fuming liquid prepared by mixing nitric acid with hydrochloric acid in a 

ratio of 1:3 or 1:4 [48]. 
 

 

2.1.2  Pyrite (FeS2) 
 

The mineral that is commonly found on the Kubi concession is pyrite as well as its associate 

sulfide (sulfate) minerals. These are abundant, common on Earth, and very useful for studying 

the geologic and climatic growth of various terrestrial bodies because they are stable under 

limited conditions in the environmental setup in which they are formed [49, 50]. Pyrite can be 

found in oil shales and coal and undergo the same thermal transformations during the 

combustion process. Popularly known as fool’s gold with the chemical formula FeS2, it is 

often seen to enact iron and sulfur cycles in marine sediments [51]. Its color is reflective 

brass-yellow with a glistening metallic lustre, becoming greenish black to brownish black 

when streaked. It has an uneven to conchoidal fracture with a hardness of 6 - 6.5 on the Mohs 

scale and density a of 4.9-5.2 g/cm3. It has a cubic crystal habit whose cleavage is indistinct 

on {001}, but with partings on {011} and {111} [52, 53]. Pyrite is a semiconductor material 

of the n-type in both crystal and thin-film forms with a bandgap of 0.95 eV [54]. It can be 

formed at both high and low temperatures, in trifling quantities, and widely dispersed in 
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igneous, sedimentary, and metamorphic rocks, but is insoluble in water. At lower 

temperatures (380-460 °C) FeS2 oxidizes to hematite and decomposes to pyrrhotite [55]. FeS2 

can react and change its chemistry depending on the environmental conditions present. X-ray 

diffraction studies of phase transformations in FeS2 under high temperatures and different 

environmental conditions such as atmospheric pressure, low air pressure, and an inert and 

carbon dioxide atmosphere were considered by Bhargava et al [50]. They found that heating 

FeS2 in air changes its formation from hematite to magnetite under a low-temperatures 

environment and pyrrhotite under inert conditions. Under H2 pressure and hydrothermal 

conditions, FeS2 can transform into Fe(1-x)S and the mechanisms under which the pyrite-

pyrrhotite interface occurs are due to FeS2 reduction dissolution and by diffusion of sulfide 

via porous Fe(1-x)S microstructure [56]. When crystalline FeS2 and its products are subjected 

to thermal treatments in argon and air, the heat transformed the FeS2 to Fe3O4 and Fe(1-x)S and 

remained stable in the argon atmosphere. However, FeS2 is found to oxidize into hematite in 

the air [57]. Hitherto, XPS and low energy electron diffraction have been used to analyze 

surface reactions of iron sulfide when cystine is deposited on FeS2 (100) to compensate for 

the iron surface coordination making the findings pertinent, for surface processes [58].  
 

 

2.1.3 Pyrrhotite (Fe(1-x)S) 
 

Pyrrhotite is a form of iron sulfide mineral with a bronze to dark brown color. It has a metallic 

lustre with a dark grey-black streak. It is slightly magnetic, and its magnetism increases with 

decreasing iron content. It has a monoclinic crystal structure with hexagonal polytypes with 

tabular or prismatic crystal habits. It lacks cleavage and has an irregular fracture. It is very 

soluble in hydrochloric acid. Its hardness is around 3.5 to 4.5 and is always found in 

association with FeS2, marcasite, and Fe3O4 [59]. Previous surface reactivity studies on FeS2 

and FexS1-x using electron and photon spectroscopies revealed the structure of the original 

FeS2 and sulfide surfaces [60] and the bonding mechanisms that are important in this Thesis 

to understand the Au-FeS2 relationship. Pyrrhotite is very common in the Kubi concession 

and is usually found in association with FeS2 and garnet in most gabbroic rocks. 
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2.1.4 Garnet (A3B2Si3O12)     
 

In the Kubi Gold deposit, the ore mineralization is hosted by garnet minerals, and the whole 

deposit is therefore termed Garnet Zone with distinct characteristics. Garnet with the chemical 

formula A3B2Si3O12 comes in different forms with the same physical properties and crystal 

structures, but with different chemical compositions depending on the divalent (A = Ca, Mg, 

Fe, Mn) and trivalent (B = Al, Fe, Cr) cations present. Garnet also comes in different colors 

such as red, orange, yellow, green, pink, brown, purple, and mixtures of colors. It has a glassy 

to viscous lustre, a white streak, and no cleavage making it easy to fracture into pieces under 

stress to form irregular shapes. It has an isometric crystal system with a rhombic 

dodecahedron crystal habit. Its hardness is 6.5 to 7.5 on the Mohs scale and possesses a strong 

attraction to neodymium magnets [61]. Geiger et al. [62], studied the thermodynamic 

properties such as volume, enthalpy of formation, entropy, compressibility, and thermal 

expansion of four types of garnet minerals: pyrope, spessartine, almandine, and grossular and 

concluded that their thermodynamic mixing properties can be explained by the quasi-chemical 

approximation, which gives insight into the microscopic interactions [62]. XRD and EDX 

techniques have been deployed on garnet to distinguish between the various garnet series [63, 

64].  

 
 

2.1.5 Chalcopyrite (CuFeS2) 
 

Chalcopyrite is a slow-reacting mineral in hydrometallurgical systems known to be one of the 

popular inert sulfide minerals in terms of leaching. CuFeS2 is a brassy to yellowish gold-

colored mineral consisting of copper, iron, and sulfur that has undergone crystallization in the 

tetragonal crystal system with a tetrahedron habit. CuFeS2 has no distinct cleavage and 

therefore has an irregular fracture, brittle tenacity, and a metallic lustre with a greenish-black 

streak. CuFeS2 is much softer than FeS2 and can be easily twinned. The hardness is 3.5 and it 

becomes magnetic when subjected to heat. CuFeS2 changes to oxides, hydroxides, and 

sulfates when exposed to air and is soluble in nitric acid [65]. Its surface reveals highly 

selective reactivity which depends on the exposed fracture planes [66]. When in electric 

contact with FeS2 it becomes oxidized [66]. CuFeS2 and FeS2 minerals in their natural states 

were studied to confirm the presence of Fe3+ and Cu2+ ions and to show alteration in both 

minerals at different potential values [67, 68]. The rate of leaching of Cu and Fe in 

chalcopyrite when percolated in perchloric acid gives the same leaching rate after longer 
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periods and also gives surface speciation and oxidation steps in the release of Cu and Fe into 

solutions and the polymerization from monosulfide to polysulfide [69]. Previous XRD studies 

on CuFeS2 in the presence of iron and sulfur detected minerals such as potassium jarosite, 

ammonio-jarosite, covellite, and elemental sulfur in the passivation layer [70].  
 

 

2.1.6 Arsenopyrite (FeAsS) 
 

Arsenopyrite (FeAsS) is a mineral that is mined together with Au, Ag, W, or Sn from veins. 

FeAsS consists of iron, arsenic, and sulfide with color ranging from silvery white to grey 

steel, becoming greenish tinge when weathered. FeAsS sometimes contains gold which 

cannot be identified with a hand lens. FeAsS has a metallic luster, brittle tenacity, and black 

streak. It has a distinct {110} cleavage, sub-conchoidal to rough fracture that twins on {100} 

and {001} with penetrating twining on {101}. FeAsS is very fusible and soluble in nitric acid, 

has a monoclinic crystal structure with prismatic to acicular compact granular crystal habit, 

and a hardness of 5.5-6 on the Mohs scale. The problem associated with arsenopyrite is the 

poisonous sulfur and arsenic fumes it produces when heated [65] and hence, precautions must 

be taken into account in the choice of techniques (avoid techniques such as furnace annealing, 

DSC, evaporation, and other vacuum deposition types) and analyses. 

 
 

2.1.7 Quartz (SiO2) 
 

Quartz, an oxide mineral made up of silicon and oxygen atoms with the chemical formula 

SiO2, is considered the second most abundant mineral on earth and is very common in the 

Kubi concession. It belongs to the trigonal crystal structure system with a crystal habit that 

forms a six-sided prism ending in a six-sided pyramid with a fine-grained microcrystalline to 

massive crystal habit. Its color ranges from colorless to black with a hardness of about 7 on 

the Mohs scale which reduces depending on the impurity state and state of weathering. It has 

a glassy luster ranging from shiny to dull when massive with a white streak. It cleaves 

indistinctly on {0110} causing it to fracture conchoidally under immersed pressure because of 

its brittle tenacity. Its melting point is 1670 °C, the specific gravity is 2.63 and the refractive 

index of 1.543-1.554 is due to its uniaxial optical property. Quartz possesses piezoelectric and 

triboluminescent characteristics, [65] and exhibits numerous defects (point, line, planar, 

dislocation, and interstitial) and acts as an insulator. These defects promote the infiltration of 
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pathfinder elements and indicator minerals into quartz; a very important phenomena of study 

in this Thesis. 
 

 

2.1.8  Magnetite (Fe3O4) 
 

Magnetite (Fe3O4) has a magnetic attraction and can even be converted into a permanent 

magnet by undergoing a magnetization process. The color is black to grey with a brownish 

tint when reflected by the sun. Having indistinct cleavage, parting, and twining on the {111} 

plane, it has an irregular fracture with brittle tenacity, a metallic luster, and a black streak. It 

belongs to the isometric crystal structure system with octahedrons to relatively fine granular 

to massive habit. The density is 5.175 gcm-3 and has a hardness of about 5.5-6.5. It dissolves 

slowly in hydrochloric acid and can also react with oxygen to produce hematite [65, 70]. 

Fe3O4, is a common mineral in the Kubi concession, is associated with gold, and has a low-

temperature phase transition at around 125 K that leads to changes in electrical, magnetic, and 

thermal properties (Verwey transition) [71] and can be affected by grain size, domain state, 

pressure, and the iron-oxygen reactions [72]. In both geological and geophysical settings, 

palaeomagnetic information is needed to interpret and understand magnetic mineralogy, grain 

size, and inter-particle spacing [73]. Roberts et al., [74] opined that Fe3O4 magneto-fossils are 

commonly conserved at “depth in a range of sediment types, including biogenic pelagic 

carbonates, lacustrine and marine clays, and possibly even in glaci-marine sediments” [74]. 

This is important information for geologists to understand how sediments become magnetized 

and focus on the need to develop a more vigorous foundation on how biogenic magnetite 

leads to the magnetization of sediments. The smaller grain size of magnetofossils is also 

important for relative paleointensity studies [75].  
 

 

2.1.9        Hematite (Fe2O3) 
 

Hematite (Fe2O3) is one of the most abundant iron oxides, a rock-forming inorganic 

compound/mineral on the earth’s surface, mostly found in igneous, sedimentary, and 

metamorphic rocks. Belonging to the rhombohedral lattice system, it is brittle with earthy to 

submetallic to metallic luster and has unique colors ranging from reddish-brown to silver to 

grey to black. Fe2O3 is found in large quantities or deposits in banded iron formations 

(structured sedimentary rocks with layers filled with iron oxides). The grey-colored hematite 
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is usually found in alluvia deposits (water-logged areas) or mineral hot springs (hydrothermal 

or geothermal springs that produce heated groundwater onto the Earth’s surface by magma 

through faults) and volcanic activities. It is an antiferromagnet or weakly ferromagnetic 

material above the Morin transition and below the Neel temperature at about 675 °C, 

becoming paramagnetic above this temperature [76, 77]. The magnetism of hematite 

decreases with decreasing particle size i.e., bulk samples of hematite exhibit higher 

magnetism as compared to nanoscale samples [77].  
 

 

2.1.10 Carbonates (CO3)2-/CaCO3 
 

The chemistry behind carbonate minerals is that carbon reacts with oxygen to form carbonate 

ions which then combine with metal to form the needed minerals mostly seen in sedimentary 

and oxidizing environments. In mineralogy, the term is used to describe carbonate minerals 

and has the chemical formula CO3
2-. Carbonates come in different forms depending on the 

associated cation such as calcite (CaCO3), dolomite (CaMg(CO3)2), and aragonite (CaCO3). 

Carbonates are transparent, very light colored with a white streak, soft with excellent 

cleavage, and have an average specific gravity of 2.71 g/cm3. They are soluble in acid 

solution giving out effervescent to denote their strength in the parent rock material [78]. 

Carbonates are the next important minerals foundation at the Kubi deposit. These minerals are 

found in mostly sedimentary materials [79] and are also good indicators of weak zones within 

the geological structure where other minerals (gold) are likely to be found. Previous studies 

on the interaction of minerals with carbonate ions and the spectra studied at different 

temperatures and pH ranges indicate a spectral dependence of chemical equilibria on the 

temperature [80]. 
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 3.      Materials and Methods 
 

3.1  Sample Preparation  
 

The selected minerals were collected and brought from Kubi Gold Barbados Ghana limited, 

panned, and washed at the laboratory at Linköping University, Dept. of Physics, Chemistry, 

and Biology (IFM). The samples were collected via a channel-pit-and-drill hole sampling 

procedure. Part of the samples was refined into pure gold, the nugget type minerals were 

separated as identified with the eye, and the remaining part brought for further panning and 

washing. The dense materials that remain in the pan after panning may still contain black, 

magnetite sand, gold, quartz, and any other mineral that needs to be further processed to 

extract pure gold particles.  
 

 

3.1.1 Magnetization Process 
 

A quantity of yellowish-red-black sands generally made up of magnetite, pyrrhotite, and 

hematite are heavier than water and by gravity sink to the bottom of the pan during the 

panning process. With the material in the pan, a permanent magnet was swept to and fro or in 

a circular mode, a few centimeters above the material. This increased the magnetic 

susceptibility and caused the magnetic materials to be ruptured and at the same time induce 

magnetic properties into the other weakly paramagnetic materials or particles in the pan. The 

process was repeated until there was no more magnetic material fastened on the surface of the 

permanent magnet. 
 

 

3.1.2  Mineral Sorting Process       
 

The final product after magnetization involves the use of a geological lens and a tweezer to 

pick or separate the average grain size particles as coarse-grained powder sample. The final 

residual sample was water-panned for tiny particles of Au, quartz, and pyrite to be used as 

fine-grained powder samples. 
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3.2 Characterization Techniques 
 

3.2.1 X-ray Diffraction  
 

X-ray diffraction (XRD) is a powerful, bulk sensitive, adaptable, and nondestructive 

analytical tool for identification and determination of crystal structures, phase content and 

orientation, grain size, strain, amount of crystallinity, and defects. The technique which does 

not require any form of sophisticated sample preparation is based on elastic scattering by 

constructive interference of monochromatic X-rays in a crystalline sample.  

X-rays of short wavelength Al Kα or Cu Kα are usually generated by a cathode ray tube, 

percolated to produce monochromatic radiation, collimated to focus, and to impinge directly 

on the sample.  

The incident x-rays interact with the samples and produce constructive interference diffraction 

spots when Bragg’s law is satisfied: 

  𝑛𝜆 = 2𝑑௛௞௟𝑠𝑖𝑛𝜃,      (3.1) 

where n is the diffraction order 0, ±1, ±2,.., λ is the wavelength of the X-rays beam, dhkl is the 

spacing between the diffracting crystal planes with Miller indices hkl, and θ is the angle 

between the incident and the diffracted beams relative to the surface. The diffracted X-rays 

are detected, counted in the detector, and then processed and displayed. The sample is 

scanned through a range of 2θ angles to ensure or attain all potential diffraction directions of 

the lattice through random orientation of the powdered material. The angles of the diffraction 

peaks can be converted into d-spacing to allow identification of the crystal’s structures of 

minerals since each crystalline phase has a set of distinctive d-spacings and this is compared 

with standard reference patterns. The principle of Bragg’s law is shown in Fig. 3.1. 
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Figure 3.1: The principle of X-ray diffraction in a crystal with a distance d between each 
layer of atoms.  
 

In the XRD measurements in this thesis, a θ-2θ Bragg-Brentano geometry was used with a 

Philips X´Pert X-ray diffractometer with a Cu Kα source (λ = 1.5406 Å) to determine the 

crystal structure and orientation of samples. The X-ray source of the diffractometer was 

operated at 45 kV and 40 mA. The penetration depth of X-rays differs depending on the 

energy and incidence angle of the X-rays as well as the electron density of the sample.  

 

 

3.2.1.1 Rietveld Refinement  
 

For the analysis of the X-ray diffraction data, I applied the Material Analysis Using 

Diffraction (MAUD) software [81]. MAUD is a general diffraction/reflectivity analysis 

program mainly based on the Rietveld method developed and implemented in the 1960s by 

Hugo Rietveld [82]. Generally, the Rietveld method is a powerful technique to determine the 

content of a crystal structure by fitting data of observed intensity vs angle. For minerals, this 

refinement technique has been shown to be very useful to identify different phases as 

impurities or indicator minerals in the samples. The iterative nature of the refinement method 

means that convergence to a solution does not occur immediately since the method is not 

exact. Thus, each iteration depends on the results of the last iteration which generates a new 

set of parameters used for refinement and multiple refinement iterations are required to 

converge to a satisfactory solution. The fitting method used in Rietveld refinement is the non-

linear least squares approach that fits a calculated profile (including all structural and 

instrumental parameters) to experimental data. The fitting requires a reasonable initial 

approximation of free parameters e.g., the peak shape, unit cell dimensions, and coordinates 
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of all atoms in the crystal structure. The result of the refinement depends on the quality of the 

data, the quality of the starting model, and the experience of the scientist.  
 

The Rietveld refinement is computed based on raw data, background contribution, peak-shape 

function, profile parameters, structural parameters, Fourier analysis of powder diffraction 

data, geometric restraints, and interpretation of R values.  

In this structure refinement analysis, the following points were considered:    

i. The XRD raw data and cif structure files were loaded into the MAUD software 

and an initial model computed. The bulk Au was used as a reference sample. In all 

the samples (Au sediments, quartz, bulk gold, pyrite, garnet-gabbro, etc.) under 

investigation, I introduced Au, W, and Si as standard phases in the refinement 

structure. However, the MAUD software rejected W and Si due to the presence of 

quartz, pathfinder elements (transition metals), and other indicator minerals whose 

refinement components supersede that of Si and W.       

ii. Depending on the type of data, the background can be subtracted or refined.  

iii. The shapes of the peaks in a pattern are essential to the success of a Rietveld 

refinement. The observed peak shape is a function of the sample parameter (size, 

stress/strain, defects, etc.) and the instrument factor (radiation source, geometry, 

slit sizes), and depends on the 2θ. The pseudo-Voigt approximation of the Voigt 

function which is a linear combination of Lorentzian and Gaussian components is 

mostly used for the modelling. In this model, the Gaussian and Lorentzian 

components of the peak shape are introduced in a physically sensitive manner to fit 

the common line broadening, which gives useful information regarding the 

microstructure (size stress and strain) of the material [82].  

iv. The structure parameter is then initiated when all atoms are found or after Fourier 

maps have been used to locate the missing atoms. This is to avoid a false minimum 

since the algorithm will attempt to fit all the electron densities with too few atomic 

positions. Thus, the validity of the approximation is dependent on the complete 

model. 

v. With a complete structural model and good starting values for the background 

contribution, the unit-cell parameters and the profile parameters, the Rietveld 

refinement of structural parameters can be initiated or computed. 
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vi. The fitting is done stepwise by selecting different parameters (background, crystal, 

microstructure, phase, texture, and strain) to fit while monitoring the number of 

iterations and R-values.  

vii. The fit of the calculated pattern to the observed data is given a numerical value in 

terms of agreement indices or R-values. The weighted-profile R-value, Rwp, is 

defined as the residual that weighs the higher-intensity data points over the lower-

intensity data points. Rexp is the expected best possible residual factor. Rp 

quantifies the residual difference between the observed and calculated data points 

on a point-to-point basis. A high background will give a low Rwp value because a 

vital part of the intensity is used by the background function. Statistically, the 

final Rwp should approach the expected R-value, Rexp. The quality of the data is 

determined by the Rexp value. Therefore, the ratio between the two gives the 

goodness-of-the-fit and must approach the value of 1. 

χଶ =
𝑅௪௣

𝑅௘௫௣
 ≈ 1 

The Rexp values differ depending on the type of data collected. For over-collected 

data, Rexp will be very small and the value for the calculated χ2 for a fully refined 

structure will be greater than 1. Contrariwise, Rexp will be large and χ2 < 1 for 

under-collected data (i.e., noisy data collected too quickly). Given this, the most 

important benchmarks for evaluating the quality of a Rietveld refinement are (1) 

the refined fit of the calculated pattern to the observed data and (2) the chemical 

sensitivity of the structural model. 

viii. The final data of the refinement is then transferred into a suitable plotting 

software, in my case the Igor Pro was used. 
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3.2.2 Energy-dispersive X-ray Spectroscopy  

 

 

 

Figure 3.2: Schematic illustration of energy-dispersive spectroscopy (EDX). A high-energy 
electron knocks out a core electron and characteristic X-rays are emitted when a core-hole is 
filled by an electron from an outer shell. 
 

Energy-dispersive X-ray spectroscopy (EDX) is a tool used to analyze the energies of 

characteristic X-rays emitted from materials excited by electrons, enabling chemical 

information (elemental identification and quantification) to be extracted. Figure 3.2 illustrates 

the principle of EDX. An electron in an inner orbital of an atom is ejected and the Coulomb 

force causes the excited atom to return to its ground state. In this process an electron from an 

outer shell is transferred to fill the vacancy in the inner shell which results in the release of 

characteristic X-rays or Auger electrons (valence electrons). Each elemental species in a 

material emits characteristic X-rays at certain kinetic energies. This is used as a standard 

profile to identify elements in samples. In this thesis, energy-dispersive X-ray analysis (EDX) 

is used to determine elemental distributions of e.g., Si, Ag, Fe, Al, N, O, Hg, S, Mg, K, Na, 

Mn, Au, Cu, Ca, and Ti from Au sediments, pyrite, quartz, and almandine-type-garnet in the 

gabbroic rock samples studied in this Thesis.  
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3.2.3  X-ray Photoelectron Spectroscopy  
 

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect and is mainly 

used for elemental composition analysis, to obtain chemical state information, and measuring 

the electronic structure and density of electronic states in materials. It is very surface sensitive 

and allows semi-quantitative analysis of elements. XPS measurements require ultra-high 

vacuum (UHV) in that: (i) the detector requires such pressures to effectively operate, (ii) there 

is a need to reduce surface contamination at this pressure regime, and (iii) ejected electrons 

should have minimum inelastic collision before hitting target/detector to avoid loss of 

photoelectrons and subsequently loss of detailed information. The UHV is often seen as the 

main obstacle associated with XPS studies [80] of materials with solid/liquid and solid/gas 

interfaces as well as complex multi-phase or component configurations of mineral dispersion 

with regards to liquid-solid weight ratios [84-88]. In this study, some sulfide groups of 

minerals are likely to produce poisonous sulfur and arsenic fumes under UHV.  
 

Photoelectrons are emitted when X-ray photons with certain kinetic energy (Ek) impinge on a 

material surface. From the XPS measurements, the material characteristics are subsequently 

categorized according to their kinetic energies and the number of ejected electrons (intensity 

in terms of counts/second). 

The photoelectron energy is related to the molecular and atomic environment in which it 

originates. The energy conservation due to the photoionization process is given by  

𝐸௜ + ħ𝑣 = 𝐸௙ + 𝐸௞,                                                          (3.2) 

where Ei is the energy of the initial state of the system, ћυ is the photon energy, Ef is the final 

state energy of the ionized system, and Ek is the kinetic energy of the emitted photoelectron.  

If the initial and final state configurations are taken into consideration, the binding energy, Eb 

of the photoelectron can be written as  

𝐸௕ = 𝐸௙ − 𝐸௜,                                                                      (3.3) 

For a well-defined photon energy, the binding energy of the electron can be derived from the 

photoelectron equation  

𝐸௕ = ħ𝑣 − 𝐸௞,                                                                     (3.4) 

The binding energy is in relation to the Fermi level (the border between occupied and 

unoccupied electronic states; absolute zero states where no electron has enough energy to rise 

above the surface) and if the sample and spectrometer are electrically grounded, the Fermi 

level of the two systems will be at the same energy level. A hemispherical deflection analyzer 
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is used to measure the kinetic energy of the emitted photoelectrons which are either 

accelerated or retarded by an energy amount equivalent to the difference between the two 

work functions i.e., sample Φ, and that of the spectrometer, Φsp.  

Upon reaching the analyzer, the kinetic energy of the photoelectrons is given by  

𝐸௞௜௡ = 𝐸௞௜௡
௜ − (𝛷௦௣ − 𝛷),                                             (3.5) 

where 𝐸௞௜௡ 
௜ is the initial kinetic energy of the photoelectron. At the Fermi level, this initial 

kinetic energy of the sample in relation to the binding energy is given by  

𝐸௞௜௡
௜ = ħ𝑣 − 𝛷 − 𝐸௕,                                                     (3.6) 

From equations (3.4) and (3.5), a conservation energy equation between the binding energy 

and measured kinetic energy of the photoelectrons is given by  

𝐸௞௜௡ = ħ𝑣 − 𝐸௕− 𝛷௦௣,                                                    (3.7) 

The work function (Φ) is constant or a variable instrumental correction factor of usually (~1-5 

eV) a few eV of kinetic energy that is released by the photoelectrons when emitted from the 

sample and counted by the detector.  
 

For any given material, a change in the electronic state causes a change or shift in the binding 

energy. This phenomenon is known as a chemical shift and is used to characterize the material 

by XPS spectra. Each element has specific binding energies and when an atomic species 

interacts and bonds with another element, the binding energy of the core levels shifts in 

energy for each measured spectrum (intensity versus binding energy). Each elemental 

chemical bond in a compound has a characteristic peak shift (high or low shift depending on 

the direction of charge transfer) where the bond type can be identified by comparing the peak 

position with known standards. XPS has been used for the characterization of mineral 

surfaces that have been modified with flotation activators and other reagents, and the 

interaction of Cu2+ with sulfide minerals such as pyrite and sphalerite [89, 90]. Mostly, X-rays 

will only penetrate the materials surface, at a relatively few Ångstroms into the material, and 

hence only information about the crystal grains at the surface can be analysed. It should be 

noted that the information sampling depth is limited depending on the material, which is much 

less than the actual powder thickness. Thus, the results presented in the appended papers are 

correspondingly limited in representation. Repeated measurements, however, yielded 

consistent results.  
 

 In this work, XPS is primarily applied to identify elemental species and to characterize the 

chemical bonding in pyrite, Au nugget, and Au sediments in various mineral samples. By 
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combining the core level and valence band XPS the bonding associated with pathfinder 

elements and indicator minerals were determined. 

 
 

3.2.3.1  Core Level and Valence Band XPS 
 

From the core-level spectra obtained from XPS, various pathfinder elemental species in the 

sediments or minerals under investigation were identified and assigned to their corresponding 

mineral components, as indicator minerals in the study area. From the valence band XPS, the 

electronic structure and chemical bonding of the minerals in association with Au were 

investigated.  
 

From the XPS valence band, I found that the chemical bonding and relationship between Au 

and pathfinder elements or indicator minerals are centred on the d-block of the investigated 

elements (mostly transition metals) that form compounds in two or more different oxidation 

states and bind to several ligands to form coordination complexes. Given this, the d-orbitals in 

the coordination complex of Au and other transition metals with either octahedral or 

tetrahedral geometry split into two energy states. The two states in octahedral geometry are eg 

(excited state) of higher energy and t2g (transition state) with lower energy as observed in Fig. 

3.3. The eg state in the octahedral complex has proper symmetry to interact with ligand 

orbitals to form bonding and antibonding interactions. This gives lower energy orbitals of 

sigma () bonding and higher energy orbitals of  antibonding orbitals and causes the eg 

metal orbitals to move above the t2g orbitals.  

 

 

Figure 3.3: Crystal field splitting of the d-orbitals into the eg (higher energy) and t2g (lower 
energy) states for an octahedral field. 
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The eg set contributes to higher Eb involving d-orbitals in the eg set in metal-ligand sigma (σ) 

interaction to favor covalent bonding. In the case of Au mineralization, the covalent 

contribution consists of Au eg-ligand 2p (pd-σ), Au t2g-ligand 2p (pd-π), and Au-Au t2g (dd-σ) 

bond regions that can be observed in the valence band [91, 92]. In view of this, the bonding 

associated with Au sediments (coarse-grained) containing oxides and carbonates can be 

considered as covalent. Pathfinder elements like Si, Ag, Fe, Al, S, N, O, Hg, C, Ni, Cu, Zn, 

Mn, and Ti are identified from the concession and ascribed to indicator minerals such as 

quartz, hematite, pyrite (marcasite), garnet, carbonates, carbon, graphite, and other occasional 

silicate minerals such as biotite and hornblende. The carbon from the alteration minerals 

bonds covalently with Au to form an organometallic gold (I) complex of Au-C bonds whose 

stability depends on the ligand type while gold (III) complexes form stable complexes with C, 

N, P, S, and O ligands [93, 94].  
 

The t2g symmetry favors the participation of π interactions with ligands due to their weaker 

interactions in metal complexes, making the bonding associated with t2g a metallic base [92]. 

Thus, the Au bulk and fine-grained Au concentrate samples predominantly bond metallically 

with ligands such as Ag, W, Ti, Fe, and Cu containing low oxidizing materials. The Fe and 

other transition metals in the oxides (e.g., iron-oxides) have low spin ferric (Fe) in an 

octahedral environment in a ground state of (t2g)5(eg)0 that can undergo a transition to form 

the t2g (dπ) and eg (dσ) sets, resulting in two probable final states of t2g
6eg

0 or t2g
5eg

1. In the 

low-spin ferric system, the lowest energy peak is a contribution from a t2g hole, and the more 

intense and higher energy peak is from the unoccupied eg orbitals [95]. Therefore, the ground 

state configuration of metal-Fe has four holes in the eg orbital and one hole in the t2g orbital 

set to aid in the bonding mechanism. The samples from the Kubi concession under 

investigation can therefore be considered to bond to metallic or ionic ligands where the 

occupied ligand orbitals N, O, S, C, Hg, and Cl attract charges since they are more 

electronegative than the metal. Minerals like gelena, arsenopyrite, fluorite, pyrrhotite, pyrite, 

chalcopyrite, magnetite, diamond, gold, sphalerite, rutile, periclase, hematite, and limonite 

belong to the octahedral complex. 
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Figure 3.4: Crystal field splitting of the d-orbitals into the eg (lower energy) and t2g (higher 
energy) states for a tetrahedral field. 
 
 
Contrary to an octahedral complex, the splitting of the d-orbitals in the tetrahedral 

coordination symmetry has the eg in the transition state of lower energy and t2g in the excited 

state with higher energy as observed in Fig. 3.4. This causes the eg orbitals to exhibit metallic 

or ionic bonding while the t2g experiences covalent bonding with ligands. Minerals such as 

micas, clay minerals (kaolin, chlorite, and illite), feldspars, quartz, olivine, garnet, zircon, and 

pyroxenes form tetrahedral complexes. Therefore, the indicator minerals chlorite, pyrite, 

periclase, hematite, pyrrhotite, limonite, magnetite, chalcopyrite, arsenopyrite, quartz, and 

garnet in the Kubi concession bond covalently with Au in either octahedral or tetrahedral 

symmetry. 
 

Also, within the alluvial environment, the oxidation states for gold exhibit a mixed valence 

complex with chloride [gold (I, III) chloride]. The aurous ion (Au+1) forms bonds with ligands 

like thioethers (sulfides), thiolates or thiols, and halides while the auric ion Au+3 type is 

usually found in Au2Cl6. Also, in the Au+3 metal complexes, the d8 compounds have a square 

planer with chemical bonds that favor both covalent and ionic bonding to give a strong 

reaction between Au and halides; like chlorine to form AuCl3 [96] making chloride 

minerals/alterations in the concession area and most mining settings potential indicator 

minerals.  
 

From the above, I conclude that the indicator or impurity phase minerals in the Kubi 

concession are either metallically, covalently, or ionically bonded to gold due to the identified 

pathfinder elements (Fe, Ti, Ag, Al, S, N, O, Hg, C, O, etc.) that depend on the inter-atomic 

distances, bond lengths, and the number of available electrons in the d-orbital. Secondly, 
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within the alluvial regime, gold can bond with oxygen to form a reddish-brown inorganic 

compound/solid Au2O3. The compound Au2O3 is stable because of the strong hybridization of 

the Au 5d and the O 2p states that occur in the valence-band region [97] but can decompose at 

160 °C to facilitate the formation of hematite alteration [98]. Therefore, within the alluvial 

sediments in the Kubi concession, Au bonds strongly with the oxide minerals; predominantly 

Fe2O3, Fe3O4, FeCr2O4, MnO(OH), FeTiO3, TiO, and ZnO, that are useful for industrial 

purposes and hold significant economic value.  

 
 

3.2.4 Scanning Electron Microscopy   
 

SEM
 
is a type of electron microscope that is mainly used to obtain information about the 

surface topography and composition of the sample under investigation. Its resolution is better 

than in an optical microscope with a larger field depth. An electron gun fitted with a tungsten 

filament cathode thermionically emits an electron beam that reacts with atoms in a sample to 

produce different signals. The interaction between the electron beam and the sample can be 

used to obtain contrast and can be detected and transformed into an electric current. In the 

most common SEM mode, secondary electrons are used for the detection which provides a 

topographical image of the surface under investigation while backscattered electrons are used 

to obtain information on compositional contrast. SEM has been applied in this Thesis to 

reveal the surface morphologies of quartz, pyrite, and almandine-type-garnet in gabbro 

samples from a diamond drill hole. 

 
 

3.2.5 Transmission Electron Microscopy   
 

TEM is a technique used to capture fine details in samples of a size which is a thousand times 

smaller than a resolvable object in a light microscope. A beam of electrons is transmitted 

through a specimen (ultrathin section <100 nm) to form an image through the interaction of 

electrons with the sample. The imaging in TEM is at a higher resolution than light 

microscopes due to the smaller de Broglie wavelength of the electrons and has multiple 

operational modes. Diffraction modes in TEM are used to obtain crystallographic information 

and spectroscopic techniques are used for chemical information. The limitations of this 

technique rest on sample thickness and preparation that requires highly competent personnel, 

and also the instrument is very expensive. Given these limitations, TEM is usually used at 
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universities and advanced research institutes. In this Thesis, TEM is used to obtain 

crystallographic information on four different quartz samples: namely, a light brown outcrop 

quartz with spotty iron stains as a reference sample, light grey quartz from an artisanal pit of 5 

m deep with Fe stains as impurities, black and white quartz from a 12 m depth small scale 

mining site containing other intrusive, and pyrite veining quartz from a 30 m depth drill hole 

core containing other minerals. All four quartz samples were crushed into powder and each 

sample was divided into two parts. Thereafter, each part of the quartz type was annealed at a 

temperature of 1100°C using an air furnace annealing chamber, and both fresh and annealed 

samples were analyzed by TEM of which Si, O, Fe, Na, Al, Ca, Mg, Ti, and S were identified 

as possible trace elements. 

 
 

3.2.6 Differential Scanning Calorimetry  
 

DSC is a simple technique used to measure different characteristic properties of a sample:  

fusion, crystallization, glass transition, and oxidation. The total heat difference as a function 

of temperature is the heat required to increase the temperature of a sample and reference. The 

temperature of the sample holder increases linearly as a function of time, while the 

temperatures of both the sample and reference (with well-defined heat capacity) are 

maintained at almost the same temperature. The result from the experimental curve 

(exothermic or endothermic) of heat flux versus temperature or time, is used to calculate the 

enthalpy of transitions. DSC experiments were conducted on four different quartz powder 

samples (a light brown outcrop, light grey sample with Fe stains as impurities, black and 

white quartz containing other intrusive, and pyrite veining quartz with impurity minerals) 

using a Netzsch STA 449 C instrument and heated from room temperature to 1400 ℃ under 

an argon flow atmosphere to avoid chemical reactions such as oxidation and hydrolysis with 

oxygen and moisture that may degrade the sample. The analyses were performed to study the 

structural transformation of the quartz phases from α-quartz to β-quartz and β-cristobalite. 

 
 

3.2.7 Air Annealing Furnace  
 

Air annealing furnace (AAF) is an equipment used for heat treatment that changes the 

physical properties of materials above the recrystallization temperature of the materials and 

maintained at a steady temperature for the required time before cooling. The furnace has an 
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inner sample sliding glass tube, where the samples are manually placed for rapid thermal 

processing (RTP) under normal atmosphere. Contrary to DSC, AAF reactions take place in 

the presence of air to facilitate the oxidation process needed for transformation to occur. The 

technique changes the internal microstructure of the materials such as reducing the number of 

dislocations, increase the grain size, and reduces stress as atoms diffuse through the solid 

material. The AAF involves three stages: (i) recovery stage: where the material is heated to 

soften and remove dislocations and internal stress, to provide the energy required to break 

bonds and the rate of diffusion of the material, (ii) recrystallization: where new grains 

nucleate to replace the deformed ones, and (iii) grain growth: where materials are heated 

above the recrystallization temperature with increase in grain sizes. In this Thesis, AAF has 

been used to study the grain growth and transformation changes in pyrite and quartz by 

annealing at a temperature of 1100 °C, which is above the recrystallization temperature of 

these minerals to cause an alteration (hematite) in the quartz minerals. Above this 

temperature, the quartz minerals increased in grain sizes to reduce dislocations and internal 

stress. The quartz then transforms from α-quartz to β-quartz and β-cristobalite. In addition, the 

Fe stains and impurity minerals in the quartz react with oxygen to form hematite alterations in 

the quartz samples. The pyrite also undergoes a series of transformations: from pyrite to 

pyrrhotite to magnetite and finally to hematite. The result indicates that the abundant hematite 

alterations in the Kubi soil are contributions from the highly weathered hydrothermally 

altered quartz and sulfide group of minerals.   

 

3.3   Phase Analysis of Au-associated Minerals (Quartz and Pyrite) 
 

Figure 3.5 shows the stability diagram for the quartz (four quartz powder samples with Fe 

stains, pyrite, and magnetite as impurities) and pyrite samples investigated in this Thesis by 

TEM, DSC, and AAF. From the stability diagram, quartz is stable at room temperature and 

normal atmospheric pressure in its α-phase. From 575 ℃, it changes to β-quartz and becomes 

stable around 880 °C. Above 900 °C, it then transforms to α-tridymite, and later into α-

cristobalite or isometric β-cristobalite. For the quartz containing impurity minerals (pyrite and 

magnetite), the pyrite first transforms into pyrrhotite before dissociating into hematite [99]. 

This explains that the hematite alteration in sediments found in the Kubi mining site 

originates from the recrystallization of quartz and other impurity minerals; influenced by 
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temperature such that under high-temperature conditions, hematite alterations occur through 

an oxidation process.  

 

 

Figure 3.5: Stability diagram for quartz (containing impurities), iron, and pristine pyrite 
showing transformation processes into other mineral phases. 
 

The magnetite impurities in the quartz powder sample transform into maghemite at 

temperatures below 400 ℃ and then into hematite at higher temperatures. For the iron-stained 

quartz, Fe reacts with oxygen to form an iron oxide which then under an oxidation mechanism 

forms hematite-magnetite. Thus, in the presence of oxygen, pyrite is oxidized to form a series 

of final by-products, such as hematite, magnetite, iron sulfate, and sulfur dioxide. These 

transformation processes are influenced by the reaction conditions, such as temperature 

(softening and breaking of bonds), oxygen concentration (which determines the mineral 

formation type), flow mechanism (removal of dislocation and stress), and increase in grain 

size (stability and formation of new material).  
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Figure 3.6: Time-temperature dependence diagram for quartz, pyrite, and the impurity phase 
minerals showing three stages involved in the air-annealing process. GS is the recovery stage, 
RS is the recrystallization stage, and GG is the grain growth stage. 
 

Figure 3.6 is a schematic time-temperature dependence diagram for quartz containing Fe 

stains and other impurity minerals. As observed in Fig. 3.6, the recovery stage for quartz is 

below 400 ℃ where the heating mechanism has little or no influence on the transformation 

process. The energy associated with the heating is just enough to facilitate the breaking of 

bonds, removal of dislocations, and diffusion or incorporation of interstitials into the material. 

In the recrystallization stage (T≤ 550 ℃), new grains nucleate to replace the dislocated grains. 

The quartz mineral in these two stages remains stable as α-quartz. Beyond the 

recrystallization temperature, α-quartz is transformed into β-quartz and into cristobalite. From 

T1 to T2 the growth of grains increases with time at a constant temperature and the mineral 

phase of quartz is between α-tridymite and α-cristobalite as observed in Fig 3.5. Similarly, the 

Fe stains, pyrite, and other impurities in the quartz samples are stable below 400 ℃ but as 

temperature increases with time under oxidation conditions they transform to iron oxides, 

pyrrhotite, and magnetite-hematite. Thus, the heating effect facilitates the expansion in crystal 

size which favors the oxidation reactions to cause chemical effects by mineralogical alteration 

at higher temperatures such that the quartz samples are altered by hematite. 
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4. Contribution to the Field 
 

The above analytical techniques are useful for minerals and ore-body evaluation and to 

acquire much regolith information to assess the amount of Au within the oxide zone in a 

potential Au mining concession. I conclude that these techniques have provided useful 

information on the Kubi concession from the topsoil to the orebody as shown in Fig. 4.1. The 

saprolite (weathered rock materials) is seen to be altered by hematite, limonite, and chlorite 

because of the weathering profiles of garnet, amphiboles, periclase, biotite, iron oxides, and 

hydrothermal alterations. Au mineralization occurs beyond the stone line within the saprolite 

as shown in Fig. 4.1. Oxidation occurs above the water table, or the bedrock (zone of 

aeration), and the reduction process occurs below the water table (zone of saturation) with 

chemical dissolution leading to mineral alterations and deposition of Au and indicator 

minerals below and above the water table. From the orebody to the near surface (saprolite), 

the dissemination of Au, pathfinder elements, and indicator minerals are due to the mass 

transport of leached mineral constituents, mineral precipitation at lower temperatures, 

chemical reactions, alkaline pH conditions, and crystallization of hydrothermal hot fluids.   

 
Figure 4.1: Schematic section of the Kubi concession ground profile showing Au orebody. 
 

In Paper I, I investigated impure Au soil sediments from artisanal small scale-mining sites 

within the saprolite as shown in Fig. 4.1 using the XRD technique. From the XRD analysis, 

Au, SiO2 (quartz), Fe3O4 (magnetite), and Fe2O3 (hematite) were identified as the main 

minerals within the impure sediments. I proposed in this paper I that these gangue minerals 

SiO2, Fe3O4, and Fe2O3 act as pathfinding minerals that were deposited in nature during 
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hydrothermal activation. It was concluded that in the near surface environment (oxide zones), 

alongside the garnet and the gangue mineral SiO2, the Au mineralization is controlled by 

Fe2O3 as one of the indicator minerals to host the Au with other pathfinder minerals beneath 

the surface.  
 

Paper II, extends my research on the pathfinding minerals mentioned in Paper I with samples 

from the zone of aeration (saprolite) in Fig. 4.1 to electronic structure and chemical bonding 

in the Au samples (powder and bulk) by combining core-level and valence band XPS with 

EDS. I concluded that the observed chemical shifts towards higher energies are due to 

screening and charge transfer effects and indicative of bonding (covalent and metallic) of Au 

atoms with the surrounding ligands in the indicator minerals. Elements identified to act as 

pathfinder elements by XPS and EDX are Si, Ag, Fe, Al, N, O, and Ti and these are inferred 

to be from indicator minerals such as quartz, hematite, pyrite, garnet, and other silicate 

minerals (biotite and hornblende) that were deposited during the flow regime in hydrothermal 

complexes. I found that tailing sediments considered as “mining waste” could be of economic 

value to mining companies and investors and are thus essential materials for consideration in 

exploration.  
 

In paper III, I investigated quartz samples outcropping from the surface and bedrock at the 

Kubi Gold Mining site as seen in Fig. 4.1 to reveal the material properties at different 

temperatures. XRD results of the fresh and annealed quartz samples show that the samples 

contain the indicator minerals FeS2, biotite, TiO2, and magnetite. These minerals were 

observed to experience hematite alterations under an oxidation process between 574-1400 °C 

temperatures. The quartz samples transform from α-quartz to β-quartz and further to 

cristobalite as observed from the calorimetry scans for hydrothermally exposed materials. 

From the EDX, I identified elemental species such as Fe, S, Mg, K, Al, Ti, Na, Si, O, and Ca 

in the samples and these were attributed to the impurity phase minerals observed in the XRD. 

The findings also suggest that impurity minerals and metals can be trapped by voids and faults 

during the hydrothermal flow regime and can be altered to change color at different 

depositional stages by oxidation and reduction processes leading to hematite alteration which 

is a useful pathfinder in mineral exploration. 
 

Paper IV extends my research on alluvial sediments to drill hole samples of a depth of about 

100 m. Samples were selected at different depths from saprolite to the orebody as indicated in 

Fig. 4.1 and XRD, SEM, and EDX were applied to identify and compare pathfinder elements 
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and indicator minerals at these depths in the Kubi mining area in Ghana. With these combined 

analytical techniques, I identified secondary mineral phases of periclase and hematite in the 

almandine-type of garnet found in the gabbroic rock. From the analysis, I found Fe, Si, O, C, 

Al, Ca, Mg, Na, Mn, Cl, S, and K pathfinding elements as the main contributions to the 

indicator minerals; pyrite, quartz, periclase, and almandine-type garnet. The results show that 

grains within sediments in the oxide zone are controlled by quartz and hematite, the bedrock 

consists of pyrite and pyrrhotite, and the orebody contains garnet, periclase, and biotite as 

pathfinder minerals within the concession area. The analysis also indicates a mineralized 

oxide zone that can be attributed to the orebody of several sulfide minerals and the 

segregation of alteration from garnet-periclase minerals to hematite. I concluded that the 

mineralogy of the alluvial environment is traced from the chemical weathering reaction of 

garnet from the orebody that produces other indicator by-products such as periclase and 

hematite minerals that occur in fractions in the Kubi mining area.  
 

Finally, in Paper V, I combined XRD, air-annealed furnace, EDX, and XPS to analyze the 

chemical reactivity of a pristine pyrite (FeS2) sample above the stone line as shown in Fig. 

4.1. The XRD results from the pristine and the air annealing samples show that the 

relationship between pyrite, hematite, and magnetite is controlled by temperature and pressure 

with magnetite being formed at high temperatures of about 1100 °C under oxidation and 

reduction conditions and certain pH levels. EDX and XPS results indicate that the pristine 

pyrite sample has O, C, Ba, P, Al, and N as contaminants as well as some Au. These are 

attributed to impurity minerals such as oxides of barium and aluminum, chalcogenide 

sulfides, and phosphorus, as well as gangue alteration minerals like magnetite and hematite in 

the sample. By combining EDX with core-level and valence-band XPS measurements with 

density functional (DFT) calculations, the electronic structure and chemical bonding in pyrite 

was investigated. A chemical shift of 0.28 eV for metal Fe toward higher energies due to the 

screening effect and charge transfer, is attributed to the bonding between Fe atoms and the 

neighbouring ligands in the indicator or rock-forming minerals in the concession area. Also, 

the attraction of Fe towards a highly electronegative atom (e.g., sulfur) contributes to Fe-S 

bonds in the sulfide group of indicator minerals. From this study area, I concluded that pyrite 

bond metallically to metallic oxides and covalently to non-metallic components due to 

hybridization and interactions in metal complexes.  
 

I have used XRD, XPS, EDX, DSC, AAF, SEM, and TEM on alluvia, outcrop, and drill hole 

samples to identify mineral phases or mineralogical compositions, grain size, texture, 
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chemical bonding, reaction mechanism, mobility, diffusion mechanism, phase transformation, 

binding energy, morphology, and structural defects in samples from a geological setting. The 

information obtained here provides essential parameters to mining industries for the 

determination of the dynamics and evolution of ore bodies as well as properties and 

relationships of pathfinder elements and indicator minerals of Au mineralization. For mineral 

exploration activities and for academic purposes, these techniques should be useful for 

lithological, mineralogical, structural, veining, alteration, and geotechnical studies as shown 

in Fig. 4.2.  

 
 

Figure 4.2: Application of analytical tools in exploration and mineral studies.  
 

 

As motivation of the research, the results are of general importance for the mining industry to 

understand the role of Au indicator minerals and underscore the usefulness of characterization 

techniques such as XRD, XPS, TEM, SEM, and EDX in studying rock fragments, sand 

sediments, and soils from mining sites for identifying pathfinders of Au in potential 

geological sites to serve not only as fast, robust, and economically viable tools but also as 

alternative methods for the mineral laboratories to implement. 
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