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ABSTRACT 

 

Orogenic lode gold deposits are known to be structurally controlled, yet, the structural 

architecture and the structural-hydrothermal controls leading to mineralisation are rarely integrated 

across scales. Using the ~ 1.5 Moz Yaouré gold deposit and broader Bouaflé belt in the West Africa as 

a case study, the research presented in this thesis aims at documenting the processes involved in gold 

mineralisation across scales from craton perspectives to microscale observations. This research project 

relies on a multi-disciplinary approach combining geological mapping, diamond drill core logging, 3D 

modelling, interpretation of geophysical data, whole rock lithogeochemistry, radiogenic isotope work 

(U-Pb, Lu-Hf) with in-situ trace element and S-isotopic analysis of ore minerals by LA-ICP-MS and 

SIMS. The research can be subdivided into three interconnected research axes that help understanding 

the gold metallogeny and the late tectono-thermal evolution of the Paleoproterozoic southern West 

African Craton. 

The first axis of the study aimed at reviewing the broader regional tectono-stratigraphic 

framework associated with the Bouaflé granite-greenstone belt as it forms a fundamental building block 

underpinning the mineralisation process. The combination of lithofacies analysis, U-Pb geochronology 

and whole rock geochemistry revealed a peak in igneous activity (plutonic and volcanic) associated 

with an arc-like signature in central Côte d’Ivoire between 2108 ± 5 Ma and 2105 ± 4 Ma. These ages 

are approximately 30 to 50 Myrs younger than those expected for rocks belonging to the Birimian 

stratigraphic cycle in the region. The 2108 ± 5 Ma and 2105 ± 4 Ma ages preented in this work 

correspond to a late-orogenic and short-lived stratigraphic Group called the Bandamian Volcanic Cycle. 

Lu-Hf isotopic measurements on magmatic zircons from the Bouaflé belt show that this Bandamian 

Volcanic Cycle is marked by a juvenile superchondritic signature. Revised stratigraphic correlations 

integrating newly generated data for the Bouaflé belt with stratigraphic studies across the sWAC 

indicate that this volcanic resurgence is much more widely distributed than previously thought, 

extending to most greenstone belts of the western half of the sWAC. This study hints at the potential 

role played by the Ouango-Fitini shear zone as a lithospheric boundary during crustal accretion. This 
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first chapter further discusses possible geodynamic scenarios that may account for such peak in thermal 

activity in the waning stages of the Eburnean Orogeny.  

The second research axis aimed at providing an integrated and coherent model for the structural 

evolution and associated metallogeny of the Yaouré deposit with an emphasis on the structural controls 

on gold mineralisation. Two distinct gold ore-forming phases were identified and occurred during 

protracted bulk E-W shortening. The first mineralisation stage is hosted by fault-fill veins (V1) along 

conjugate ENE-striking (dextral) and WNW-striking (sinistral) strike-slip fault arrays. The second gold 

mineralisation stage is associated with a low-displacement fault-fracture-vein mesh (V2) formed during 

a reverse faulting episode. Interestingly, the second mineralisation episode described at the Yaouré gold 

deposit features analogue V2 veins in the larger-scale Yaouré district, which has been useful in 

interpreting the paleo-stress evolution responsible for the formation of gold-bearing structures in the 

region. This study proposes that deformation in the district is polyphased with contrasted structural 

settings leading to the overall structural geometry of the gold-bearing structures: strike-slip formation 

resulted from high differential stress conditions and repetitive shear failure inducing gold-rich V1 vein 

emplacement. Reverse shear-hosted V2 veins, in contrast, formed under lower differential stress 

conditions, during which episodic fluid pressure release induced vein formation. At the scale of the 

Yaouré gold camp, this study highlights the main permeability vectors, critical for targeting 

hydrothermal crustal pathways.  Broader implications captured by this work depict the competing role 

existing between differential stresses and fluid pressure in vein formation within distinct structural 

settings.  

The third research axis aimed at fingerprinting the geochemical signature of each gold 

mineralisation episode. This work combines whole rock geochemistry with trace-elementary and S-

isotopic analysis on pyrites to better constrain the fluid rock interaction processes leading to both V1 

and V2 mineralisation stages. Accordingly, by combining both analytical techniques at Yaouré, we 

suggest that both mineralised episodes would have derived from distinct fluid sources: an early source 

with magmatic affinity (V1), and a secondary hydrothermal episode (V2) genetically related to 

metamorphic fluids, more commonly attributed to orogenic gold systems. In regards to the Au 
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deposition mechanism, it is suggested that gold precipitation during the V1 episode was triggered by 

progressive fluid oxidation. During the V2 episode it is proposed that drastic and cyclic fluid pressure 

fluctuations related to the fault-valve emplacement of the V2 veins induced episodic gold deposition. 

The polyphase nature of gold emplacement together with the involvement of multiple hydrothermal 

fluid (and gold) sources and precipitation processes in the Yaouré gold camp highlights the diversity of 

gold deposit types found across Côte d’Ivoire and contribute at least in part in the understanding of gold 

mineralisation processes in the sWAC. 
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Chapter I    Introduction 

 

 

1. Preamble 
 

Orogenic gold deposits, previously referred as to “lode-gold” or “mesothermal gold” deposits, represent 

a type of gold-only deposits that account for about 30% of the global resource in the precious metal, 

when including their placer-type counterparts (Groves et al., 1998; Goldfarb et al., 2001; Phillips and 

Powell, 2015). Orogenic gold deposits are known to have formed episodically throughout the evolution 

of the Earth since the Archean, and are associated with the late stages of major crustal growth marked 

by accretionary tectonic regimes (Goldfarb et al., 2001). This deposit type formed under a wide range 

of crustal depths varying from 3 to 20 km depth, and deposited in broad thermal equilibrium with their 

wall-rocks from low-salinity, H2O-CO2-rich ore fluids (Goldfarb and Groves, 2015). Orogenic gold 

deposits form in a brittle-ductile environment characteristic to the mid to upper crustal environment 

(Hodgson, 1985; Colvine et al., 1988; Kerrich and Wyman, 1990; Groves et al., 1998). Numerous 

studies have addressed both the structural and geochemical processes involved in gold transport and 

deposition, and much knowledge on the controlling factors for gold endowment in accretionary orogens 

has been gathered since the early 1980’s (Groves et al., 1998; McCuaig and Kerrich, 1998; Hronsky et 

al., 2012; and references therein). Although necessary to reach economic gold grades, the multiple and 

overlapping structural-hydrothermal components involved at various crustal levels, lead to a large 

spectrum of mineralisation styles within the broader orogenic gold metallogenic group (Goldfarb et al., 

2001).  
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Figure I - 1. Illustration of the three key components for economic gold endowment in the crust (Hronsky et al., 2012).  

 

A scale-integrated and unified model of the key processes involved in gold enrichment in fertile orogens 

requires the conjunction of three key factors: fertilisation of the upper mantle / lower crust, a crustal-

scale plumbing structure and transient remobilisation factors (Fyfe and Henley, 1973; Kerrich, 1989, 

1993; Goldfarb et al. 2001, 2005; Hronsky et al., 2012; Figure 1). In details, aspects of the 

aforementioned model are still debated, such as the upper mantle fertility criteria, as upper crustal 

metavolcanic rocks (Phillips and Groves, 1983; Phillips and Powell, 2010; Patten et al., 2020) or 

carbonaceous sedimentary turbidites (Pitcairn et al. 2006; Phillips and Powell 2010; Large et al. 2009; 

Tomkins 2013) may be contributing to gold in Archean and Paleoproterozoic orogenic belts. The 

identification of all three components requires multi-scale and multi-disciplinary approaches in order 

to connect deep-crust processes with upper-crustal gold-controlling factors. Hence, despite the often-

large availability of deposit-scale studies identifying transport and deposition controlling factors, the 

interplay between larger-scale components (timing with regards to orogenic processes, sourcing region 

and interaction with crustal-scale conduits) and upper-crustal processes is lacking, thus failing at 

providing the full picture of the regional scale controls responsible for bulk gold endowment.  

The southern West African Craton, host to the World largest Paleoproterozoic gold endowment (ca. 

10,000 metric tons), result from a ca. 200 million years-long orogenesis during which gold deposited 
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over distinct times and tectonic settings (Goldbarb et al., 2017; Thébaud et al., 2020), further feeding 

the debate on gold mineralisation processes / source within accretionary orogens. Here, stratigraphic, 

structural, geochronological and geochemical analysis are applied from micron to craton scales into an 

integrative study of the tectono-thermal evolution of the western half of the Paleoproterozoic belts of 

the southern West African Craton. Structural geology- and geochemistry-focused studies applied to 

gold mineralisation are presented at a camp scale to clarify the upper-crustal controls on gold deposition 

in the region of Angovia – Yaouré, central Côte d’Ivoire. Providing new geochronological datasets, this 

study reviews the spatial extents of the Bandamian Volcanic Cycle, a syn- to late-orogenic thermal 

event that occurred across most of the southern West African Craton. By integrating crustal- and 

deposit-scale studies, this work aims at discussing the major elements that have influenced 

hydrothermal cicrculation and gold mineralisation across the poly-deformed Palaeoproterozoic belts of 

West Africa and bear significance to orogenic gold systems globally.  

 

2. Geology of the southern West African Craton: current understanding 

and knowledge gaps 
 

The southern part of the West African Craton (sWAC), also known as the Man-Leo Shield, is composed 

of the ca. 3540 – 2750 Ma Archean Kénéma-Man Domain (Kouamelan et al., 1997; Thiéblemont et al., 

2001) and of the ca. 2250 – 2050 Ma Paleoproterozoic Baoulé-Mossi Domain, (Tshibubudze et al., 

2013; Parra-Avila et al., 2015, 2017; Grenholm et al., 2019). A major episode of crustal growth during 

the Paleoproterozoic is referred to as the Birimian event and was marked by voluminous tholeiitic 

magmatism forming large oceanic plateaux followed by a period of crustal thickening characterised by 

prevailing calc-alkaline magmatism (Bassot, 1987; Abouchami et al., 1990, Sylvester and Attoh, 1992; 

Hirdes et al., 1996; Kouamelan, 1996; Pouclet et al., 1996; Dia et al., 1997; Lompo, 2009; Baratoux et 

al., 2011). Calc-alkaline felsic intrusions were emplaced at a later stage between ca. 2150–2090 Ma 

(Hirdes et al., 1996; Doumbia et al., 1998; Gasquet et al., 2003; Vidal et al., 2009), followed by alkaline 

intrusions emplacement between ca. 2090–2050 Ma (Liégeois et al., 1991; Hirdes et al., 1992; Doumbia 

et al., 1998; Ouattara, 1998; Gasquet et al., 2003). From a tectonic point of view, the Paleoproterozoic 
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terranes of the sWAC were affected by two successive orogenic cycles: the Eoeburnean between ca. 

2180 and 2140 Ma, and the Eburnean between ca. 2125 and 2060 Ma (Hirdes and Nunoo, 1994; 

Oberthür et al., 1998; Feybesse et al., 2006; Hein, 2010; Baratoux et al., 2011; Perrouty et al., 2012; 

Block et al., 2016a, b; Le Mignot et al., 2017; Thébaud et al., 2020).  

During the latest stage of the Eburnean, parts of the sWAC underwent a volcanic resurgence referred 

to as the Bandamian Volcanic Cycle and dated from ca. 2117 Ma to 2080 Ma (Hirdes et al., 1996; 

Guérrot, in Feybesse et al., 1999; Hirdes and Davis, 2002; Gasquet et al., 2003; Allibone et al., 2019). 

The Bandamian volcanic rocks display a large range of rock types, including felsic to ultramafic 

magmas with calc-alkaline and tholeiitic affinities, however their lateral expression in the sWAC is not 

well defined (Hirdes et al., 1996; Pouclet et al., 1996; Vidal et al., 1996, 2009; Lüdke et al., 1998, 1999; 

Hirdes and Davis, 2002; Lahondère et al., 2002; De Kock et al., 2011; Lebrun et al., 2016; Dia et al., 

1997; Dabo et al., 2017; Eglinger et al., 2017). Furthermore, the timing of emplacement of the 

supracrustal rock sequences of the Bandamian Volcanic Cycle is hard to reconcile with the crustal 

setting of the sWAC, marked by maximum crustal thickness of the Paleoproterozoic terranes (Hirdes et 

al., 1996; Lüdke et al., 1998; Hirdes and Davis, 2002; Grenholm et al., 2019). No recent study has 

focused on this stratigraphic cycle and the literature still presents the crustal growth of the 

Paleoproterozoic sWAC as the result of a single protracted episode referred to as the Birimian. In a 

second chapter, this thesis reviews the Bandamian Volcanic Cycle spatial and timing occurrences across 

the sWAC and investigate on its potential origins. The detailed review of this stratigraphic cycle provide 

an opportunity to investigate on the still poorly constrained geodynamic context at the end of the 

Eburnean, which is discussed in this thesis.  

The Eburnean orogenic cycle was responsible for two-thirds of the gold endowment in West Africa 

(Gasquet et al., 2003; Baratoux et al., 2011; Block et al., 2016a; Thébaud et al., 2020). Gold 

mineralisation in the southern West African Craton is proposed to have occurred episodically over ~100 

Myrs between ca. 2180 and 2060 Ma and represents an overall bulk enrichment of about 10,000 metric 

tons of Au (Goldfarb et al., 2017; Masurel et al., in press;  Thébaud et al., 2020). It started as early as 

2180-2160 Ma (e.g. Wassa, Gaoua, Kiaka; Le Mignot et al., 2017), but the bulk of gold mineralisation 
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occurred in two major events dated between ca. 2110 and 2095 Ma and between ca. 2095 and 2060 Ma 

(Thébaud et al., 2020). Recent studies explore the potential reasons for the polyphased nature of gold 

mineralisation across the sWAC (Masurel et al., in press; Thébaud et al., 2020), yet much is still to 

explore as most of the Eburnean tectonic evolution remains a subject of debate, and lithospheric controls 

on gold endowment in West Africa are still to be unravelled. From a tectonic perspective, both gold 

endowment periods are expressed across the sWAC as orogenic-type mineralisations and are therefore 

strongly structurally controlled. The gold mineralisation at the Yaouré gold deposit presented in the 

following makes no exception: two main fault types control gold mineralisation. However, the 

numerous studies from researchers (Fabre, 1884, 1985; Feybesse, 2001; Fabre and Morel, 2003; 

Coulibaly et al., 2007, 2008) and from consultants (Kerr, 2012, 2014; Bond, 2013, 2014; Amadou, 

2015; Allibone, 2015, Tourigny et al., 2016; unpublished internal reports) provide diverging 

interpretations according to the structural framework architecture and paragenesis, as well as various 

mineralisation controls interpretations. Therefore, fundamental questions remain open and impede 

larger-scale integration of the Yaouré gold camp in the sWAC structural-hydrothermal evolution such 

as:  

- What is the tectonic context within which lithologies emplace at Yaouré and what can we learn in 

terms of timing and architectural controls for the overprinting gold-bearing structures?  

- What is the architectural framework of the Yaouré gold deposit, its evolution through time and what 

controls the deposit location at a regional scale? 

- What are the geochemical controls on mineralisation and do they fit with the structural evolution of 

the deposit? How do these geochemical controls on gold mineralisation compare with nearby gold 

deposits and what can we learn for gold mineralisation controls in Côte d’Ivoire, whereby gold 

mineralisation styles strongly vary within an orogenic setting compared to other greenstone belts? 

At the deposit scale, identifying the structural evolution from the Yaouré gold deposit and near-mine 

outcrop areas carry valuable insights for the tectonic settings, the location of Yaouré within its broader 

camp as well as the broader deposit scale ore shoot geometry. In a third chapter, this thesis analyses 
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deformation and associated local stress field evolution of the gold-controlling structures at the Yaouré 

gold camp to propose a unified structural evolution model. An integrated comparison of the results from 

the Yaouré gold camp with neighbouring greenstone belts is presented to help understand the structural 

and metallogenic evolution of central Côte d’Ivoire. In this section, we highlight the importance of fluid 

pressure for vein formation and discuss broader implications for structural architecture and gold 

mineralisation in the southern West African Craton. 

 

Figure I - 2. Graphic overview of litho-tectonic evolution of the southern West African Craton along with timing of gold 

mineralisation (yellow point sizes are proportional to gold endowment volume (Thébaud et al., 2020). Numbers on the figure 

refer to gold deposits detailed in Thébaud et al., 2020 (and references therein) as follows: Deposits plotted include: 1- Gaoua 

(Burkina Faso, Re-Os on pyrite), 2- Wassa (Ghana, Re-Os on pyrite), 3- Wassa (Ghana, Re-Os on pyrite), 4- Damang (Ghana, 

Ar-Ar micas cooling age), 5- Tongon (Côte d’Ivoire, U-Pb on Titanite), 6- Siguiri (Guinea, Relative age), 7- Essakane (Guinea, 

Relative age), 8- Sadiola (Mali, Relative age), 9- Loulo (Mali, Relative age), 10- Morila (Mali, Relative age), 11- Syama (Mali, 

Relative age), 12- Mana (Burkina Faso, Relative age, 13- Obuasi (Ghana, Relative age), 14- Bonikro (Côte d’Ivoire, U-Pb on 

zircon), 15- Tarkwa (Ghana, Relative age).  
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Although it is clear that the structural framework exerts a critical role in fluid circulation and 

precipitation in orogenic gold systems, physico-chemical characteristic variations of the gold-bearing 

hydrothermal fluids actively participate in the mineralisation process, and include: variations in the fluid 

composition, temperature, pH, pressure, oxygen fugacity, sulfur fugacity and changing host rock 

natures (McCuaig and Kerrich, 1998; Goldfarb et al., 2005; Zhu et al., 2011). Besides the timing 

differences between the two main gold mineralisation episodes recognised across the sWAC, gold 

mineralisation varies in terms of deposit types and bulk resource; with the younger of the two episodes 

presenting a larger range of mineralisation styles and hosting a large portion of the resource in West 

Africa (Thébaud et al., 2020). In Côte d’Ivoire, amongst eight current gold deposits, intrusion-related, 

skarn and orogenic mineralisation types are represented and such diversity in gold deposits styles also 

occur across the rest of the sWAC (Goldfarb et al., 2017; Thébaud et al., 2020). In Côte d’Ivoire and 

across the western half of the sWAC, most gold deposits formed in the later ca. 2095 and 2060 Ma gold 

mineralisation period, with deposit styles potentially reflecting a variety of fluid and/or metal sources 

(Mortimer, 1990; Leake, 1992; Feybesse, 2001; Houssou, 2013; Béziat et al., 2015; Masurel et al., 

2019). The metal enrichment signatures, hydrothermal alteration characteristics, and spatial association 

with late-orogenic syn-kinematic intrusions of gold deposits formed during the second mineralisation 

episode in the sWAC hint at potential magmatic contributions to the metal-fluid budget (Masurel et al., 

in press; Thébaud et al., 2020; Lambert-Smith et al., 2020). Amongst deposits displaying such 

characteristics, the Bonikro gold deposit located in the neighbouring greenstone belt of Oumé-Fétékro 

in central Côte d’Ivoire has been recently interpreted as an intrusion-related deposit overprinted by an 

orogenic gold pulse (Masurel et al., 2019). Hence, in order to better constrain gold mineralisation 

controls at the Yaouré gold camp a multiscale geochemical approach is applied in a fourth chapter. 

Geochemical investigations are led through whole rock analysis and in situ trace elementary and S-

isotopic measurements on sulphides to identify the geochemical triggers for gold precipitation and test 

the active role versus passive role of intrusions for mineralisation. In covering structural and 

geochemical controlling factors leading to economic gold concentration at Yaouré, this study 

investigates on the variability of mineralisation styles through time in Côte d’Ivoire.  
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3. Aim and structure of the Thesis 

 

The aim of my research was to scrutinise the architecture and structural control of gold mineralisation 

within a Precambrian terrane across scales. Such scale integration provides a broader insight into the 

mineralisation, which is symptomatic of a range of geological processes ranging from the geodynamic 

processes triggering fluid flow, down to fluid-rock interaction empowered by both magma ascent and 

dynamic fracture permeability. Accordingly, the thesis is structured into three interconnected chapters, 

each scrutinising the mineralisation process from the craton to the deposit scale: 

1) Revision of the uppermost stratigraphic group of the Bandamian Volcanic Cycle and resolve 

“the Birimian Controversy” raised by the original study of Hirdes et al. (1996). The results 

presented in this first section respond to the dilemna of the polyphased crustal growth in Cote 

d’Ivoire and its integration into the larger sWAC. By providing a craton-scale review, this study 

further the understanding of the crustal processes involved during the Paleoproterozoic Earth 

evolution (Chapter 2).  

2) Provide a unified structural-hydrothermal paragenetic evolution of the Yaouré camp and 

identify the structural controls on ore formation. The identification of the stress field evolution 

applied to a revised structural paragenetic sequence proposed at the scale of the camp provide 

insights on the varying action of fluid pressure versus differential stress involved in vein 

formation and gold mineralisation (Chapter 3).  

3) The application of geochemical tools from whole rock geochemistry to in situ analysis on 

pyrites provides additional constrains on possible gold deposition mechanisms. The application 

of a systematic approach to identify gold mineralisation processes at the Yaouré deposit helps 

unravel reasons why gold mineralisation styles differ more substantially in Côte d’Ivoire 

(Chapter 4).  
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Chapter II    Lithostratigraphic evolution of the Bandamian 

Volcanic Cycle in central Côte d’Ivoire:  

Insights into the late Eburnean magmatic resurgence and its 

geodynamic implications 

 

Abstract 
 

Late- to post-collisional volcanism in the southern portion of the West African Craton (sWAC) has been 

described along the paleo-craton margin between the Paleoproterozoic Baoulé-Mossi domain and 

Archean Kénéma-Man nucleus. New lithostratigraphic and isotopic data for central Côte d’Ivoire, as 

well as revised regional stratigraphic correlations across the western sWAC, indicate that this volcanic 

resurgence is not only restricted to the paleo-craton margin, but extends to most greenstone belts of the 

western half of the sWAC. This late volcanic event, historically referred to as the ca. 2117 – 2080 Ma 

Bandamian Volcanic Cycle, has received little attention since its identification in 1996. Detailed 

geological investigation of the Bouaflé granite-greenstone belt in Côte d’Ivoire, located 150 km east of 

paleo-craton margin, along with newly acquired U-Pb geochronological data indicate a peak in igneous 

activity showing evidence for bimodal magmatism affiliated to the Bandamian Volcanic Cycle in 

central Côte d’Ivoire between 2108 ± 5 Ma and 2105 ± 4 Ma. Whole-rock geochemistry and Lu-Hf 

isotopic measurements on magmatic zircons from the Bouaflé region show that these Bandamian rocks 

are marked by a juvenile signature with little degree of crustal contamination. Collectively, the data 

collected in this study show that the Bandamian Volcanic Cycle represents an important thermal event 

that affected the sWAC during the late stages of the Eburnean orogeny, spanning the incremental change 

from folding and thrusting to dominantly transcurrent tectonics along major faults and shear zones. This 

paper discusses the possible geodynamic settings that may account for such a peak in thermal activity 

during the late stages of the Eburnean orogeny.   
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1. Introduction 
 

The protracted tectonic evolution that took place in most Precambrian terranes commonly results in 

complex deformation that withholds the original stratigraphy. Nevertheless, insights into the early 

stages of craton formation and underlying tectonic and geodynamic processes may be gathered through 

careful lithostratigraphic correlations coupled with litho-geochemical and radiogenic isotopic analyses 

(Hayman et al., 2015). In the southern portion of the West African Craton (sWAC) the geological record 

depicts a three-staged geodynamic evolution spanning ~ 250 Myrs between ca. 2300 Ma and 2050 Ma, 

including: i) an early stage whereby crustal growth largely occurred via magmatic accretion, ii) an arc 

constructional stage, which spanned the transition from accretionary to collisional orogenesis, and iii) 

a late stage of transcurrent tectonics and crustal reworking (Abouchami et al., 1990; Boher et al., 1992; 

Hirdes et al., 1992, 1996; Doumbia et al., 1998; Hirdes and Davis, 2002; Pouclet et al., 2006; Grenholm 

et al., 2019a; Masurel et al., 2020). During that latest stage, parts of the sWAC underwent a volcanic 

resurgence referred to as the Bandamian Volcanic Cycle and dated between ca. 2117 Ma to 2080 Ma 

(Hirdes et al., 1996; Guérrot, in Feybesse et al., 1999; Hirdes and Davis, 2002; Gasquet et al., 2003; 

Allibone et al., in press; Figure 1). The Bandamian volcanic rocks comprise various lithofacies 

associations including felsic, intermediate and mafic extrusive rocks with calc-alkaline and tholeiitic 

affinities (Hirdes et al., 1996; Pouclet et al., 1996; Vidal et al., 1996, 2009; Lüdke et al., 1998, 1999; 

Hirdes and Davis, 2002; Lahondère et al., 2002; De Kock et al., 2011; Dabo et al., 2017; Eglinger et 

al., 2017). The timing of emplacement of the Bandamian Volcanic Cycle was contemporaneous with or 

post-dated late-orogenic coarse-clastic sedimentary syn- to post-orogenic rock deposition, which 

occurred coevally with voluminous high-K calc-alkaline to peraluminous leucogranites (Hirdes et al., 

1996; Lüdke et al., 1998; Hirdes and Davis, 2002; Grenholm et al., 2019a; Figure 1). First described in 

NE Côte d’Ivoire, spatial occurrences of Bandamian volcanic rocks have since been recognised across 

the Paleoproterozoic greenstone belts of Mali, Guinea and Senegal (Hirdes et al., 1996; Hirdes and 

Davis, 2002; Lebrun et al., 2016; Eglinger et al., 2017; Masurel et al. 2017; Grenholm et al., 2019a; 

Figure 2). 
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Yet, no recent study has focused on this stratigraphic cycle and literature still assigns the 

lithostratigraphic record of the Paleoproterozoic sWAC as the ca. 2240-2060 Ma Birimian Supergroup 

(Baratoux et al., 2011; de Kock et al., 2011; Parra-Avila et al., 2016; 2017; Grenholm et al., 2019a). In 

this paper we present new petrographic, geochemical and geochronological results from the Bouaflé 

belt, which support the presence of late-orogenic magmatism affiliated to the Bandamian Volcanic 

Cycle in central Côte d’Ivoire. We then compare our results to published studies for Côte d’Ivoire and 

Figure II - 1. Simplified litho-tectonic evolution overview of the Paleoproterozoic West African craton. To the right of the 

figure is featured a composite stratigraphic column which illustrate the most representative lithologies in the Paleoproterozoic 

terranes of the West African craton. Numbers associated with intrusive, volcanic and sedimentary successions refer to specific 

examples : 1. Ryolitic tuff from the Goren greenstone belt, Burkina Faso (2235 +/-5 Ma) (Castaing et al., 2003); 2. 

Granodiorite, Po-Tenkodogo-Yamba region, 2265 +/- 17 Ma (Parra-Avila et al., 2017); 3. Wassa pophyry (2195 +/- 6 Ma) 

(De Kock et al., 2009); 4. Gondo granitic gneiss , Maluwe basin (2187 +/- 5 Ma) (De Kock et al., 2009); 5. Gongodi gabbro, 

Burkina Faso (2172 +/- 9 Ma) (Brownscombe, 2009); 6. Prince town granite Ghana, (2159 +/- 4 Ma) (Parra-Avila et al., 2015); 

7. Sandikounda plutonic complex Senegal (2158 +/- 8 Ma) (Dia et al., 1997); 8. Mafic to felsic volcanism of the Oume-Fetekro 

greenstone belt, Côte d’Ivoire (2163 +/- 4 and 2178 +/- 7 Ma) (Kouamelan, 1996); 9. the Iridiaka suite, Bromo Belt, Burkina 

Faso (2168 +/- 10) (Parra-Avila et al., 2015); 10. Sunyani-Comoe, Kumasi, Siguiri (Balato and Fatoya formations), Safane-

Tehini, Kofi, Diale-Dalema, Banfora-Bandama-Lobo and Chako series, Ghana, Burkina Faso, Mali, Côte d’Ivoire and Guinea 

(2159 +/- 4 Ma - 2107 +/- 8 Ma) (Leube et al., 1990; Bossière et al., 1996; Baratoux et al., 2011; Block et al., 2016a; Lebrun 

et al., 2016; McFarlane, 2018; Grenholm et al., 2019a); 11. Volcaniclastic rocks from the Kumasi and Sunyani-Comoe series, 

Ghana (2135 +/- 7 Ma - ca. 2120 Ma) (Davis et al., 1994; Oberthur et al., 1998; Hirdes et al., 2007; Grenholm et al., 2019a); 

12. Numerous biotite-granodiorite and granites from NW Ghana, Burkina Faso, Guinea, Côte d’Ivoire and Mali (ca. 2135 - 

2105 Ma) (Castaing et al., 2003; Agyei-Duodu et al., 2009; Siegfried et al., 2009; Thomas et al., 2009; De Kock et al., 2011); 

13. Siguiri basin intermediate to felsic volcanism, Guinea (2113 +/- 10 Ma) (Lebrun et al., 2016); 14. Keniero mafic to felsic 

volcanics, Niandan komatiites and basalts, Saraya intermediate to felsic volcanics, Guinea (2085 +/- 2 Ma - 2092 +/- 5 Ma) 

(Feybesse et al., 1999; Tegyey and Johan, 1989; Lebrun et al., 2016); 15. Tarkwa series, Ghana (ca. 2107 - 2097 Ma) (Hirdes 

and Nunoo, 1994; Oberthur et al., 1998, Pigois et al., 2003; Adadey et al., 2009; Perrouty et al., 2012) and Kintinian Formation 

(2124 +/- 7 Ma) (Lebrun et al., 2016); 16. Alkaline to calc-alkaline intrusions, Guinea (2097 +/- 7 Ma - 2082 +/- 6 Ma) 

(Eglinger et al., 2017). 
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the broader sWAC in order to discuss possible geodynamic scenarios responsible for syn- to post-

collisional volcanism in the late-Eburnean. 

 

Figure II - 2. Geological map of the sWAC with a focus on the greenstone belts featuring volcanic resurgence during the 

Bandamian (in red). The names of most greenstone belts from the western half of the sWAC are provided below the figure, 

and the source for geochronological datasets extracted from the literature listed hereafter. Northern Oumé-Fétékro (Fétékro 

supergroup; Leake, 1992), Katiola-Marabadiassa area (Doumbia, 1997; Doumbia et al., 1998; Gasquet et al., 2003), Ouango-

Fitini and Haute-Comoé areas (Lemoine, 1988; Hirdes et al., 1996; Lüdke et al., 1992; 1999), Kedougou-Kéniéba Inlier 

including the Falémé belt and the Mako and Dialé-Daléma formations (Milési et al., 1989; Tegyey and Johan, 1989; Hirdes 

and Davis, 2002; Lahondère et al., 2002; Lambert-Smith et al., 2016), Téhini-Boutourou area (Hirdes et al., 1996; Pouclet et 

al., 1996; 2006), Siguiri basin and Niani volcanic suite (Lahondère et al., 2002; Lebrun et al., 2016), and review papers in Côte 

d'Ivoire (Pouclet et al., 2006; Vidal et al., 2009), Yévélé, Kinkéné and M'Bayakro belts (Pouclet et al., 1996; 2006), Niandan-

Kéniero belts (Tegyey and Johan, 1989; Guerrot, in Feybesse et al., 1999; Lahondère et al., 2002; Eglinger et al., 2017), Bagoé 

basin (Yao, 1993; Liégeois et al., 1991; Wane et al., 2018), Boromo and Houndé areas (Bonkoungou, 1994; Castaing et al., 

2003; Baratoux et al., 2011), Samapleu-Yacouba layered complex (Gouedji et al., 2014), Dialé-Daléma-Falémé belts (Milési 

et al., 1989 ; Ledru et al., 1991 ; Hirdes and Davis, 2002 ; Théveniaut et al., 2010). 
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2. Regional geological setting 
 

The petrographic, geochemical and geochronological characteristics of the greenstone stratigraphic 

successions recognised in Côte d’Ivoire point towards two main lithostratigraphic cycles, separated by 

a major discontinuity (Lemoine, 1988; Milési et al., 1989; Abouchami et al., 1990; Boher et al., 1992; 

Vidal et al., 1992, 1996; Davis et al., 1994; Hirdes et al., 1996; Kouamelan, 1996; Pouclet et al., 1996, 

2006; Doumbia et al., 1998). The first lithostratigraphic group is represented by the ca. 2265 – 2097 Ma 

Birimian Supergroup and encompasses a wide range of rock types (Kitson, 1928; Milési et al., 1989; 

Abouchami et al., 1990; Hirdes et al., 1996; Feybesse et al., 1999; Gasquet et al., 2003; Block et al., 

2016a, b; Parra-Avila et al., 2017; McFarlane et al., 2019). This group is marked by the continuous 

evolution from abundant juvenile tholeiitic magmatism forming large oceanic plateaux to a crustal 

thickening period characterized by prevailing calc-alkaline magmatism (Bassot, 1987; Abouchami et 

al., 1990, Sylvester and Attoh, 1992; Hirdes et al., 1996; Kouamelan, 1996; Pouclet et al., 1996; Dia et 

al., 1997; Lompo, 2009; Baratoux et al., 2011). The upper stratigraphic portion of the Birimian 

supergroup features intermediate to felsic units with calc-alkaline affinities and clastic sedimentary 

rocks (Baratoux et al., 2011; Davis et al., 2015; Grenholm et al., 2019a; Figure 1). The emplacement of 

abundant TTG plutons and granitoids is also recognized during this period (Grenholm et al., 2019a). 

This upper stratigraphic portion formed under crustal convergence, proposed to correspond to an arc-

constructional stage (Sylvester and Attoh, 1992; Vidal and Alric, 1994; Peucat et al., 2005; Attoh et al., 

2006; Pouclet et al., 2006; Dampare et al., 2008; Baratoux et al., 2011; Ganne et al., 2012). The late 

stages of the Birimian Supergroup are marked by voluminous sedimentation, formed during uplift and 

erosion associated with the waning stages of the ca. 2140 – 2070 Ma Eburnean orogeny (Feybesse et 

al., 2006; Perrouty et al., 2012; Grenholm et al., 2019b). In places, the volumetrically and spatially 

restricted Birimian-derived detrital series of the ca. 2115 – 2097 Ma Tarkwa Group were deposited in 

narrow fault-controlled basins (Sestini, 1973; Oberthür et al., 1998; Pigois et al., 2003; Tunks et al., 

2004; Perrouty et al., 2012). Despite prevailing mid-greenschist facies metamorphism, upper 

amphibolite to granulite facies rocks are observed, and include gneissic batholiths preferentially 

exhumed along craton margins (Bendaoud et al., 2008; Kouamelan et al., 1997; Pitra et al., 2010; 
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Schofield et al., 2006). These gneissic rocks are thought to have formed mainly from the partial melting 

of the lowermost Birimian crust, and are interpreted to mark the onset of crustal thickening at 2137 +/- 

8 Ma (Gasquet et al., 2003; Thomas et al., 2009; De Kock et al., 2011; Tshibubudze et al., 2015; Block 

et al., 2016b).  

The second lithostratigraphic group is represented by volcano-sedimentary series composed of 

extensive epiclastic rocks and interbedded high-Mg basalts, andesites and felsic volcanic units of calc-

alkaline affinity, all metamorphosed from low- to mid-greenschist facies (Hirdes et al., 1996; Pouclet 

et al., 1996, 2006; Lüdke et al., 1998, 1999; Doumbia et al., 1998). This second group, named the 

“Bandamian Group” or “Bandamian Volcanic Cycle” after the Bandama Basin in Côte d’Ivoire (Hirdes 

et al., 1996), is separated by a ca. 30 to 50 Myrs time gap from the underlying Birimian Group (Taylor 

et al., 1988, 1992; Abouchami et al., 1990; Liégeois et al., 1991b, Boher et al., 1992; Hirdes et al., 1992, 

1996; Davis et al., 1994). The ca. 2117 – 2080 Ma volcano-sedimentary rocks from this group are 

crosscut by a second generation of syn-tectonic plutons dated between ca. 2090 – 2070 Ma, dominated 

by calc-alkaline, alkaline and shoshonitic affinities (Milési et al., 1989; Tegyey and Johan, 1989; Hirdes 

et al., 1996; Lüdke et al., 1998, 1999; Feybesse et al., 1999; Eglinger et al., 2017; Allibone et al., in 

press). In places, mafic and ultramafic intrusions and associated volcanism are also represented 

(Feybesse et al 1999; Gouedji et al., 2014). Sedimentary rocks associated with this group are interpreted 

to have been deposited in a shallow-marine continental setting (Grenholm et al., 2019b).  

 

3. Analytical Methods 
 

3.1. Mapping, logging and sampling 

This study combines field-based litho-stratigraphic and structural mapping of the Yaouré gold deposit 

and the Bouaflé greenstone belt throughout 4 fieldwork periods between October 2016 and February 

2018. Due to the paucity of outcrops and equatorial weathering conditions in the region, most of the 

lithostratigraphic work was undertaken on drill core from the Yaouré gold deposit area, which is located 

in the eastern part of the Bouaflé greenstone belt (Figure 3); access to drill core was granted by Perseus 

Mining Ltd. In total, 38 diamond drill holes, representative of the structural and lithological 
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characteristics of the deposit, were logged and systematic face mapping was completed on all accessible 

portions of the historical open-pit mine. In addition, 37 outcrops were mapped over the Bouaflé 

greenstone belt, for which systematic structural measurements, litho-stratigraphic observations and 

sampling were undertaken. A total of 2500 structural measurements, 81 thin sections, 45 whole rock 

analysis and 8 samples for U-Pb geochronology were undertaken out of 75 samples selected on drill 

core at the deposit scale and 37 samples from outcrops throughout the Bouaflé greenstone belt. 

 

Figure II - 3. Geological map of the Bouaflé greenstone belt interpreted from fieldwork and geophysical datasets 
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3.2. Petrography, geophysics and whole-rock geochemistry 

Petrographic studies were undertaken using optical microscopy (Nikon Eclipse LV100POL at the 

School of Earth Sciences, University of Western Australia) and SEM-EDS observations (Tescan 

VEGA3, Centre for Microscopy, Characterization and Analysis (CMCA), University of Western 

Australia). The 45 samples collected for geochemistry include 30 samples from the deposit and 15 

samples from regional outcrops. These 45 samples were sent for whole-rock analysis at LabWest 

Minerals Analysis Pty Ltd. Samples were digested by a combination of alkaline fusion and 

HF/Multiacid microwave digestion. Analysis then used ICP-OES and ICP-MS to give a full analysis of 

major and trace elements components. Carbon dioxide content was analysed by gas evolution or 

titration, and LOI was performed gravimetrically. FeO was determined titrimetrically. A 25g portion of 

pulverised sample was analysed for gold content using aqua-regia digestion, with determination by ICP-

MS to achieve high recovery and low detection limits (0.5ppb). Revision of the Bouaflé greenstone belt 

geological map was undertaken based on field data combined with the geological interpretation of 

internal proprietary aeromagnetic (total magnetic intensity, reduced to pole, first vertical derivative). 

3.3. Geochronology 

3.3.1. Sample preparation 

After cleaning and removing the weathered parts of selected samples, between 1.7 and 3.2 kg of rocks 

were sent per sample for mineral separation at Geotrack International Pty Ltd., Australia. Crushing used 

a mechanical jaw crusher and pulverizing was undertaken with a ring mill. Heavy minerals were 

separated using standard heavy liquids and magnetic procedures. Zircons were handpicked from 

concentrates and fractions and mounted in 25-mm epoxy-resin discs with chips of U/Pb zircon standards 

M257 (561.3 Ma, 840 ppm U; Nasdala et al., 2008) and OGC1 (3,465 Ma; Stern et al., 2009), and 

silicate glass NBS-610 at the mineral separation Laboratory of UWA. After mounts were polished to 

reveal interior textures of zircon grains, backscattered (BSE) and cathodoluminescence (CL) imaging 

were undertaken on carbon-coated mounts with a Tescan Vega-3 SEM at the Centre for Microscopy, 

Characterisation and Analysis at UWA. In-situ U-Pb analyses on zircons were undertaken using two 

techniques: i) the sensitive high-resolution ion microprobe (SHRIMP II) at the John de Laeter Centre 
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at Curtin University (Western Australia) was used for magmatic units (n = 6) and ii) the laser ablation 

inductively-coupled plasma mass spectrometry (LA-ICPMS) at the GeoHistory Facility, John de Laeter 

Centre, Curtin University (n = 2) and at UWA (n = 1) were used for sedimentary rock geochronology. 

3.3.2. SHRIMP U-Pb analyses 

SHRIMP analyses used standard operating procedures similar to those described by Compston et al. 

(1984) and Wingate and Kirkland (2013). Operating parameters include a 10-keV primary O2 beam 

focussed to a ~20 μm diameter spot, a net primary ion current between 1.5 and 2.7 nA, and a secondary 

ion analyzer set to a mass of ≥5,000. Six data collection cycles (scans) were performed per analysis 

after a 2 minutes raster of 120 μm, and count times (per scan) were 10 s for the 204Pb, 206Pb, and 208Pb 

mass peaks and background, and 30 s for the 207Pb mass peak. Standards M257 were regularly analysed 

every 3-4 analysis and OGC1 every 16 analysis in between unknowns for U-Pb calibration. 

3.3.3. LA-ICPMS U-Pb analyses (Curtin University) 

After two cleaning pulses, grains were ablated using a RESOlution M-50A-LR incorporating a Compex 

102 excimer laser equipped with a Laurin Technic S155 cell. Beam diameter was 50 µm diameter, 

repetition rate was 5 Hz and laser energy was 1.8 J cm-2 measured at the sample surface. The sample 

cell was flushed with ultrahigh purity He (320 mL min-1 and N2 (1.2 mL min-1). Each analysis consisted 

of 45 s of background acquisition followed by 40 s of sample data acquisition and another 15 s of 

background counting. Isotopic intensities were measured using a Nu Plasma II multicollector ICP-MS, 

using high purity Ar as the plasma gas. For this work, the following elements were monitored (detector 

in brackets: H – Faraday Cup; IC – Ion Counter) over an 0.8 s integration time: 238U (H10), 232Th (H8), 

208Pb (IC0), 207Pb (IC1), 206Pb (IC2), 204Pb (IC3), and 202Hg (IC4). Unknowns were bracketed by a suite 

of standard zircons, with the standard block analysed every 25 unknowns. The primary reference 

materials used in this study were OC1 (3465.4±0.6 Ma; Stern et al., 2009) and GJ-1 (601.7±1.4 Ma; 

Jackson et al., 2004), with 91500 (1062.4±0.4 Ma; Wiedenbeck et al., 1995) and Plešovice (337.13±0.37 

Ma; Sláma et al., 2008) treated as a secondary age standards. Full instrument setup in the table below.  
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Nu Plasma II MC ICPMS Nu Instruments Ltd., Wrexham, UK 

RF forward power 1300 W 

RF reflected power 4 W 

Coolant 13 L/min 

Carrier gas (Ar) 1.0 L/min 

Make up gas (He+N2) flow 320 mL/min (He); 1.2 mL/min (N2) 

Monitored masses 238U (H10), 232Th (H8), 208Pb (IC0), 207Pb (IC1), 206Pb 

(IC2, 204Pb (IC3), 202Hg (IC4). 

Dwell Time 115 ms 

Integration 0.8 s 

  

RESOlution 193 nm Excimer Laser ASI Ltd., Canberra, Australia 

Laser Compex 102 excimer 

Cell Lauren Technic S155 

Fluence 1.8 J/cm2 

Repetition rate 5 Hz 

Excavation rate ~0.8 µm/pulse 

Delay between analyses 55 s 

Ablation duration 40 s 

Table 1. Instrument parameters for LA-MC-ICPMS 

3.3.4. LA-SF-ICPMS U-Pb analyses (University of Western Australia) 

Zircon U-Pb isotope compositions were determined by LA-SF-ICPMS at The University of Western 

Australia.  The LA-SF-ICPMS system used in this study consisted of an Element XR ICPMS coupled 

to a Cetac Analyte G2 193 nm ArF laser.  During the course of this study we took advantage of the 

improved sensitivity of the Element XR’s higher vacuum interface and employed a Jet sample cone and 

X skimmer cone configuration, along with 4.5 mL/min N2 introduced with a total of 1 L/min of He 

carrier gas through the laser cell and Helix sample cup.  Laser ablation analysis were carried out using 

a fluence of 4 J/cm2, a laser repetition rate of 5Hz, and laser spot diameter of 15 um. Each analysis 

consisted of a 10 s gas blank, while the laser was firing on the shutter, follow by 30 seconds of ablation 

time for a total of 150 laser shots.  Each analysis also consisted of a 20 s washout period before the next 

analysis began.  This routine measured masses, 200Hg, 202Hg, 204Hg+Pb, 206Pb, 207Pb, 208Pb, 

232Th, and 238U.   Daily ThO/Th was routinely less than 0.3% percent. While no common Pb 

correction was applied, samples with excess 204Pb- beyond that of background- were rejected. All 

analyses were calibrated to the 1099 Ma FC-1 zircon standard using the ID-TIMS data from Paces and 
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Miller, 1993.  The 3465.4 ± 0.6 Ma OG1 zircon (Stern et al., 2009) was employed as a secondary 

standard to monitor the accuracy of the method. During the course of this study analyses of OG1 yielded 

a weighted mean 207Pb/206Pb age of 3462 ±  4 (2SE; MSWD= 1.2). U-Pb isotope data were reduced 

using the method described in Fisher et al. (2014.). 

Thermo Fisher ELEMENT XR  

(SF-ICP-MS) 

 

Thermo Fisher Scientific, Bremen, Germany 

RF forward power 1350 W 

RF reflected power <4 W 

Cooling gas flow (Ar) 16 L/min 

Carrier gas flow (Ar) 0.95 L/min 

Make up gas (He+N2) flow 1.00 L/min He (Cell 0.30 L/min, Cup 0.70 L/min); 

4.5 mL/min N2 

Monitored masses 238U, 232Th, 208Pb, 207Pb, 206Pb, 204Pb, 202Hg, 200Hg 

Detector mode Fixed in counting or analogue respective to count rate 

Cycle time 310ms 

Other notes Quartz injector, Ni X skimmer & Jet sample cones, tuned 

for ThO+/Th+ <0.3%; Th/U ~1 

  

Photon machines*  

Analyte G2 excimer laser 

 

*now Teledyne Cetac, Omaha, USA 

Spot diameter 15µm circle 

Laser source ATLEX-LR-I (193nm ArF Excimer; ~4 ns pulse width) 

Cell HelEx II 2 volume cell 

Fluence 4 J/cm2 

Repetition rate 5 Hz 

Delay between analyses 20s 

Ablation duration 30s 

Table 2. Instrument parameters for LA-MC-ICPMS 

3.3.5. Data reduction  

Raw U-Pb-Th datasets from SHRIMP analysis were reduced using the SQUID v2.5 and ISOPLOT3 

programs (MS Excel add-ins by Ludwig, 2003, 2008, , with a data error of 1σ (Stacey and Kramers, 

1975). During data interpretation, analytical cut-offs were systematically applied on all SHRIMP data 

in order to minimise the risk of including zircons with disrupted U-Pb decay chains. U/Pb ages were 

only calculated for grains yielding U content lower than 1000 ppm and for concordant to near-

concordant grains (discordance between –2 and +5%). 
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LA-ICP-MS 206Pb/238U ages calculated for all zircon age standards, treated as unknowns, were found to 

be within analytical uncertainty of the accepted value. The time-resolved mass spectra were reduced 

using the U-Pb_Geochron4 data reduction scheme in Iolite3.5 (Paton et al., 2011) and in-house 

Microsoft Excel macros from John de Laeter Center at Curtin University. Data processing used 

Common lead measurements couldn’t be retrieved on LA-ICP-MS measurements due to the isobaric 

interference from 204Hg, hence, 204Pb corrections couldn’t be applied on LA-ICP-MS ages. Similar 

analytical cut-offs to those from SHRIMP results were applied to LA-ICP-MS results and include: U 

content lower than 1000 ppm and for concordant to near-concordant grains (discordance between –2 

and +5%). The reduced datasets were subsequently plotted into SQUID v2.5 and ISOPLOT3 programs 

(MS Excel add-ins by Ludwig, 2003, 2009). To have the best populations represented three methods 

were used. A first method selected the youngest statistically significant subpopulation with a fraction 

exceeding 15% (f = 0.15) was used to constrain the maximum depositional age of the sample. The latter 

method was applied by de Kock et al., (2012) and Perrouty et al., (2012) when reinterpreting previously 

published SHRIMP detrital zircon from the Tarkwa series (Pigois et al., 2003) and by Grenholm et al., 

2019b for LA-ICP-MS analysis on detrital zircons. For the main unimodal population observed on the 

probability density plot, a second method referred as to the TuffZirc Age provided from the “Zircon age 

extractor” tool (Ludwig and Mundil 2002). This method considers that ages of the zircon rims can be 

altered by mixing with xenocrysts or cores, or by loss of lead, mostly arising from the laser-spot size 

and the irregular morphology of the zircon rims. According to Ludwig (2008), this algorithm is 

insensitive to both Pb-loss and inheritance, and takes into account the information yielded by analytical 

errors. These TuffZirc ages were calculated on 52 coherent grains for YA12B (68 % of all concordant 

ages) and on 44 coherent grains for YAD022 (57% of all concordant ages). A third method used a 

weighted mean age calculation on small coherent populations or provided results from single zircons 

grains belonging to older populations. Details on these older zircon grains are embedded in the text. 

LA-ICP-MS TuffZirc ages estimates are reported with 95% confidence and include propagated 

uncertainties in the standard calibrations. Maximum depositional ages are provided with a 2Ϭ 

uncertainty.  
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3.4. LA-ICPMS Lu-Hf analyses 

Hafnium isotope data presented in this study were collected from selected zircon pits previously 

analysed by SHRIMP geochronology. In situ measurements of Lu–Hf isotopes were carried out using 

a Cetac-Photon Machines Analyte G2 (193 nm) laser ablation system coupled to a Thermo Scientific 

Neptune PLUS Multicollector ICPMS at the at the University of Western Australia. The instrumental 

set-up has been described by Petersson et al., 2009. 

Data were obtained with a laser energy of 5 Jcm-2, ablation rate of 4 Hz and a laser pulse repetition rate 

over a 60 second ablation period, where each measurement comprised 60 cycles of 1s integration time. 

Beam diameter was 40 or 50μm, depending on the size of the targeted zircon growth phase. Care was 

taken to ensure that the analytical site was within the same cathodoluminescence-defined growth 

domain from where the age data were obtained. Ablation was carried out in a He atmosphere, with the 

He carrier gas exiting the cell being combined with Ar in a small volume (3 cm3) glass mixing chamber 

prior to transport into the ICP-MS via Teflon-lined Tygon® tubing. A small (~0.01 l/min) N2 flow was 

introduced into the Ar carrier gas upstream of the mixing chamber to enhance sensitivity (Iizuka and 

Hirata, 2005; Hawkesworth and Kemp, 2006). 

Only the flattest, most stable portions of the time-resolved signal were selected for integration, which 

correspond to 95 points for 6 samples. Within-run outlier rejection was set at 3 standard errors of the 

mean. The correction for the isobaric interference of Lu and Yb on 176Hf was performed in 'real time' 

as advocated by Woodhead et al. (2004). For Yb, this involved monitoring the interference-free 171Yb 

during the analysis and then calculating the magnitude of the 176Yb interference using the 176Yb/171Yb 

ratio determined by Segal et al. (2003) (176Yb/171Yb = 0.897145). The much smaller Lu correction was 

performed in the same fashion by measuring 175Lu, and using 176Lu/175Lu = 0.02655 (Vervoort et al., 

2004). To correct for instrumental mass fractionation, Yb isotope ratios were normalised to 173Yb/171Yb 

= 1.130172 (Segal et al., 2003) and Hf isotope ratios to 179Hf/177Hf = 0.7325 using an exponential law. 

The mass bias behaviour of Lu was assumed to follow that of Yb. Analyses of several standard zircons 

with different Yb/Hf ratios were regularly interspersed with unknowns during the course of the 

analytical session, and showed sub-epsilon unit reproducibility in 176Hf/177Hf. Epsilon Hf values for 
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sample zircons were calculated using a 176Lu decay constant of 1.865x10-11 yr-1 (Scherer et al., 2001) 

and the chondritic values of (Bouvier et al., 2008).  

All zircon Hf isotope data (samples and reference zircons OGC and FC-1) are normalised to the solution 

176Hf/177Hf value of Mud Tank zircon (0.282507 ± 6, Woodhead and Hergt (2005), reported relative to 

JMC 475 176Hf/177Hf = 0.282160) using the laser ablation data generated from this zircon in each 

analytical session. Analytical uncertainties combine the in-run error with the reproducibility of Mud 

Tank zircon analyses from the same session, added in quadrature. Errors in initial 176Hf/177Hf and 

εHf incorporate uncertainty in the crystallisation age, the 176Lu decay constant and in the measured 

176Lu/177Hf. 

 

4. Results 

4.1. Lithofacies analysis of the Bouaflé belt 

The Bouaflé belt is divided into two domains: an eastern ~25 km by ~30 km domain dominantly 

comprised of mafic rocks, which is associated with the easternmost lithostratigraphic succession well 

described in the Yaouré camp (Mériaud et al., 2019), and a western 28 km by 100 km domain, whereby 

volcano-sedimentary and epiclastic successions prevail (Figure 3). All units from the Bouaflé belt are 

metamorphosed from low- to mid-greenschist facies. The prefix meta has been omitted hereafter and 

the various lithofacies are referred to as their protolith.  
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4.1.1. Coherent basalt 

The lowermost stratigraphic group in the Yaouré camp comprises massive and pillow basalts (Figure 

4A, B). The maximum intersection exceeds 600 m in drill core, however the true thickness remains 

unconstrained. Most basalts are aphanitic with the rare occurrence of coarser mm-size crystals forming 

massive intervals several metres thick. The mineral composition of the basalt is dominated by chlorite 

and features µm-scale lath-shaped oligoclase-albite crystals arranged in a pseudo-trachytic texture.  

Figure II - 4. Hand specimen photographs of representative volcanic and sedimentary lithofacies. All pictures are taken from 

drill core intercepts, except for picture A. A) Yaouré pit pillow basalt outcrop, section view of a pillow texture on a vertical 

wall. B) Pillow basalt revealing mineral and textural variations along a pillow margin. C) Debris flow unit featuring chert and 

basalt clasts. D) Dacite featuring basaltic clast and volcanic quartz grains. E) Polymictic conglomerate described at the base 

of the detrital sedimentary package. F) Cross-bedded laminations from the upper sandstone interval of the detrital sedimentary 

unit. Abbreviations of minerals as per Whitney and Evans (2010). 
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Trace amounts of disseminated carbonates, magnetite, epidote and leucoxene are also present. 

Metamorphosed hyaloclastite occurs in the interstitial space of pillows and consists of silica, chlorite, 

calcite, epidote, trace amounts of pyrite and tourmaline (Figure 4B). Coherent basalts are predominantly 

tholeiitic in affinity with low alkalinity (Figure 5A, B), yet higher K2O content is recorded in 

hydrothermally altered samples due to sericite enrichment (Figure 5B). All basalts occur in the N-

MORB field based on the bivariate Nb/Yb vs Th/Yb plot of Pearce (2008) (Figure 5C). The REE 

profiles are near-flat, 9 to 11 times more enriched from the C1 chondrite, and are devoid of any Eu 

anomaly (Figure 6). This composition is consistent with the low oceanic plateaux MORB-type values 

obtained for Sr/Y and La/Yb ratios, close to chondritic values (Sun and McDonough, 1989; Moyen, 

2009). 

 

4.1.2. Debris flow / pyroclastic unit 

This unit is a matrix-supported poorly-sorted volcanogenic breccia, hosting several types of mm- to cm-

scale clasts of two prevailing compositions: mafic clasts and angular chert-like lithic fragments rich in 

magnetite (Figure 4C). The micron-scale matrix is composed of sericitized feldspars and volcanic 

quartz. The minimum thickness of this unit, determined from drill holes located north of the Yaouré 

deposit, is 50 m, although most intersection have faulted contacts. The poor sorting and massive 

character indicate deposition by mass flow processes (Hooke, 1967; Heward, 1977), while the 

polymictic composition supports emplacement by debris flow (Major, 1997; Mulder, 2011). Rare 

intervals display cm-sized pumice clasts with fiame textures within the unit, which may account for 

pyroclastic episodes (McPhie et al., 1993). The geochemical composition of the debris flow highlights 

a calc-alkaline felsic signature with a moderate total alkaline content (Na2O+K2O = 6.7 wt%). The 

chondrite-normalized REE pattern is LREE-enriched: La/Sm = 4.5, La/Yb = 14, and moderately 

fractionated. The Eu anomaly is absent in this rock type (Figure 6). 
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Figure II - 5. Geochemical plots of major and trace elements for rock and tectonic classifications. Diagrams A and B are 

classification diagrams for volcanic rocks, yet intrusive rocks are also plotted for the purpose of comparison with their volcanic 

counterparts. Similarly, clastic sedimentary rocks being sourced from the volcanic rocks presented in this study are also plotted 

in these diagrams to help constrain their volumetrically dominant source material.  A) Pearce (1996) classifying rock types 

with immobile elements ratios. B) Tectonic classification diagram from Pearce (2008) plotting trace element ratios. C) Le Bas 

et al. (1986) alkalinity diagram. 

 

4.1.3. Dacite  

The ca. 200 m thick leucocratic dacite exhibits quartz grains, plagioclase and ferromagnesian 

phenocrysts in a µm-scale silica-rich altered groundmass. Variably altered euhedral feldspar 

phenocrysts represent 20-25 %, quartz phenocrysts represent about 3 % content (Figure 4D). Quartz 

phenocrysts feature µm-sized spheric voids (embayment), known to occur in volcanic and sub-volcanic 

environments (Gupta, 1983; Donaldson and Henderson, 1988). Ferromagnesian phenocrysts account 

for about 3 % of the unit, and are most frequently represented by biotite. The lithofacies is massive in 

all drill cores except for the first 5 meters of the unit that are marked by the rare presence of mafic clasts 

(Figure 4D). No phenocryst proportion variations or grading occurs across the breadth of the unit. The 
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massive and uniform character of this lithofacies support a coherent origin. Without observations from 

the topmost contact, it is unclear if this lithofacies represents a lava flow or high-level intrusion. The 

geochemical affinity of this unit is similar to that of the underlying debris flow unit: low to moderate 

total alkali content (Na2O+K2O = 6.7 wt%), similar LREE-enriched content as the debris flow: La/Sm 

= 6.4 and La/Yb = 18.7. The Eu anomaly is also absent in this rock type and both the dacite and the 

debris flow show similar Nb and Ta negative anomaly (Figure 6). Disparities in La/Yb and Sr/Y ratios 

between the debris flow and the dacite is due to the basaltic clastic component present in the debris flow 

that is absent in the dacite (Figure 7A, B). 

 

4.1.4. Conglomerates 

Conglomerates range from monomictic (basalt) clast-supported to polymictic matrix-supported 

conglomerates. The thickness of conglomerate horizons varies depending on the location, but was 

measured at 30 m at the Yaouré deposit. Clasts composition feature granodiorite, feldspar porphyry, 

chert with irregular hematite or magnetite content, and variably altered and deformed basalt clasts 

(Figure 4E). Basaltic clasts locally display a leucocratic hue due to prior hydrothermal pervasive 

alteration. Clasts are sub-angular to rounded and range up to 20 cm in size. The matrix consists of sand-

size sub-angular to angular quartz grains, moderately altered plagioclase crystals, detrital magnetite and 

sericite crystals (likely replacing feldspar grains). Lithogeochemical results from the conglomerates are 

comparable to those obtained from felsic rocks (Figure 5, 6), showing a slightly lower content in total 

alkalis likely due to the preferential alteration of host mineral phases such as albite, oligoclase and 

microcline. Besides a lower content in W and a slightly more mafic character (Figure 5), the 

geochemical composition of the Angovia conglomerates and sandstone compares well with those from 

Yaouré. 
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Figure II - 6. Primitive mantle normalized diagram (modified from Sun and McDonough, 1989). Average results for basalt, 

felsic intrusions and orthopyroxenite units are represented by coloured surfaces. 

 

4.1.5. Sandstone 

Sandstones range in thickness from 10 to over 100 m and include planar- and cross-bedded varieties 

(Figure 4F). They consist of medium/dark grey to medium brownish assemblages of rounded quartz 

and feldspar, although the latter component has been largely replaced by sericite. Sandstones feature 

trace amounts of quartz pebbles up to 10 cm in size, whose proportion may vary particularly close to 

the gradational contacts with underlying conglomerates. Planar and cross-bedded sandstones indicate 

deposition by tractional transport. 

 

4.1.6. Black shales 

Centimetre- to metre-thick beds of featureless dark grey carbonaceous siltstone to shale were only 

observed in drill cores at the Yaouré gold deposit in rare intercepts, where they represent less than 1 % 

of the total rock mass. The black shale unit dips ~ 60º towards the south and exhibits a tabular geometry.  

 

4.1.7. Felsic intrusions  

Voluminous granodioritic plutons are intruding into the Bouaflé belt and are exposed in large outcrops 

near the Bouaflé city (Figure 3). At the Yaouré deposit, three felsic intrusion types intrude the basalt 
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and include: quartz-feldspar porphyry (QFP) (Figure 8A), feldspar porphyry (FP) (Figure 8B) and 

granodiorite (Figure 8C). All units occur as dykes of variable thickness ranging from 3 cm to over 30 

m. The granodiorite also occurs as a N-S oriented ovoid-shaped intrusion of ca. 120 m by 700 m at 

Yaouré. All units are coarse grained and display planar contacts with their host. Chilled margins of a 

few cm are described in some cases, with a slight grain size increase from the contacts towards the 

centre of the intrusions.  

 

Figure II - 7. Geochemical diagrams plotting REE ratios proposing geological environments and magmatic sources. A) Yb vs 

La/Yb diagram for environnemental classification (Moyen, 2009). B) Y vs Sr/Y diagram with interpretative pressure 

conditions involved during magma production (Defant and Drummond, 1990; Moyen, 2009). C) Yb vs Gd/Yb diagram 

featuring the threshold separating deep and shallow crustal melting depths (Rollinson, 1993). 

 

The three felsic intrusions at the Yaouré deposit exhibit comparable major and trace element contents, 

except for some dissimilarities in MgO, varying from ca. 1 wt% for granodiorite and QFP, and up to 
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5.3 wt% for the FP dykes. The total alkali content for the three units ranges from 4.88 to 6.55 wt%. The 

chondrite-normalized REE patterns of all 3 rock types are LREE-enriched (Figure 6): La/Sm is between 

5.2 and 6.2 for FP and granodiorite intrusions and shows values up to 10.3 for the QFP. The La/Yb ratio 

shows comparable values between 20.6 and 30 for the FP and the granodiorite and more fractionated 

ratios for the QFP with values between 28.3 and 46.6 (Figure 7A). Sr/Y ratios are generally > 40 for all 

felsic intrusions and Gd/Yb ratios are > 3 (Figure 7B, C). A Eu anomaly is absent in all three intrusive 

units (Figure 6). Similar to the felsic volcanic rocks, the felsic intrusions exhibit negative Nb and Ta 

anomalies (Figure 6). Geochemical results on the granodioritic batholiths of the Bouaflé belt show very 

similar trace and major element contents as noted in the felsic intrusive and extrusive units of the Yaouré 

camp. The total alkali content is slightly higher in the Bouaflé belt granodiorites (ca. 7 wt%), and MgO 

content is lower (ca. 1.2 wt%). The chondrite-normalized REE pattern is slightly more fractionated in 

the Bouaflé belt granodiorites: La/Sm ratio is between 7.4 and 9.4 (which is similar to the QFP in the 

Yaouré deposit) and La/Yb ratio are between 18 and 22. 

 

4.1.8. Hornblende porphyry intrusions 

Hornblende porphyry intrusions occur as 1 to 20 m thick dykes with sharp and planar contacts, and 

volumetrically represent less than 1 % of the rock mass at the Yaouré deposit. This unit contains 8-13 

% mm- to cm-sized euhedral hornblende phenocrysts totally recrystallized to a chlorite-calcite-quartz 

assemblage, and about 10 % quartz-carbonate filled amygdales (Figure 8D) that are contained in an 

altered carbonate-feldspar-chlorite-quartz groundmass. The whole-rock geochemical results of the 

hornblende porphyry show a mafic, tholeiitic affinity (Figure 5), with a low SiO2 content of 47.1 wt% 

and a low total alkali content of 2.7 wt%. On the Pearce (2008) diagram the hornblende porphyry 

intrusions appear to present a transitional signature overlapping both MORB and arc fields (Figure 5C). 

The REE profile reflects a moderately differentiated signature (La/Yb = 4.2, La/Sm = 3.0) with a sub-

horizontal REE pattern (Figure 6). Sr/Y, Gd/Yb and La/Yb ratios shows values equivalent to slightly 

higher than basalts, hence comparable to depleted sources. 
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Figure II - 8. Hand specimen photographs of representative intrusive lithologies, all pictures taken from drill core. A) Quartz 

feldspar porphyry (QFP). B) Feldspar porphyry (FP dyke). C) Granodiorite. D) Hornblende porphyry. E) Nepheline-bearing 

gabbro. F) Peperitic texture at the contact between the nepheline-bearing gabbro and the debris flow unit. Abbreviations of 

minerals as per Whitney and Evans (2010). 

 

4.1.9. Nepheline-bearing lamprophyre  

Nepheline-bearing lamprophyre occurs as 1 to 8 m thick dykes and volumetrically represents less than 

0.1 % of the rock mass at the Yaouré deposit. The mineralogy consists of variable amounts of mm-sized 

chlorite (50 %), feldspar (20 %) and calcite/ankerite (30 %), with traces of μm-scale sericite, tourmaline, 

hematite and euhedral crystals of nepheline (Figure 8E). Crystals are µm- to mm-scale at the centre of 

the dykes and tend to reduce towards the contacts with host rocks to µm-scale crystals. Most intrusive 

contacts are sharp and highly irregular (Figure 8F). The contacts with the debris flow unit are brecciated 
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and consist of angular clasts (up to 2 cm) of lamprophyre contained in a matrix identical to that of the 

debris flow deposits. The breccia, interpreted as peperite, indicates an intrusive nature into wet and 

unconsolidated sediment (Skilling et al., 2002). As such, the nepheline-bearing lamprophyres are 

essentially coeval with the debris flow deposits. The whole-rock geochemical results of the nepheline-

bearing lamprophyre dykes display an undersaturated signature with 35.1 wt% SiO2, a low Al2O3 

content of 8.6 wt%, and a high Zr content of 166 ppm. MgO content is high in the lamprophyre dykes 

(10.1 wt%), which also have a low total alkali content (1.32 wt%). Loss on ignition levels are very high 

for this unit (19.9 wt%), and CaO content are high (13.9 wt%). The REE profile contrasts greatly with 

that of all other lithologies documented in this study: La/Yb = 85.6, La/Sm = 6.3, with LREE up to 200 

times enriched relative to primitive mantle concentrations (Figure 6). The Sr/Y ratio is 18.8, 

intermediate between felsic and mafic values and the Gd/Yb is 9, which is 3 to 5 times higher than most 

results obtained at Yaouré (Figure 7B, C). 

 

4.1.10. Orthopyroxenite  

 Within the western portion of the Bouaflé belt, small plutons of orthopyroxenite (<2 km long) occur 

along the regional structural corridors (10 km north of the city of Bouaflé in Figure 3). These intrusions, 

only described in the western portion of the Bouaflé belt, exhibit mm- to cm-sized orthopyroxene 

crystals arranged in a cumulate texture. The whole rock geochemical signature of this unit shows a flat 

REE profile that is systematically depleted when compared to the REE profiles acquired on the tholeiitic 

basalts (Figure 6). Incompatible element values support an ultramafic affinity with primitive mantle 

values (Figure 6). 

 

4.2. U-Pb geochronology and Lu-Hf isotopic results 

U-Pb results are presented below in order of interpreted chronological age. Detrital ages on sedimentary 

deposits from Yaouré and Angovia are presented at the end of this section. Zircon characteristics 

description, as well as the defined cut-offs mentioned for zircon selection in the following are presented 

in the analytical techniques section provided as supplementary material.  
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4.2.1. Feldspar Porphyry dyke 

27 analyses were obtained from 27 zircons and none were rejected on the basis of the defined cut-offs. 

The 27 analyses distribution define a single group of points on a density probability plot and are 

associated with a 204Pb-corrected 207Pb/206Pb weighted mean date of 2108 ± 5 Ma (MSWD = 1.18, 2σ 

error, Figure 9A). Fifteen Lu-Hf analyses were undertaken on dated zircons and reveal 176Hf/177Hf(t) 

values of 0.2815 corresponding to superchondritic Hf 2108 Ma between ±2.5 and ±3.6 (Figure 10).  

 

4.2.2. Quartz-feldspar porphyry 

30 analyses were obtained from 29 zircons. Out of the 30 analyses, none were rejected on the basis of 

the defined cut-offs. The 30 analyses are associated with one population that returned a 204Pb-corrected 

207Pb/206Pb weighted mean date of 2107 ± 3 Ma (MSWD = 1.4, 2σ error, Figure 9B). The age of 2107 

± 3 Ma is interpreted to represent the crystallization age of the quartz feldspar porphyry unit. Sixteen 

Lu-Hf analyses undertaken on dated zircons from this unit yielded 176Hf/177Hf(t) values of 0.2815, 

corresponding to superchondritic Hf 2107 Ma between 1.6 and 3.0 (Figure 10).  

 

4.2.3. Bouaflé granodiorite 

A total of 32 analyses were obtained from 31 zircons. Out of the 32 analyses, 11 were rejected on the 

basis of the defined cut-offs. The remaining 21 dates define one population based on 207Pb/206Pb dates 

except for 2 concordant analyses yielding ages of 2155 ± 12 Ma and 2176 ± 11 Ma, suggesting these 

are inherited xenocrystic grains. The age of the biotite-granodiorite based on the 19 remaining analyses 

returned a 204Pb-corrected 207Pb/206Pb weighted mean date of 2107 ± 4 Ma (MSWD = 0.92, 2σ error, 

Figure 9C) and a discordia age of 2103 ± 7 Ma (MSWD = 1.11). The age of 2107 ± 4 Ma is interpreted 

as the crystallization age of the biotite-granodiorite. Fifteen Lu-Hf analyses were undertaken on dated 

zircons and reveal 176Hf/177Hf(t) values of 0.2815 corresponding to superchondritic Hf 2107 Ma 

between 1.6 and 2.6 (Figure 10).  
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Figure II - 9. Geochronological data interpretation of A) feldspar porphyry dyke (FP dyke), B) quartz-feldspar porphyry dyke 

(QFP) and C) biotite-granodiorite from Bouaflé. 

 

4.2.4. Hornblende porphyry dyke 

Out of the 26 analyses, 3 were rejected on the basis of the defined cut-offs and one analysis was rejected 

as overlapping with a crystal fracture. In total, the 22 reliable analyses define one population based on 

207Pb/206Pb dates. The 22 remaining analyses are associated with a 204Pb-corrected 207Pb/206Pb weighted 
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mean date of 2107 ± 4 Ma (MSWD = 0.75, 2σ error, Figure 11A) and a discordia age of 2105 ± 7 Ma 

(MSWD = 0.79). The 2107 ± 4 Ma age is interpreted to represent the crystallization age of the 

hornblende porphyry dyke. Twenty-one Lu-Hf analyses undertaken on dated zircons from this unit 

yielded 176Hf/177Hf(t) values of 0.2815, corresponding to superchondritic Hf 2107 Ma between 1.7 and 

3.3 (Figure 10).  

 

Figure II - 10. Epsilon Hf values of the dacite, Yaouré granodiorite, Bouaflé granodiorite, hornblende porphyry, quartz-

feldspar porphyry (QFP) and feldspar porphyry units.  

 

4.2.5. Yaouré Granodiorite 

35 analyses were obtained from 35 zircons. Out of the 35 analyses, 4 were rejected on the basis of the 

defined cut-offs. The remaining 31 analyses define one population based on 207Pb/206Pb dates, except 

for 2 concordant points yielding distinct ages of 2169 ± 9 Ma and 2181 ± 14 Ma, indicating these are 

inherited xenocrystic zircons. The age of the granodiorite based on the 29 remaining analyses returned 

a 204Pb-corrected 207Pb/206Pb weighted mean date of 2106 ± 4 Ma (MSWD = 1.10, 2σ error, Figure 11B). 

The 2106 ± 4 Ma age is interpreted to represent the crystallization age of the granodiorite. Fourteen Lu-

Hf analyses were undertaken on dated zircons and reveal 176Hf/177Hf(t) values 0.2815 corresponding to 

superchondritic Hf 2106 Ma between 1.8 and 3.1 (Figure 10). 
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Figure II - 11. Geochronological data interpretation of A) hornblende porphyry dyke, B) Yaouré granodiorite and C) dacite. 

 

4.2.6. Dacite 

A total of 30 analyses were obtained from 30 zircons, out of which 6 were rejected on the basis of the 

defined cut-offs. The remaining 24 analyses define one population based on 207Pb/206Pb dates except for 

one xenocrystic grain that returned a concordant date of 2205 ± 9 Ma. The remaining 23 analyses define 

a 204Pb-corrected 207Pb/206Pb weighted mean date of 2105 ± 4 Ma (MSWD = 0.73, 2σ error, Figure 11C) 
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and a discordia age of 2108 ± 7 Ma (MSWD = 0.88). The age of 2105 ± 4 Ma is interpreted to represent 

the age of crystallization of the dacite. Fourteen Lu-Hf analyses undertaken on dated zircons and yielded 

176Hf/177Hf(t) values of 0.2815, corresponding to superchondritic Hf 2105 Ma between 2.4 and 3.8 

(Figure 10).  

4.2.7. Conglomerates from the Yaouré deposit and Angovia 

All zircons are detrital and extracted from the matrix portion of the conglomerates. 106 measurements 

over 106 grains analysed were used to calculate concordant ages for the detrital sedimentary rock at 

Yaouré, 28 grains were rejected on the basis of the defined cut-offs (Figure 12A). Zircons from the 

Yaouré sedimentary rock show 4 distinct populations based on 207Pb/206Pb dates (Figure 12A). A 

maximum deposition age of 2106 ± 1 Ma was calculated based on 12 zircons representing the youngest 

statistically significant subpopulation with a fraction exceeding 15 % (MSWD = 0.46, 2σ error). A 

second age was calculated for the prevailing zircon population (Figure 12A) and yielded an age of 2108 

± 1 Ma (95 % confidence) based on 44 coherent grains (57 % of all concordant ages), using the TuffZirc 

Age provided from the “Zircon age extractor” tool (Ludwig and Mundil 2002). A third population group 

is marked by older zircon populations defined by 18 measurements with progressively increasing ages 

between ca. 2112 and 2138 Ma and two other populations of 2156 ± 3 Ma (1 zircons) and 2199 ± 5 Ma 

(2 zircons) (Figure 12A). 

Based on the defined cut-offs, 23 analyses were rejected from the 99 ablation points undertaken on 

zircons from the sedimentary unit at Angovia. Similar to the sedimentary unit at Yaouré, probability 

density plots of all concordant ages depict the occurrence of one main group of ages and 4 older grain 

age groups (Figure 12B); therefore, similar age calculation methods were applied for the sedimentary 

rock at Angovia. A maximum deposition age of 2107 ± 1 Ma calculated from 12 grains representing 

the youngest statistically significant subpopulation with a fraction exceeding 15 % (MSWD = 1.7, 2σ 

error). A plateau age of 2110 ± 1 Ma based on 52 zircons (68 % of all concordant ages, 95 % confidence) 

was retrieved using the TuffZirc method provided from the “Zircon age extractor” tool (Ludwig and 

Mundil 2002). Similar to Yaouré, a third group of ages shows older zircon populations with 6 
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measurements with progressively increasing ages between ca. 2136 and 2175 Ma. Two other 

populations of ages returned 2184 ± 3 Ma (3 zircons) and 2207 ± 3 (1 zircon) (Figure 12B). 

 

Figure II - 12. Geochronological data interpretation from sedimentary units. Results from zircons extracted from the 

conglomerate at the Yaouré deposit (A) and from the conglomerate in the Angovia area (B). 
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4.2.8. Black Shales 

All zircons retrieved from this unit are detrital. 196 analyses were undertaken from 195 zircon grains, 

of which 80 zircons were concordant and used to provide an age based on the defined cut-offs. 3 distinct 

age populations were calculated (Figure 13). A grouping of the youngest 15 % of concordant zircons 

provides a maximum depositional age of 2161 ± 10 Ma (n = 10, MSWD = 0.94, 95 % confidence). A 

largely dominant plateau age of 2195 ± 4 Ma based on 76 zircons (95 % confidence) was retrieved 

using the TuffZirc method provided from the “Zircon age extractor” tool (Ludwig and Mundil 2002). A 

third age yielded from a distinctively older concordant population of 4 grains retrieved an age of 2317 

± 22 (MSWD = 1.20, 95 % confidence). The TuffZirc age of 2195 ± 4 Ma, determined from the 

prevailing zircon population, is interpreted to represent the age for this unit. 

 

Figure II - 13. Geochronological data interpretation from detrital zircons extracted from the black shales. Diagrams / pictures 

presented: Concordia plot displaying main group of concordant ages in red, group of old concordant ages in blue, and 

discordant ages in white (top left), probability density plot (top right), age population distributions including maximum ages 

of deposition and TuffZirc age interpretation methods detailed in the analytical section (bottom left), cathodoluminescence 

(black and white picture) and natural light (coloured picture) pictures (bottom right). 
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4.3. Stratigraphy and depositional environment  

The lowermost stratigraphic group of the Bouaflé belt consists of massive and pillow basalts with local 

interbedded tabular black-shale horizons, which support a prevailing subaqueous deep-water 

depositional environment. At the Yaouré deposit, basaltic flows and interlaid black shales dip 60º 

southwards and exhibit a normal polarity. Although some studies describe the lowermost contact of this 

lithostratigraphic group with gneiss west of the Yaouré camp (Boher et al., 1992; Koffi et al., 2013), 

older basement was not identified in the study area. The age of basalts, inferred from the age obtained 

on the black shale interflow horizons, is 2195 ± 4 Ma (Rhyacian). These basalts also contain inherited 

zircons estimated at 2317 ± 22 Ma (Siderian). The contact between the basalts and overlying volcano-

sedimentary series is marked by a m-thick fault zone characterized by jigsaw-fit breccia (Figure 14A), 

quartz veining, well-developed shear fabric and epidote-magnetite-hematite pervasive alteration 

(Figure 14B). 

The second stratigraphic group recognized in the Bouaflé belt is represented by sedimentary and felsic 

volcanic / volcaniclastic rocks. Sedimentary rock packages were observed north-northwest of the 

Bouaflé belt, north of Angovia (12 km north-northeast of the Yaouré deposit) and within a 30 m interval 

of a drill core at the Yaouré deposit (Figure 3). Sedimentary units consist of conglomerate and sandstone 

units. Sandstone units are stratigraphically located on top of the conglomerate units and exhibit a 

gradational contact associated with a gradual decrease in pebble content and size. Bedding 

measurements from the cross-bedded sandstone series dip from 28 to 42° to the north at the Yaouré 

deposit, hence marking an angular discontinuity with the underlying basalt in the Yaouré camp. Such 

angular unconformity suggests early tilting of the basaltic sequence prior to the emplacement of the 

volcano-sedimentary series. The upper contact between the debris flow and the overlying dacite is 

conformable, undeformed and dipping to the north. Felsic volcanic and volcaniclastic units were 

observed to be deposited contemporaneously with the sedimentary rocks within the fault-bounded basin 

of the Yaouré camp (Mériaud et al., 2019). The peak of felsic magmatism in the Yaouré camp is dated 

between 2108 ± 4 Ma and 2105 ± 4 Ma and is coeval with the maximum age of deposition obtained on 

the sedimentary rock packages dated at 2106 ± 1 (Yaouré) and 2107 ± 1 Ma (Angovia) respectively.  
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Figure II - 14. Tectonic contact between the basalt and the overlying volcano-sedimentary basin. The picture shows a 

monomictic basalt tectonic breccia with an epidote-hematite-magnetite assemblage in the matrix. B) Zoom on altered basaltic 

clasts and hematite-rich quartz clasts from the tectonic contact between the basalt and the overlying volcano-sedimentary 

basin. Note the presence of quartz veins in epidote-magnetite altered basaltic clasts. Abbreviations of minerals as per Whitney 

and Evans (2010). 

All felsic intrusions were observed to crosscut the basalt, but none have been observed to have intruded 

the volcano-sedimentary basin. Crosscutting relationships between intrusions are consistent with the 

emplacement of FP dykes, followed by granodiorite and QFP dykes. Rare clasts of the FP unit were 

observed in the sedimentary rock packages and in the debris flow unit, indicating initial emplacement 

prior to that of the basin infill. Yet, ages yielded from felsic intrusions are bracketed between 2108 ± 5 

Ma and 2106 ± 4 Ma, which is within error to the 2105 ± 4 Ma age obtained for the dacite. Granodiorite 

samples collected near Bouaflé city (Figure 3) were emplaced at the same time as both the felsic 

intrusive and extrusive rocks of Yaouré. 

Hornblende porphyry dykes (Figure 8D) and nepheline-bearing lamprophyre dykes (Figure 8E, F) were 

observed to crosscut all other rocks types. Both hornblende porphyry and nepheline-bearing 

lamprophyre dykes were emplaced along the faulted volcano-sedimentary basin margin, yet only the 

hornblende porphyry dykes show signs of deformation. Crosscutting relationships indicate that 
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hornblende porphyry dykes were emplaced after the bulk of felsic magmatism, yet U-Pb analyses on 

zircon grains yielded an age of 2107 ± 4 Ma, overlapping the results obtained for all felsic rocks at 

Yaouré. The presence of peperitic contacts observed between nepheline-bearing lamprophyre dykes 

and the debris flow further suggests a near coeval emplacement of mafic and felsic units. The mafic 

magmatism is also marked by the emplacement of orthopyroxenite intrusions along crustal-scale shear 

zones.  

 

5. Discussion 

5.1. Geochemical constraints on the Bouaflé belt 

Whole rock geochemical analyses acquired on basalts from the Yaouré camp reveal a tholeiitic 

composition and a N-MORB affinity. Incompatible and trace element contents do not indicate crustal 

recycling and instead support a juvenile, slightly depleted, mantle-derived magmatic source comparable 

to the average composition of Archean basalts (Condie, 1990). Geochemical and petrographic 

observations are therefore consistent with the interpretation of an oceanic rifting or oceanic plateau 

setting similar to that proposed in other greenstone belts of the sWAC (Abouchami et al., 1990; Milési 

et al., 1992; Taylor et al., 1992; Pons et al., 1995; Hirdes et al., 1996; Feybesse et al., 2006; Pouclet et 

al., 1996; 2006; Baratoux et al., 2011; Block et al., 2016a, b; Grenholm et al., 2019a,b; Labou et al., 

2019).  

Bandamian felsic volcanic rocks including both extrusive (dacite) and intrusive (granodiorite plugs, FP 

and QFP dykes) suites were emplaced coevally, and present a strong mineralogical and geochemical 

affinity. The intrusives follow a slight differentiation trend increasing in order of relative crosscutting 

relationship from the FP to the QFP dykes.  Sr/Y values exceeding 35 for most unweathered felsic rocks 

suggest that they were derived from a garnet stable source region (Defant and Drummond, 1990; 

Chiaradia et al., 2012, Loucks 2014). The Gd/Yb ratio obtained for the felsic rocks is generally above 

3, suggesting a low garnet/hornblende ratio in the melt residue (Rollinson, 1993). Collectively the Sr/Y 

and Gd/Yb results with both felsic extrusive and intrusive rocks suggest derivation from an enriched 
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lower crustal garnet-amphibolite source which implies a moderate to high pressure magmatic source 

region (>1.0 GPa, or at depths > 35 km) (Defant and Drummond, 1990; Moyen, 2009). The 

fractionation of incompatible elements such as Ta and Nb together with the negative Ti depletion 

observed in the felsic suites are commonly governed by rutile-melt disequilibrium during partial melting 

in the lower crust (Pearce et al., 1984; Xiong et al., 2011, Doumbia et al., 1998; Hammerli et al., 2016). 

In modern day environments, negative Nb and Ta anomalies and associated enrichment in Pb and Ba 

are characteristic of active tectonic margins and are commonly related to arc magmatism (Pearce et al., 

1984; Moyen and Martin, 2012). As an alternative, it has been demonstrated that such Nb and Ta 

anomalies may be acquired by the contamination of primitive mantle by an upper crustal component or 

inherited through reworking of arc-related crustal material (Rollinson, 1993). 

Major and trace element contents of the hornblende porphyry depict a mafic signature with a tholeiitic 

affinity and include Gd/Yb values of about 1.5 and Sr/Y values of about 15 indicating a shallower 

source region where plagioclase was stable, when compared to the felsic plutons (Defant and 

Drummond, 1990; Rollinson, 1993). The higher differentiation between LREE and HREE attests to 

crustal assimilation.  

The nepheline-bearing lamprophyre contents in LILE, LREE and HFSE correspond to those of a highly 

differentiated unit, yet major elements contents are strongly silica-undersaturated, Al2O3 content 

reaches the lowest value of 8.57 wt% described in all rocks analysed, and CaO and MgO values are 

distinctively high. Despite a low total alkali content, this unit is classified as alkaline with regards to its 

silica content (Le Maitre, 1989), and can be affiliated to the larger lamprophyre rock type (Müller and 

Groves, 2018). Description of rocks with comparable chemistry are interpreted to occur in 

intracontinental settings and linked with either extensional settings or plume magmatism (Bédard, 1994; 

Platz et al., 2004; Priyatkina et al., 2014; Caran, 2016; Müller and Groves, 2018). This is further 

supported by the combined results of the very high Gd/Yb value of 9 retrieved for this unit, supporting 

a garnet stable melting source (Defant and Drummond, 1990). However, precautions should be taken 

in interpreting this lithotype according to the overprinting alteration described, illustrated by a high LOI 

value. 
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Whole rock geochemical results from the orthopyroxenite show very low REE contents and 

incompatible element concentrations close to the primitive mantle values. The tholeiitic affinity and 

content in major oxides along with the absence of positive Eu anomaly are indicative of a primitive 

mantle geochemical affinity.  

Collectively, the geochemical constraints acquired on each lithofacies observed in the Bouaflé belt 

convey key information on the tectonic setting and source of magma during the Bandamian Volcanic 

Cycle. The bimodal nature of the Bandamian rocks indicates two distinct magma signatures including: 

i) deeply rooted primitive mantle derived mafic to ultramafic magmas of tholeiitic affinity and ii) a 

transitional calc-alkaline to alkaline intermediate to felsic suite. Regardless of the lithotype, Bandamian 

units of the Bouaflé belt show superchondritic εHf values comprised between 1.6 and 3.6 suggesting a 

dominantly juvenile character for these rocks associated with a moderately depleted mantle source. 

However, the rare presence of inherited/xenocrystic cores ranging in age from ca. 2155 to 2205 Ma is 

evidence of recycling of Birimian rocks. Accordingly, one may suggest that the juvenile signature for 

the Bandamian rocks together with some of the trace element anomalies recorded in the felsic suites 

(Na, Tb) may have been partially inherited from the reworking of calc-alkaline juvenile Birimian crust 

which was deposited across the sWAC from ca. 2150 Ma (Parra-Avila et al., 2019).  

 

5.2. The Bandamian volcanic cycle in the sWAC 

 Early work from Hirdes et al. (1996) recognized a ca. 50 Myr gap between volcanic and volcaniclastic 

rocks of the Birimian Supergroup and those from the Bandamian Volcanic Cycle in the Upper Comoé 

Basin area. Since then, however, the recognition of two stratigraphic groups separated by a hiatus has 

been disregarded and the whole lithostratigraphic evolution of the Birimian Supergroup fitted into a ca. 

200 Myrs long continuum (Lahondère et al., 2002; Pouclet et al., 2006; Goldfarb et al., 2017).  

The 2195 ± 4 Ma age interpreted for the lower basaltic sequence from the Bouaflé belt is correlated 

with the Birimian Group, according to other similar ages obtained for Birimian rocks in nearby 

greenstone belts of Cote d’Ivoire (Hirdes et al., 1996; Doumbia et al., 1998; Lüdke et al., 1998, 1999; 
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Gasquet et al., 2003). This new age highlights a consequent hiatus of ca. 87 Myrs between mafic 

Birimian volcanism and the 2105 ± 4 Ma to 2108 Ma ± 5 Ma Bandamian bimodal volcanic activity in 

the Bouaflé belt. In Côte d’Ivoire, Hirdes et al., (1996) and Lüdke et al., (1998, 1999) presented 

Birimian felsic volcanism between 2170 ± 5 Ma and 2158 ± 1 Ma, suggesting a timespan of ca. 44 Ma 

of the Birimian activity and a hiatus of ca. 53 Ma between the Birimian and the Bandamian stratigraphic 

cycles in the country. Zircon inheritance dated at 2317 ± 22 Ma (Siderian) in black shales suggests that 

the onset of the major Birimian episode of crustal growth may have occurred as early as ca. 2300 Ma. 

Comparable older inherited ages have also been described in Côte d’Ivoire at 2312 ± 17 Ma in 

xenocrystic zircon cores from the Dabakala tonalite (Gasquet et al., 2003). 

Stratigraphic and geochronological results obtained in the Bouaflé belt show that the extrusive, detrital, 

and intrusive rocks that were deposited over and intruded into the Birimian basaltic bedrock were 

emplaced in a narrow time window between 2108 ± 5 Ma and 2105 ± 4 Ma. The expression of the 

Bandamian Volcanic Cycle in the Bouaflé belt was, short lived, bimodal and syn- to late-tectonic. 

Stratigraphic compilations from surrounding greenstone belts display similar lithostratigraphic 

successions to those preserved in the Bouaflé belt (Figures 15, 16). Previous stratigraphic studies 

undertaken in the Fétékro greenstone belt (Mortimer, 1990, 2016 ; Leake, 1992), Katiola-Marabadiassa 

greenstone belt (Pouclet et al., 2006), Ouango-Fitini greenstone belt (Hirdes et al., 1996), Bouaflé belt 

(Fabre, 1985, 1987; Fabre and Morel, 1993; Doumbia et al., 1998; Mériaud et al., 2019) and in the 

Bagoé-Boundiali area (Figure 2) (Liégeois et al., 1991b; Turner et al., 1993; Turner, 1995; Wane et al., 

2018) highlight the presence of mafic to felsic volcanic rocks overlying and/or interbedded with 

sedimentary rocks (Figures 15, 16). These upper stratigraphic packages are dated between ca. 2108 and 

2094 Ma in the Katiola-Marabadiassa greenstone belt (Doumbia et al., 1998; Pouclet et al., 2006), 

between ca. 2103 and 2110 Ma in the Ouango-Fitini greenstone belt (Hirdes et al., 1996), at ca. 2105 

Ma in the Oumé-Fétékro greenstone belt (Krogh and Grant, pers. com. in Leake, 1992) and at ca. 2098 

Ma in the Bagoé-Boundiali greenstone belt (Liégeois et al., 1991b; Figures 15, 16). Incompatible and 

rare earth elements patterns for late felsic to intermediate rocks in these belts compare well with data 

acquired from the Bouaflé belt (Figure 17).  
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Figure II - 15. Lithostratigraphic column interpretations featuring available geochronological data in the literature. All 

stratigraphic columns are arranged through time and propose the limit between Bandamian and Birimian stratigraphic cycles. 

Hiatus transparency surfaces are not scaled to time, but rather illustrate uncertainty in geochronological gaps within each 

stratigraphic column at the limit between Birimian and Bandamian Groups. Details on lithofacies are provided on the right 

hand-side of each stratigraphic column, dates lithofacies are referred to numbers on the left hand-side of each stratigraphic 

column. Geochronological datasets are the following: 1) 2082 +/- 8 Ma, P-z (Thiévenaut et al., 2010), 2099 +/- 4 Ma, T-z 

(Hirdes and Davis, 2002) and 2117 +/- 9 Ma, P-z (Milési et al., 1989), 2) 2165 +/- 1 Ma, T-dz (Hirdes and Davis, 2002) and 

2125 +/- 38 Ma, P-z (Milési et al., 1989), 3) 2098 +/- 9 Ma and 2082 +/- 6 Ma, L-z (Eglinger et al., 2017). 4) 2089 +/- 12 Ma, 

S-z (Parra-Avila et al., 2016), 5) 2092 +/- 5 Ma, S-dz (Lebrun et al., 2016), 6) 2120 +/- 5 Ma, S-dz (Lebrun et al., 2016), 7) 

2124 +/- 7 Ma, S-dz (Lebrun et al., 2016), 8) 2111 +/- 4 Ma, S-dz (Lebrun et al., 2016), 9) 2113 +/- 5, S-dz (Lebrun et al., 

2016), 10) 2113 +/- 10 Ma, S-dz (Lebrun et al., 2016), 11) 2074 +9/-8 Ma, P-z (Liégeois et al., 1991), 12) 2098 +/- 5 Ma, P-z 

(Liégeois et al., 1991), 13) 2094 +/- 6 Ma, P-z (Doumbia et al., 1998), 14) 2123 +/- 3 Ma and 2108 +/- 12 Ma, P-z (Doumbia 

et al., 1998). Geochronological methods used for dating are presented after each age with the following codes: T = TIMS, S = 

SHRIMP, L = LA-ICP-MS, P = Pb-evaporation, K = potassium-argon, Sm = samarium - neodymium, Pb = lead - lead; along 

with mineral type dated: z = magmatic zircon, dz = detrital zircon, a = amphibole, wr = whole rock.   

Further west of Côte d’Ivoire, other occurrences of late felsic volcanic centres are recorded and include 

the ca. 2090 Ma Kéniero bimodal volcanic rocks (Feybesse et al 1999), the ca. 2117 - 2082 Ma Falémé 

felsic volcanic rocks (Allibone et al., in press) and the ca. 2092 Ma volcanic breccia in the Siguiri Basin 

in Guinea (Lebrun et al., 2016). Although not systematically represented in the upper stratigraphic 

record, mafic and ultramafic units of the Bandamian Volcanic Cycle are also described throughout the 
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western half of the sWAC. Examples include the Samapleu-Yacoumba layered ultramafic complex, 

dated between 2091 ± 18 and 2080 ± 13 Ma (Gouedji et al., 2014) and the Kéniero-Niandan high-Mg 

basalts in Guinea, with interlayered porphyritic andesite and rhyolitic lavas dated between ca. 2098 ± 4 

Ma and 2093 ± 2 Ma (Milési et al., 1989; Tegyey and Johan, 1989; Bering et al., 1998; Feybesse et al., 

1999; Figure 2 and 15). Those basic units compare well with the syn-tectonic mafic-ultramafic 

intrusions and volcanic units described in the Bouaflé belt and dated at 2107 ± 4 Ma on the hornblende 

porphyry at Yaouré.  

 

Figure II - 16. Lithostratigraphic column interpretations featuring available geochronological data in the literature. All 

stratigraphic columns are arranged through time and propose the limit between Bandamian and Birimian stratigraphic cycles. 

Hiatus transparency surfaces are not scaled to time, but rather illustrate uncertainty in geochronological gaps within each 

stratigraphic column at the limit between Birimian and Bandamian Groups. Details on lithofacies are provided on the right 

hand-side of each stratigraphic column, dates lithofacies are referred to numbers on the left hand-side of each stratigraphic 

column. Geochronological datasets are the following: 15) 2105 +/- 4 Ma, S-z, 16) 2110 +/- 1 Ma, L-dz, 17) 2107 +/- 4 Ma, L-

dz, 18) 2108 +/- 5 Ma, S-z, 19) 2107 +/- 3 Ma, S-z, 20) 2106 +/- 4 Ma, S-z, 21) 2195 +/- 4 Ma, L-dz, 22) 2105 +/- 1 Ma, P-z 

(Lemoine, 1988 and Krogh & Grant pers. com.in Leake, 1992), 23) 2109 +/- 3 Ma, P-z (Lemoine, 1988), 24) 2144 +/- 6 Ma, 

P-z (Lemoine, 1988), 25) 2104 +/- 2 Ma, P-z (Lüdke et al., 1998), 26) 2103 +/- 1 Ma, P-z (Lüdke et al., 1998), 27) 2137 +9/-

7 Ma, P-z (Lüdke et al., 1998), 28) 2170 +/- 5 Ma, 2160 +/- 1 Ma and 2158 +/- 1 Ma, P-z (Hirdes et al., 1996; Lüdke et al., 

1998, 1999), 29) 2154 +/- 2 Ma and 2152 +/- 2 Ma, P-z (Hirdes et al., 1996; Lüdke et al., 1998), 30) 2097 +/- 3 Ma, P-z (Lüdke 

et al., 1998), 31) 2137 +9/-7 Ma, P-dz (Hirdes et al., 1996), 32) 2152 +/- 2 Ma, P-z (Hirdes et al., 1996; Lüdke et al., 1998). 

Geochronological methods used for dating are presented after each age with the following codes: T = TIMS, S = SHRIMP, L 

= LA-ICP-MS, P = Pb-evaporation, K = potassium-Argon, Sm = samarium - neodymium, Pb = lead - lead; along with mineral 

type dated: z = magmatic zircon, dz = detrital zircon, a = amphibole, wr = whole rock. 



53 
 

Petrographic observations including detrital magnetite content, ferruginous cherty clasts, quartz pebbles 

and geochronological results yielded on the sedimentary lithologies at both Angovia and Yaouré 

compare well to the fault-bounded molasse basin deposits in Ghana, which formed between ca. 2107 

and 2097 Ma and are referred to as the Tarkwaian Group (Hirdes et al., 1994; Pigois et al., 2003; 

Perrouty et al., 2012). Tarkwaian-type (Sestini, 1973, Hirdes et al., 1994; Pigois et al., 2003; Perrouty 

et al., 2012) or Tarkwa-like (Baratoux et al., 2011) molasse series also occur outside of the Ghanaian 

Ashanti province, and include the Chako series (De Kock et al., 2011; Block et al., 2016a), Sambrigian 

series (Lüdtke et al., 1999), Bui series (Zitsmann et al., 1997; Kiessling, 1997; Grenhölm, 2019b), 

Boundiali-Bagoé series (Turner et al., 1993), and Safane-Téhini series (Bossière et al., 1996; Baratoux 

et al., 2011). We support the application of the “Sambrigian Group” nomenclature for the Tarkwa-like 

units identified west of the Ouango-Fitini shear zone, because they distinctively host volcanic detritus 

from the younger Bandamian volcanic cycle (Lüdke et al., 1999). Both Tarkwaian and Sambrigian rocks 

were deformed during the post 2100 Ma transpressional deformation event recognized across the sWAC 

(Einsenlohr and Hirdes, 1992; Davis et al., 1994; Lüdke et al., 1999; Allibone et al., 2002a,b; Perrouty 

et al., 2012). The Tarkwaian and Sambrigian detrital series have been interpreted as late orogenic, 

piedmont-type deposits and are comparable to other post-orogenic Archean examples including the 

Timiskaming and the Duparquet groups in the Abitibi greenstone belts of Canada (Mueller et al., 1996) 

or the Kurrawang Group in the Eastern Goldfields of Western Australia (Krapež et al., 2000). A 

continental (fluvio-deltaic to lacustrine) setting is widely proposed in the literature to characterize the 

depositional environment of these coarse-clastic series (Pigois et al., 2003; Adadey et al., 2009; Perrouty 

et al., 2012; Grenholm et al., 2019b).  
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Figure II - 17. Rare earth and incompatible elements diagrams comparisons between greenstone belts of Côte d’Ivoire 

(modified from McDonough and Sun, 1989). A) Results from the Yaouré deposit (plain colours) compared with average 

compositions from different geological environments in dotted lines, as presented in Pouclet et al. (2006). Graphs B), C), and 

D) respectively present results from the Katiola-Marabadiassa, Toumodi-Fétékro and Téhini-Boutourou belts (plain colours) 

as presented in Pouclet et al. (2006), compared with results obtained at Yaouré (dotted lines). 
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5.3. Geodynamic setting of the Baoulé-Mossi Domain in the late stages of the Eburnean 

5.3.1. Comparison of models available in the literature 

Rocks from the Bandamian Cycle contrast with the Birimian rock record, showing evidence for bimodal 

magmatism and recycling of the Birimian crust. Collectively, the Bandamian Volcanic Cycle represents 

an important thermal event that affected the sWAC during the late stages of the Eburnean orogeny. In 

Côte d’Ivoire, the ca. 2110 – 2095 Ma age range overlaps with peak metamorphic ages along the 

Ouango-Fitini shear zone, resulting from the progressive NW-directed bulk crustal shortening in the 

south-eastern Baoulé-Mossi Domain (Lüdke et al., 1998, 1999; De Kock et al., 2011; Grenholm et al., 

2019a). This period also marks the onset of transcurrent tectonics along the main NE-striking regional 

structural corridors in the sWAC, including the ca. 40 km sinistral offset of the Oumé-Fétékro 

greenstone belt by the N-striking Nzi’-Brobo shear zone (Mortimer, 1992; Vidal et al., 1996; Feybesse 

et al., 2006; Baratoux et al., 2011; Tshibubudze et al., 2015; Ballo et al., 2016; Block et al., 2016a; 

Wane et al., 2018; Grenholm et al., 2019a). In most orogenic belts, the onset of transcurrent tectonics 

is interpreted to occur in response to maximum crustal thickness reached after protracted fold-and-thrust 

tectonics (Card, 1990). This is consistent with the ca. 2090 – 2070 Ma high-K calc-alkaline to 

peraluminous leucogranitic plutonism identified across the sWAC (Hirdes et al., 1992; Davis et al., 

1994; Hirdes et al., 1996; Doumbia et al., 1998; Oberthür et al., 1998; Castaing et al., 2003; Gasquet et 

al., 2003; Eglinger et al., 2017; Grenholm et al., 2019a, Parra-Avila et al., 2019), which represents a 

classic post-collisional feature following an episode of crustal thickening (Duschene et al., 1998; 

Liégeois et al., 1998; Lu et al., 2013, 2015; Laurent et al., 2014; Müller and Groves, 2018). Such crustal 

thickening is, however, difficult to reconcile with the local occurrence of coeval mafic and ultramafic 

volcanism, as well as with the widespread juvenile intermediate to felsic volcanism of the Bandamian 

cycle (Hirdes et al., 1996; Pouclet et al., 1996, 2006; Doumbia et al., 1998; Lüdke et al., 1998, 1999). 

In Grenholm et al. (2019a), the ca. 2110 – 2095 Ma period is marked by transtensional tectonic rotation 

and associated crustal escape during the waning stages of NW-SE-directed crustal shortening. Such a 

model is proposed to have first induced the deposition of the Hana-Lobo, Boundiali-Bagoé, Siguiri, 

Kofi, Dialé-Daléma basins and later induced mantle upwelling and eruption of the Falémé-Kéniero-

Niandan volcanic series along the margin between Archean and Paleoproterozoic blocks (Grenholm et 
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al., 2019a). Structural and metamorphic studies in Ghana further support the interpretation that 

differential exhumation occurred after thermal relaxation (and extension) of the orogenic crust resulting 

in transtension in the late stages of the Eburnean (McFarlane et al., 2019). Alternatively, a post-

collisional lithospheric delamination model was invoked based on the investigation of high-K intrusions 

within the Baoulé-Mossi Domain and along the Archean Kenema-Man Domain (Eglinger et al., 2017; 

Grenholm et al., 2019). Along similar lines, Peucat et al., 2005 highlighted the occurrence of a 

comparable late-orogenic volcanism to the Bandamian Volcanic Cycle between ca. 2090 - 2070 Ma in 

the Reguibat Shield in Western Sahara. Although the geological relationship between the Reguibat 

Shield and the sWAC is not established, Peucat et al. (2005) proposed that late-orogenic volcanism 

there was related to asthenosphere upwelling and crustal extension caused by subduction slab breakoff.  

The aforementioned models are not mutually exclusive. It remains difficult to identify a clear 

geodynamic scenario with the data currently available. Aspects of the models proposed are associated 

with a number of knowledge gaps including the unknown number, geometry and polarity of potential 

subduction fronts and require a regional scale re-evaluation of the composition and structure of the 

sWAC lithosphere. 

 

5.3.2 Geodynamic significance of the Ouango-Fitini shear zone 

Recent probing into the present composition and structure of the sWAC lithosphere, which relied on 

the combination of magnetotelluric, gravity and magnetic data, has highlighted the presence of several 

crustal-scale structures extending into the mantle (Le Pape et al., 2017). Although these structures help 

delineate the distribution of granite batholiths and greenstones within the craton, their accurate 

localisation remains elusive. 

Directly east of the Ouango-Fitini greenstone belt, uppermost detrital sedimentary rock packages of the 

neighbouring Téhini-Boutourou belt do not exhibit Bandamian-derived ages, but rather exclusively 

preserve Birimian ages estimated at ca. 2137 Ma (Hirdes et al., 1996; Lüdke et al., 1998, 1999; Figure 

16). Lithogeochemical results available from Birimian andesitic rocks also significantly differ from the 
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Bandamian volcanic rocks of neighbouring greenstone belts (Figure 17). The Ouango-Fitini shear zone, 

which separates the geochronologically distinct Ouango-Fitini and the Téhini-Boutourou greenstone 

belts, represents the best-fit easternmost border for the Bandamian Volcanic Cycle. Robust 

geochronological and geochemical datasets retrieved from the Ouango-Fitini greenstone belt suggest 

that both Birimian and Bandamian cycles are represented in the stratigraphic record, and separated by 

a ca. 50 Ma time gap (Hirdes et al., 1996; Lüdke et al., 1998, 1999; Figure 16). It is therefore noteworthy 

that the Ouango-Fitini shear zone marks a key geological boundary in the sWAC, with Birimian zircon 

inheritance in Bandamian rocks only occurring to the west of this major structure (Parra-Avila et al., 

2016). The Ouango-Fitini shear zone may therefore represent a primary candidate for a major suture 

zone within the Paleoproterozoic crust (Figure 18). 

 

Figure II - 18. sWAC map with interpreted major suture zone between Paleoproterozoic domains. Details on greenstone belt’s 

names and more provided in figure 2. The red star represents the Samapleu-Yacouba layered complex 
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5.3.3 The cyclicality in the formation of Precambrian greenstone belts 

The stratigraphic record in Archean greenstone belts reveals the systematic superposition of mafic-

ultramafic volcanism followed by intermediate to felsic volcanism and clastic sedimentary successions. 

Within this classic greenstone succession, the basal mafic stratigraphy is commonly inferred to have 

deposited in the form of subaqueous thick continental flood basalts emplaced from a mantle upwelling 

or plume (Maurice et al., 2009). The felsic magmas overlying the basal mafic and ultramafic units have 

been proposed to be derived from the partial melting of a thickened mafic protocrust (Smithies et al., 

2009; Johnson et al 2017), whereas the sedimentary input is interpreted to be derived from the 

gravitational overturn in the Mesoarchean (Wiemer et al., 2018) and/or from orogenic processes in the 

Neoarchean (Zibra et al., 2017), both processes that led to the exhumation and erosion of continental 

masses.  

In most Archean greenstone belts, the superposition of several greenstone cycles has been documented 

(Squire et al., 2010; Thurston et al., 2012; Anhaeusser, 2014; Hayman et al., 2015; Wiemer et al., 2018). 

In the Mesoarchean, such cyclicality is proposed to have developed through successive mantle 

extraction events occurring over ~100 Ma cycles, leading to the formation and cratonization of the 

continental crust (Wiemer et al., 2018). In the Neoarchean of the Yilgarn Craton of Western Australia, 

Hayman et al. (2015) described two volcanic cycles in the Kalgoorlie Terrane. Thurston et al. (2012) 

described seven mafic-to-felsic volcanic cycles in the Abitibi greenstone belt. Some of these rock 

associations may be genetically linked to regional plutonic pulses (Squires et al. 2010; Zibra et al. 2020).  

The stratigraphic record of the Paleoproterozoic sWAC is similar to that identified in many Archean 

terranes worldwide (Masurel et al., 2020). Yet, the greenstone formation process appears to have lasted 

over ca. 200 Myrs and is interpreted to result from a potential range of geodynamic processes that 

sequentially include: (1) the deposition of the lower Birimian cycle assigned to a MORB/oceanic 

plateau setting (Abouchami et al., 1990; Pouclet et al., 2006; Figure 17A), (2) the deposition of the 

upper Birimian cycle (Davis et al., 2015), related to subduction processes (Feybesse et al., 2006; 

Baratoux et al., 2011; Parra-Avila et al., 2017; Wayne et al., 2018; McFarlane et al., 2019), and (3) post-

collisional deposition of the Bandamian Cycle potentially linked with post-collisional extension or 
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subduction-related processes as presented in this manuscript. The prevalence of tectonic processes 

showing Phanerozoic affinity in the Paleoproterozoic sWAC contrasts with the archaic geodynamic 

processes empowering crustal growth in the Archean. Accordingly, the transitory nature of the 

geodynamic process leading to the sWAC formation is likely the reflection of the secular cooling of the 

Earth from the Paleoarchean to the Paleoproterozoic.  

 

6. Conclusion 

Volcanic, sub-volcanic and coarse-clastic detrital rock series recognized in the Bouaflé belt were dated 

from 2195 ± 4 Ma to 2105 ± 4 Ma, spanning two distinct Paleoproterozoic stratigraphic cycles, the 

Birimian and the Bandamian. The 2195 ± 4 Ma age obtained from an interflow shale horizon within a 

pillow basalt sequence provides a direct age constraint on Birimian mafic volcanism and shows 

inheritance estimated at 2317 ± 22 Ma. The 2105 ± 4 Ma to 2108 ± 5 Ma short-lived period of igneous 

activity recorded in the Bouaflé belt marks the onset of the Bandamian Volcanic Cycle, which occurred 

in a context of regional peak metamorphic conditions and near-maximum crustal thickening in the 

sWAC. The Bandamian Volcanic Cycle is characterized by i) late-Eburnean bimodal volcanic and sub-

volcanic rocks of juvenile character, ii) contemporaneous coarse-clastic sedimentary series deposited 

along narrow fault-bounded basins, iii) an angular unconformity with respect to the underlying Birimian 

Group. The Bandamian Volcanic Cycle is recognized in all greenstone belts of the Baoulé-Mossi 

Domain located west of the Ouango-Fitini shear zone; but absent east of the aforementioned structure, 

which suggests that the Ouango-Fitini shear zone may represent an important structural boundary within 

the sWAC.  

Between the Birimian Group and the Bandamian Volcanic Cycle a hiatus of about 50 to 90 Myrs is 

recorded in Côte d’Ivoire. The presence of two distinct and diachronous volcanic cycles highlights the 

polycyclic nature of crustal growth during the Paleoproterozoic in the West African Craton. The 

occurrence of bimodal magmatic association recognised within the Bandamian Volcanic Cycle is the 

symptom of a major thermal event that affected the sWAC in the late Eburnean orogeny. This thermal 

event could have been associated with a range of geodynamic scenarios which include post-collisional 
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extension and subduction-related processes. Cyclic greenstone construction through the repetition of 

volcanism and sedimentation has been demonstrated in Archean terranes and is now also recognised in 

the Paleoproterozoic granite-greenstone belts of the sWAC. The nature of the geodynamic processes at 

play in the sWAC however contrast with that of the Archean highlighting the geodynamic transition 

from the archaic Early Earth towards the Phanerozoic. 
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Chapter III    Fluid pressure-dominated orogenic gold 

mineralisation under low differential stress: case of the 

Yaouré gold camp, Côte d’Ivoire, West Africa 
 

Abstract 

The ~1.5 Moz Yaouré gold deposit, which is located within the Birimian greenstone belts of central 

Côte d’Ivoire (West Africa), is associated with two stages of economic gold mineralisation. Both ore-

forming stages occurred during protracted E-W-directed shortening associated with the Eburnean 

orogeny. The first mineralisation stage is hosted by fault-fill veins along conjugate ENE-striking 

(dextral) and WNW-striking (sinistral) strike-slip fault arrays. This ore stage is associated with a 

polymetallic assemblage including Mo, Bi, Pb, W, Te, Ag, Au and cryptic alteration in wall rocks. The 

second and main gold mineralisation stage is associated with a low-displacement fault-fracture-vein 

mesh formed during a reverse faulting episode. This second gold phase is associated with a polymetallic 

assemblage including W, Au ± Pb and is characterised by pronounced albite-ankerite-pyrite 

hydrothermal alteration in wall rocks. Shear veins associated with this second mineralisation episode 

formed during episodic fluid pressure variations under low differential stress within pre-existing low-

angle reverse fault planes. Permeability destruction by albite-ankerite-pyrite hydrothermal sealing of 

these low-angle reverse faults resulted in fluid pressure build-up and ultimately in the development of 

extension veins under low differential stress in the late stages of the structural evolution of the deposit. 

This study presents the structural evolution of a polyphase orogenic gold deposit and highlights that the 

interplay between fault zone activity, hydrothermal alteration and fluid pressure fluctuations at low 

differential and deviatoric stresses were key in controlling fluid flow and the formation of ore within 

optimally-oriented faults.  

 

 

 

 



74 
 

1. Introduction 

The location and geometry of orogenic gold deposits is dependent of the crustal architecture, which 

controls fluid circulation and gold precipitation (Kerrich 1986; Ridley 1993; Wyman and Kerrich 1988; 

Goldfarb et al. 1991b; McCuaig and Hronsky 2014). When connected with deeper-rooted first-order 

structures, higher-order faults and shear zones enhance permeability in localised and short-lived 

domains of lower fluid pressures, both acting as pathways and traps for gold-rich fluids (Gunning and 

Ambrose 1937; Robert et al. 2005). Studies on orogenic gold provinces have documented recurrent 

structural controls on mineralisation, including: i) rheological anisotropies (Vearncombe et al. 1989; 

Kerrich and Wyman 1990; Hodgson 1993), ii) structural anisotropies (regional faults intersections, early 

architectural features), iii) geometrical flexures, jogs and step-overs of fault zones (Colvine et al. 1984, 

1988; Weinberg et al. 2004; Hodkiewiecz et al. 2005; Micklethwaite et al. 2010), iv) anticlinal hinges 

(Etheridge et al. 1983, 1984; Cox et al. 1986; Goldfarb et al., 2005; Kolb 2008; Perrouty et al. 2012), 

v) high-angle reverse shear zones (Kerrich and Allison 1978; Robert and Brown 1986; Sibson et al. 

1988; Sibson 1990; Robert and Poulsen 2001), vi) shallow-dipping reverse shear zones (Tunks et al. 

2004; Kisters 2005) and to a lesser extent vii) normal shear zones (Vearncombe 1992; MacKenzie and 

Craw 1993; Kwelwa et al. 2018). Such structural geometries resulting from distinct processes are 

responsible for episodic fluid discharge during fault valve processes (Sibson 1987, 1995; Boullier and 

Robert 1992; Cox et al. 1991; Cox 1995, 2005, 2016; Weatherley and Henley 2013). The most common 

mechanical processes proposed for the formation of orogenic gold deposits consist of: i) regional and/or 

local stress-field variations and associated polyphase deformation (Hodgson, 1989; Goldfarb et al. 

1988, 1991a; Kerrich and Cassidy 1994; Robert and Poulsen 2001), ii) episodic release of over-

pressured fluids within misoriented high-angle reverse shear zones (Kerrich and Allison 1978; Robert 

and Brown 1986; Sibson et al. 1988; Sibson 1990; Robert and Poulsen 2001), iii) stress potentials 

induced from rheological contrasts and/or fold geometries (Goldfarb et al. 2005). These mechanical 

processes are associated with episodic fluctuations in fluid pressure through time, and therefore control 

failure modes, fluid flow, and gold precipitation. Gold precipitation is also intimately coupled with 

fluid-rock interaction and associated geochemical processes that take place while hydrothermal solution 
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percolate through the crust (McCuaig and Kerrich 1998; Henley and Berger 2000; Lester et al. 2012; 

Ord et al. 2012, 2016, 2018). 

Structural control has long been considered the driving factor for fluid migration and formation of lode-

gold deposits in greenstone belts. However, recent alternative scenarios propose a shift from tectonic-

driven to fluid-centric approaches (Jamtveit and Yardley, 1997; McCaffrey et al., 1999; Richards and 

Tosdal, 2001; Kolb et al. 2004; Ord et al. 2012). Models developed by Ord and Hobbs (2018) suggest 

that gold mineralisation is partly controlled by the mineralizing fluid chemistry itself and the associated 

temperature variations derived from fluid-rock interactions. In their model, deformation, fluid flow and 

gold mineralisation are proposed to derive from aseismic and non-adiabatic processes (Henley and 

Berger 2000; Ord et al. 2012; Hobbs and Ord 2018; Ord and Hobbs 2018).  

In this manuscript, fault and vein geometries are used to illustrate the key controls on the formation of 

veins hosting the bulk of economic gold mineralisation at the Yaouré deposit. We propose that the 

driving factor for mineralisation at Yaouré is related to over-pressured fluid conditions under low 

differential stress. The results of this study are then discussed in regards to other gold deposits 

throughout the West African Craton (WAC). 

 

2. Geological background 

The geology of Côte d’Ivoire consists of Paleoproterozoic NE-SW-oriented, linear to arcuate 

greenstone belts, volcano-sedimentary basins and plutonic suites of the Baoulé-Mossi domain, adjacent 

to the Archean Man-Leo Shield to the west (Figure 1) (Arnould 1961; Lemoine 1988; Milési et al. 1989; 

Abouchami et al. 1990; Fabre and Morel 1993; Kouamelan 1996; Doumbia et al. 1998; Gasquet et al. 

2003; Vidal et al. 2009). The magmatic evolution of Côte d’Ivoire first included the formation of mafic 

to intermediate volcanic rocks and calc-alkaline biotite- and amphibole-bearing plutonic suites between 

ca. 2200-2150 Ma; with a prevailing contribution from juvenile sources (Abouchami et al. 1990; Boher 

et al. 1992; Kouamelan et al. 1997a, b). This episode was progressively followed by i) the emplacement 

of calc-alkaline K-feldspar- and biotite-bearing granodiorite, and granite intrusions between ca. 2150- 
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2090 Ma (Hirdes et al. 1996; Doumbia et al. 1998; Gasquet et al. 2003; Vidal et al. 2009) and by ii) K-

feldspar-rich leucogranites between ca. 2090-2050 Ma (Liégeois et al. 1991, Hirdes et al. 1992; 

Doumbia et al. 1998; Ouattara 1998; Gasquet et al. 2003). Deposition of voluminous flysch-type 

sedimentary series in large-scale basins occurred between ca. 2140-2100 Ma, including the sedimentary 

units of the Katiola-Marabadiassa, and of the Haute-Comoé belts in Côte d’Ivoire (Grenholm et al. 

2019a, b).  

 

Paleoproterozoic terranes of the WAC were affected by two orogenic cycles: the Eoeburnean (ca. 2180-

2140 Ma) and the Eburnean between ca. 2135-2060 Ma (Hirdes and Nunoo 1994; Oberthür et al. 1998; 

Feybesse et al. 2006; Hein 2010; Baratoux et al. 2011; Perrouty et al. 2012; Block et al. 2016a, b; Le 

Figure III - 1. West African Craton geologicalmap modified from Miller et al. (2016) and Lawrence et al. (2017). The red 

square in the center of the map represents the extent of Fig. 2. HC, Haute-Comoé greenstone belt; KM, Katiola-

Marabadiassa greenstone belt. 
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Mignot et al. 2017a; Thébaud et al. in press). The Eburnean orogenic cycle, responsible for two thirds 

of the gold endowment in West Africa, shows a progressive migration of the tectonic front evolving 

towards the NW (Gasquet et al. 2003; Baratoux et al. 2011; Block et al. 2016a; Thébaud et al. in press). 

Most authors divide the Eburnean orogeny into an episode of crustal thickening characterised by E-W- 

to NW-SE-directed shortening, compressional deformation regime dominant, followed by an episode 

of transcurrent tectonics with NW-SE-directed shortening and simple shear deformation regime (Milési 

et al. 1992; Eisenlohr and Hirdes 1992; Allibone et al. 2004; Feybesse et al. 2006; Hein 2010; Baratoux 

et al. 2011, 2015; de Kock et al. 2012; Perrouty et al. 2012; Block et al. 2015; Wane et al. 2018; 

Grenholm et al. 2019a). Alternatively, the most recent study in central Côte d’Ivoire by Vidal et al. 

(2009) rather suggests a structural evolution marked by two major deformation episodes: D1 

characterised by gravity-driven tectonics leading to a dome-and-basin crustal architecture, followed by 

D2, which included the continuation of gravity-driven emplacement of granitic domes and horizontal 

NW-SE shortening.  

Metamorphic data for the magmatic and supracrustal rocks of Côte d’Ivoire depict homogenous 

greenschist facies to lower-amphibolite facies for peak regional metamorphic conditions (Vidal et al. 

1996; Ouattara 1998; Gasquet et al. 2003; Pouclet et al. 2006). HT-LP contact metamorphism aureoles 

were recognised reaching amphibolite facies around the margins of late granitic plutons, with thermal 

imprints of a few to 10 km within the volcanic and sedimentary host rocks (Pouclet et al. 2006; Vidal 

et al. 2009). Preserved HT-HP metamorphism reaching granulite facies was only recognised 

overprinting Paleoproterozoic rocks along the eastern margin of the Archean Man-Leo Shield marked 

by the crustal-scale Sassandra fault (Triboulet and Feybesse 1998; Pitra et al. 2010). Regional 

homogenous greenschist facies described in Cote d’Ivoire may, at least in part, be the result of 

retrograde metamorphism from higher-grade facies, similarly to the Paleoproterozoic rocks of 

neighbouring countries (Oberthür et al. 1998; Klemd et al. 2002, Perrouty et al. 2012; White et al. 2014, 

2015; Block et al. 2015, 2016a; McFarlane et al. 2019; Grenholm et al., 2019a).  

Gold mineralisation occurred throughout the WAC during several hydrothermal and tectonic episodes 

spanning ~120 m.y. (Milési et al. 1992; Oberthür et al. 1998; White et al. 2014; Perrouty et al. 2016; 
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Goldfarb et al. 2017; Le Mignot et al. 2017; Thébaud et al. in press). Gold deposition for most deposits 

appears to have occurred post-peak regional metamorphism with hydrothermal P-T conditions reached 

for gold-rich fluids reflecting mid-greenschist facies conditions (Grenholm et al. 2019a). In Côte 

d’Ivoire, the bulk of gold mineralisation also reflects the protracted activation of varied tectono-

hydrothermal systems including: i) the Tongon gold-skarn deposit (ca. 2130 – 2100 Ma) that occurs 

along transfer faults linking first-order belt-parallel structures (Lawrence et al. 2017), ii) the Ity gold-

skarn deposit occurs in a Paleoproterozoic window within the Archean Man-Leo Shield developed 

along transcurrent structures over two mineralisation stages dated at ca. 2120 Ma and ca. 2091 Ma 

(Béziat et al., 2015), iii) the Agbaou orogenic gold deposit (ca. 2100 – 2060 Ma) deposited in a fold-

and-thrust system featuring high-angle shear veins and shallow-dipping veins (Houssou, 2013) and iv) 

the Bonikro orogenic gold deposit (ca. 2100 – 2060 Ma) emplaced during strike-slip tectonics 

postdating regional co-axial NW-SE shortening (Masurel et al. 2019).  

 

3. Analytical methods 

Field-based observations and 3D projections of drill-hole data were integrated to build the geological 

map of the open pit. The presence of a thick weathering profile and poor pit exposures at the time of 

the study led most of the work to be conducted on diamond drill core. Over 1500 structural 

measurements were collected on 38 oriented drill holes representative of the deposit (alteration 

types/intensities, ore types and host rocks) along with sampling for petrography. Graphic logging on all 

38 drill holes was undertaken to study the stratigraphy of the deposit. Petrographic work included 

optical microscopy and scanning electron microscopy at the Centre for Microscopy Characterisation 

and Analysis, the University of Western Australia. Complementary regional mapping traverses were 

undertaken in the Yaouré area to further constrain the stratigraphic and structural setting of the deposit. 
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4. Stratigraphy of the Yaouré gold deposit 

The Yaouré gold deposit is located in the eastern portion of the Bouaflé greenstone belt, away from the 

major (>100 km strike extent) regional fault zones (Figure 2). At the Yaouré gold deposit, the basal 

lithostratigraphic unit consists of massive basalts and well-preserved undeformed pillow basalts. 

Primary pseudo-trachytic textures highlighted by the presence of thin oligoclase and albite laths are also 

well preserved. To the north of the deposit, basalts are overlayed by a >300m thick sequence of volcano-

sedimentary rocks deposited within a ~10-km-scale fault-bounded basin. In relative chronological 

order, the lithostratigraphy of this basin comprises: i) local detrital sedimentary deposits showing 

vertical grading from monomictic conglomerate to sandstone with cross-bedded structures (35 m in true 

thickness), ii) 50 to 60 m thick andesitic mass flow and iii) homogeneous dacite > 250 m thick (Figure 

3).  

 

 

 

 

 

 

 

 

 

 

 

Figure III - 2. Simplified geological map of the Bouaflé greenstone belt, featuring the major fault zones in the region, 

amongst which are represented: the Grenville-Ferkessedougou Bodo Dioulass Shear Zone (GFBDSZ), the Brobo Shear Zone 

(BSZ), the Boni Andokro Shear Zone (BASZ) and the Katédougou Shear Zone (KSZ). 
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Granodiorite, quartz-feldspar porphyry, hornblende porphyry, and nepheline-bearing diorite crosscut 

the basalts. Clasts of granodiorite occur in the andesitic mass flows, supporting exhumation and local 

reworking of the felsic intrusion into the volcanoclastic unit. Meter-thick hornblende porphyry dykes 

crosscut the andesitic mass flow and the contact between the andesitic mass flow and the basalts, but 

not the dacite. A late set of nepheline-bearing diorite dykes crosscut all units of the volcano-sedimentary 

basin and rarely exceed 5 m in thickness. These are generally emplaced along lithological contacts or 

within fault zones, but rarely show any signs of deformation and/or alteration.  

 

Figure III - 3. Photographs of each least-altered lithology specimens are on the left section of the figure: A) pillow basalt, B) granodiorite, 

C) quartz-feldspar porphyry, D) hornblende porphyry, E) conglomerate, F) andesitic mass flow, G) dacite, H) nepheline-bearing 

intermediate intrusion. Abbreviations of minerals as per Whitney and Evans (2010). The red dotted line in photograph A) represents the 

margin of a pillow basalt. Stratigraphic column sketch interpreted from pit outcrops and drill core observations is represented on the right 

section of the figure. 
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Metamorphic assemblages in all rock types are indicative of homogeneous regional low- to mid-

greenschist facies conditions throughout the deposit, in accordance with studies in the area (Leake 1992; 

Vidal and Alric 1994; Hirdes et al. 1996; Doumbia et al. 1998; Lüdke et al. 1998; Vidal et al. 2009). 

No petrographic evidence for retrograde metamorphism was recognised such as chloritised amphiboles 

in mafic units. The prefix “meta” is therefore implied for all the units described in this study.  

 

5. Deformation history at the Yaouré deposit 

The nomenclature of deformation episodes presented hereafter refers to local deformation only and is 

marked with the subscript Dx, which should not be inferred for regional deformation episodes. This 

paper focuses on the structures hosting economic gold mineralisation.  

5.1 D1: conjugate strike-slip faults 

The earliest structural components identified at Yaouré correlate with conjugate ENE- to NE-striking 

and WNW-striking strike-slip faults crosscutting basalts and felsic intrusions (Figure 4, Figure 5A). 

These steeply-dipping structures are associated with a variably developed shear foliation in the host 

rocks (S1), and locally contain co-planar veins (V1). When present, the S1 shear foliation extends from 

a few cm into the wall rocks to up to a few meters. Foliation development is favoured within basaltic 

host rocks in comparison to more competent felsic intrusions. Both NE- and WNW-striking fault sets 

are associated with sub-horizontal striation lineations. NE-striking faults display dextral kinematic 

indicators including C-S fabrics, whereas WNW-striking faults display sinistral kinematic indicators 

such as ankerite stepped fibres on fault planes and veins margins. Each strike-slip fault set includes at 

least one major structure, continuous in strike length for over 500 m in the mine and immediate 

surroundings. Higher-order cm- to dm-wide strike-slip faults and veins extend over tens of meters and 

are oriented parallel to each major strike-slip fault set. Vein density increases towards the north of the 

deposit, closer to the contact with the volcano-sedimentary basin (Figure 4). Dykes crosscut by D1 faults 

exhibit a total apparent offset estimated to be about ~150 m along the major strike slip sets. 
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Veins (V1) associated with this deformation episode are 1 cm- to 3 m-thick, developed within foliation 

planes as laminated veins, indicated by variations in mineral assemblages, smoky quartz hue intensity, 

and by the occurrence of wall rocks slivers within the vein (Figure 5B, C). Local internal tectonic 

Figure III - 4. Pit map (A) and section (B) of all major fault zones are represented in white along with their respective shear 

sense indicator and dip angle. CMA and Y1 to Y3 are mine site nomenclatures of each main reverse fault zone. 
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brecciation is also represented within V1 veins. The vein mineralogy is dominated by quartz (>95 modal 

%) in association with variable amounts of chlorite, ankerite, tourmaline and about 1 modal % sulphides 

on average with rare intercepts reaching 15 modal %. The mineral composition of these veins exhibits 

a diverse ore mineral assemblage including molybdenite, chalcopyrite, pyrite, native gold and electrum, 

along with rarer occurrences of galena, bismuthinite, sphalerite and Bi-Pb tellurides, also present in 

foliated rocks along the vein margins (Figure 5D, E, F). Molybdenite is an indicative marker of this 

mineralisation style and ranges in concentration from less than 1 modal % to up to 15 modal % of the 

vein in rare intercepts. The alteration mineral assemblage associated with V1 veins is weakly developed, 

extending locally up to 30 centimetres into the foliated wall rocks (Figure 5E, F). Gold associated with 

V1 veins and D1 strike-slip fault zones have average grades of 5 g/t with local higher grades exceeding 

150 g/t.  

 

5.2 D2: reverse faulting 

The second deformation episode is characterised by the development of a series of shallowly-dipping 

(~30º dip) reverse faults and associated vein arrays, which host ~90 % of the total gold resource at 

Yaouré. Mineralised zones either occur as tightly confined high grade intervals in basalts or as thicker 

but lower grade intervals in felsic intrusive units.   

Four N-striking reverse faults, marked by a 30° E-dipping shear foliation were identified in the mine 

area (Figure 4). These faults are continuous for over 1 km in strike length and feature kinematic 

indicators including C-S fabrics (Figure 6A) and carbonate stepped fibres along fault planes supporting 

a reverse sense of displacement. D2 faults  merge in places with lithological boundaries between the 

basalt and granodiorite as well as between the basalt and volcano-sedimentary rocks (Figure 4). 

Smaller-scale high-angle reverse faults locally form linkages between shallower-dipping major fault 

segments, resulting in a flat-and-ramp geometry, or duplex structures (Figure 6B). A subsidiary set of 

faults connected to the main E-dipping reverse faults exhibit shallow dips to the W and occur as 

conjugated back-thrusts (Figure 6B). The total offset for all 4 major faults combined is estimated at 150 

m based on crosscut lithological markers and gold grade distribution. 
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Vein arrays formed during D2 (V2) occur in two spatially associated sets. A dominant set consists of N-

striking fault-parallel veins dipping 30° to 50° to the E, and a minor set that consists of sub-horizontal 

N-striking veins. V2 veins from both sets are composed of an equivalent quartz-ankerite assemblage 

and feature an orthogonal crystallisation growth to the vein edges. V2 veins are associated with a 

pronounced selvage in the wall rocks, consisting of ankerite, albite, sericite and pyrite of a few mm up 

to 15 cm from the veins rims (Figure 6C). Pyrite content varies between 1 and 5 modal %. Pyrite habit 

Figure III - 5. D1: Strike slips characteristics, grade is provided on each picture when available. A) Stereonet showing 

measurements of both dextral and sinistral strike-slip fault sets; lower hemisphere, equal area. B) Pit outcrop of laminated V1 

veins occurring within a sheared granodiorite. C) Close-up on the laminated texture of a V1 vein on a drill core, featuring 

variations in mineral compositions. D) Very high grade V1 vein featuring a molybdenite – gold assemblage typical in V1 veins. 

E) Visible gold in a sheared host rock next to a grey-blueish V1 vein. F) Typical discrete grey-blueish V1 veins with the absence 

of pervasive alteration of the host rock, visible gold is highlighted with red circles drawn on the drill core. Host rock poorly 

deformed at the contact with the veins. Abbreviations of minerals as per Whitney and Evans (2010). 
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occurs as µm to mm euhedral cubic grains. Native gold occurs as free grains in the veins and as 

inclusions in pyrite grains disseminated in altered wall rocks.  

Figure III - 6. D2: Low-angle reverse faults and V2 veins characteristics. A) Structural characteristics of a fault zone showing 

crenulation cleavage supporting the reverse movement of the fault. B) Low-angle reverse faults geometry displaying the N-

trending moderately E-dipping major shears connected with back-thrusts and high angle reverse faults. C) Set of fault-parallel 

V2 veins in a proximal D2 deformation zone. A crosscutting tourmaline-rich V3 vein shows evidence for sinistral strike-slip 

displacement. D) V2-related hydrothermal breccia at a lithological contact between syn-D2 foliated basalt and granodiorite. 

The quartz-ankerite matrix features perpendicular crystal growth orientation to the clasts’ margins. Angular clasts occur in the 

absence of prevailing aspect ratio organisation supporting that poor displacement was associated during brecciation. E) Open 

folds overprinting V2 extensional veins in basalt. F) Sigmoidal texture of V2 extensional veins. 
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Fault-parallel V2 veins emplaced within and parallel to D2 reverse faults. Fault parallel V2 veins are 

associated with mm to cm displacements of earlier D1-2 structures or primary volcanic features. Within 

the largest dm- to m-thick mineralised intervals, V2 fault-parallel veining may occur as cm to dm 

hydrothermal breccia intervals (Figure 6D). Brecciated fragments feature altered ± foliated wall rocks; 

all clasts are angular and lack of aspect ratio organisation (Figure 6D). Matrix infill in brecciated veins 

occurs as ankerite and quartz forming a radial colloform texture around the clasts. Fault-parallel vein 

sets are locally deformed and dismembered due to fault reactivation. Laminated vein textures induced 

by cyclic crack-and-seal mechanism, well represented in V1 veins sets, are rare within the V2 veins sets, 

whereby multiple increments occur as distinct subparallel cm-wide veins and veinlets (Figure 6C).  

 

 

Figure III - 7. V1 and V2 veins crosscutting relationships. A) and B) shows the same drill core intercept on both sides of the 

drill core. A) microfractures associated to a V2 vein crosscutting a V1 vein (thin red lines drew on drill core); B) slight offset 

of the V1 vein associated with the V2 vein. C) Brecciated V1 vein crosscut by a V2 vein. D) V1 intercept strongly brecciated 

due to D2 deformation; the matrix of the breccia features a white ankerite-silica assemblage associated with the D2 deformation. 

Red circles on the drill core represent visible gold occurrences. Abbreviations of minerals as per Whitney and Evans (2010). 
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Sub-horizontal V2 veins occur as cm-wide tension gashes continuous for a few cm to a meter. This vein 

set displays quartz ankerite fibres at high angle to the vein walls and show no offset of the host rocks. 

Sub-horizontal V2 veins are spatially restricted to reverse fault planes and are volumetrically 

insignificant compared to the fault-parallel V2 vein set. Sub-horizontal V2 veins overprint D2 reverse 

faults and fault parallel vein sets as well as feature folds and sigmoidal geometries suggesting 

incremental/progressive deformation (Figure 6E, F). All structures developed during D2 overprint D1 

structures (Figure 7A, B). Within proximal D2 mineralised zones reverse faults crosscutting V1 veins 

induced tectonic brecciation of the V1 veins (Figure 7C, D). 

5.3 Late strike slip faults and V3 veins 

A late set of quartz-tourmaline-chalcopyrite veins (V3) developed in the vicinity of D2 faults (Figure 

8A). Although a large majority of these veins are subvertical E-striking narrow veins, some veins of 

similar composition developed within existing D2 reverse faults (Figure 8A, B). V3 veins are barren in 

gold and systematically offset D2 structures (Figure 6C and Figure 8B). These veins show sub-

horizontal striation lineation along their margins, supporting strike-slip displacement during their 

emplacement. V3 veins show tourmaline concentrations ranging from 20 modal % to up to 70 modal %. 

 

 

 

 

 

 

 

 
Figure III - 8. Late strike slips characteristics. A) Stereonet of measured tourmaline-rich V3 veins, lower 

hemisphere, equal area. E-W orientation prevails; a few orientations show inheritance from D1 and D2 structures. 

B) V3 veins crosscutting a D2 fault rich in V2 veins. A few V3 show the reuse of V2 orientations. 
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6. Exposures at the Kossou Dam 

The Kossou dam, located 6 km east of the Yaouré deposit, offers unweathered exposures of undeformed 

and well-preserved pillow basalts at similar regional metamorphic conditions than those identified at 

Yaouré. This outcrop is of particular interest as it hosts veins analogous to the V2 veins documented at 

Yaouré. Faulting is absent in the direct proximity of the Kossou outcrop and veins present only mm-

scale offsets of markers such as pillow margins (Figure 9A). Veins at Kossou show two mutually-

crosscutting vein sets (Figure 9A): i) a N-striking, 30-40° E-dipping set displaying mm-scale offsets 

similar to that observed for V2 veins at Yaouré and ii) an E-striking, 70-80° S-dipping set (Figure 9B). 

The mineralogy of both vein populations consists of quartz-ankerite with crystal growth fibres 

perpendicular to the vein walls. The hydrothermal alteration mineral assemblage in wall rocks consists 

of sericite, ankerite, pyrite and albite. The alteration halo associated with both vein sets is comparable 

to that of the V2 vein set at Yaouré. Sampling of both veins and proximal host rocks returned anomalous 

gold concentration of up to 0.1 g/t. 

 

 

 

 

 

 

 

 

 

Figure III - 9. Kossou Dam outcrop observations. A) Picture of the outcrop. Both vein sets show similar vein and host rock 

alteration. Pillow margins are highlighted in black dotted lines. B) Stereonet featuring vein measurements at the Kossou Dam, 

lower hemisphere, equal area. Two sets are distinguished. 
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7. Discussion 
 

 7.1 The structural evolution of the Yaouré gold deposit 

Structural elements mapped within the Yaouré gold deposit chronologically feature: i) strike-slip faults 

and associated auriferous V1 veins (D1), ii) reverse faults and associated auriferous V2 veins (D2), and 

iii) localised strike-slip faults and associated gold-barren V3 tourmaline-rich veins (D3ya). D1 is marked 

by conjugate sets of steeply-dipping, NE- and NW-striking strike slip faults and associated co-planar 

V1 veins. These V1 veins display laminated textures supporting multiple slip increments (Figure 5B, C). 

Such textures are indicative of shear veins (Hodgson 1989; Robert and Poulsen 2001). Kinematic 

analysis on D1 structures is consistent with E-W-directed shortening (Anderson 1951; Fossen and Tikoff 

1998; Fossen and Cavalcante 2017) (Figure 10). The total amount of displacement accommodated by 

the strike-slip faults and associated shear veins is estimated at ~150 m based on the observed 

displacement of intrusive contacts.  

D2 deformation is associated with the formation of four main N-striking, E-dipping shallowly-dipping 

reverse faults and associated V2 veins hosting the bulk of the gold resource. The fault planes exhibit 

slickenlines, slickenfibres, C-S fabrics and local flat-and-ramp geometry that are altogether consistent 

with E-W-directed shortening (Rich 1934; Anderson 1951; Bott 1959; Fossen and Tikoff 1998; Fossen 

et al. 2017). Minor back-thrusts, which are N-striking and moderately-dipping to the W, are interpreted 

as a conjugate fault set accommodating the same E-W-directed shortening (Eisenstadt and De Paor 

1987). The reverse faults display a combined total offset of ~150 m and are overprinted by fault-parallel 

veins and sub-horizontal veins.  

The late tourmaline-rich V3 veins are locally developed along D1 or D2 fault zones. The barren character 

and insignificant volumetric abundance of these V3 veins at the deposit scale highlights a local 

deformation episode of limited structural significance in the paragenetic framework of the Yaouré 

deposit. 
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7.2 Structural analysis of V2 vein development 

At Yaouré, distinct failure modes are proposed to be responsible for the different style of faults and 

veins observed in the deposit. We suggest that D2 deformation was progressive, starting with shear 

failure and reverse faulting (e.g. failure mode A in Figure 11). The subsequent development of fault-

parallel and sub-horizontal V2 vein sets are interpreted separately in this section.  

Fault-parallel V2 veins were described within fault planes and within unfoliated proximal host rocks. 

These veins display mm to cm shear offsets and may be interpreted as shear or shear-extensional veins 

(Hodgson 1989; Vearncombe 1992; Robert and Poulsen 2001; Bons et al. 2012). We suggest that 

Figure III - 10. A) stereonet of D1 strike-slip faults measurements (green and blue planes), lower hemisphere, equal area. B) 

Mohr-Coulomb diagram interpreting V1 veins characteristics. Light yellow envelope represent the initial stress stage and gold-

coloured envelopes represent conditions at which failure is reached. C) Plan view of normal-stress axis orientation during D1 

shear and V1 veining activity. 
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following an early fault rupture (failure mode A in Figure 11), fault-parallel V2 veins emplaced with a 

failure mode corresponding to the fault reshear failure envelope (failure mode B in Figure 11), which 

may be reached under lower differential stress conditions (Sibson 1985). At Yaouré, two possible 

mechanisms may have led to reshear failure of the reverse fault planes: an increase in the principal 

maximum stress (ơ1) or an increase of fluid pressure under constant differential stress. Under decreasing 

effective mean stress (or increasing fluid pressure), reactivation of a pre-existing fault can be achieved 

thanks to the lower cohesion and lower tensile strength of the fault relative to intact host rocks (Ridley 

1993).  Although we cannot rule out the effect that D2 and D3 had on D1, we observe little evidence for 

reactivation of D1 structures during D2 and/or D3. We therefore suggest that the broad paleo-orientation 

of the maximum principal stress derived from D1 structure is likely comparable to that present at the 

time of D1 fault formation. Accordingly, if we consider that the principal maximum stress direction has 

not changed from D1 to D2, the optimal angle for fault reactivation, which lies between the maximum 

normal stress vector and the fault plane, is ~30º (Sibson 1985). The low-angle reverse faults in Yaouré 

were thus near-optimally oriented for reactivation either by increasing the differential stress, or by 

increasing the fluid pressure without reaching supralithostatic fluid pressure (Byerlee 1978; Sibson 

1985; Ridley 1993; Tunks et al. 2004). Unlike the V1 shear veins, fault-parallel V2 shear veins show 

millimetric displacement and rare internal shear indicators such as laminated texture, and locally exhibit 

hydrothermal breccia with no preferred clasts/slivers orientation. These textural observations imply that 

the fluid pressure component may have dominated over an increased differential stress state.  

The sub-horizontal V2 veins at Yaouré do not offset any marker fabric along vein boundaries (e.g. 

foliation), indicating their formation as extension veins. Extension veins develop parallel to ơ1 when 

ơ3 equals or exceeds the tensile strength of the host rock (Robert and Poulsen 2001). Such conditions 

are reached under low differential stress (ơ1 – ơ3 < 4T, T being the uniaxial tensile strength), when 

fluid pressure locally overcomes the lithostatic stress (Pf ≥ ơ3 + T) (Cox 1995). Optimally-oriented 

faults will reshear at Pf < ơ3 and prevent build-up of fluid pressure, unless they have regained tensile 

strength by hydrothermal cementation, effectively restoring their “intact” character (failure mode C, 

Figure 11; Nguyen et al. 1998; Sibson 2004; Tunks et al. 2004; Sibson 2017). We suggest that the 
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development of albite-silica-sericite-pyrite pervasive alteration associated with V2 veins at Yaouré was 

an efficient strengthening reaction, which has been proposed for other orogenic gold deposits worldwide 

(McCuaig and Kerrich 1998). Such cyclic evolution of fluid pressure build-up, seismic slip, and 

subsequent sealing is widely recognised as a critical ore forming process in orogenic gold environments 

(Sibson et al. 1988; Ridley 1993; Cox et al. 1995; Robert et al. 1995; Sibson and Scott 1998; Kisters et 

al. 2000; Oliver and Bons 2001; Groves et al. 2003).  

Intermediate stress conditions between failure modes B and C (Figure 11) may have been reached, and 

would have been responsible for the development of shear-extensional veins at negative values of ơ3 

and under the following conditions of differential stress: 4T ≤ (ơ1 – ơ3) ≤ 6T (Sibson et al. 1990; Robert 

and Poulsen 2001). 

Figure III - 11. a) Stereonets (lower hemisphere, equal area) of low-angle reverse faults (left) and V2 veins (right) 

measurements (lower hemisphere, equal area stereonet). b) D2 structural evolution sketches are presented below the stereonets 

and in chronological order from the left to the right. An interpretative zoom shows higher-angle foliation and fault-parallel 

veins observed on drill core within larger fault intervals (Fig.6A, B). c) Mohr-Coulomb diagrams, interpreting the structural 

features presented directly above in section b). A, B and C letters refer to different fault or vein failure modes. Light yellow 

envelopes represent initial stress stages and gold-coloured envelopes represent conditions at which failure is reached. 
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7.3 Evidence for local stress-switches in the Yaouré camp 

The coeval emplacement of both vein sets at Kossou occurred in the absence of any pre-existing fabric 

in the wall rocks, which differs from the structural setting of the Yaouré gold deposit. The limited 

distribution of N-striking, shallow-dipping extension veins and mutually overprinting relationships with 

the dominant E-striking subvertical extension vein array at Kossou indicates localised stress 

redistribution. The vein geometry indicates episodic, transient reorientation of the near-field minimum 

principal stress (ơ3) from a sub-horizontal orientation to a near-vertical orientation (see supplementary 

material). Such local transient stress switches may have occurred in response to a combined reduction 

of the effective stress and deviatoric tensor, similarly to what has been inferred for the Siguiri gold 

camp (Lebrun et al. 2017). The transient stress switches observed at Kossou may be linked to (i) a 

weaker compressional component due to changes in far field stress, and/or (ii) decrease of overburden 

pressure through exhumation and/or erosion (Goldfarb et al. 1991a; Rey and Houseman 2006, Stüwe et 

al. 1993; Stüwe 1998).  

The stress switch model derived from the vein analysis of the Kossou dam area can’t be applied for the 

Yaouré deposit where a pre-structured rock mass and different rock types with contrasted rheology 

controlled the structure geometries. Nevertheless, the vein characteristics in both the Yaouré deposit 

and at Kossou support that fluid pressure was a critical component for triggering fluid flow. 

 

7.4 Integration with orogenic gold deposits from the West African Craton (WAC) 

Tectono-hydrothermal activity in the late Eburnean was the most prolific period for orogenic gold 

mineralisation and resulted in the formation of the largest deposits in the WAC including Obuasi, 

Bogoso, Prestea, Konongo, Loulo, Sadiola, Morila, Syama, Siguiri and some other smaller prospects 

(Appiah 1991; Eisenlohr and Hirdes 1992; Mumin et al. 1994; Oberthür et al. 1998; Allibone et al. 

2002a, b; Béziat et al. 2008; Fougerouse et al. 2017; Goldfarb et al. 2017; Thébaud et al. in press). 

Throughout the WAC, gold ores were proposed to have formed soon after the cessation of a dominantly 

compressional deformation regime (WNW- to NW-directed shortening) during a switch to 

transpression (Feybesse et al. 2006; Thébaud et al. in press) whereby strain was partitioned into both 
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coaxial shear and simple shear along a given fault zone (Dewey et al. 1998; Fossen and Tikoff 1998). 

At Yaouré, the systematic crosscutting relationships documented support that strike-slip (D1) and 

reverse (D2) displacements were accommodated diachronously along distinct structures. Accordingly, 

we propose that the structural evolution of the Yaouré gold deposit is consistent with mineralisation 

developing during bulk incremental E-W-directed shortening. Such tectonic setting differs from that of 

most orogenic gold deposits throughout the WAC. Two suggestions may be proposed to explain such 

difference: i) deformation in the Yaouré district do not reflect far-field stresses but rather local stress 

field conditions, or ii) gold mineralisation in the Yaouré district developed in an another far-field stress 

setting associated with a distinct regional Eburnean tectonic period.  

The transition from predominantly shear failure along faults to combined shear failure and extensional 

failure adjacent to faults documented for the Yaouré deposit is relatively common in orogenic gold 

deposits of the WAC and interpreted as a response to a progressive decrease in maximum shear stress 

and an increase in fluid pressure (e.g. Damang in Ghana, Tunks et al. 2004; Agbaou in Ivory Coast, 

Houssou 2013). A number of well-studied orogenic gold systems where the fault valve system has been 

described, include the presence of severely misoriented faults (e.g., Sibson et al. 1988; Cox et al. 1991; 

Robert et al. 1995; Cox 1995), including the 60+ Moz Obuasi in Ghana (Allibone et al. 2002a, b). The 

vein systems at Yaouré rather indicate a tectonic history marked by low differential stress, during which 

fluctuations in fluid pressures and hydrothermal permeability sealing influenced the mechanical 

behaviour of optimally oriented faults. This study supports that the localisation of fluid flow along 

active, optimally oriented reverse faults resulted in episodic fault valve behaviour. 

The application of the fault valve model, however, is not exclusive to the potential application of 

alternative models such as the one proposed by Ord and Hobbs (2018). Further work needs to be 

undertaken in order to unravel the full picture of gold precipitation mechanisms and investigate the 

importance of fluid-driven or “intrinsic” processes involved in mineralizing hydrothermal systems of 

orogenic gold deposits (Henley and Berger 2000; Ord and Hobbs 2018).   
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8. Conclusion 

Economic gold mineralisation at Yaouré occurred in two stages under progressive E-W-directed 

shortening, which marked the principal imprint of the Eburnean orogeny in the deposit area. The first 

mineralisation stage is associated with shear veins along conjugate strike-slip faults. The second 

mineralisation stage, responsible for the bulk of the resource, is associated with low-angle reverse faults 

and veins in a compressional deformation regime. The transition from shear failure to hydraulic 

extensional failure during the late deformation history at Yaouré is interpreted as a response to a 

progressive decrease in the differential stress, concomitantly with an increase in fluid pressures to reach 

tensile failure. In addition, vein systems of the Kossou dam represents the first field-based evidence 

supporting local transient stress switches in the WAC, first proposed for the ~10 Moz Siguiri gold camp 

in Guinea, where they have been proposed as a key trigger for economic gold mineralisation (Lebrun 

et al. 2017).  

By comparison with other Eburnean deposits of the WAC, the distinctive tectonic setting presented for 

Yaouré raises the question of the timing of gold mineralisation in the deposit area. If coeval with the 

late Eburnean far-field transpressional deformation regime, gold deposition at Yaouré may have 

resulted from local stress field conditions decoupled from regional tectonics. Alternatively, gold 

mineralisation at Yaouré may have developed prior to the main mineralisation episode recognised 

elsewhere in the craton (e.g. Bonikro, Masurel et al. 2019). Without further timing constraints it remains 

difficult to separate between these two hypotheses. 
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Chapter IV    Coupling whole-rock geochemistry with trace 

elements and S-isotopes analyses of pyrite to unravel 

precipitation processes: case study of the Yaouré gold deposit 

(Côte d’Ivoire, West Africa) 
 

Abstract 

Two distinct gold mineralisation pulses were recognised from the structural evolution of the Yaouré 

deposit in central Côte d’Ivoire: The first ore-forming event was associated with fault-fill laminated 

veins (V1) within strike-slip faults whereas the second mineralizing pulse was associated with fault-fill 

and tension veins (V2) within a shallow-dipping reverse fault network. Whole-rock geochemical data 

coupled with in-situ trace-element and isotopic studies on pyrites support the distinction of V1 and V2 

hydrothermal stages first established from structural characteristics and crosscutting relationships. 

Similar analytical work undertaken on a distal occurrence of the V2 system known as the Kossou Dam 

outcrop supports an increasing geochemical control of the host rocks, along with a decrease in gold 

content and associated polymetallic assemblages, which outlines the importance of structural 

permeability for gold mineralisation in the study area. By comparing δ34S values and trace elementary 

contents in pyrites from V1, V2 and Kossou systems, this study suggests that variations in fO2 controlled 

gold precipitation during the V1 episode, whereas kinetic reactions may have represented the preeminent 

factor in gold precipitation during the subsequent V2 episode. The latter vein formation emplaced by 

cyclic fault-valve mechanisms, which may have directly influenced the mineralisation process. 

Furthermore, by combining δ34S and trace element datasets in pyrites, this study proposes potential 

sources for gold endowment in the Yaouré camp, which may support the emerging role of late-Eburnean 

syn-kinematic magmatism with respect to the bulk gold endowment in Côte d’Ivoire.  
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1. Introduction 

Despite several decades of research on the processes controlling gold deposit formation in orogenic 

belts, the source and deposition mechanisms of fluids and metals remain a largely debated subject that 

still challenges our mineralisation targeting capability (Peters, 1993; McCuaig and Hronsky, 2014; 

Groves et al., 2019; Hronky et al., 2019). This is particularly well illustrated in the Paleoproterozoic 

granite-greenstone belts of the southern part of the West African Craton (sWAC), where gold deposits 

are unevenly distributed and display remarkable variability in styles across time and space (Goldfarb et 

al., 2017; Thébaud et al., 2020; Masurel et al., in press).  

Despite being the country covered by the largest surface of Paleoproterozoic rocks in the sWAC, Côte 

d’Ivoire is host to relatively low gold reserves compared to its neighbouring countries (gold reserves: 

Côte d’Ivoire: 5.7 Moz, Guinea: 7.2 Moz, Mali: 27.3 Moz, Burkina Faso: 16.2 Moz, Ghana: 64 Moz) 

(Goldfarb et al., 2017; Thébaud et al., 2020; Masurel et al., in press). Yet, amongst the few gold deposits 

recognised in Côte d’Ivoire and in neighbouring countries adjacent belts, several metallogenic styles 

are recognised, which include: 2086 ± 4 Ma intrusion-related and 2074 ± 14 Ma orogenic gold 

mineralisation at Bonikro (Masurel et al., 2019), 2098 ± 4 to 2074 ± 14 Ma intrusion-related 

mineralisation at Morila (Southeast Mali, McFarlane et al., 2011), skarn-type mineralisation at Ity 

(Béziat et al., 2015), and 2139 ± 21 Ma to 2128 ± 21 Ma skarn-type mineralisation at Tongon (Lawrence 

et al., 2017). Typical orogenic gold mineralisation is also represented within the Syama-Tabakoroni 

goldfields (Southeastern Mali, Ballo et al., 2016), Wona-Kona gold deposit (Burkina Faso, Augustin, 

2011; Gaboury, 2013; Augustin et al., 2016) and at the Afema gold deposit (Côte d’Ivoire, Assie, 2008). 

Succession in gold mineralisation styles at one place is also recognised across the sWAC, with orogenic 

gold mineralisation described overprinting other mineralisation styles that include intrusion-related, 

placer or earlier orogenic-type episodes, as per described at Bonikro (Masurel et al., 2019), Wassa 

(Perrouty et al., 2015), Damang (Tunks et al., 2004) and Obuasi (Fougerouse et al., 2017) to name a 

few.  

The present geochemical study of the Yaouré gold deposit aims at better understanding the fluid-rock 

interaction process as well as providing insights into the potential sources of gold. Trace element 
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chemistry studies on pyrite have provided considerable insights in constraining mineralisation controls 

on orogenic gold systems and helped targeting potential sources for gold (Large et al., 2007, 2009, 

2013; Thomas et al., 2011; Simard et al., 2013; Lebrun et al., 2017; Mériaud et al., 2017; Ward et al., 

2017; Fougerouse et al., 2017; Velázquez et al., 2014; Augustin and Gaboury, 2019; Godefroy-

Rodriguez et al., 2020). Similarly, sulfur isotopes studies on gold-bearing sulphides have received 

increasing interests and provided some constraints on transport and precipitation conditions of gold in 

orogenic gold systems (Chang et al., 2008; Agangi et al., 2016; Selvaraja et al., 2017a,b; Godefroy-

Rodriguez et al., 2018; LaFlamme et al., 2018). Besides the limitations of δ34S use in Paleoproterozoic 

systems, it is sensitive to physico-chemical processes and provides an opportunity to evaluate the factors 

leading to gold deposition which may include pH, pressure, temperature and fO2 variations kinetic 

reactions and fluid-rock interactions during the precipitation of gold-bearing fluids (Ohmoto 1972; 

Ohmoto and Goldhaber 1997; Palin and Xu 2000, Hodkiewicz et al., 2009; William-Jones et al., 2009; 

Peterson and Mavrogenes, 2014; Liu et al. 2020). However, by coupling in situ trace element and S-

isotopic analytical methods on sulfide grains attributed to a well-defined paragenetic sequence, it is 

possible to minimize inherent interpretative limitations on gold precipitation associated with each 

method when used independently. Surprisingly, besides the potential of coupling such methods, the 

application of such analytical process is still in its early stages (Ward et al., 2017). By combining whole-

rock geochemistry with in-situ analyses of pyrite, this paper offers a detailed insight into the first order 

geochemical controls on gold mineralisation at the Yaouré camp, which, when compared to 

neighbouring gold deposits, provide insights into larger-scale processes at play leading to gold 

endowment in the sWAC. 

 

2. Geological context 

The Yaouré gold deposit located in central Côte d’Ivoire occurs east of the Paleoproterozoic Bouaflé 

greenstone belt, which is part of the Baoulé-Mossi domain in the southern part of the West African 

Craton (sWAC). Mineralised rocks of the Yaouré area occur within Birimian basaltic flows (2195 ± 4 
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Ma) and crosscutting felsic intrusions and volcanic equivalents assigned to the Bandamian Volcanic 

Cycle, which were dated between 2108 ± 5 Ma and 2105 ± 4 Ma in the district (Mériaud et al., 2020).  

 

Figure IV - 1. West African Craton geological map modified from Miller et al., 2016 and Lawrence et al., 2017. The red 

square in the centre of the map represents the extent of Figure 2. HC: Haute-Comoé greenstone belt;KM : Katiola-

Marabadiassa greenstone belt (Modified from Mériaud et al., 2020). 

Magmatic rocks from the Bandamian Volcanic Cycle deposited coevally with late Eburnean high-K 

granites, the emplacement of which coincided with the onset of transcurrent tectonics along major shear 

zones across the sWAC (Hirdes et al., 1996; Vidal et al., 1996; Lüdke et al., 1998; Hirdes and Davis, 

2002; Feybesse et al., 2006; Tshibubudze et al., 2015; Ballo et al., 2016; Block et al., 2016; Grenholm 

et al., 2019; Mériaud et al., 2020).  

Rocks from the Bouaflé greenstone belt were homogeneously metamorphosed from lower- to mid-

greenschist facies, similarly to the neighbouring Oumé-Fétékro, Katiola-Marabadiassa, Ouango-Fitini 

and Boundiali-Bagoé greenstone belts of Côte d’Ivoire (Figure 1, Mortimer, 1990; Liégeois et al., 1991; 

Leake, 1992; Hirdes et al., 1996; Doumbia et al., 1998; Lüdke et al., 1998, 1999; Pouclet et al., 2006). 

Despite the late-Eburnean timing of emplacement, all units observed in the Bouaflé belt show a strong 

structural overprint, during which gold was deposited episodically (Mériaud et al., 2019). The first 
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mineralisation stage was associated with ‘free’ gold hosted in laminated-veins within a conjugate set of 

WNW- and ENE-striking strike-slip shear zones (Figure 2A, C). This structural episode developed 

during E-W-directed shortening. The second gold mineralisation stage, which is responsible for over 

90% of the total gold resource at Yaouré, was marked by a series of shallow-dipping reverse faults and 

associated low-angle vein network (Figure 2A, B, D, E). This second deformation event resulted from 

changing strain conditions under bulk E-W-directed shortening, allowing episodic fluid pressure release 

within optimally-oriented reverse faults under low differential stress conditions (Mériaud et al., 2019).  

 

Figure IV - 2. Pit map (A) and section (B) of all major fault zones are represented in white along with their respective shear 

sense indicator and dip angle. CMA and Y1 to Y3 are mine site nomenclatures of each main reverse fault zone. (C) Structural 

measurements of both dextral and sinistral strike slip hosting V1 veins. (D) Structural measurements of reverse fault zones 

hosting V2 veins. (E) Structural measurements of V2 veins. (D) and (E) belong to a single protracted tectonic episode (Modified 

from Mériaud et al., 2019).  
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3. Analytical methods 

3.1. Fieldwork and whole-rock geochemistry 

Sixteen weeks of fieldwork were conducted in the Bouaflé Greenstone Belt and at the Yaouré gold 

deposit to study outcrops, open pit faces and drill core. Forty-five least-altered and hydrothermally 

altered samples were selected for petrography, geochemical analyses and geochronology. “Least-

altered” samples were selected away from hydrothermally-altered units and are only marked by regional 

metamorphic overprint. The “least-altered” state of rocks at Yaouré is supported by whole rock 

geochemistry comparisons of similar rocks at the deposit scale and at a regional scale. Petrographic 

studies were conducted using optical microscopy (Nikon Eclipse LV100POL) at the School of Earth 

Sciences, University of Western Australia and SEM-EDS observations (Tescan VEGA3, Centre for 

Microscopy, Characterisation and Analysis, University of Western Australia). All rocks are 

homogenously metamorphosed to low- to mid-greenschist facies. The prefix “meta” is however omitted 

in the following for clarity. 

Thirty samples from the Yaouré deposit and fifteen samples collected from the broader Bouaflé 

greenstone belt were analysed for whole-rock major oxide elements and trace elements at the LabWest 

Minerals Analysis Pty Ltd facilities in Perth. Samples were digested by a combination of alkaline fusion 

(for high field-strength and resistant elements) and HF/Multiacid microwave digestion. Analysis were 

performed with ICP-OES and ICP-MS methods. Carbon dioxide content was analysed by gas evolution 

or titration, and LOI was performed gravimetrically. The FeO was determined titrimetrically. A 25g 

portion of pulverised sample was analysed for gold content using aqua-regia digestion, with 

determination by ICP-MS to achieve high recovery and low detection limits (0.5ppb). The following 

elements were analysed : Fe, Al2O3, CaO, K2O, Na2O, MgO, MnO, P2O5, S, SiO2, TiO2, Cr2O3, CO2, 

FeO, Fe2O3, LOI, Ag, Cu, Pb, Te, As, Ga, Rb, Th, Ba, Hf, Re, Tl, Be, Hg, Sb, U, Bi, In, Sc, V, Cd, Li, 

Se, W, Co, Mo, Sn, Y, Cr, Nb, Sr, Zn, Cs, Ni, Ta, Zr, Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, 

Tm, Yb, Au. Detection limits of each element are provided on LabWest Minerals Analysis website for 

research analytic purposes (https://www.labwest.net/services/research/). In order to use IoGas 

effectively, results below the detection limit were replaced by half the value of the detection limit. 
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Whole-rock geochemical results and density measurements are provided in supplementary material in 

Table 1 and 2 respectively. Mass balance calculations used the EASYGRESGRANT excel spreadsheet 

(Javier López Moro, 2012), which integrates reviews of the Grant (1986) method by Mukherjee and 

Gupta (2008). Least-altered rocks were sampled for each key stratigraphic unit. Hydrothermally altered 

samples from the proximal alteration zone incorporate <5 modal % of vein material if any, whereas 

distally-altered samples were collected away from veins, where pervasive alteration was less intensely 

developed compared to that of proximal equivalents. Two to three immobile elements, displaying no 

gains nor losses, were tested and chosen specifically for each rock couple (altered/least-altered); in 

accordance with studies identifying immobile elements in metamorphosed and altered volcanic rocks 

(MacLean and Kranidiotis, 1987; MacLean and Barrett, 1993). 

 

3.2. LA-ICP-MS multi-elementary analysis 

In this study, 24 sub-samples containing pyrite grains from distinct hydrothermal episodes were 

mounted on 3 epoxy mounts, polished and cleaned LA-ICP-MS analysis were performed using a New 

Wave 213 nm solid-state laser microprobes coupled to an Agilent 4500 quadrupole ICP-MS housed at 

the CODES LA-ICP-MS analytical facility, University of Tasmania. The laser beam energy was 

maintained at 2.7 J.cm−2. Analysis time for each ablation spot was 90 s, including 30 s of background 

measurement with the laser off and 60 s of analysis with the laser on. Acquisition time for all masses 

was set to 0.02 s, with a total sweep time of ~ 0.6 s. Data reduction was performed according to standard 

methods (Longerich et al., 1996), with Fe as the internal standard. Calibration was performed using the 

in-house standards (STDGL3 and GSD-1G), comprising powdered sulfides doped with certified 

element solutions and fused to a lithium borate glass disk (Danyushevsky et al., 2011). The standards 

were analysed twice every 1.5 h with a 51 μm beam size at 10 Hz to correct for instrument drift. A set 

of 31 major and trace elements were measured and include Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, As, Se, Zr, Mo, Ag, Sb, Te, Gd, Hf, Ta, W, Au, Hg, Pb, Bi, U. One hundred and forty 

quantitative analysis were carried out by ablating spots of 29 microns in diameter at repetition rate of 

10 Hz. Detection limits of each analysis are provided in the supplementary material table. 
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Three semi-qualitative maps of pyrites were undertaken by ablating sets of parallel and touching lines 

of 11 microns width, with an 11 µm/s raster. Forty two elements were analysed: Na, Mg, Al, Si,  P, S, 

K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Zr, Mo, 107Ag, 109Ag, Cd, Sn, Sb, Te, Ba, Gd, Hf, Ta, 

W, Pt, Au, Hg, Tl, 206Pb, 207Pb, 208Pb, Bi, Th, U. The acquisition time was set to 0.002 s for most 

elements, except Se (0.004 s), and Ag, Te and Au (0.04 s), resulting in a total sweep time of ~ 0.2 s. 

Data were baseline-corrected and standard-normalised using the in-house LADR software. Processed 

LA-ICP-MS point data are summarised in Table 3 provided as electronic supplementary material. 

 

3.3. Sulfur isotopes  

Multiple sulfur isotope 32S, 33S, 34S analyses were determined in-situ using a CAMECA SIMS1280 

large-geometry ion microprobe located at the CMCA at the University of Western Australia. 10 samples 

were assembled together with matrix-matched standards in two resin mounts, taking caring to keep the 

regions of interest within 5mm from the centre of the mounts. After careful cleaning in ethanol and 

distilled water, the mounts were coated together with ~ 30 nm gold to prevent charging during analysis. 

The samples surfaces were sputtered over a 10 x 10 µm area with a 10 kV, Gaussian Cs+ beam with 

intensity of ~2.5 nA and total impact energy of 20 keV. Secondary ions were admitted in the double 

focusing mass spectrometer within a 90µm entrance slit and focused in the center of a 3000 µm field 

aperture. Energy filtering was applied using a 40 eV band pass with a 5 eV gap toward the high-energy 

side. S isotopes were collected simultaneously in Faraday cup detectors fitted with 1010 Ω (L’2, 32S) and 

1011 Ω (L1, 33S and H1, 34S) resistors, operating at a mass resolution of ~4300. The magnetic field was 

regulated using NMR control. Sample surfaces were bombarded with low energy electrons from a 

normal incidence electron flood gun for charge compensation. Each analysis includes a pre-sputtering 

over a 15 x 15 µm area during 30s and the automatic centering of the secondary ions in the field aperture, 

contrast aperture and entrance slit. Each analysis then consists of a 20 four-second cycles acquisition. 

The analytical session was monitored in terms of drift using two bracketing standards every 5 sample 

analyses. Instrumental mass fractionation (IMF) was corrected using the matrix matched reference 



113 
 

material pyrite (Sierra; Laflamme et al., 2016). IMF correction follows procedure described in 

Laflamme et al. (2016). 

 

4. Petrography and whole rock geochemistry 

Several vein sets and associated fault zones crosscut the host rocks at Yaouré and include, in relative 

chronological order: pre-tectonic veins (V0), followed by two gold-bearing vein sets (V1, V2) both 

developed during protracted E-W shortening under progressively decreasing differential stresses and 

increasing fluid-pressure (Mériaud et al., 2019). The first mineralisation episode is associated with 

laminated veins (V1) developed within steeply dipping conjugated strike-slip shear zones (Mériaud et 

al., 2019). The second mineralisation episode occurs within a low-displacement fault-fracture-vein 

mesh (V2) formed during incremental reverse faulting (Mériaud et al., 2019). In this section we review 

the hydrothermal alteration characteristics of each hydrothermal episode that overprint the country 

rocks. 

 

4.1. Pre-tectonic veins (V0) 

Early hydrothermal alteration is associated with the presence of veins (V0) in the basaltic units. V0 veins 

are absent from the felsic intrusions and occur as clasts within felsic volcanic rocks and detrital 

sedimentary rocks. The V0 veins do not exhibit preferential structural orientation but present three 

distinct mineral associations including: i) calcite-filled fractures, veins and stockworks with pyrite +/- 

pyrrhotite, chalcopyrite and tourmaline (total sulphide content between trace amounts and 15 modal%), 

ii) dark-grey quartz veins with high magnetite content, locally featuring pyrite, pyrrhotite and garnet, 

and iii) epidote-rich carbonate veins with traces of pyrite and associated with magnetite grains in wall 

rocks (Figure 3). These three V0 vein subtypes are irregularly distributed throughout the deposit and 

form mm- to cm-scale veinlets, stockwork and, locally, hydrothermal breccias. V0 veins are all barren 

with respect to gold content (refer to electronic supplementary material of LA-ICP-MS trace element 

analysis). The pre-tectonic V0 veins occur as series of cm-scale veinlets concentrated in m-scale 

intervals locally extending to up to 30 m thick in drill core intercepts.  
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Figure IV - 3. Mineral paragenesis for all hydrothermal groups described in the Yaouré camp 
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4.2. Strike-slip-hosted V1 veins 

The first mineralised episode is restricted to NW- and NE-striking subvertical sets of strike-slip shear 

zones (Figure 2C). Gold is specifically associated with laminated veins (V1), which occur over short 

intervals (1 cm to 3 m) and are typically associated with grades ranging from 3 to >165 g/t Au. Wall 

rocks sericite-ankerite hydrothermal alteration is restricted to immediate (mm- to cm-scale) wall-rocks 

in the vicinity of the larger m-scale V1 veins and is associated with gold mineralisation. The modal 

content of hydrothermal minerals that define the V1 vein composition associated with this mineralisation 

episode includes: white and blueish-smoky quartz (> 95 modal %), sericite, chlorite, ankerite, rare 

tourmaline and K-feldspar, tellurides, native gold and 1 to 15 modal % of sulphides (Figure 3).  

Sulphides mineralogy is largely dominated by molybdenite, responsible for the blueish hue of some V1 

quartz vein laminations. Other sulphides in order of prevailing abundance feature galena, pyrite, 

bismuthinite, sphalerite, chalcopyrite and pyrrhotite. Monazite, xenotime, scheelite, telluro-bismuthite 

and other undetermined Bi-Pb tellurides are also observed along with the presence of native bismuth, 

native gold and electrum. Native gold is the most common expression of the precious metal within this 

mineralisation stage and almost entirely occurs as ‘free’ grains in veins. 

Mass balance calculations associated with this hydrothermal stage were conducted using least-altered 

samples compared to proximally- and distally-altered samples, within basaltic and granodioritic host 

rocks. The highest mass gains detected regardless of the wall rocks nature or the proximity with the 

mineralised V1 vein suggest net gains in: SiO2 (over 10 wt%), S (over 30 wt%) as well as Co (20 to 630 

wt%), Cr (10 to 24 wt%), Mo (15 to 3785 wt%), Te (0.4 to 12 wt%), W (104 to 3472 wt%), Pb (0.8 to 

81 wt%) and Bi (0.5 to 23 wt%)  with Au (Figure 4). Absence of significant or recurrent mass gains in 

K2O (-0.3 to +0.9 wt%), Na2O (-1.6 to +0.2 wt%), MgO (-0.2 to +2.5 wt%), Ag (0 to 1.8 wt%) and As 

(0 to +1.7 wt%) characterise this hydrothermal event. Irregular gains in CaO (-1.8 to +4.6 wt%), Fe2O3 

(-1.8 to +4.4 wt%), Zn (-8 to +274 wt%), Ni (-2.8 to +19 wt%), V (-12 to +53 wt%), Sb (-0.5 to +6.8 

wt%) and Cu (-34 to +64 wt%) are noticed. Lithium is only enriched (1.3 to 3.2 wt%) in basalt and 

depleted (-11 to -9 wt%) in granodiorite (Figure 4). Distally-altered versus proximally-altered samples 

comparisons in mass balance calculations from V1 intervals show greater enrichments in S, Ag, Co, 

Mo, W, Te, Pb and Bi in proximal environments (Figure 4). 
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Figure IV - 4. A. Drill core interval showing an example of a strike slip-hosted V1 vein hosted in a quartz-feldspar porphyry 

(not analysed in this study), with a zoom on least-altered and on V1 portions. B. Close-up on a small V1 vein rich in molybdenite 

hosted in basalt. C. Mass balance calculations for different host rocks.  

 

 

 

 



117 
 

4.3. Reverse fault-associated V2 veins 

The second mineralised event at Yaouré, which accounts for 90 % of total gold resource, is hosted by 

veins developed within a series of N-striking, low-angle reverse shear zones (Figure 2D, E). The 

structural chronology of the second mineralised episode is proposed to evolve from reverse faulting to 

the progressive development of two sets of milky quartz-ankerite veins referred to as V2 veins: fault-

parallel veins and spatially-associated sub-horizontal veins (Mériaud et al., 2019). The transition from 

shear failure (development of reverse shear zones) to hydraulic extensional failure linked with V2 vein 

formation is proposed to depict a progressive decrease in the differential stresses, concomitantly with 

an increase in fluid pressures to reach tensile failure and V2 vein formation (Mériaud et al., 2019). Four 

major reverse shear zones and associated V2 veins are recognised in the deposit and all present an 

alteration and mineralisation style marked by a cm- to dm-scale strong pervasive beige hydrothermal 

selvage along the veins. The hydrothermal alteration mineral assemblage consists of albite, sericite, 

ankerite, pyrite and silica replacing the host rock mineralogy. Pyrite content varies between 1 and 5 

modal % and is associated with trace amount of chalcopyrite, galena, xenotime, scheelite, hessite, 

petzite, Bi-Pb tellurides, coloradoite and native gold (Figure 3). Gold concentration is maximum in 

veins where grades typically vary from 1 to 7 g/t and decreases within the altered host rock. In contrast 

to the first mineralisation stage, alteration minerals including sulphides are concentrated in the proximal 

alteration zone, with quartz-ankerite veins being generally devoid of sulphides.  

Mass balance calculations undertaken on distinct lithologies including basalts, granodiorites and quartz-

feldspar porphyry were undertaken at various distances from mineralised vein intervals. Significant net 

gains in SiO2 (5 to 23 wt%), Na2O (0.6 to 4 wt%), S (over 7000 wt%), W (over 30 wt%), Te (0.3 to 3 

wt%) +/- Co (over 11 wt%) are associated with Au, which represents a lower variability of element 

composition than that of V1 veins (Figure 5). Inconsistent gains in K2O (0 to 1.5 wt%), CaO (0 to 9 

wt%), Fe2O3 (0 to 4 wt%), Ni (-19 to +10 wt%), Cr (-50 to +1 wt%) and Mo (0 to 12 wt%) occur, 

whereas this alteration display no net gains or record depletion in MgO (-1.2 to 0 wt%), Ag (0.1 to 0.5 

wt%), As (0.1 to 0.5 wt%) and Sb (-0.8 to 0.6 wt%). Constant depletion regardless of the nature of the 

rock or the distance with the mineralised zone are recognised for Li (-30 to -8 wt%) and Zn (-35 to -9 



118 
 

wt%). Distally-altered versus proximally-altered samples comparisons from V2 intervals show greater 

enrichments in proximal zones for Na2O, SiO2, Fe2O3, Au, Co, W, Te, S and Pb (Figure 5).  

 

Figure IV - 5. A. Drill core interval showing a reverse fault-hosted V2 vein..B. Close-up on a quartz-ankerite V2 vein (left) 

and associated pervasive selvage of the basaltic host rock. C. Mass balance calculations for different host rocks. 

 

Overall, except for S, Au and W, net gains for the second mineralised stage are much lower on average 

than those observed for the element enrichments recorded compared to the first episode (Figure 5). 

Selective gains depending on the host lithology include differential enrichment in V and Pb: V is 

enriched in felsic units and depleted in mafic units whereas opposite mass balances are observed for 

Pb.  
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4.4 Kossou Dam V2-like veins 

Six kilometres east of the Yaouré deposit, the Kossou Dam outcrop features a vein array displaying 

strong hydrothermal alteration comparable to that observed around V2 veins at Yaouré. Two mutually 

crosscutting vein sets occur on the outcropping surface at the Kossou Dam: a N-striking, 30–40° E-

dipping set and an E-striking, 70–80° S-dipping set. Both vein sets are marked by a similar alteration 

mineral assemblage featuring albite, sericite ankerite, pyrite and silica along with the presence in trace 

amounts of chalcopyrite, galena, molybdenite, pentlandite, monazite and xenotime (Figure 3). No faults 

or shear zones are described in the direct vicinity of the Kossou Dam outcrop, and vein formation is 

proposed to be the result of transient stress-switches (Mériaud et al., 2019). Gold-bearing minerals were 

not observed.  

Whole rock geochemistry of altered assemblages revealed slight enrichment in gold values of 27 ppb 

(distal) and 136 ppb (proximal). Mass balance calculations on distal and proximal alteration zones show 

net mass gains in K2O (0.5 to 2 wt%), Na2O (3 wt%), S (1310 to 57471 wt%), and Pb (6.5 to 8 wt%) 

(Figure 6). Molybdenum, Te and Bi are only enriched in the proximal alteration zone. CaO, Fe2O3, Co, 

Ni, Cr and W are depleted in the distal alteration zone and enriched in the proximal alteration zone 

(Figure 6). TiO2, MgO, Ag and Sb do not show mass changes and SiO2, Zn, V, Li, As and Cu are 

depleted in both environments (Figure 6). Only basaltic host rocks are present in the Kossou Dam 

outcrop, hence geochemical differences with other lithological environments could not be tested.  
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Figure IV - 6. A. Kossou Dam outcrop displaying two sets of V2-like vein. B. Close-up on a small V2-like vein and associated 

selvage of the basaltic host rock. C. Zoom on the albite-ankerite-sericite-pyrite-silica alteration overprinting the basalt. D. 

Mass balance calculations for proximally- and distally-altered basalt. 
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5. Multi-elementary analysis of pyrite 

The systematic occurrence of pyrite in all barren and mineralised hydrothermal stages in the Yaouré 

gold camp was used as a proxy to refine the geochemical characterisation of each hydrothermal episode 

and investigate the genetic ore processes. The following presents multi-elementary compositions 

acquired with in-situ LA-ICP-MS analysis on pyrites associated with all hydrothermal stages described 

at the Yaouré deposit and at the Kossou Dam outcrop. 

 

5.1. Pre-tectonic veins 

Besides rare silicate inclusions, trace element composition of pyrites from the three pre-tectonic veins 

analysed compare well by featuring only clear constant counts in Co, Ni and As (refer to supplementary 

material table). Distinctive gold enrichment values were not identified in any pre-tectonic vein type. 

Textural zoning in pyrites occur as variations in porosity and inclusions content in some pyrites 

regardless of the vein type. Silicate and carbonate inclusions in pyrite compare well with the host rock 

alteration mineral assemblage or of the host vein mineral composition. Local spikes in counts per second 

during points analysis were also detected in other metals such as Pb, Bi, Zn, Ti, V and Ag, likely 

corresponding to micron-scale mineral inclusions (Cu, Pb, Bi, Zn sulphides and Ti, V oxides). 

 

5.2. Strike-slip shear zone-hosted V1 veins 

Presence of pyrite rarely exceeds trace amounts (<1 modal %) in the V1 veins and were only described 

within the grey-blueish portion of the veins. In V1 veins, gold is described native and free with no clear 

spatial relationship with pyrite. Other sulphides described include galena, molybdenite and locally with 

sphalerite and pyrrhotite. Pyrite grain size is most frequently below 200 μm and occur with a subhedral 

to anhedral mineral shape. Locally, polyphase structural overprint affecting V1 veins induced 

fracturation and cataclasis of pyrite grains. Textural zoning of pyrite grains occurs as variations in 

porosity and inclusion content in some pyrites.  
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Figure IV - 7. LA-ICP-MS elementary mapping of a pyrite grain from the V1 vein. On the top left corner is an SEM 

backscattered electron microscopy image of the pyrite grain (A). On the top right corner is an interpretation of elementary 

zones based on results for all elements presented in the bottom portion of the figure (B). The dark portion in the interpretative 

sketch represents the porous zone of this pyrite grain. All trace element concentration maps presented below (C) are associated 

with their respective scale in cps. 

 

Three samples best representing the hydrothermal composition of V1 and for which whole rock 

geochemistry and mass balance calculation were undertaken, were selected for trace element analysis 

on pyrite grains. Twenty-nine points and one map were acquired on these samples. Porous areas in the 

map presented in figure 7 show higher concentration in Si, Mg, Al and K corresponding to silicate 

inclusions, as well as higher concentrations in other trace elements including: Co, Ni, Cu, As, Te, Pb, 

Bi, Mo, Ag, Sb +/- Au. Elementary zoning in pyrites only partly follows textural zoning as euhedral 

elementary zoning is described in featureless pyrite overgrowths. Refractory gold is particularly 

concentrated in one thin zoning (0.5 to 3 ppm, figure 8), hence recording at least one gold-bearing 

hydrothermal fluid stage (Figure 7). Elements associated with gold within the pyrite lattice include: Co, 
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As, Te, and less clearly Ni, Pb, Bi according to the map (Figure 7). Point analysis displayed on Figure 

8 show that Ag, Te +/- As, Pb, Bi are the elements most consistently spatially associated with Au. 

Refractory gold zoning is not affected by post-crystallisation fractures overprinting the pyrite, to the 

contrary of Pb, Bi, Co, Ni and Mo, which are remobilised and concentrated in these fractures (Figure 

7).  

 

Figure IV - 8. LA-ICP-MS point analysis results on pyrites from the V1 hydrothermal episode. Graphs presented project gold 

values (x axis) versus other elements (y axis). 

. 
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5.3. Reverse fault-associated V2 veins 

The three samples selected for LA-ICP-MS analysis of targeted V2 pyrites were collected from drill 

core intercepts that have been previously selected for whole-rock geochemistry and for which mass 

balance modelling was undertaken. Samples were collected from both basaltic and quartz-feldspar 

porphyry host rocks in order to investigate possible rock buffering reactions during V2 vein formation 

and associated hydrothermal alteration. Pyrite is a dominant mineral in the alteration assemblage of V2 

veins and always exceed 1 modal% in proximal alteration zones. The concentration of pyrites in the V2 

alteration halo increases towards V2 veins along with that of sericite, ankerite, quartz and albite. Pyrite 

content within the V2 veins is a rare feature; however, gold concentrations are highest within the 

sulphide-poor veins, suggesting that vein-hosted Au is present as native particles. Pyrite grains from 

the alteration halo typically range between 200 μm and 1.5 mm in size and are subhedral. Pyrite texture 

shows zoning, typically marked by porous cores and homogeneous, featureless overgrowths (Figure 9). 

Porosity / inclusion density in pyrites cores is consistent for pyrites grain present in the altered host 

rocks, whereas the few vein-hosted pyrite grains were described featureless. Pyrite textural zoning 

marked by porous cores and featureless overgrowth represent a characteristic of the V2 hydrothermal 

stage. 

Forty-one points and one map were undertaken on pyrites from the V2 vein group. The pyrite grain 

mapped with the LA-ICP-MS technique shows four elementary zones, with only one showing consistent 

gold counts (Figure 9). Element zones correlate well with textural zones in the pyrite grain mapped 

(Figure 9). The homogeneous pyrite overgrowth zones are barren and only show variations in Ni and 

Co. Gold is present both as inclusions and in refractory form (0.01 to 10 ppm, figure 8), both restricted 

to the porous section of the pyrite. Elements such as Ag, Cu, Te, W, Pb, Bi show clear association with 

Au. Arsenic, Co, Ni, and elements in inclusions such as V, Ti, Sb, K, Al, Na are also associated with 

Au, most elements corresponding to micron-scale inclusions of silicates, carbonates and oxides. Point 

analysis suggest that Ag, Te, Cu, Bi +/- W, Pb are the elements most consistently associated with Au 

(Figure 8). Mo content in pyrite is absent. Gold is absent in post-deposition fractures observed in pyrite, 

whereas Pb and Bi show higher counts in fractures. 
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Figure IV - 9. LA-ICP-MS elementary mapping of a pyrite grain from the V2 vein. On the top left corner is an SEM 

backscattered electron microscopy image of the pyrite grain (A). On the top right corner is an interpretation of elementary 

zones based on results for all elements presented in the bottom portion of the figure (B). All trace element concentration maps 

presented below (C) are associated with their respective scale in cps. 

5.4. Kossou Dam veins 

The two samples selected for LA-ICP-MS analysis targeted pyrites from proximally altered host rocks 

and also looked at some of the rare pyrites present in the veins. The sample selected for this work was 

also used for whole-rock geochemistry and mass balance calculations. Pyrites are concentrated in the 

altered host rock and rarely occur in veins. Pyrite grains are most frequently 0.5 to 2 mm in size and 

euhedral to subhedral. Pyrite abundance in the alteration assemblage varies between 3 to 10%, which 
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is also comparable to proximal alteration zones in V2 veins at Yaouré. Furthermore, textural zoning in 

pyrites is also recognised in most pyrite grains observed and feature porous cores and featureless 

overgrowths.  

Twenty-five points and one map were acquired for this hydrothermal group. Despite the low counts in 

Au, LA-ICP-MS results show that gold both occurs as refractory gold (0.01 to 0.4 ppm, figure 8) and 

potentially as inclusions in pyrite (Figure 10). Elementary zoning occurs regardless of textural zoning 

variations, but porous portions of the pyrite shows higher concentrations in polymetallic inclusions. The 

pyrite map also shows that the concentration of some elements including As, Co, Ni and locally Au, 

Pb, Bi and Te increase within featureless pyrite overgrowths. Most elements associated with gold 

zoning in the pyrite grain mapped are similar for the two Au-rich zones described: Te, Pb, Bi, +/- Cu, 

As. Point analysis revealed that Ag, Te, Pb and Bi concentration increases when Au concentration 

increases (Figure 8). Gold values of up to 0.4 ppm occur in the central porous portion of the pyrite and 

in one As-rich outer-rim. High counts in K, Mg, Al, Si, Mn, Ca, Ti and V occur in the central porous 

portion of pyrites due to μm silicates, oxides and carbonate inclusions. Mo, Pb, Bi and Cu are 

concentrated in fractures, but not gold (Figure 10). Ag and W only occur as inclusions. 
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Figure IV - 10. LA-ICP-MS elementary mapping of a pyrite grain from the Kossou Dam outcrop. On the top left corner is an 

SEM backscattered electron microscopy image of the pyrite grain (A). On the top right corner is an interpretation of elementary 

zones based on results for all elements presented in the bottom portion of the figure (B). The yellow portion in the interpretative 

sketch represents the porous zone of this pyrite grain. All trace element concentration maps presented below (C) are associated 

with their respective scale in cps. 
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6. Sulfur isotopes 

In-situ ion probe (SIMS) S-isotopic analyses were undertaken as close as possible to multi-element 

analysis within pyrite grains in order to investigate sulfur isotopes values as a function of: i) 

hydrothermal stage, ii) pyrite texture (porous and featureless), and iii) Au zoning in pyrites. In situ 

isotopic studies coupled with elementary zoning were applied to V1, V2 and Kossou Dam pyrites to 

compare all three hydrothermal episodes and to further characterise the chemistry of the associated 

original fluid. The δ34S values yielded from V1 pyrites range from -0.79 ± 0.2 ‰ to 3.34 ± 0.2 ‰ with 

a mean value for all points at 1.38 ‰ (n = 46; 1σ on the mean). The δ34S values for V2 pyrites range 

from 0.43 ± 0.2 ‰ to 7.95 ± 0.2 ‰, with a mean value of 4.90 ‰ (n = 69; 1σ on the mean). The δ34S 

values yielded from Kossou Dam pyrites range from 2.05 ± 0.2 ‰ to 13.10 ± 0.2 ‰, with a mean value 

of 4.95 ‰ (n = 38; 1σ on the mean). Overall, δ34S values yielded from V1 pyrites show lower δ34S values 

compared to those obtained from V2 and Kossou Dam pyrites, which largely overlap (Figure 11). The 

δ34S value ranges measured for each hydrothermal stage is the narrowest for V1 pyrites, larger for V2 

pyrites and maximum for Kossou pyrites (Figure 11).  

When comparing δ34S values to V2 pyrite texture variations, LA-ICP-MS trace element mapping 

support that porous zones show slightly heavier δ34S values than plain outer-rims. No change in δ34S 

values is observed in V1 pyrites with texture variations, and insignificant variations are noted for Kossou 

pyrites (Figure 11, 12). Overall, textural variations in pyrites do not record significant δ34S value 

fluctuations within each hydrothermal episode (Figure 11), yet slightly higher values are observed in 

the porous portion of pyrites from the V2 veins and Kossou outcrop, which is not observed for the V1 

vein group (Figure 12). 
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Figure IV - 11. Box plot representation of sulfur isotopes results for V1, V2 and Kossou pyrites. Results are separated for each 

hydrothermal episode depending on the texture of the area analysed on the pyrite (all data, porous zone, featureless 

overgrowths). 

 

Positive correlations between δ34S and Mo, Bi, Te and negative correlations between δ34S and Au, As 

are recorded in pyrites from V1 veins (Figure 13). Within pyrites of V2 veins, only positive correlations 

between δ34S and Ni and Co are observed (Figure 13). Pyrites from V2 veins seem to record higher 

counts in Au, Pb, Bi, As and Te above a δ34S threshold value of 5‰, yet no positive or negative 

correlations can be determined with δ34S values. Pyrites from Kossou only feature positive correlations 

between δ34S values and Ni and eventually with Co (Figure 13). Overall, no clear association between 

gold-rich zones and δ34S values in pyrites is observed.  

The Δ33S were analysed in pyrites and record values of -0.1 ± 0.2 ‰ to +0.1 ± 0.1 ‰ for all three 

hydrothermal stages. These values fall within the range of mass dependent fractionation of sulfur, 

expected for Paleoproterozoic age of crystallisation (Farquhar et al., 2000).  
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Figure IV - 12. Review of the three pyrites mapped by LA-ICP-MS and analysed for sulfur isotopes. From top to bottom: V1, 

V2, Kossou Dam. On the left hand side of the figure, sulfur isotope measurements are represented in a color scale bar located 

at the bottom left of the figure and the size of the coloured circles represents the size of the sputtered area for each pyrite. 

Porous zones of each pyrites are delineated by a black dotted line, and fractures within the crystals are highlighted by a white 

dotted line. On the right hand side of the figure are gold counts maps for each pyrite on which the same textural features are 

highlighted. 
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7. Discussion 
 

7.1. Geochemical and petrological signature of hydrothermal episodes in the Yaouré Camp 

At Yaouré, pyrite is associated with both barren and mineralised hydrothermal events. In-situ analyses 

allow us to evaluate the geochemical affinities associated with each hydrothermal episode and provide 

an insight into the fluid-rock interaction processes that took place in the Yaouré camp.  

Pyrite is the most common sulphide described in all gold deposits types emplaced within sub- to upper-

greenschist facies metamorphosed igneous rocks (Cook and Chryssoulis, 1990; McCuaig and Kerrich, 

1998; Abraitis et al., 2004; Goldfarb et al., 2005; Meffre et al., 2016). Pyrite hosted mineral inclusions 

as well as stoichiometric and nonstoichiometric lattice substitutions occur systematically in minor (> 1 

wt%) to trace (< 1 wt%) quantities within pyrite grains (Abraitis et al., 2004). Minor lattice-bounded 

elements typically include Co, Ni, As, Se, Te, Pb, V, Sb, Ti, Sn, Tl, Ag, Au, Ga, Bi, Ge, Mo, Cd, In and 

Hg (Abraitis et al., 2004). The presence, absence and grouping of some of the aforementioned elements 

in pyrite provide insights in the fluid’s potential source, pathway and precipitation processes, and are 

used to some extent to characterise gold deposit types (Large et al., 2007; 2009; Phillips and Powell, 

2010; Thomas et al., 2011; Agangi et al., 2013; Reich et al., 2013; Cook et al., 2016). Yet, pyrites do 

not provide a full insight into the fluid-rock interaction process as some elements such as As, Co, Ni, 

Sb are easier to integrate in the pyrite lattice than other common elements such as Te and W (Abraitis 

et al., 2004). Furthermore, rock-buffer reactions may partly impact the elementary associations acquired 

during pyrite crystallisation (Cook et al., 2013; Peterson and Mavrogenes, 2014; Zhang et al., 2014; 

Augustin and Gaboury, 2019). Mass balance modelling derived from whole rock geochemical analysis 

is therefore critical to complement pyrite in-situ analysis to better characterise the mineralizing fluid 

chemistry.  
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Figure IV - 13. Sulfur isotopes results (x axis) plotted against concentrations of selected elements (y axis) for V1, V2 and 

Kossou pyrites. Results are separated depending on the texture of the pyrite zone analysed (porous cores and featureless 

overgrowths). The vertical dashed black line highlights the 5 ‰ threshold value of δ34S above which trace element content in 

pyrites from the V2 mineralisation stage rise. 
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At Yaouré, pre-tectonic V0 veins of all types consistently show enrichments in Ni, Co and As within 

pyrite grains, which is due to their atomic similarities in size and charge with Fe (for Ni and Co) and S 

(for As) (Abraitis et al., 2004). No signs of Au is detected in V0 veins, refuting the involvement of pre-

tectonic gold enrichment in the area. V0 veins are restricted to the pillow basalts, which ca. 90 Ma older 

than the volcaniclastic and intrusions in the area, estimated to be Bandamian in age (ca. 2106-2108 Ma) 

(Mériaud et al., 2020). One clast of a V0 vein was found within the Bandamian volcaniclastic rocks, 

futher supporting that the V0 veins formed before the Bandamian volcanism in the region and likely 

belong to hydrothermal activity slightly post-dating the basalt deposition and pre-dating its deformation. 

Although inconclusive, the petrography, geochemistry, timing and erratic structural behaviour of these 

veins resembles sub-seafloor hydrothermal alteration (Genna and Gaboury, 2015). 

Following the formation of the pre-tectonic veins, two distinct mineralisation events were recorded in 

the Yaouré gold camp. Both events present distinct petrographic and geochemical characteristics. V1 

veins are associated with Mo-Au mineralisation together with variable enrichments in SiO2, S, Co, Cr, 

W, Pb, Bi +/- Te, Ag, Ni, most of which are also found as trace elements within Au-rich pyrite zones. 

These elementary enrichments correlate with mineral assemblages described with this hydrothermal 

episode, which include molybdenite, galena, Pb-Bi sulphides and tellurides, rare scheelite and electrum.  

Except for lithium, which is systematically enriched in basaltic host rocks and depleted in felsic units, 

mass balance calculations suggest that the elementary gains and losses are independent of the host-rock 

nature. The strong discrepancy between vein mineralogy and host rocks composition suggests that a 

fluid-buffered, open system behaviour can be inferred for the V1 veins (Oliver and Bons, 2001).  

The second mineralised event at Yaouré is associated with the development of V2 veins, and occurs in 

a distinct structural and geochemical setting from the first mineralised event (Mériaud et al., 2019). 

Compared to the V1 veins alteration mineral assemblage, molybdenite is rare but pyrite is abundant 

within the V2 hydrothermal alteration minerals and most frequently exceeds 1 modal % in the 

proximally altered host rocks. Mass balance calculations shows a less diverse elementary association 

with Au (Si, Na, S, W, Te ± Co) and lower mass gains than recorded for alteration associated with V1 

veins.  Pyrites associated with V2 veins display internal zoning showing the presence of refractory gold 

with Ag, Cu, Te, W, Pb, Bi. Compared to pyrites from the V1 veins, enrichments and losses in Ni, Cr, 
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V and Pb depend on the nature of the host rock: Ni, Cr and V are enriched in pyrites from the V2 veins 

from altered felsic rocks and Pb is enriched in pyrites from basaltic host rocks. This observation supports 

that a stronger geochemical control of the host rocks nature is recorded during V2 alteration. 

Several kilometres away from the Yaouré deposit, veins at Kossou present the same alteration 

characteristics as Yaouré V2 veins and share a common structural framework supporting coeval 

emplacement (Mériaud et al., 2019). Similarly to the V2 veins at Yaouré, pyrites at Kossou show 

refractory gold and µm gold inclusions in association with Te, Pb, Bi +/- Cu (Figure 10). However, the 

absence of economic gold grades at Kossou highlights a discrepancy in the hydrothermal processes. 

This is further illustrated by limited geochemical indicators of alteration at Kossou, only displaying 

gains in S, Na, W and Pb as recorded by mass balance calculations. Whole rock geochemistry and trace 

elements in V2-related pyrites show enrichments in Ni, Co, As, CaO, Fe2O3, Cr and W in proximally-

altered environments and depletion of the same suite of elements in distal assemblages, which suggest 

local metasomatic remobilisation between distal and proximal alteration settings according to mass 

balance calculations (Figure 6). Altogether, these observations support that besides the co-genetic 

relationship with the V2 veins at Yaouré, the Kossou hydrothermal fluid records local metasomatic 

element partitioning, suggesting a dominantly closed system behaviour as per presented in Oliver and 

Bons (2001). Both vein populations are considered to belong to the same V2 event representing a gold 

proximal (Yaouré) and a gold distal (Kossou) mineral expression of the same hydrothermal system. 

It is interesting to note that despite the contrasting alteration associated with both gold mineralisation 

events, both V1 and V2 show some similarities including: i) the lack of As, Sb and Ag gains, ii) the 

predominance of native and free gold in veins over sulphide-hosted mineralisation, iii) trace quantities 

of refractory gold in pyrites, iv) the absence of a structural overprint role in remobilizing gold. Overall, 

bulk elementary gains and losses with alteration and trace element associations in refractory Au zoning 

in pyrites support that two distinct Au-rich hydrothermal episodes are recorded in the Yaouré Camp, 

expressed by the V1 and V2 veining stages. The V1 hydrothermal stage which developed in a rock-

buffered, closed system.  
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7.2. S-isotopic record in the Yaouré deposit 

δ34S and Δ33S variations are typically recorded in sulphides accompanying Archean gold mineralisations 

to monitor hydrothermal processes and to suggest sulphur sources involved (Chang et al., 2008; Agangi 

et al., 2016; Selvaraja et al., 2017a,b; Godefroy-Rodriguez et al., 2018). Mass independent fractionation 

of sulfur signature (MIF-S; monitored by Δ33S), necessary to identify potential sulfur reservoir in the 

formation of hydrothermal systems is, however, absent from the Proterozoic record, precluding its use 

to trace the sulfur reservoir for gold deposits of this era (Farquhar et al., 2000; LaFlamme et al., 2018). 

Accordingly, δ34S isotopic variations may result from a range of processes including: i) fluid sources 

(Alt et al. 1993; Seal 2006; Chang et al. 2008), ii) variations in oxygen fugacity (Ohmoto 1972; Ohmoto 

and Goldhaber 1997; Palin and Xu 2000, Hodkiewicz et al. 2009; William-Jones et al., 2009; Liu et al. 

2020), iii) pH changes (Ohmoto 1972; Phillips et al. 1986; Ohmoto and Goldhaber 1997), iv) 

temperature variations (Rye and Ohmoto, 1974; Palin and Xu 2000; Liu et al. 2020), v) rapid changes 

in lithostatic or fluid pressure (Ohmoto and Lasaga 1982; Hodkiewicz et al., 2009; Peterson and 

Mavrogenes, 2014) and/or vi) fluid-rock interaction processes (Ohmoto 1972; Hagemann and Cassidy, 

2000; Palin and Xu, 2000; Neumayr et al., 2008).  

δ34S record is hardly useful to trace a sulfur reservoir at play at the time of Au mineralisation. Yet, its 

response to physical and chemical changes in the environment, makes it a useful tracer of the processes 

leading to sulfide precipitation. In S-rich hydrothermal solution, Au is known to form soluble 

complexes with polysulphides and reduced sulphur has long been proposed to exert a key influence on 

Au solubility (Mikucki. 1998). δ34S fractionation is dominantly controlled by availability of HS2- versus 

SO4
2- compounds with 34S preferentially incorporated in SO4

2-. In orogenic gold settings, it has been 

shown that a small change in pH and/or fO2 of hydrothermal solutions can widely modify the value of 

δ34S, which directly influence both S and Au solubility in the solution. The consequence is that by 

evaluating the process responsible for the 34S isotopic fractionation, one may also be able to peer into 

the process(es) leading to gold deposition. 

At the Yaouré gold deposit, the P-T conditions involved during gold precipitation were interpreted to 

occur between c. 105–135 MPa and between c. 320 and 370 °C according to fluid inclusion studies 

(Coulibaly et al., 2008). Furthermore, the low to moderately saline (3 - 10 wt.% eq. NaCl) aqueous-
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carbonic composition of mineralised fluids proposed for the Yaouré deposit (Coulibaly et al., 2008) 

correspond to near-neutral fluids, typical in orogenic gold systems (Hodkiewicz et al., 2009; Goldfarb 

and Groves, 2015). Yet, the sub-division of two mineralised episodes at Yaouré (Mériaud et al., 2019; 

this study) was not established in Coulibaly et al. (2008) work, the fluid P-T conditions interpreted from 

this work, therefore, only enable a broad estimate of the P-T conditions at the time of mineralisation. 

Nevertheless, the temperature range recorded over the Yaouré vein population suggests that the fluid 

may have only undergone subtle temperature variations during mineralisation at Yaouré, and would 

therefore not represent key factors for gold precipitation.   

Overall, the δ34S values and value ranges recorded in pyrites from V1 veins differ from those obtained 

for the V2 and associated Kossou hydrothermal stages (Figure 12), suggesting that distinct precipitation 

conditions and potentially various sources were responsible for the two mineralised episodes at the 

Yaouré deposit. V1 displays a narrow range δ34S values comprised between -0.79 ± 0.2 ‰ and 3.34 ± 

0.2 ‰ with a mean value for all points at 1.38 ‰. The narrow range of δ34S values recorded in V1 veins 

can be interpreted to result from either i) a single homogenous fluid source and short-lived sulfur 

crystallisation or ii) from a homogeneous mixing of several sulfur sources (Goldfarb et al., 2005). 

Regardless, pyrites from V1 veins show a distinct positive correlation of Mo, Bi and Te with δ34S values, 

as well as negative correlations of Au and As with δ34S (Figure 13). Te solubility is known to be 

susceptible to variations of fO2, and precipitation of Te in pyrite can be triggered by wall rock 

sulphidation (Keith et al., 2018). Indeed, the progressive rock sulphidation and associated oxidation of 

the fluid (increasing fO2), induces dynamic δ34S fractionation and is recorded as a progressive increase 

in measured values of δ34S (Ohmoto, 1972). Similar correlations of Te and Bi with δ34S values 

correspond with the preeminent form of Bi as telluride complexes; therefore, the precipitation of Te 

likely follows that of Bi. The proportional behaviour of Au and As content in pyrite shown in Figure 

13 can be explained by the role of As in facilitating trivalent metals assimilation in pyrite lattice, which 

include Au3+ and Mo3+ (Cook and Chryssoulis, 1990; Griffin et al., 1991; Hutson et al., 1995; Abraitis 

et al., 2004). However, the antithetic correlation of Mo with δ34S compared to Au and As highlights a 

distinct timing of crystallisation during pyrite growth (Figure 7). Noteworthy, Mo solubility is sensitive 
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to pH, temperature and fO2 (Wood et al., 1987; Cao, 1989). Whereas the temperature and pH variation 

cannot be fully ruled out to explain V1 δ34S signature, the restricted pH and temperature range typically 

associated with the Yaouré deposit (Coulibaly et al., 2008) may suggest that the fO2 conditions affecting 

the fluids responsible for V1, may have applied an important control in the metal partitioning observed 

in V1 pyrites. 

The range of δ34S values measured for V2 pyrites range from 0.43 ± 0.2 ‰ to 7.95 ± 0.2 ‰, with a mean 

value of 4.90 ‰. Such a wide δ34S range contrast with the restricted range of values acquired on 

V1 pyrites. More significantly Au bearing V2 pyrite cores exhibit slightly heavier δ34S values than V2 

pyrite plain outer-rims highlighting a sulfur isotopic fractionation or fluid mixing trend during 

associated with the pyrite crystallisation. Without any evidence supporting fluid mixing from the limited 

fluid inclusion study, the fractionation trend observed may highlight fluid-rock interaction and/or 

drastic pressure fluctuations as proposed by Ohmoto, (1986), Sangster (1992) and Palin and Xu (2000). 

Noteworthy, the intense carbonatisation associated with the V2 and Kossou hydrothermal stages 

suggests that pH may have substantially varied during vein formation. Whereas such process cannot be 

effectively ruled out as a process leading to 34S fractionation and gold deposition, the none linear 

relation linking the gold grades with δ34S values may require further explanation. Indeed, pyrites from 

V2 veins, distinctively record higher counts in Au, Pb, Bi, As and Te above a δ34S threshold value of 

5‰, regardless of the pyrite texture (Figure 13). 

At the Yaouré deposit, V2 veins are interpreted to have formed within low-displacement fault-fracture-

vein mesh in response to episodic fluid pressure variations under low differential stress within pre-

existing low-angle reverse fault planes in the late stages of the structural evolution of the deposit 

(Meriaud et al., 2019). The drastic pressure fluctuations model presented as responsible for V2 vein 

formation has been proposed to induce flash vapourization, which is recognised as a key process for 

gold deposition (Pokrovski et al., 2014). Such process is associated with ore-fluid oxidation and sulphur 

phase separation in many gold deposits leading to a large range of δ34S values within gold-associated 

sulphides (Uemoto et al., 2002; Hodkiewicz et al., 2009; Peterson and Mavrogenes, 2014). We propose 

for the Yaouré deposit that the V2 hydrothermal event resulted from successive fluid pulses following 
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the fault-valve mechanism as described by Sibson (1990). Each fluid pulse being related to the 

progressive build-up of fluid pressure between rupture events in fault systems (Sibson and Scott, 1998). 

Such rapid pressure change induces phase separation which itself leads to relatively 34S-depleted H2S 

in the residual ore fluid and results in the precipitation of sulphide minerals with more negative δ34S 

values (Ohmoto and Rye 1979; Ohmoto 1986). In a close system such as that of the V2 veins of Yaouré 

hydrothermal system, this process would explain the progressive overall decreasing negative δ34S 

values following the pyrite growth. The significance of the threshold value of 5‰ above which distinct 

higher counts in Au, Pb, Bi, As and Te may highlight the radical impact of flash vaporisation in 

decreasing the overall gold solubility. During phase separation, reduced gases such as H2S, CH4 and H2 

are preferentially partitioned into a vapour phase, which reduces the activity of total sulfur (aΣS) and 

leaves a relatively oxidised ore fluid (Drummond and Ohmoto 1985). Such conditions destabilise gold–

bisulphide complexes and, therefore, causes a significant decrease in gold solubility from 10,000ppm 

to 0.01 ppm over a slight increase of fO2 or decrease of aΣS. Accordingly, the δ34S threshold value of 

5‰ may represent the limit value beyond which further flash vaporisation does not lead to further metal 

deposition, as early fracturation event would have already contributed to a major diminution of metal 

solubility in the ore fluid and metal deposition. 

7.3. Potential origin of the ore fluids at Yaouré  

Compared to other gold mineralisation types (e.g. VHMS, epithermal, porphyry and diagenetic shale-

hosted gold), deposits of the orogenic gold deposit type occur in settings for which interpretation of the 

fluid source(s) and bulk elementary enrichment are contentious due to the involvement of multi-stage 

structural-hydrothermal processes and different host rock natures (Goldfarb et al., 2005; Baker et al., 

2006; Large et al., 2009; Thomas et al., 2011; Franchini et al., 2015; Reich et al., 2013; Genna and 

Gaboury, 2015; Meffre et al., 2016). Furthermore, gold enrichment in some orogenic gold settings has 

been attributed to the intrusion-related deposit sub-type, which has become a growing topic of debate 

since the late 90’s (Kerrich, 1989; Thompson et al., 1999; Sillitoe and Thompson, 1998; Lang and 

Baker, 2001; Robert et al., 2001; Hart, 2005; Hart and Goldfarb, 2005; Mair et al., 2011; Helt et al., 

2014). The diagnostic criteria between intrusion-related and orogenic types of gold mineralisation 
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remains ambiguous because of broadly overlapping characteristics and complex geological contexts 

that include intrusion nature, fluids oxidation state and polyphased overprinting deformation 

(Thompson et al., 1999; Lang and Baker, 2001; McDivitt et al., 2017). Debate still exists mostly due to 

the challenge in identifying the bulk metal source in orogenic gold and intrusion-related gold settings 

(Goldfarb and Groves, 2015). Arguments in favour for the involvement of fertile intrusions in orogenic 

systems may however be proposed according to alteration mineral assemblages and pyrite composition 

variations (Thompson et al., 1999; Hart et al., 2000; Lang and Baker, 2001; Zhang et al., 2014; Mériaud 

et al., 2017). Metal zoning shows Bi, Te, W ± Mo in pluton-proximal gold mineralisation, As and Sb 

enrichments in alteration aureoles and Ag, Pb and Zn in distal settings (Hart, 2005). Such element 

enrichment is also common in orogenic gold settings, but it is rather the involvement of poorly 

sulphidic, single-stage, sheeted extensional vein arrays that provide clear distinction between intrusion-

related and orogenic type veins (Hart et al., 2000; Hart, 2005; McDivitt et al., 2017). The continuum in 

deposit styles from intrusion-related to orogenic types are proposed to occur in structurally-controlled 

environments by some authors, yet it remains a largely debated topic (Goldfarb et al., 2000; Robert et 

al., 2001; Rafini, 2014; Mériaud et al., 2017; Thébaud et al., 2017). Although not offering diagnostic 

criteria, the study of trace element enrichments in orogenic gold settings may provide hints towards the 

potential fluid source, host rock control on metal enrichment, and precipitation processes (Large et al., 

2007; 2009; Phillips and Powell, 2010; Cook et al., 2016).  
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Figure IV - 14. Measurement of dyke contacts orientations classified by rock type for the Yaouré gold deposit. 

 

Gold deposits of Côte d’Ivoire stand out in terms of their large range of styles and particular magmatic 

affinity (McFarlane et al., 2011; Béziat et al., 2016; Lawrence et al., 2017; Masurel et al., 2019; Thébaud 

et al., 2020). The high molybdenum concentration synchronously precipitated with gold in V1 veins is 

unusual in basalt-hosted orogenic gold mineralisation settings and rather occurs in proximity to felsic 

intrusions, such as that of the nearby 2086 ± 4 Ma granodiorite-hosted Mo-Au mineralisation described 

at Bonikro (Masurel et al., 2019). The impact of the V1–bearing strike-slip structures on magmatic rocks 

emplacement is proposed at Yaouré, accordingly with the preferential orientation of the Bandamian 

intrusions along these gold-bearing fault zones (Figure 14). Although inconclusive, the low and narrow-

ranged δ34S values recorded in V1 pyrites further support the potential magmatic source suggested. As 

discussed above, despite the absence of gold-bearing intrusions at Yaouré, the coupled role of the strike-
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slip shear zones as conduits for igneous and Au-Mo-Pb-Bi-Te-bearing hydrothermal fluids in V1 veins 

compares well with other intrusion-related gold deposits found in other greenstone belts (Figure 15) 

(Thompson et al., 1999; Hart et al., 2000; Lang and Baker, 2001; Zhang et al., 2014; Mériaud et al., 

2017). Finally, the potential presence of intrusions beneath the deposit interpreted from hydrothermal 

alteration signature of the V1 mineralisation stage has recently been validated with a sismic survey 

undertaken by Perseus Mining Ltd, showing a large volume of reflective surfaces at a depth of about 

1.5 km (Perseus public communication). Whereas a clear genetic relationship between igneous rocks 

and gold cannot be fully established, the role of deep-seated intrusions may represent a valid source for 

gold during the V1 stage. 

Similarly to Bonikro, a structural overprint featuring more “typical” orogenic gold alteration and 

mineralisation characteristics is recorded at Yaouré. This second mineralisation event, marked by V2 

veins at Yaouré (proximal) and by the Kossou veins (distal), depicts distinct structural controls 

compared to the V1 veins (Mériaud et al., 2019) and show stronger evidence for rock-buffered reactions 

recorded in elementary concentrations associated with hydrothermal alteration. The mineral assemblage 

of the V2 hydrothermal stage as well as the geochemical signature presented in this study is largely 

comparable to most orogenic gold deposits hosted in Paleoproterozoic and Archean greenstone belts 

(McCuaig and Kerrich, 1998; Eilu et al., 1999; Goldfarb et al., 2005). Besides being still debated, 

“typical” lode-gold and/or fault-hosted orogenic gold systems have long been proposed to be sourced 

from the metamorphic devolatilisation of the lower crust likely originated from subducted material 

(Kerrich, 1983; Phillips and Groves, 1983; Phillips et al., 1987; Goldfarb et al., 2005; Groves et al., 

2019), which may well be applied to the V2 hydrothermal stage at Yaouré. 

Regardless of the gold source problematic, the spatial association between intrusions and gold 

mineralisation in the late Eburnean reported in Côte d’Ivoire compared to other sWAC terranes 

(Thébaud et al., 2020) may be linked with the 2108 ± 5 Ma to 2105 ± 4 Ma Bandamian Volcanic Cycle 

(Mériaud et al., 2020). This late-Eburnean widespread thermal event occurring only West of the 

Ouango-Fitini shear zone occurs in close timing proximity with dated mineralisation at Bonikro. Côte 

d’Ivoire may therefore represents a key area to investigate the role of syn-orogenic intrusions for gold 

endowment in orogenic gold environments. 
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Figure IV - 15. Interpretative geological cross-section of the Yaouré camp fluids pathways and characteristics applied to the 

structural framework (in red). The white dotted line represents the limit where the lithostatic load is too important for fluid 

pressure to induce vein formation during stress-switches episodes (see chapter 3). Wavy black arrows represent potential fluid 

circulation vectors. Colours for the lithological units similar to figure IV – 2. 

 

8. Conclusion 

Whole rock geochemistry as well as sulfur isotopes and trace element content of pyrites at Yaouré 

support a polyphase mineralisation history: V1 and V2 stages, each one correlated with distinct 

hydrothermal geochemical signatures and possibly various fluid-metal sources. The results of this study 

suggest that the first mineralisation stage at Yaouré (V1) is associated with: i) the Mo, Bi, Te, W element 
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association with gold, ii) molybdenite-rich content in equilibrium with gold, iii) δ34S values close to 0 

‰. By combining whole-rock geochemistry, in-situ trace element mapping and S-isotopes analysis on 

pyrites, we propose that gold precipitation was dominantly triggered by variations of fO2 during V1 vein 

formation. The second mineralisation stage shows increasing rock-buffered controls and decreasing 

trace element content in equilibrium with gold from proximal (V2) to distal (Kossou) hydrothermal 

systems. According to δ34S values and trace element concentrations in pyrites, hydrothermal alteration 

at Kossou is proposed to represent a distal but co-genetic expression of that associated with the V2 veins 

at Yaouré. Compared to V2 veins at Yaouré, veins and associated alteration at Kossou show dominant 

localised metasomatic redistribution of wall-rocks elements, therefore expressing a closed hydrothermal 

system. The second mineralisation stage is proposed to be controlled by drastic and cyclic fluid pressure 

fluctuations. Such characteristics differ to those from the V1 veins, and are more akin to classic 

orogenic-style gold system, for which fluids are proposed to derive from metamorphic devolatilisation 

of the lower crust.  

Coupling in-situ trace element and S-isotopes analysis on pyrites allow to assess the limitations of each 

method and provide more robust interpretations for Paleoproterozoic mineralised environments. 

Furthermore, the importance of the interplay between structural architecture and geochemical triggers 

for economic gold concentrations is emphasised. The potential involvement of several hydrothermal 

fluids (and gold) sources as key factors in the total gold endowment of the Yaouré gold camp is 

suggested and invite upcoming research to further investigate on the controls responsible for the large 

variety of gold mineralisation types across Côte d’Ivoire. 
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Chapter V    Discussion and concluding remarks 
 

1. Preamble 

Mineral system’s formation is the consequence of a number of critical geological processes including 

the production of a fluid/metal source, the transfer of this fluid and/or magma along a crustal scale 

plumbing system and the metal deposition in a physical and/or chemical trap. While a deposit will only 

form if all the critical geological processes occur in sequence, the range of scales across which each of 

these processes take place can vary over several orders of magnitude. By reviewing the stratigraphy, 

the structural framework and the geochemical characteristics at distinct scales through time, this thesis 

provides an insight into the gold metallogeny in a Paleoproterozoic greenstone belt in Central Côte 

d’Ivoire. 

This thesis is organised in three chapters. The first chapter of this work discusses late-tectonic extension 

and magma production providing the heat engine together with potential fluid-metal reservoir to 

widespread gold mineralisation. Such late tectonic evolution when compiled over the craton scale bears 

implications for our understanding of the craton’s architecture and underlying geodynamic evolution. 

The documentation of the structural network hosting gold mineralisation is developed in a second 

chapter and the documentation of fluid-rock interaction processes leading to gold mineralisation is 

presented in the third chapter. By combining multi-scale and multi-disciplinary approaches, this study 

offers new insights into fundamental factors associated with gold mineralisation, linking the large-scale 

lithospheric processes down to the camp scale structural controls.  

 

2. Publications conclusive remarks and implications  
 

Paper 1: “Lithostratigraphic evolution of the Bandamian Volcanic Cycle in central Côte d’Ivoire: 

Insights into the late Eburnean magmatic resurgence and its geodynamic implications” 

Within the Bouaflé belt of central Côte d’Ivoire, igneous rocks of felsic and mafic nature were dated 

between ca. 2105 and 2108 Ma. In the context of craton-scale tectonics, this period is marked in the 
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region by peak metamorphism and maximum crustal thickening in the sWAC. Similar ages were 

documented locally in previous studies on Côte d’Ivoire and collectively referred to as the Bandamian 

Volcanic Cycle. Yet, no craton scale stratigraphic correlations nor genetic interpretation of this volcanic 

episode was ever proposed. By reviewing the spatial distribution of similar volcanic ages across the 

Paleoproterozoic terranes of the Baoulé-Mossi Domain, this first chapter recognises that Bandamian 

magmatism occurred in all belts across the western half of the craton. In proposing the first review of 

the late Eburnean Bandamian Volcanic Cycle, this chapter discusses the possible geodynamic settings 

that may account for such a peak in thermal activity in the waning stages of the Eburnean orogeny, 

which may be linked to subduction processes. This study also proposes that the Ouango-Fitini shear 

zone represents a major suture zone and likely corresponds to a major boundary between two accreted 

paleo-crustal blocks. This work illustrates the often-disregarded polyphased evolution of greenstone 

terranes formation and highlights the importance of detailed stratigraphic and geochronological work 

in understanding the processes involved in the evolution of the Precambrian terranes.  

 

Paper 2: “Fluid pressure–dominated orogenic gold mineralisation under low differential stress: case 

of the Yaouré gold camp, Côte d’Ivoire, West Africa” 

At the Yaouré gold deposit, gold mineralisation is hosted within a polyphase fault-vein system. Two 

mineralisation stages are recognised and display distinct structural settings although they both occurred 

during progressive E-W bulk crustal shortening. The first gold-bearing structures are laminated veins 

(V1) hosted within a set of strike-slip shear zones and display low tonnage but high-grade 

mineralisation. The second tectonic episode bearing the bulk of the mineralisation is characterised by 

fault-fill and tension veins (V2) emplaced within a series of shallowly-dipping reverse shear zones. The 

study of gold-bearing veins throughout the evolution of the deposit shows that the differential stress 

involved in their formation progressively decreased from the first mineralisation episode to the second. 

By studying the syn-V2 veins of the Kossou Dam outcrop located 8 km away from the Yaouré deposit, 

the second chapter of this thesis highlights the role played by fluid pressure in vein formation in the 

Yaouré gold camp and provides evidence for stress-switch mechanisms involved in vein formation. 
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This structural paragenesis at the scale of the Yaouré camp represents a first-order understanding of 

mineralisation in the camp and suggests that the early Au-rich strike-slip faults may have been inherited 

from a fault-bounded Bandamian volcano-sedimentary basin. Therefore, the early architecture formed 

during the Bandamian volcanic event could have reflected a fluid pathway for magmas but also for 

mineralised fluids, which carries significance for craton-scale exploration. 

 

Paper 3: “Coupling whole-rock geochemistry, trace elements and S-isotopes analysis on pyrite to 

unravel precipitation processes in the polyphased orogenic gold mineralisation at Yaouré, Côte 

d’Ivoire.” 

A third chapter presents the geochemical controls for each mineralisation style in order to fingerprint 

hydrothermal alteration assemblages recognised in the Yaouré camp. By combining whole-rock 

geochemistry and in-situ analytical methods on pyrite (trace elements and S-isotopes), this study shows 

that the V1 and V2 hydrothermal groups resulted from distinct fluid-rock interaction episodes, which 

tapped distinct fluid sources. This work further supports the co-genetic relationship of V2 veins at 

Yaouré and veins at the Kossou Dam, respectively representing proximal and distal expression of the 

second mineralisation episode at Yaouré. Our results suggest that the first mineralisation at Yaouré (V1) 

is polymetallic and fluid-buffered, and that the second episode (V2 and Kossou) shows lower bulk-

elementary input and evidence of local element redistribution reactions. In an innovative approach, this 

study combines trace elementary analysis and S-isotopic concentration observations on pyrites allowing 

to further identify the mineralisation processes involved. This analytic approach revealed that gold 

precipitation during the V1 episode is triggered by variations in fO2 and that the second mineralisation 

episode (V2), in contrast, would have been controlled by drastic and cyclic fluid pressure fluctuations. 

These observations are key in targeting the main architectural pathway for Au-rich mineralisation. V1 

fluids chemistry compares well with intrusion-related mineralisation type. In contrast, V2 mineralisation 

episode appears to be more akin to the classic orogenic gold mineralisation style. Outcomes of this 

chapter discuss the potential role of late-Eburnean magmatism for gold mineralisation.  
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3. Concluding remarks and recommendations for future work 

This thesis provides new insights on a late-Eburnean magmatic episode, which is isolated in time from 

the well-known Birimian Group, and therefore highlights the multi-cyclic nature of crustal growth 

during the West African Craton Paleoproterozoic evolution. Detailed work on units from the Bandamian 

Volcanic Cycle provided in this study shows that magma may have been, at least partly, sourced from 

the mantle. This suggest that at a time that corresponds to maximum crustal thickening, a crustal scale 

magmatic resurgence occurred, which would require a short-lived crustal-scale extension allowing for 

mantle derived input. An important observation is that this late thermal event is only recorded in the 

westernmost belts of the Baoulé-Mossi domain. Such geographic demarcation has further implications, 

including the potential role of “proto-subduction”-driven magma production, which still needs to be 

further unveiled. We also invite future work to focus on the Ouango-Fitini shear zone as it may represent 

a terrane boundary (suture?) that should be further investigated. The interpretation of potential “proto-

subduction”-related processes presented in this study carry critical significance for bulk metal sourcing, 

which currently represents a favoured model for the fertilisation of the upper mantle / lower crust.  

Within-belt upper-crustal controls on gold mineralisation were targeted in this study and covered 

structural (Chapter 2) and geochemical (Chapter 3) aspects, from camp-scale to micron-scale 

characteristics. This work concludes that mineralisation in the Yaouré deposit is polyphased and mostly 

controlled by distinct factors including variations of fO2 and fluid pressure variations. Our results 

highlight the involvement of several fluid sources and the potential role of intrusions in the gold 

endowment process; which would however need further investigation. Indeed, the debate on syn- to 

late-tectonic intrusions emplacement as a potential source for gold is still largely open for most orogenic 

gold terranes, yet the rising recognition of the role played by igneous activity for gold endowment in 

deposits in the westernmost half of the sWAC (McFarlane et al., 2011; Béziat et al., 2016; Lawrence et 

al., 2017; Masurel et al., 2019; Lambert-Smith et al., 2020; Thébaud et al., 2020; this study) outlines 

this area as a primary field to test that model. Questions remain at Yaouré if the fluid characteristics 

recorded for V1 and V2 could represent a transition between magmatic and metamorphic origin, which 

also highlights the uncertainty on the role played by the host rocks as a potential source for gold, as per 
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recently discussed by Patten et al. (2020) at a global scale. Such questions should be assessed at each 

deposit across the sWAC and we suggest that future research on gold deposits of Côte d’Ivoire should 

undertake the dating of the distinct mineralisation assemblages, at different locations, and apply fluid 

inclusion studies to well-established structural-hydrothermal evolution models. Applying a more 

thorough and systematic investigation of ore fluids, would help comparing with other deposits across 

the sWAC and tackle the reason for the craton-scale variability in gold mineralisation styles. Such 

approach would, in turn, improve our understanding of ore-concentration processes in orogenic gold 

systems but also greatly benefit mineral targeting in the region. 

We also encourage upcoming studies to pinpoint the distinction between structural traps and regional 

architectural conduits. In Yaouré, structures hosting the V1 mineralisation exploit the Bandamian 

architectural framework, which has acted as a first-order conduit for magma ascent. In noting the 

magmatic affinity of the V1-hosted mineralisation, we presume that the early architecture represents 

“first order” structures in the camp, which connected deep crustal ore reservoirs with upper crustal 

structural-hydrothermal traps. Such interpretation, switches scrutiny on early architecture framework 

identification, which may have played a role in controlling camp-scale mineralisation endowment. 
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Chapter VI    Appendices 
 

Chapter II  

Appendix II - 1. Graphic geological logs of diamond drill core from the Yaouré gold deposit. 

Appendix II - 2. Whole rock geochemical analysis of units from the Bouaflé greenstone belt. 

Appendix II - 3. SHRIMP U-Pb measurements and calculated ages from zircons of the Bouaflé 

greenstone belt. 

Appendix II - 4. LA-ICP-MS U-Pb measurements and calculated ages from detrital zircons of the 

Bouaflé greenstone belt. 

Appendix II - 5. Lu - Hf isotopic measurements for representative zircons from the Bouaflé belt. 

Appendix II - 6. Zircon separate descriptions. 

 

Chapter IV  

Appendix IV - 1. Whole rock geochemical analysis of units from the Yaouré Camp. 

Appendix IV - 2. Mass balance calculations export from EASYGRESGRANT excel add-on (Javier 

Lopez Moro, 2012).  

Appendix IV - 3. LA-ICP-MS point analysis processed results 

Appendix IV - 4. Sulfur isotopes results 




