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Abstract: 

 

Orogenic gold deposits are structurally controlled and commonly formed in the transition zone 

between brittle and ductile crustal domains. Formation of disseminated or localized gold 

mineralization involves structural features (e.g., fault zones, fold hinges), contrasts in physical 

properties (e.g., rock competency and permeability, lithostatic and hydrostatic pressure, 

temperature) or chemical variability (e.g., rock chemistry, fluid composition). Orogenic gold 

deposits form in convergent tectonic settings, at crustal depths of between 3 and 18 km, from 

the Paleoarchean to the present. However, the goal of this study is just to investigate the 

hydrothermal properties of a model and predict the influence of deformation zones, rock types 

and the associated physical parameters on fluid-flow associated with orogenic gold systems, 

and subsequently develop new feature-engineered layers for mineral exploration purpose. 

Open-source numerical modeling software OpenGeoSys, has been used to reconstruct the major 

fault network in the Malartic mining district, in an area 19.7 km long and 7.3 km wide. This 

model can compare thermal convection fluid flow with deformation induced fluid flow. Results 

of numerical simulations conducted in OpenGeoSys and relative calculations from different 

physical parameters along faults or intrusive contacts explain the existence of a spatial 

association with the distribution of orogenic gold prospects and mines in the Malartic camp. 

Results of Weight of Evidence demonstrate that the incorporation of faults in 3D finite element 

models for coupled fluid and heat transport simulations has the potential of indicating favorable 

areas for gold mineralization in a 3D space, which can ultimately lead to new mineral 

discoveries. 

Keyword: Greenstone belts, petrophysics, heat transport, prospectivity, OpenGeoSys  
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Chapter 1 

1 Introduction 

Orogenic gold deposits are structurally controlled and commonly form in the transition zone 

between brittle and ductile crustal domains, during the late deformation stages of an orogenic 

belt (Bierlein et al. 2006, Hedenquist et al. 2019). In the southern Abitibi subprovince, Canada, 

gold deposits are concentrated along narrow, highly strained structural corridors and the 

deposits generally cluster into camps, commonly spaced every 30 to 50 km (Robert et al. 2005). 

Crustal-scale fault zones (Figure 1), such as the Cadillac – Larder lake fault zone (CLLFZ) and 

Porcupine – Destor fault zone (PDFZ) form 5-10 km-wide belts of high strain but not 

continuous mineralization that extend for 100's of km and contain most of the gold resource in 

the subprovince (Monecke et al. 2017). These lode-gold deposits are also believed to be 

hydrothermal mineral systems, which more generally display a spatial relationship with crustal-

scale faults and associated second-order fractures (Groves et al. 1998, Sillitoe 2000, Betts and 

Lister 2002, Cooke and Pongratz 2002, Grauch et al. 2002), which focus deformation, 

magmatism, fluid flow, and base or precious metal mineralization (Groves et al., 2003; Bierlein 

et al., 2006; Hedenquist et al., 2019; Hronsky et al., 2012). 

Faults and fractures occur throughout the crust in scales ranging from millimeters to several 

kilometers (Jesberger et al. 1995). They have a significant impact on physical processes 

controlling heat transfer and fluid flow in the subsurface as they disturb or slightly disturb the 

conformal stratigraphic successions (Cherubini et al. 2010). In orogenic belts, major crustal-

scale deformation zones form through the collation of such brittle fractures and also ductile 

shear zones (e.g., Bedeaux et al. 2016, 2018), where mineralizing processes involve heat and 

mass transfer during fluid flow (Harcouët-Menou et al. 2009, Beaudoin et al. 2006). 
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Figure 1. Simplified geology of the Cadillac–Larder Lake and Porcupine–

Destor fault zones and the locations of gold mines, Abitibi subprovince, Canada 

(modified from Groves et al. 2003, Rabeau et al. 2013). The black square 

represents the study area.  

1.1 Objective 
This study aims to investigate, model and predict the influence of deformation zones, rock types 

and associated hydrothermal parameters on fluid-flow associated with orogenic gold systems, 

and subsequently develop new feature-engineered layers for mineral exploration. Numerical 

simulations can enhance our understanding of prospective geological structures as a function of 

geomechanical competency contrasts (e.g., meta-sedimentary versus meta-volcanic versus 

granitic rocks) and interpreted fault geometries along the major structural corridors. This work 

addresses the following questions: 1) can numerical simulation be used to predict heat flow and 

heat transfer in greenstone belts, 2) are these predictions related to the distribution of gold, and 

3) is the approach valuable for mineral exploration and can it be implemented into prospectivity 

analyses?  
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1.2 Structure of thesis  

The thesis consists of five chapters. Chapter 1 (this chapter) includes the introduction, 

objectives, structure of the thesis and literature reviews on fluid migration in orogenic-gold 

systems and fluid-flow modeling. Chapter 2 introduces the methodology. Chapter 3 and 4 

presents the synthetic model being tested and the Malartic case-study, respectively. Implication 

for gold prospectivity analysis are discussed in Chapter 5, which also provides a conclusion for 

this investigation. 

1.3 Fluid in orogenic gold systems 

With very few exceptions, orogenic-gold deposits form in accretionary to collisional orogenic 

belts from Archean to Phanerozoic times (Groves et al. 2018). Their genesis, including metal 

and fluid sources, fluid pathways, depositional mechanisms, and timing relative to regional 

structural and metamorphic events, continues to be controversial (Groves et al. 1998, 

Hedenquist et al. 2019). Within the host volcano-sedimentary sequences at the greenstone belt 

scale, orogenic gold deposits are frequently localized in second-order structures adjacent to 

crustal scale faults and shear zones, representing the first-order structures that are believed to be 

conduits to ore-forming fluid pathways with deep lithospheric connection (Groves et al. 2018). 

As summarized by Groves et al. (2003) and Goldfarb et al. (2005), high-strained zones and fold 

hinges represent the main controls on the spatial distribution of orogenic gold deposits at the 

district to deposit scale. Felsic-intermediate intrusions are also common in orogenic systems as 

a reflection of high thermal gradients (Hedenquist et al. 2019). Thermodynamic modeling by 

Connolly (2010) demonstrated that a large volume of fluid is released by metamorphic 

reactions at the transition from greenschist to amphibolite facies when hydrated volcano-

sedimentary rocks are metamorphosed buried under P-T-t (pressure–temperature–time) 

conditions typical of an orogenic event (Spear 1995). In these conditions, hydrated rocks first 

experience a pressure increase related to the physical mountain building process, and second, a 

thermal re-equilibration. The burial of rocks is rapid (∼1 Ma), but the subsequent thermal 

prograde metamorphism is slower, in the range of 10–100 Ma (Connolly et al. 2010). 

Conversely, hydrated rocks that undergo progressive increases in pressure and temperature 
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would progressively release their fluids (Connolly et al. 2010, Yardley and Cleverley 2014), 

hence limiting the development of the dynamic fluid-flow regime required in orogenic gold 

systems.  

The precipitation of gold from hydrothermal solutions is facilitated by inducing a 

physical/chemical change on the carrying fluid, thereby destabilizing the gold complexes in the 

fluid and causing gold to precipitate (Mikucki 1982, McCuaig and Kerrich 1998). This 

precipitation effect can be accomplished through three processes: (1) mixing of fluids, (2) 

reacting the fluid with the surrounding wall rock, and (3) placing the fluid under pressure 

gradients, which induces chemical changes in the fluid (McCuaig et al., 2010). Note that none 

of these three constituent processes are critical, in that any one of them alone could cause gold 

to precipitate from a fluid. However, in this study, we only simulate hydrothermal processes 

using two different finite-element models. Firstly, a synthetic model focused on relatively 

simple geometries to test numerical simulation methods. Secondly, the simulation will be 

applied to a model of the Malartic camp to understand the fluid-flow at the stress regimes of 

gold mineralization in a more realistic setting. 

Based on tectonic setting, structural relationships, and vein textures of orogenic gold-quartz 

veins hosted in shear zones, Sibson et al. (1988) developed a mechanical model in which high-

angle reverse faults act as fluid-activated valves on geopressured reservoirs, causing large 

cyclic fluctuations in fluid pressure that promote gold deposition. Previous workers have 

recognized the need for fluid-pressure fluctuations in the genesis of these deposits, but have 

generally found it necessary to invoke radical switches in static stress regimes to account for the 

different vein sets (Kerrich and Allison 1978, Kerrich 1986). The quartz-carbonate vein systems 

model must be regarded as preliminary; careful consideration of different lode-gold deposits 

may make it possible to build a more comprehensive picture of the linked fault-vein systems 

and the process of mineralization at different crustal levels (Sibson et al. 1988). 
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1.4 Fluid flow modeling 

Deformation plays a major role in controlling the permeability of crustal rocks and the 

formation of mineralization (Sibson 1994). Many studies have investigated the influence of a 

fault on a geological model with numerical simulations using different geological scenarios 

(e.g. Gan et al. 2021), and results can be applied to solve a variety of geoscience problems. For 

instance, a geological 3D model built by Cherubini (2013) investigated the influence of faults 

on the subsurface fluid system and thermal field along the Gardelegen and Lausitz escarpments, 

Germany. Because a large volume of fluid can be focused in a fault zone, their results showed 

that the pressure and temperature throughout the fault zone are enhanced if the width of a 

permeable fault is increased. Fault geometry influences fluid flow, and subsequently plays a 

critical role in controlling ore deposit formation (Beaudoin et al. 2006, Micklethwaite et al. 

2015).  

Coupled fluid and heat transport simulations using different numerical approaches (i.e., finite-

differences or finite-volumes) have been applied to real geological systems (Cherubini 2013). 

Structural network, heat transfer, and computational fluid dynamics can be modelled with the 

finite-element method. The finite-difference method is the most direct approach to discretizing 

partial differential equations. Bächler et al. (2003) showed that small-scale temperature 

anomalies can be explained only by convection systems within steeply dipping fault zones in 

the Rhine-Graben, Germany. Simulation results by Kühn et al. (2006) demonstrated that free 

convection in hydrothermal systems (Mount Isa, Australia) is highly sensitive to the 3D 

permeability distribution. The finite-volume method is similar to the finite-element method in 

that the geological 3D model is first divided into very small but finite-sized elements of 

geometrically simple shapes (e.g., cubes). Within 3D finite element-based simulations, 

however, fault modeling is restricted to simplified orthogonal systems in mesh geometry 

consisting of vertical and horizontal fracture elements. In contrast, the finite-difference method 

is defined dimension by dimension. If the simulation can be fit in a rectangular or box-shaped 

geometry using a regular grid (e.g., Schilling et al. 2014, Baietto et al. 2008), efficient 

implementations are much easier with a finite-difference than a finite-volume or finite-element 

methods.  
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Computer-based geomechanical applications can be utilized for mineral exploration research. 

The physical mechanisms that influence the localization of gold systems largely benefited from 

the development of computer technology, which allow 2D and then 3D simulation of rock 

deformation and related fluid flow (Ord and Oliver 1997, Hobbs and Ord 2017). Despite 

contradictions with deposit-scale observations, preliminary research implicitly assumed that the 

physical processes of ore production were continuous in nature (Kerrich 1986, Phillips 1986, 

Colvine et al. 1992). Recent breakthroughs (such as Gysi et al. 2020) in numerical modeling 

approaches have opened up new possibilities for investigating and quantifying the elements that 

drive hydrothermal ore-formation processes. Mineral systems are difficult to represent in a 

numerical model because the driving factors are intertwined and consist of complicated 

physical processes of fluid-rock interaction that change over time. An in-depth understanding of 

both driving factors, chemical reaction and physical processes, is required to explain the 

geological and geochemical data recorded in a deposit. This study focusses on understanding 

the physical processes. 

Usually, after simulating the physical mechanisms that generate an ore deposit, a wide range of 

results can be provided. For example, analytical results demonstrate the value of data sources 

by highlighting the pertinent topics (Shewhart et al. 2003). Probabilistic models account for the 

uncertainty of an estimate, they are less exact or deterministic (Uusitalo et al. 2015). An 

iterative combination of any or both of the above uses expertise feedbacks to address problems 

which are too complex to be solved by one equation (Castle and Crooks 2006). Most of these 

equation-based mathematical models identify system variables, and evaluate or integrate sets of 

equations relating to these variables. A variant of such equation-based models are based on 

linear programming (Weinberg et al. 1993, Howitt 1995), and are potentially linked to 

geographical information system (Chuvieco 1993, Longley et al. 1994, Cromley and Hanink 

1999). However, in practice there are limits to the level of complexity that can be built into 

these models (Parker et al. 2003).  

This study primarily focuses on large-scale mineralized fault zones at upper or mid-crustal 

levels and models the interplay between fluid circulation and thermal processes within and in 

the vicinity of these permeable fault zones. The mathematical description of thermal processes 
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in the context of continuum mechanics and numerical methods for solving the underlying 

governing equations will be discussed in the methodology section. In the last decades several 

numerical codes have been developed to solve multi-component transport in partially saturated 

media, for example FLOTRAN (Hammond et al. 2007), TOUGHRE- ACT (Xu et al. 2011), 

CRUNCH (Steefel et al. 2005), HYDROGEO- CHEM (Yeh et al. 2010), MIN3P (Mayer et al. 

2002), CORE2D (Yang et al. 2008) or COMSOL-PHREEQC (Wissmeier and Barry 2010). The 

majority of these codes can solve the coupled equations for gas and liquid flow, whereas some 

are restricted to one fluid phase and can only solve the Richards flow equation (Wissmeier and 

Barry 2010). Other studies have undertaken geochemical simulation of realistic, multi-

component, multiphase systems, which include for example multiple solid solutions, chemical 

solutions based on the Gibbs Energy Minimization (GEM) method are advantageous (Kulik et 

al. 2013). In order to use the advantages of the GEM method, the open source, object-oriented 

finite element (FE) simulator OpenGeoSys (Kolditz et al. 2012c) was coupled to the open 

source numerical kernel of the GEM-Selektor code (GEMS3K) (Shao et al. 2009b, 2009a), the 

commercially available solver ChemApp (Kolditz et al. 2012b), and the Biogeochemical 

Reaction Network Simulator BRNS (Centler et al. 2010). The fluid flow and mass transport 

equations are solved by OpenGeoSys, and the chemical processes by the GEMS3K kernel code 

of GEM-Selektor V3 (Kulik et al. 2013). The coupling of these two codes is referred to as 

OpenGeoSys-GEM, and its capabilities are described in Shao et al. (2009) and Kosakowski and 

Wanatabe (2014).  
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Chapter 2 

2 Methodology  

2.1 Tools 

The finite element simulation software used in this research is OpenGeoSys, version 6. 

OpenGeoSys is an open-source project for the development of numerical models to simulate 

thermo-hydro-mechanical-chemical (THMC) processes in porous and fractured media (using 

primarily the finite element method), with broad applications in geoscience and hydrology 

(Kolditz et al. 2012a). Figure 2 shows the mathematical framework to be solved when dealing 

with THMC processes in porous media, where all variables shown in the equations would be 

defined later in this chapter: 

• T (Thermodynamics) process: Heat transport in multiphase systems including phase changes 

(e.g., evaporation, condensation, latent heat). 

• H (Hydraulics) process: Non-isothermal multiphase flow of liquids and gases as well as 

supercritical fluids. 

• M (Mechanics) process: Non-isothermal elastic and in-elastic deformations. 

• C (Chemical) Process: Multicomponent mass transport as well as bio/geochemical reactions 

(Kolditz et al. 2012a).  

 

Figure 2. Mathematical framework for coupled thermo-hydro-mechanical 

(THM) modeling ( Olaf Kolditz et al., 2012c). 
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The resulting balance equations for mass, momentum and energy conservation have to be 

completed by corresponding equations of state and constitutive laws (e.g., plasticity and creep 

of clay and salt rock, respectively). Figure 2 illustrates three of the main processes. The tool is 

open source, allowing the user to address the fundamental processes involved in the activation 

of faults and fractures with less cost. OpenGeoSys has been successfully applied in the fields of 

contaminant hydrology (Lei et al. 2017), water resources and waste management (Urpi et al. 

2020), geotechnical applications (Zbinden et al. 2017), geothermal energy systems (Rinaldi and 

Rutqvist 2019) and energy storage (Rutqvist et al. 2016). This study focusses on the 

hydrothermal system, hydraulics and thermodynamics -- mechanics and chemical reactions are 

not considered.   

2.2 Modeling workflows 

 
Figure 3. Modeling workflow 

The three main step of our modeling workflow (Figure 3) is i) model setup, ii) perform 

alteration, and iii) analyzing the result. When constructing a 3D model that ensures accuracy 
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and authenticity, the main challenge is to reproduce the fault structure and other important 

boundaries. Two typical methods for reconstructing a fault system have been employed in past 

studies: faults can be explicitly modeled and articulated (Shalev et al., 2007, 2013), or 

simplified based on their trends and dips ( Hurwitz et al. 2000a, 2000b, Magri et al. 2015). 

In 3D simulations, the mechanisms that govern fluid behavior and temperature distribution 

inside host rocks and fault zones can be quantified, as well as how they interact dynamically 

(Cherubini 2013). 

This study improves the simulation by considering the impact of viscosity on the fluid and heat 

transport, which are addressed in addition to fluid density. Fluid viscosity, a temperature-

dependent metric, quantifies the internal friction of the fluid (i.e., resistance to the flow), it may 

have a specific impact on thermal energy transmission. On a regional scale, numerous dipping 

faults can be represented in 3D finite element meshes. As a result, faults can be more 

realistically represented.  

To address the effects of deformation on hydrothermal fluid flow systems and its consequent 

role in ore genesis, McLellan (2004) tested the mechanical feasibility of focusing both surface- 

and basinal-derived fluids towards sites of iron ore genesis during Proterozoic deformation in 

the Hamersley Province, Australia. Finite difference modeling of porous media flow during 

gravitational collapse of a mountain range shows that surface fluids are drawn towards areas of 

failure and focus along major zone of deformation. McLellan (2004) used the FLAC (v.4.0) 

software, which treats rock masses as continua represented by average values of mechanical 

and fluid flow properties. A 2D grid is used to represent materials, which may be modified to 

match the geometry being simulated. Material parameters such as bulk modulus, shear 

modulus, and density are allocated to each element, and elements deform in response to applied 

forces or boundary conditions according to a predetermined linear or non-linear stress/strain 

law. With FLAC, the grid is usually generated by using built-in meshing capabilities or by 

using Rhino, CAD-based capabilities offered by Griddle or BlockRanger (Abbasi. et al. 2013) 

FLAC employs a time marching solution technique, and is capable of simulating linked 

deformation and fluid flow. Although explicit rules affecting permeability can be introduced, 

FLAC-defined permeability and porosity reflect beginning circumstances. 
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OpenGeoSys retains the advantages of the previous generation of numerical simulation tools, 

and adds the benefits of modern high-performance computing. It uses an object-oriented and 

process-oriented approach that allows for the solution of partial differential equations for 

different physical problems using a generic object structure (Kolditz et al. 2012c, Shao 2015). 

The built-in meshing capabilities in OpenGeoSys is relatively weak, and it relies largely on 

outsider processing software. In OpenGeoSys, hydromechanical simulations can be solved 

sequentially (iterative coupling) or monolithically (fully coupled). Further discussion on fluid 

flow and multiphase flow processes can be found in Kolditz et al. (2012b). 

Table 1.  Comparison between FLAC v.4.0 and OpenGeoSys  v.6.3.3 

The spatial component plays an important role in this research and decision-making support. A 

fully coupled technique gives unconditional and convergent numerical solutions for 

mathematically well-posed problems (Noorishad et al. 1982, Rutqvist and Tsang 2003). It has 

been shown that a subset of the iterative, sequentially coupled schemes can be as robust and 

efficient (in the numerical sense) as the fully coupled approach (Mikelić et al. 2014). A fully 

coupled approach, on the other hand, avoids potential practical issues arising from transferring 

the variables from one code to another between iterations (such issues include inconsistencies 

between input parameters, double mesh/grid realizations, and transfer of partial results from 

different codes).  Fully coupled approach also simplifies access to large computational clusters, 

allowing numerically expensive three-dimensional (3D) geometries to be solved successfully 

(Starfield and Cundall 1988).  

2.3  Parameters and dominant equations 

For thermal mechanical and hydro mechanical simulation, seven parameters are considered for 

 FLAC (V.4.0) OpenGeoSys  
v.6.3.3 

Continuum √ √ 

Grid made up of elements √ √ 

Element is assigned material properties √ √ 

Ability to model coupled deformation and fluid flow √ √ 

High-performance computing  √ 

Parallel computing  √ 
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each material in the model: thermal conductivity λ, specific heat capacity c, thermal expansion 

α. density 𝜌𝑠, Young’s modulus E, Poisson’s ratio 𝑣, porosity 𝜑, and permeability μ. 

Thermal conductivity is the intrinsic ability of a material to transfer or conduct heat, and used in 

the heat transport equation in this model. Mineralogy, chemical composition, temperature, 

pressure, and crystallography all influence thermal conductivity in rocks (Condie and Benn 

2013). By far the finest heat conductor is quartz, as a result, the amount of quartz in the crust 

has a significant impact on its thermal conductivity (Petitjean et al. 2006). The meta-

sedimentary rocks contain significant quarts and hence have relatively high thermal 

conductivity. The conductivity of minerals normally diminishes as the temperature rises. This 

effect is most noticeable at low temperatures and fades away in the lower crust. As a result, the 

difference between Archean and modern rocks is that the Archean crust's mean thermal 

conductivity is a few percent higher than the modern one (Artemieva and Mooney 2001).  

Specific heat capacity is the amount heat that must be added to one unit of mass of the 

substance in order to cause one unit increment in temperature. It often varies with temperature, 

and is different for each state of matter. Specific heat capacities of the rocks within a 

sedimentary basin can significantly influence geothermal gradients if sedimentation or erosion 

is rapid (Zinov’ev and Sole 2004). Modified Neumann-Kopp rule is commonly used for 

estimating specific heat capacities for rocks from their chemical analyses (Robertson and 

Hemingway 1977). Similar comparisons were made between the measured values obtained 

from the literature and the values calculated from standard equations for minerals and oxides.  

Density is highly dependent on the mineralogy and porosity. In meta-sedimentary rocks, the 

replacement of iron-bearing silicate minerals by pyrite, carbonate minerals, and Fe-depleted 

hydrothermal biotite has some negative impact on the grain density (and magnetic 

susceptibility) of altered rocks (Bérubé et al. 2018). Similarly, altered felsic-intermediate 

intrusive rocks tend to have lower densities than unaltered intrusions. Unaltered greenstones, 

composed mainly of amphibole and/or chlorite, are also considerably denser than carbonate-

altered mafic rocks (Perrouty et al., 2019).  

Compressive strength is the capacity of a material or structure to withstand loads tending to 
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reduce size (Fischer-cripps, 2000). In comparison, Young’s modulus is a measure of the 

material’s ability to withstand changes in length when under lengthwise tension or 

compression. The mean compressive strength of rock obtained from faults, joints, and other 

discontinuities samples, where the rock may be more weathered is used to calculate the 

compressive strength of the rock material in a specific location. The value corresponds to the 

direction along which the least mean strength was measured when the rock material's strength is 

highly anisotropic. It only noticeably changes when the sample is saturated (Palmström, 1995). 

Most igneous rock-forming minerals (e.g., pyroxene, amphibole, feldspar) are hard, and though 

some may show cleavage, they are of a dense interfingering character, resulting in homogenous 

materials with relatively little, if any, directional changes in mechanical characteristics. Meta-

sedimentary rock minerals (e.g., quartz, mica) are often softer and have a weaker assemblage 

than primary igneous rock minerals. The minerals in these rocks are bonded together by inter-

granular matrix material rather than interlocking. In some cases, metamorphism has resulted in 

harder minerals (e.g. staurolite); nonetheless, due to deformation processes, the mineral 

orientations result in significant directional disparities in mechanical characteristics.  

Associated with the properties described above, the ratio of the change in width per unit width 

to the change in length per unit length, as a result of straining of a elastic sample, is known as 

Poisson's ratio (Davarpanah and Vasarhelyi, 2020). Poisson's ratio is a dimensionless number 

that spans from -0.1 to 0.5. A low Poisson's ratios, such as 0.1–0.25, commonly suggest that 

rocks are easier to fracture, whereas high Poisson's ratios, such as 0.35–0.45, indicate that the 

rocks are more difficult to fracture.  

Fluid flow through geologic formations is characterized by complex physical and chemical 

feedback processes that change rock properties such as porosity and permeability (Tenzer et al., 

2011). Permeability of geologic materials varies by over 13 orders of magnitude in nature 

(Freeze and Cherry, 1979; Saar and Manga, 2004), and thus largely determines subsurface fluid 

flow rates (Brown, 2001). While permeable paths enable the transfer of fluid, solutions and 

heat, they also localize chemical reactions, such as the dissolution of minerals and precipitation. 

Mineral dissolution and precipitation can also change the geometries of the flow route and thus 

areas of permeability (Cardarelli, 2001). The fluid, solute, and heat transport rates of a porous 
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or fractured media can be considerably affected by the chemical processes of dissolution and 

precipitation (Luhmann et al., 1969). Typical permeabilities for all rock types range from 10-20 

m2 (i.e., 0.01 µDarcy) to 10-7 m2 (i.e., 0.1 MDarcy) (Wohletz, 1992). Porosities are generally 

around 1% or less (Morrow and Lockner 2001).  

Applying a suitable constitutive model is the first step in any mechanical modeling study, and 

the classical Mohr-Coulomb material with non-associated plasticity is most suited to 

representing the rheology of the mid to upper crust (Vermeer and de Borst 1984, Ord and 

Oliver 1997). A Mohr-Coulomb material will deform elastically up to a yield point and then 

deform in a non-recoverable plastic manner (Ord and Oliver 1997). During plastic deformation 

a Mohr-Coulomb material will shear, and this can be associated with dilation or a volume 

change (Kosakowski and Watanabe 2014). The microstructural processes involved have been 

highlighted by Vermeer and de Borst (1984), and more recently by Chan et al. (2012). For a 

more comprehensive explanation see Vermeer and de Borst (1984). 

The governing equation determining fluid flow in a porous media can be expressed by a partial 

differential equation derived from mass conservation:  

𝑉𝑖 = 𝑘𝑖𝑗
𝛾𝑓

𝜇𝑓
(

𝜕𝐻

𝜕𝑥𝑗
)                                                             (2.1) 

where 𝑉𝑖 is the Darcy fluid velocity, 𝑘𝑖𝑗, the permeability tensor, 𝛾𝑓, the specific weight, 𝜇𝑓, the 

viscosity of the fluid, 𝐻, the hydraulic head, and 𝑥𝑗, the position of a material point (where i 

represent x direction and j represent y direction). Darcy's Law shows that differences in 

hydraulic head are required for flow to occur, and a static homogenous rock package with 

topographic relief displays classical Darcian flow because of these head gradients. Darcy fluid 

flow vectors are orthogonal to contours of hydraulic head in an isotropic medium with a 

constant density. 

The equation describing fluid flow in 3D saturated porous media as implemented in the 

OpenGeoSys software is given by the following partial differential relationship: 

𝑆𝑠
𝜕𝑃

𝜕𝑡
+ (∇ ∙ 𝑞𝑓) = 𝑄𝑓                                                       (2.2) 
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where 𝑃 is the fluid pressure refer to the partial derivative operator 𝜕𝑡, 𝑆𝑠 = 𝛾𝑤(𝛽 + 𝜑𝛼) is the 

specific storage, the fluid specific weight 𝛾𝑤, the bulk porosity 𝜑, the bulk aquifer material 

compressibility 𝛽, the fluid compressibility 𝛼, and 𝑞𝑓 is the fluid (Darcy) flux. The term on the 

right 𝑄𝑓 is the fluid mass source/sink term. Darcy’s Law is adopted to represent the fluid flow. 

The flux term 𝑞𝑓 is then given by: 

𝑞𝑓 = −
𝑘𝑖𝑗

𝜇
(∇𝑃 − 𝜌𝑓𝑔∇𝑧)                                                    (2.3) 

where 𝜇 is the fluid dynamic viscosity, 𝑔 = (0, 0, −𝑔), the gravity vector, 𝑧, the reference 

depth, and 𝑘𝑖𝑗, the intrinsic permeability tensor (Cherubini 2013). 

In a fluid saturated porous media that is deforming, effective stress is changing. Instantaneous 

changes in pore pressure (and hence effective stress) will result from local changes in total 

stress, but fluid flow is not instantaneous as it is governed by Darcy's Law. The fluid 

accommodates these changes in total stress, and the system responds by outward flow from 

regions of high or increased total stress, with the material deforming elastically and plastically 

as the fluid migrates away (McLellan 2004). Further detailed discussion on regional stress 

distribution on porous media and its approach can be found in the book published in 2015 and 

updated in 2018(Shao 2015, Kolditz et al. 2018).  

 The heat transport 𝑄𝑇 (advection plus diffusion) for the matrix is given by: 

(𝜌𝑐)𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ ∇ ∙ 𝑞𝑇 = 𝑄𝑇                                                  (2.4) 

 𝑞𝑇 = 𝜑(𝑐𝑝)𝑓𝑣𝑇 − 𝜆𝑒𝑓𝑓∇𝑇                                               (2.5) 

with (𝜌𝑐)𝑒𝑓𝑓 = 𝜑(𝜌𝑐)𝑓 + (1 − 𝜑)(𝜌𝑐)𝑠being the specific heat capacity of the system 

involving a fluid (𝜌𝑐)𝑓 and a solid (𝜌𝑐)𝑠 phase. The heat storage term of the porous medium 

involved are porosity 𝜑, specific heat capacity of the fluid 𝑐𝑓, fluid density 𝜌𝑓, rock specific 

heat capacity 𝑐𝑠, and rock density 𝜌𝑠. 𝑇 is the temperature and 𝑞𝑇 is the heat flux taking into 

account both advective 𝜑(𝑐𝑝)𝑓𝑣𝑇 in Eq. 2.5 and 𝑏ℎ(𝑐𝜌)𝑓𝑣𝑇 in Eq. 2.6 with 𝑣 =
𝑞𝑓

𝜑
 being the 
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fluid velocity and dispersive terms 𝜆𝑒𝑓𝑓∇𝑇 in Eq. 2.5 and 𝑏𝑚𝜆𝑓∇𝑇 with 𝜆𝑒𝑓𝑓 = 𝜑𝜆𝑓 +

(1 − 𝜑)𝜆𝑠 being the heat conductivity of the porous medium (where 𝜆𝑠 is the heat conductivity 

for the solid part and 𝜆𝑓 is the heat conductivity for the fracture). 𝑄𝑇 is the heat source/sink 

term. 

The heat transport for the fracture (and fault) is given by: 

𝑏𝑚(𝑐𝜌)𝑓

𝜕𝑇

𝜕𝑡
+ ∇ ∙ 𝑞𝑇 = 𝑄𝑇 

𝑞𝑇 = 𝑏ℎ(𝑐𝜌)𝑓𝑣𝑇 − 𝑏𝑚𝜆𝑓∇𝑇                                              (2.6) 

no mechanical effects on the fracture width are considered in this equation. 

The two sets of equations (fluid flow and heat transport) for the fault and porous medium 

domain are coupled by means of the Darcy velocity ( 𝑣 =
𝑞𝑓

𝜑
 ). Considering heat and pressure 

effects on the fluid density and heat impacts on the fluid viscosity, respectively, in the 

momentum equation may also result in a nonlinear coupling (Blöcher et al. 2010, Kolditz et al. 

2012a). These extra coupling components frequently result in extremely nonlinear partial 

differential equation systems, which are represented in numerical simulations that are 

frequently unstable and hence error prone. Stabilization strategies used during matrix 

assembling, such as relaxation and preconditioning methods, upwinding and iterative numerical 

processes, and suitable discretization methods, are still being developed by the modeling 

community (Eckstein and Simmonsi 1977, Bottcher et al. 2015, Shao 2015, Magri et al. 2017).  

The two systems of equations (fault and matrix) are numerically solved using typical finite 

element techniques in the hybrid methodology. The connection between matrix and fault flow 

dynamics is then ensured by imposing a continuity constraint on the velocity field for finite 

components that share edges with the domain borders. As a result, by using the width of the 

fault zone, which defines a zone of varied permeability, the equations regulating groundwater 

and heat transfer for the fault are represented as averages on a reference volume (𝑏 = 𝑏𝑚 + 𝑏ℎ, 

the average width of the fault comprising both hydraulic (𝑏𝑚) and mechanical effects (𝑏𝑚). 

This reference volume together with the fault permeability (𝑘) uniquely determines the 
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transmissivity of the fault as 𝑇 = 𝑏 ∙ 𝑘 and provides the major constraints on the potential for 

fluid to flow along the fault plane. 

2.4 Spatial analysis 

Several factors control the localization of hydrothermal fluids and their alteration footprint, and 

all these factors ultimately contribute to the formation of Au deposits. By breaking down the 

critical processes of mineralization and assuming that the probability of occurrence of each of 

these processes is independent, mineral system models can be integrated into a probabilistic 

framework to predict potentially mineralized areas (Carranza 2004, Nykänen and Salmirinne 

2007, Yousefi and Nykänen 2016).  In this work, a Weights of Evidence approach (WoE) is 

used to investigate spatial relationships between the modelled fluid flow, heat flux and known 

gold deposits. The Weights of Evidence method is calibrated for various applications from 

geophysical to socio-economic studies (Lee et al. 2012), and its limitations and opportunities 

have been discussed widely in the scientific literature (Murayama 2012). 

Weights of evidence (WofE) is a quantitative method for combining evidence in support of a 

hypothesis. An evidence-based approach involves an assessment of the relative values of 

different sets of what is called evidential information that has usually been collected or 

generated previously (Murayama 2012). A representative value needs to be assigned to each set 

of evidential information using a formalized weighting procedure.  

WofE is based on the Bayesian approach of conditional probability. This process integrates 

geographical data from a number of sources, describes and analyzes their interactions, 

demonstrates decision-making and creates prediction models (Murayama 2012). Basically, the 

method concerns the probability of detecting a certain event, which could be a given category 

of land-use change (Thapa and Murayama 2011). It is traditionally used by geologists to point 

out areas favorable for mineralization or assess hazards (Bonham-Carter 1994). The advantage 

of WofE is its simplicity and straightforward interpretation of weights (Agterberg and Cheng 

2002). However, the basic assumption of the WofE method is that predictor variables should be 

independent. Therefore, the predictor variables should be tested for independence using 

methods such as the Crammer coefficient (Bonham-Carter et al. 1990) or the omnibus test 
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introduced by Agterberg and Cheng (2002). Generally, a predictor variable with a Cramér 

coefficient of more than 0.5 should be removed since it would be highly correlated with other 

variables (Bonham-Carter et al. 1990, Agterberg 2000). Or if the sum of the posterior 

probabilities weighted according to unit cell area, is equal to the total number of discrete events, 

then map layers are conditionally independent (Agterberg and Cheng 2002).  

In geosciences, fractal models have been commonly used to explain the spatial distributions of 

geological features (Yousefi and Carranza 2015a). In this work, the Concentration-Area (C-A) 

fractal model proposed by Cheng et al. (1994) has been use to analyze the reliability of the 

simulation results. In a scheme to make Prediction-Area (P-A) plots, Yousefi and Carranza 

(2015a) used together the probability of known mineral occurrences predicted by prospectivity 

classes and the areas occupied by the corresponding classes of prospectivity (with respect to the 

total study area). In their publication, P-A plots are used to evaluate and to weight evidence 

maps. Mihalasky and Bonham-Carter (2001) used the prediction rate (𝑃𝑟 , the classes of 

prospectivity were shown versus the percentage) divided by its corresponding occupied area 

(𝑂𝑎), with respect to the total study area, for assigning quantitative weights to classes of 

evidence layers as normalized density (𝑁𝑑).  

This study applied latest version of this method, introduced by Yousefi et al (2017). Read the 

coordinates of where the curve of proportion of predicted deposits, and the curve of proportion 

of occupied areas interests in the P-A plot, both the prediction rate 𝑃𝑟 and the occupied area 𝑂𝑎 

can be elicited. Thus, this study applied normalized density for ranking evidential layers as 

follows: 

𝑁𝑑 =
𝑃𝑟

𝑂𝑎
                                                                             (2.8) 

If the prediction rate (𝑃𝑟) is high, it means a smaller target comprises larger number of deposits. 

The 𝑁𝑑 ranges from a minimum close but not equal to 0 to a maximum positive value (100 

divided by a value close but not equal to 0). By taking the ln (𝑁𝑑), the value of 𝑁𝑑 

corresponding to a negative association is compressed in the range 0-1, and the range for 

positive association is >1 (Mihalasky and Bonham-Carter 2001). The resulting measure is 

positive for a positive association, negative for a negative association, and equal to zero for 
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independent. Thus, 

𝑊𝐸 = ln (𝑁𝑑)                                                                    (2.9) 

where 𝑊𝐸 is an objective weight assigned to an evidence layer calculated based on the 

parameters elicited from an interception point in the P-A plot (Tobler 1970). This value of 𝑊𝐸 

is a weight that can be used for mineral prospectivity mapping. 

The weights mentioned above is not really estimated by using the Bayesian estimation and 

therefore they cannot be considered as true probabilities. But it can be used in index overlay 

and derive a favorability model. So, the second part of spatial analysis in this study is a 

“Prospectivity map”. The location of gold deposits depends on multiple chemical and physical 

factors that arise in a complex 4D multi-scale and multi-stage hydrothermal system (McCuaig 

et al. 2010). Mineral prospectivity mapping exploits the geographic superposition of some of 

these multi-scale processes, especially the ones that are amenable to geographic representation. 

Some of these deterministic components can be characterized numerically in geographic space 

allowing the mathematical combination of spatial data to estimate the likelihood of finding 

mineral deposits of the type sought (Bonham-Carter 1995, Carranza et al. 2008, Carranza 

2009). Herein, WofE maps are assigned considering their ability to predict mineral occurrences 

based on the P-A plot. The original average weighted score equation for each pixel designed by 

Bonham-Carter (1994) is adapted as a data-driven multi-index overlay function as below: 

𝑂𝑀𝐼𝑂 =
∑ 𝑇𝑉𝑖𝑊𝐸𝑖

𝑛
𝑖

∑ 𝑊𝐸𝑖
𝑛
𝑖

                                                           (2.10) 

where, for every pixel in the study area, 𝑂𝑀𝐼𝑂 is the data-driven multi-index overlay score, and 

𝑊𝐸𝑖 is the WofE map 𝑖 assigned using P-A plot and normalized density. The 𝑇𝑉𝑖 is the pixel 

value in evidential map 𝑖 transformed by using a logistic function (Yousefi and Carranza 2015a, 

Yousefi and Nykänen 2016). For the present study, Eq. 2.10 is written as 

𝑂𝑀𝐼𝑂 =
𝑇𝑉𝐻𝐹𝑊𝐻𝐹+𝑇𝑉𝐻𝐹𝐺𝑊𝐻𝐹𝐺+𝑇𝑉𝑋𝑊𝑋+𝑇𝑉𝑌𝑊𝑌+𝑇𝑉𝑍𝑊𝑍

𝑊𝐻𝐹+𝑊𝐻𝐹𝐺+𝑊𝑋+𝑊𝑌+𝑊𝑍
                    (2.11) 

where 𝑊𝐻𝐹, 𝑊𝐻𝐹𝐺 , 𝑊𝑋, 𝑊𝑌 and 𝑊𝑍 are, the respective objective weights for: the heat flux result 
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from the thermal mechanical simulation results; the heat flux gradient, which is defined based 

on the ratio between the heat flux value of the pixel and its difference with the average value of 

its 8 surrounding pixels; and the regional stress directions from hydromechanical simulation in 

the x, y, and z direction. In Eq. 2.11, 𝑇𝑉𝐻𝐹 , 𝑇𝑉𝐻𝐹𝐺 , 𝑇𝑉𝑋 , 𝑇𝑉𝑌, and 𝑇𝑉𝑍 are the transformed 

evidential values of pixels in the corresponding evidence maps (Yousefi and Carranza 2015a). 
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Chapter 3 

3 Impact of fault on the fluid flow and heat transport: results 
from 3D finite element simulations 

As indicated in the introduction, after simulating the physical mechanisms that generate an ore 

deposit, a wide range of results can be provided. In order to test the selected modeling 

algorithms, and get the idea of its result, a synthetic model was generated using the Noddy 

package (Jessell and Valenta 1996, Farrell et al. 1996). The Noddy package can build complex 

3D geological models. Different geological structures can then be inserted after the basic strata 

are set up, and relevant parameters (e.g., amplitude, wavelength of a fold, deformation history) 

can be assigned (Jessell and Valenta 1996, Farrell et al. 1996). The Noddy package can also be 

used to forward model geophysical data. It has been used as the modeling engine for a Genetic 

Algorithm approach to geophysical inversion (Farrell et al. 1996), however the limitations to 

computer power available at that time and the complexity of the task prevented a widespread 

uptake of this technique (Guo et al. 2021). 

3.1 Synthetic model set-up 

This geometrical model consists of four homogeneous and isotropic folded geological layers of 

rhyolite (light green) and basalt (dark green) which are cut by a NE-SW striking, subvertical 

fault zone (red), and intruded by a tonalite (purple). Top, bottom and perspective views of the 

model are shown in Figure 4. The model is an elastic cuboid of height H = 2000 m, divided into 

140,000 cubes (100 m in each direction) and edges parallel to the x-y-z coordinate axes. The 

north-south extension is 7000 m. The east-west extension is 10,000 m.  

The synthetic model was then assigned properties using MATLAB and OpenGeoSys, which 

treats rock masses as continua with each unit represented by the average values of mechanical 

properties (Young’s modulus and density) and fluid flow properties of that unit. Materials are 

represented by a grid generated by MATLAB. The grid is made up of cubes, which can be 

adjusted to fit the geometry to be modelled. In OpenGeosys the elements deform according to a 

prescribed linear or non-linear stress/strain law in response to the applied forces or boundary 

conditions. OpenGeoSys uses an explicit time marching solution scheme and a form of dynamic 
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relaxation. Because the solution is by numerical relaxation, and no matrices are formed, large 

three-dimensional calculations can be made with modest memory requirements (Bottcher et al. 

2015). The hydraulic permeability and porosity assigned in Matlab and input into OpenGeoSys 

represent initial conditions, although explicit rules governing the permeability as the rocks are 

deformed can be added. However, most of the hydrodynamic action in the models is a 

consequence of the change of volume affecting the hydraulic head, induced as a consequence of 

the deformation of dilatant rock materials (Kolditz et al. 2012c, 2018, Shao 2015). 

 

 

Figure 4. Different views of the first synthetic model, length units are in 

meters. a) The top surface of the cuboid; b) The bottom surface of the cuboid c) 

3D view of the cuboid showing the west and south faces on the left and right. 
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3.2 Parameters 

The physical properties applied to the synthetic model are shown in Table 2, data sources are 

discussed in Chapter 4 and references therein. Grain density is the physical property that varies 

the most among the rock types. Rhyolite has a narrow distribution of density values, around 2.62 

g/cm3. Intrusive rocks like tonalite have generally higher densities, around 2.74 g/cm3. In 

greenstone belts, basalts have a wide range of density values from 2.7 g/cm3 to 3.1 g/cm3, 

possibly a function of the degree of hydrothermal alteration. Rocks inside the fault have the 

lowest density with values ranged from 1.1 g/cm3 to 2.4 g/cm3. The average density of a fault 

zone is 2.3 g/cm3 according to (Blöcher et al. 2010).  

Table 2.  Properties applied to the synthetic model (see sources in Chapter 4) 

The present work focuses on simulating the coupled fluid dynamics and resulting temperature 

field (i.e. T-H simulation). Accordingly, the above description of the numerical aspects of the 

OpenGeoSys software covers only hydrothermal processes. A more detailed description taking 

rock deformation mechanics into account may be found in Watanabe et al. (2010). 

 

3.3 Initial and boundary conditions 

Properties Symbol, unit  Basalt Rhyolite Tonalite Fault 

Thermal conductivity λ, W/(m∙K) 

min 0.70 0.90 1.38 0.60 

max 1.37 1.08 2.07 0.60 

Density 𝜌𝑠, kg/m3 

min 2700 2526 2646 1100 

max 3070 2690 2855 2400 

Poisson’s ratio 𝑣, dimensionless 

min 0.18 0.23 0.25 0.26 

max 0.43 0.43 0.43 0.43 

Young's modulus E, GPa 

min 31.0 13.9 26.5 38.0 

max 78.2 23.8 48.9 47.5 

Heat capacity c, J/(kg K) 

min 1825 1265 2052 2100 

max 2001 1380 2236 2200 

Thermal expansion α, 1/K 

min 6.00-06 8.00E-06 6.50E-06 8.00E-06 

max 6.00E-06 7.00E-05 2.00E-05 8.00E-06 
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For the thermal mechanics coupling simulation, zero pressure is applied at the top face z = H 

which means that this face is free, all other faces are sliding planes. Gravity is applied in the 

negative z-direction. The simulation starts from the initial temperature T0 = 500 ℃ at the top 

surface and comprises one time-step applying an instant temperature change with temperature 

T1 = T0 +∆T at the bottom surface (z = Height - H). ∆T is the temperature gradient which is 

fixed at 25 ℃/km. The presented time step is selected between 1s to 50 Ma and after several 

rounds of experiments when the result is stable (5 significant figures).   

3.4 Results and discussions 

As shown in Figure 5, higher heat flux values are observed above the tonalite intrusion. 

Antiform fold or synform fold shapes return the similar results with respect to heat flux. The 

results of heat flux show that the fault is at lower values at all depth. Heat flux is a vector and it 

is defined as the flow of energy per unit of area per unit of time (Shalev et al. 2007). During the 

simulation, the heat flow in the fault zone responds quickly to the temperature change presented 

at the bottom of the block. Negative heat flux is considered as heat leaving the domain, at the 

same time positive heat flux is considered as heat entering the domain. At the end of the 

simulation, the heat flow in the fault zone tends to be stable. Therefore, the fault zone has a 

significant impact on physical processes controlling heat transfer in the subsurface as they 

disturb the conformal succession of geological layers.  

 
Figure 5. Result of the synthetic model – heat flux, unit in W/m2. a) The top 

surface of the cuboid; b) The bottom surface of the cuboid 

a)                                                                     b)              
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Figure 6. Result of the synthetic model – displacement magnitude, unit in m. 

a) The top surface of the cuboid; b) The bottom surface of the cuboid 

As shown in Figure 6, higher displacement magnitude values are observed in the rhyolite block. 

Antiform fold or synform fold shapes return the similar results with respect to displacement. 

The results of displacement show the pressure gradients might potentially support channeled 

flows inside extremely permeable areas, for the pattern of fault can be noticed in the result. 

The synthetic modeling results indicate that modeling algorithms worked as expected. From the 

present model, the temperature gradients might also promote channeled flows in highly 

permeable zones, which are typically observed in the fault zones. The results agree with the 

previously documented temperature patterns: e.g. Bächler et al. (2003) explained temperature 

undulations along a permeable faulted zone in terms of hydrothermal convective patterns. In 

literature, the presence of localized fluid flows is usually explained by pressure gradients 

(Sibson, 2004; Oliver et al., 2006). In active geological settings in which syn-volcanic faults cut 

strata composed of unconsolidated volcaniclastic or siliciclastic rocks with high permeability 

and porosity, ascending hydrothermal fluids may defuse laterally away from the fault and 

discharge over a large area (Dusel-Bacon 2010). The cumulative effects of pressure gradients, 

permeability, porosity will also be discussed in the following chapter.   
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Chapter 4 

4 Geomechanical simulation: fluid flow modeling in the Malartic 
gold camp  

Over 80 years of gold mining and geosciences knowledge in the Malartic mining camp (De 

Souza et al., 2020 and reference therein) make the area an appropriate case study to model fluid 

flow and determine spatial relationships with gold mineralization, which may ultimately help 

future prospectivity analysis in similar environment. The Canadian Malartic mining history is 

an excellent example to demonstrate the application of modern empirical ore deposit models to 

previously mined areas, even using old databases, can achieve success and lead to world class 

discoveries.  

4.1 Geological setting of Malartic district, Quebec 

The Malartic district is located along the Larder Lake–Cadillac fault zone in the southeastern 

Abitibi greenstone belt, and it straddles the contact between mafic-ultramafic meta-volcanic 

rocks of the Piché Group and meta-greywacke-mudstone sequence of the Pontiac Group to the 

south (Figure 6). Although some mineralization is hosted by meta-volcanic rocks, most of it 

occurs within the meta-sedimentary domain, where gold ore is spatially associated with small 

porphyritic monzodiorite and diorite intrusions (Perrouty et al., 2017, De Souza et al., 2020). 

Regional Neoarchean (~2.7 Ga) geology consists of ultramafic to mafic meta-volcanic rocks of 

the Malartic and Piché groups, felsic and mafic meta-volcanic rocks of the Louvicourt and 

Blake River groups, and meta-sedimentary rocks of the southern Abitibi basins (Cadillac, 

Pontiac and Timiskaming groups, Monecke et al., 2017). The area has experienced a complex 

structural history (Perrouty et al., 2017). The geology and gold metallogeny of the southeastern 

Superior Province and more specifically the southern Abitibi greenstone belt are summarized in 

De Souza 2020 and references therein. Major E-trending ductile-brittle fault zones divide the 

Abitibi greenstone belt in Québec and Ontario (Figure 1): the Porcupine-Destor and Larder 

Lake-Cadillac fault zones are subvertical (70 – 90 degree) fault zones, defined by strong 

deformation across widths ranging from tens to hundreds of meters, and are the first order 

regional controls on orogenic gold endowment (Monecke et al., 2017). Mafic to ultramafic 
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volcanic rocks and talc-chlorite-carbonate schist are associated with high-strain corridors that 

characterize the fault zones (Simard et al., 2013).  

 
Figure 7. Map of the study area. Gold occurrence are defined as a content 

equal to or greater than the prescribed threshold (1000 ppb for gold). 

The majority of gold produced in the Malartic camp came from disseminated-stockwork gold 

mineralization, which is commonly hosted by porphyritic intrusions and linked with sodic-

potassic hydrothermal alteration, as seen at the Canadian Malartic and Camflo mines. The 

alteration consists mainly of K- and Na-feldspar formation, accompanied by carbonatization, 

silicification and biotitization (Gaillard et al., 2018, Perrouty et al., 2017, 2019). 

4.2 Database 

Lithology, structural data and mineral occurrences were queried from the SIGEOM website, 

which contains more than 150 years of combine information from geological surveys, mining 

exploration companies, academic researchers and other sources 
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(http://sigeom.mines.gouv.qc.ca). This website allows access to available geoscientific and 

descriptive data by using various search criteria applied to themes or to Canada National 

Topographic System 1:50,000 map sheets. Files are delivered in ArcGIS File Geodatabase 

(FGDB), ShapeFile (SHP), Geopackage (GPKG), Comma-Separated Values (CSV) and 

Keyhole Markup Language (KML) formats. Note that available data are continuously updated, 

the data used in this paper was last updated on 30 October 2020.  

4.3 Rock properties 

Rock physical properties are controlled by multiple parameters including mineralogy and 

structures. The physical properties applied to the thermal-mechanical and hydro-mechanical 

coupling simulation are shown in Table 3. All the values are presented as max and min, most of 

them are present as the average value of the max and min in the numerical simulation but some 

is slightly adjusted (±5%) to full fill the decimal requirement. 

Density is highly dependent on the mineralogy and porosity. The integration of magnetic 

susceptibility and grain density measurements with mineralogical attributes of the Canadian 

Malartic deposit and host rocks led to the characterization of the petrophysical footprint of this 

hydrothermal deposit. Overall, rock density ranges between 2.1 - 3.2 x 103 kg/m3 (Bérubé et al. 

2018).  

Mineralogy, chemical composition, temperature, pressure, and crystallography all influence 

thermal conductivity in rocks (Condie and Benn, 2013). No thermal conductivity data are 

available for the Canadian Malartic rocks. Based on literature, the thermal conductivities of the 

mafic intrusive (troctolite) samples range 3.06–3.83 W/(m·K) (Dusel-bacon 2010); the thermal 

conductivity of granite ranges between 3 and 3.5 W/m∙K (Roberti 2018); the thermal 

conductivity of volcano-sedimentary rock (tuff) ranges between 1.4 W/m∙K and 2.46 W/m∙K 

(Xiaoqing et al. 2018). The difference between Archean and fresh modern rocks can only 

increase the Archean crust's mean thermal conductivity by a few percent (Artemieva and 

Mooney, 2001). 

The mechanical stability depends on crystal size, on the degree of stratification and on mineral 

composition. The response to mechanical loading can be characterized as brittle and non-plastic 
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(Lesher and Spera 2015). Overall, Young's modulus ranges between 1x103 and 9x104 MPa 

(Saiang 2011, Morgan and Schulz 2010, Wave et al. 1991, Keppie 1986). It decreases with 

increasing mica content and increasing crystal size. 

Poisson's ratio spans from 0.2 to 0.6. Quartz-rich sedimentary rocks are most likely to have low 

Poisson's ratios, according to experimental observations (e.g., Ji et al. 2018), because their 

major constituent mineral already has a very low Poisson's ratio and they include microcracks, 

micropores, and secondary minerals.  

Typical permeabilities for all rock types range from 10-20 m2 (i.e., 0.01 µDarcy) to 10-7 m2 (i.e., 

105 Darcy) (Kenneth Wohletz, 1992). The growth of quartz, mica and other greenschist 

metamorphic minerals would have contributed to the destruction of primary pore-space, with 

estimates ranging from 10-13 to 10-9 m2 (Mielke et al. 2015). 

Porosities are generally around 1% or less (Morrow and Lockner 2001). The relative high 

porosities of volcaniclastic rocks (8 to 16%) account in part for their densities being lower than 

those of granitoid suites (2 to 6%) (Liu et al. 2016). The porosity of welded tuff is commonly 

10-40% (Soeder and Dishart 1992), but can be considerably higher in non-welded tuff 

(Farquharson et al. 2019). Basalt is characterized by very low average porosity, around 1%, but 

fresh samples can also present with a porosity around 7% (Hamouda et al. 2014, Wu et al. 

2020).  
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Table 3. Properties applied in the thermal mechanics and hydro mechanics coupling simulation for the Malartic 

area 

 

  Thermal 
conductivity 

Density 
Poisson’s 

ratio 
Young's 
modulus 

Heat 
capacity 

Thermal 
expansion 

Porosity Permeability 

  W/(m∙K) 103kg/m3 - GPa J/(kg∙K) 10-61/K % m2 

  Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max 

1 Felsic 
intrusive 
rocks 

1.38 2.07 2.6 2.9 0.25 0.43 26.5 48.9 1900 2050 6.50 20 1.4 8.2 3.E-16 2.E-11 

2 Mafic 
intrusive 
rocks 

0.72 1.20 2.8 3.1 0.26 0.43 6.46 99.8 1580 1750 6.0 12 0.3 2.7 1.E-21 1.E-17 

3 Felsic 
volcanic 
rocks 

0.90 1.08 2.5 2.7 0.23 0.43 13.9 23.8 1260 1380 8.0 70 2.7 6.7 3.E-18 7.E-11 

4 Mafic 
volcanic 
rocks 

0.70 1.37 2.7 3.1 0.18 0.43 31.0 78.2 1820 2000 5.7 6.0 1.0 8.7 3.E-14 3.E-10 

5 Ultramafic 
volcanic 
rocks 

0.24 1.80 2.8 3.2 0.19 0.43 9.50 76.0 1520 1610 8.0 20 0.9 7.7 1.E-15 1.E-10 

6 Sedimentary 
rocks 0.77 2.23 2.4 2.7 0.26 0.43 12.0 49.4 1650 1820 5.0 19 2.4 15.0 9.E-13 5.E-11 

7 Fault zone 0.5 0.6 1.1 2.0 0.60 0.60 38.0 47.5 2100 2200 8.0 8.0 1.0 20.0 1.E-15 1.E-8 
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4.3 Model set up 

Fluid/rock oxygen and hydrogen isotope exchange modeling at Canadian Malartic indicate that 

the isotopic footprint formed at relatively low fluid/rock ratios up to 0.5 at temperatures near 

350–400 °C (Raskevicius et al. 2020). Peak metamorphic conditions up to 500 MPa and 570 °C 

have been documented (Gaillard et al., 2018; Piette-Lauzière et al., 2019). For the thermal 

mechanics coupling simulation, 300 MPa (i.e., 3 kbar) is applied at the top face. Gravitational 

acceleration is in the negative z-direction. The simulation starts from an initial temperature T0 = 

500 ℃ to represent the gold generation conditions at 15-20 km crustal depth and comprises one 

time-step applying an instant temperature change with temperature T1 = T0 +∆T at the bottom 

surface and temperature T0 at the top surface (z = Height). ∆T is the crust temperature gradient, 

which equals to 25 ℃/km (Harcouët-Menou et al. 2009). 

 

Figure 8. 3D view of the model, spatial units are in meters  

The model shown in Figure 8 and Figure 9, is based on the map shown in Figure 7. The domain 

of the model is an elastic cuboid of height H = 1100 m and edges parallel to the x-y-z 

coordinate axes. The North-South extension is about 7300 m. The East-West extensions is 

about 19,700 m, resulting in a horizontal model area of 144 km2. The model is discretized by an 

irregular mesh of hexahedral elements and is tessellated with a voxel size of 80 × 80× 80 m. 

The final 3D mesh used for all numerical simulation consists of 300,000 elements. To solve the 
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equations that were listed in the methodology section, physical properties have been assigned to 

all domains of the model.  

 
Figure 9. Top surface of the model, colored by the eight rock types listed in 

Table 3 

4.4 Result 

 
Figure 10. Result of the thermal mechanical simulation – Heat flux (unit: 

W/m2). a) The top surface of the cuboid; b) The bottom surface of the cuboid 

Result of thermo-mechanical simulation shows a similar pattern with the geological map. 

Similar to the synthetic model, the result of the Malartic mine camp model (Figure 10) shows 

that the faults and fractures have important repercussions on heat transfer physical processes. At 

the top surface, lower heat flux values are observed around the fault zones and meta-volcanic 

rocks. At the bottom surface, lower heat flux values are observed around the fault zones, NE 

corner and intrusive rocks. During the simulation, the heat flow in the fault zone responds 

quickly to the temperature change presented at the bottom of the block. At the end of the 

simulation, the heat flow in the fault zone tends to be stable. They present as favorable areas of 

heat transfer, and play a major role in controlling fluid-flow distribution.  
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Figure 11. Result of the hydro-mechanical simulation - regional stress 

directions (unit: N/m2). a) x direction (up-The top surface of the cuboid; bottom-

The bottom surface of the cuboid; b) y direction; c) z direction; d) xy direction; 

e) xz direction; f) yz direction 

According to Bierlein et al. (2006), if the regional stress direction at the time of mineralization 

can be inferred, the orientation and location of ore shoot hosting dilation zones can be 

predicted. In this study, regional stress distribution (Figure 11) shows the temperature gradients 

a)   b)  

 

 

 

 

 

c)                                                                          d) 

 

 

 

 

 

          e)                                                                             f) 
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might potentially support channeled flows inside extremely permeable areas, generally seen in 

the fault area, which follows the distribution of the ultramafic meta-volcanic rocks. 
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Chapter 5 

5 Spatial integration of fluid flow modeling results with known 
gold occurrences 

Mineral prospectivity analysis traditionally considered generic and more flexible mineral 

systems models based on the underlying mineralization processes and their mappable features 

(Knox‐Robinson and Wyborn 1997, Kreuzer 2005, Kreuzer et al. 2008, McCuaig et al. 2010). 

In the mineral systems approach, the critical mineralization processes act together to form a 

mineral deposit include (Wyborn et al. 1994): (1) establishment of energy gradients to drive the 

system; (2) generation of hydrothermal fluids; (3) extraction of metals and chemical ligands for 

metal complexation from suitable sources; (4) transportation of metals from sources regions to 

trap (i.e., effective melt or fluid channels) zones; (5) deposition of metals triggered by chemical 

and physical processes that alter the make-up of melts or fluids migrating through trap zones; 

and (6) preservation of mineral deposits through time. A major challenge is that only the results 

of processes can be mapped, not the processes themselves (McCuaig et al. 2010). For example, 

the existence of a chemical or physical gradient in an orogenic gold system can only be 

recognized by proxies such as alteration minerals or lithogeochemical analyses. 

An important concept was introduced to the literature by Cox et al. (1991) who suggested that 

ore formation in orogenic gold systems might be related to the development of focused, 1D 

fluid-flow paths through a host network of intersecting fractures. They further suggested that 

these fluid paths may be connected to underlying over pressured reservoirs and that episodic 

fluid pulses along these paths might reinforce their susceptibility to reactivation by localized 

preferential weakening along the flow path (i.e., a type of self-organization). Hronsky et al.  

(2020) and McCuaig et al. (2010) introduced the generalized concept of ore formation (of many 

different types) as the product of self-organized critical systems, with ore deposition occurring 

within, or at the discharge point, of fluid exit conduits that were transiently sourced from 

underlying over pressured reservoirs, as part of a multiply-repeated process organized into the 

same rock volume. 

This work proposes to evaluate the spatial relationships between the heat flux, its gradient, the 

inferred regional stress direction and the distribution of orogenic gold occurrence. Ultimately, 
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objective is to assess whether implementing thermo-mechanical simulation of a realistic model 

can provide valuable data for prospectivity analysis which can lead to better ore targeting. 

5.1 Weights estimate - evidence maps 

To evaluate the reliability of the simulation result and put the experimental data in to use, the 

eight maps are considered: 

1. Heat flux 

2. Heat flux gradient 

3. Regional stress directions – x direction  

4. Regional stress directions – y direction  

5. Regional stress directions – z direction  

6. Regional stress directions – xy direction  

7. Regional stress directions – xz direction  

8. Regional stress directions – yz direction  

Based on the available spatial datasets in the study area, the maps in Figure 10 and Figure 11 

have been redraw (appendix A, figures A1 to A8) as eight individual evidential maps to analyze 

their statistical correlation with gold deposits. Result are expressed as vectors and the only 

differences between the top surface and bottom surface is the sign: for example, as shown in the 

Figure 10, the result of heat flux has the exact same pattern at the top and the bottom surface. 

The spatial integration is proceeded with the result of the top surface. The spatially continuous 

values have been normalized and adjusted to obtain discretized evidential maps (appendix B, 

figures B1 to B8). The adjustment involves a transformation using a logistic function to display 

unbounded values in a [0,1] range (Bishop 2014). For instance, in the appendix A, figure A3, 

the result of the regional stress direction in the x-direction is ranged from 0 to 15 Mpa, but the 

transformed value on the right is ranged from 0 to 1. The main reason for such transformation is 

to map disparate datasets with different units and ranges and distributions into a comparable set 

of values (Micheli-Tzanakou 2000). The result of transforming variables using a logistic 

sigmoid (or S-shaped) function gains an optimal decision boundary for classification (Bishop 

2014, Yousefi and Carranza 2015b). Furthermore, a logistic sigmoid transformation plays an 
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important role in many classification algorithms and pattern recognition (Bishop 2014), such as 

statistics, neural networks, machine learning, and expert systems (Micheli-Tzanakou 2000, 

Berthold and Hand 2003). For instance, Yousefi and Carranza (2015b) used the logistic 

function to transform continuous value spatial evidence without classification for fuzzy logic 

mineral prospectivity mapping. 

Evidence maps with continuous spatial weights can be created without the use of locations of 

known mineral occurrences or without discretion in some arbitrary classes by using a logistic 

function (Nykänen et al. 2008, Yousefi et al. 2012, 2013, Yousefi and Carranza 2015a, 2015b, 

2016, Yousefi and Nykänen 2016). The use of a logistic function prevents the disadvantage of 

data-driven methods in terms of stochastic error in delineating target areas which are generally 

represented near and around conceived mineral events and avoids the disadvantage of 

knowledge-driven approaches to the systemic error deriving from continuous value 

discretization (Coolbaugh et al. 2007). For more information about discretization and feature-

engineered, see Wiley (2015, available at https://www.oreilly.com/library/view/data-mining-

algorithms/9781118950807/).  

Table 4. The extracted parameters from intersection point of prediction-area (P-A) 

plots for maps of transformed spatial evidence values (appendix B, figures B1 to B9) 

Two curves are displayed in a P-A plot of an evidence map: the curve of prediction rate of 

known mineral occurrences corresponding to the classes of the weighted evidential map, and 

the curve of percentage of occupied areas corresponding to the classes of the weighted 

evidential map (Yousefi and Carranza 2015a). The parameters of the intersection points in the 

Evidence map Prediction 
rate (%) 

Occupied 
area (%) 

Normalized 
density (𝑁𝑑) 

Weight 
(W) 

Heat flux gradient 79 21 3.76 1.32 

Heat flux 61 39 1.56 0.45 

Regional stress directions – yz direction 52 48 1.08 0.08 

Regional stress directions – z direction  49 51 0.96 -0.04 

Regional stress directions – x direction  44 56 0.79 -0.24 

Regional stress directions – xz direction 40 60 0.67 -0.41 

Regional stress directions – xy direction 36 64 0.56 -0.58 

Regional stress directions – y direction  35 65 0.54 -0.62 
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P-A plots are shown in Table 5. Normalized density and weight are calculated based on Eq. 2.8 

and Eq. 2.9. It is organized in the order of evidence maps in terms of their relative importance is 

defined quantitatively using the data-driven way as 1) Heat flux gradient, 2) Heat flux, 3) 

Regional stress– yz direction, 4) Regional stress – z direction, 5) Regional stress – x direction, 

6) Regional stress – xz direction, 7) Regional stress– xy direction, and 8) Regional stress – y 

direction.  

This order shows that in the study area: 1) Heat flux gradient, with a prediction rate of 74%, is 

the most important criterion when using the simulation result to predict the gold deposit 

locations in the Malartic camp; 2) Regional stress– y direction, with a prediction rate of 35%, is 

the second important criterion, but it will be used in an inverse direction; 3) Regional stress– xy 

direction, with a prediction rate of 36%, is the third important criterion and it will also be used 

in an inverse direction; 4) Heat flux, with a prediction rate of 61%, is the next important 

criterion of using the simulation result to predict the gold deposit in Malartic camp. Evidential 

layers themselves and prospectivity maps that have the normalized density > 1 are good 

predictor of mineral sites (Mihalasky and Bonham-Carter 2001). Among the eight units, there 

are four of them which have a prediction rate near 50%. Those evidence maps are not 

meaningful criterions to predict the gold deposit in Malartic camp because the prediction rate 

for any random dataset will be near 50%.  

5.2 “Prospectivity” map 

 
Figure 12. The multi-index overlay fonction derived from two evidential maps 
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believed to be independent, the heat flux gradient and regional stress direction 

in y direction. Map generated using Eq 5.1 (see text for details). 

 
Figure 13. a) Continuous map of transformed value of the final grade 

(dimensionless), grey squires represent gold occurrences; b) Prediction-area (P-

A) plot for the discretized map of the transformed final grade 

Conventional WofE will allow usage of omnibus tests to identify which theme is affected by 

CD and subsequent mitigation should be sought to obtain correct posteriors. But weighted index 

overlay is incapable of accounting for independence and often resulting weights represent 

inflated favorability. Therefore, to respect the basic assumption of the WofE that predictor 

variables should be independent and reduce the inflation, only two of the variables, the weight 

of the heat flux gradient and the weight of the regional stress direction in the y direction are 

used. Therefore, Eq. 2.11 has been rewritten as:  

𝑂𝑀𝐼𝑂 =
𝑇𝑉𝐻𝐹𝐺𝑊𝐻𝐹𝐺+𝑇𝑉𝑦𝑊𝑦

𝑊𝐻𝐹𝐺+𝑊𝑦
                                                (5.1) 
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Where 𝑊𝐻𝐹𝐺  𝑎𝑛𝑑 𝑊𝑦 are respective objective weights of the pixel in the evidence maps of the 

heat flux ingredient and the regional stress direction in y direction; 𝑇𝑉𝐻𝐹𝐺 𝑎𝑛𝑑 𝑇𝑉𝑦 are 

transformed evidential values of pixels in the corresponding evidence maps. The original 𝑂𝑀𝐼𝑂 

value has been transformed and discretized into 7 levels as shown on Figure 12. The black dots 

present the gold occurrence according to their coordination. The different mesh sizes used in 

the thermodynamic and hydraulic simulations resulted in noise and dissonance points in the 

results. Therefore, all seven levels appeared in disturbed pixels along the 4 edges and in the 

study area will be trimmed from further analysis. The trimmed area is most included in the 

lowest prospectivity, Level 7 (dark grey in the prospectivity map). The next higher 

prospectivity, Level 6 (lighter grey) is following the distribution of metasedimentary and felsic 

igneous rocks, which contains 20.6% of the gold occurrences. The Level 5 (red) is mainly at the 

edge of fault zones. It contains 33.7% of the gold occurrences. Level 4, Level 3 and Level 2 

(yellow, green, and lighter blue) are most likely following the trend of the fault zone associated 

with certain rock types, which contain 21.7%, 7.6% and 10.9% of the gold occurrences. Level 1 

(dark blue) include 3.3% of the gold occurrences, but there are very few dark blue pixels on the 

map. 

Based on the intersection point in Figure 13.b, the multi-index overlay map (Figure 13.a) 

predicts 19% of the study area as prospective in which 81% of the known gold occurrences are 

delineated (Figure 13.b). So, the normalized density is 4.26 (81/19) and its weight is 1.45 

(ln(4.26)) indicating noticeable association with mineralized sites. This weight is larger than the 

weight of heat flux gradient alone (1.32). 

These results demonstrate that such a numerical simulation can be used as evidential layers to 

enhance prospectivity maps for orogenic gold deposits, based on the assumption that 

normalized density > 1 are good to predict mineral sites (Mihalasky and Bonham-Carter 2001). 

5.3 Discussion and limitations 

The results provide an effective method for implementing the result of 3D finite element 

models in geostatistical analyses. As such, the inferential steps used in this study might also be 

useful on any geothermal modeling research at multiple scales. Among many parameters such 
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as initial displacement, pressure, and the temperature influence on gold precipitation and 

distribution, this study shows that physical parameters like the specific thermal capacity can 

provide significant insight to map favorable zones for orogenic gold mineralization. Pressure 

gradients are often invoked as efficient mechanisms for producing high fluid-flow rates (Sibson 

et al., 1988, Groves et al., 2003), although some authors (Ord et al., 2002, Kolditz et al., 2012a) 

consider that the combination of local high-fracture permeability and high temperature gradient 

may be sufficient for hydrothermal convection to occur at the scale of a mineralized system. It 

is thus important to document or numerically predict temperature distributions to predict the 

mineral alteration patterns and the occurrence of ore deposits.  

Both the results of thermal mechanical simulation and hydromechanical simulation highlighted 

that rocks’ physical parameters along faults or intrusive contacts have the potential of indicating 

favorable areas for gold mineralization in a 3D space. Even though spatial integration result 

somewhat proved that the model is realistic and reliable, further repeated trials are encouraged, 

and the model can then be tested and validated again. At the same time, there are challenges 

underlying this application: 

First, the result of a conceptual model numerical simulation model of the deposit-type is not 

entirely reliable. In this study, the edges of the model are disturbed and can’t be used with 

confidence in the spatial analysis. A major issue is the lack of knowledge of the 3D architecture 

of the plumbing system and the multitude of factors that must coincidence for a fluid to source, 

transport, and deposit gold in economic concentrations. Here, the simulation program is 

designed to represent a simple geological setting as a proof of concept, if more complexity is 

added to the program, including 3D geometries and regional or contact metamorphisms 

constraints, the result might change. 

Second, rock classification is critical for this research because a different mineral and 

geochemical composition can lead to different physical properties. Improper classification will 

cause incorrect rock properties being assigned to each cell, which will distort the results of 

thermal mechanical simulation. Collecting petrophysical data systematically prior to modeling a 

new region would minimize this noise and is encouraged. Here, however, many of the physical 

parameters are not collected from samples site but assumed based on the common or average 
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value from the literature. Because most of the physical performance tests in the literature are set 

in room temperature (25℃) and common pressure (1 bar), part of them are assumed by using 

either an empirical formula charts or tables (e.g. Robertson and Hemingway 1977). So, the true 

values of the physical parameters are unknown, the assumed value in this study might therefore 

limit the accuracy of the numerical simulation. 

Third, the limitation of the weights estimates approach. The estimation approach borrows from 

WofE for integrating the weights didn’t concern the independence assumptions. It is a bias in 

the overestimation of posteriors. Weighted index overlay is incapable of accounting for 

independence and often resulting weights represent inflated favorability. Conventional WofE 

will allow usage of omnibus tests to identify which theme is affected and subsequent mitigation 

should be sought to obtain correct posteriors. Further study can make improvement by applying 

the conventional WofE or other statistical analysis method. 

Despite these limitations, this work shows that 3D finite element models for coupled fluid and 

heat transport simulations have the potential of indicating favorable areas for gold 

mineralization in a 3D space. Even through the original finite element size (80m) was chosen 

because of the hardware limitation, the relatively rough mesh still provides a noticeable 

valuable result. In future prospectivity studies, for instance, use the Machine learning methods 

and experts’ feedbacks in the selection procedure of evidence maps can improve the accuracy 

of a similar approach. If more evidences are involved, they can enhance the ore targeting and 

lead to new deposits discovery in greenstone belts. 

 

5.4 Conclusion 

Three-dimensional numerical modelling of heat and fluid flow creates output grids, some of 

which show a spatial association with the distribution of orogenic gold deposits in the Malartic 

camp. Results highlighted that the consideration of rocks’ physical parameters along faults or 

intrusive contacts in 3D finite element models for coupled fluid and heat transport simulations 

has the potential of indicating favorable areas for gold mineralization in a 3D space (i.e., 81% 

of the known gold occurrences are contained within 19% of the mapped area). It also shows 
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that the edges of major fault zones provide the most prospective area for gold mineralization. 

The heat flow gradient and y directed stress were fold to be the most important simulation 

outputs for assisting in mineral prospectivity. Recognizing the importance of large crustal-scale 

faults in deposit formation has significant implications for mineral prospecting. The subjectivity 

of the weight assignment in the knowledge-driven index overlay approach may be avoided by 

adopting the objective multi-index overlay approach described in this work. Implementing a 

similar approach in future prospectivity studies could also enhance ore targeting and lead to 

new deposits discovery in greenstone belts.   
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Appendix A 

 
Appendix A1 a) result of the thermal mechanical simulation – Heat flux (unit: W/m2). b) 

the curve of the number of pixels corresponding to the transformed heat flux value 

and the curve of the number of known mineral occurrences corresponding to the 

transformed heat flux value  

 
 

Appendix A2 a) result of the thermal mechanical simulation – Heat flux gradient 

(dimensionless). b) the curve of the number of pixels corresponding to the transformed 

heat flux gradient value and the curve of the number of known mineral occurrences 

corresponding to the transformed heat flux gradient value  
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Appendix A3  a) result of the regional stress directions – x direction (𝝈𝒙𝒙, unit: N/m2). b) 

the curve of the number of pixels corresponding to the transformed 𝝈𝒙𝒙 value and the 

curve of the number of known mineral occurrences corresponding to the transformed 

𝝈𝒙𝒙 

 
Appendix A4 a) result of the regional stress directions – y direction (𝝈𝒚𝒚, unit: N/m2). b) 

the curve of the number of pixels corresponding to the transformed 𝝈𝒚𝒚  and the curve 

of the number of known mineral occurrences corresponding to the transformed 𝝈𝒚𝒚  

 
Appendix A5 a) result of the regional stress directions – z direction (𝝈𝒛𝒛, unit: N/m2). b) 

the curve of the number of pixels corresponding to the transformed 𝝈𝒛𝒛 and the curve 

of the number of known mineral occurrences corresponding to the transformed 𝝈𝒛𝒛  
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Appendix A6 a) result of the regional stress directions – xy direction (𝝉𝒙𝒚, unit: N/m2). b) 

the curve of the number of pixels corresponding to the transformed 𝝉𝒙𝒚 and the curve 

of the number of known mineral occurrences corresponding to the transformed 𝝉𝒙𝒚  

 
Appendix A7 a) result of the regional stress directions – xz direction (𝝉𝒙𝒛, unit: N/m2). b) 

the curve of the number of pixels corresponding to the transformed 𝝉𝒙𝒛 and the curve 

of the number of known mineral occurrences corresponding to the transformed 𝝉𝒙𝒛  

 
Appendix A8 a) result of the regional stress directions – yz direction (𝝉𝒚𝒛, unit: N/m2). b) 

the curve of the number of pixels corresponding to the transformed 𝝉𝒚𝒛 and the curve 

of the number of known mineral occurrences corresponding to the transformed 𝝉𝒚𝒛  
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Appendix B 

 

 

 a) Continuous map of transformed value of heat flux (dimensionless); b) 

Concentration-area mode (C-A), log plots for the transformed value of heat flux in 

a); c) Discretized map for the transformed value of heat flux; d) Prediction-area (P-

A) plot for the discretized map of the transformed fault density values in c) 
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 a) Continuous map of transformed value of heat flux gradient 

(dimensionless); b) Concentration-area mode (C-A), log plots for the transformed 

value of heat flux gradient in a); c) Discretized map for the transformed value of heat 

flux gradient; d) Prediction-area (P-A) plot for the discretized map of the 

transformed heat flux gradient values in c)  
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 a) Continuous map of transformed value of the regional stress in x 

direction (𝝈𝒙𝒙, dimensionless); b) Concentration-area mode (C-A), log plots for the 

transformed value of regional stress in x direction in a); c) Discretized map for the 

transformed value of regional stress in x direction; d) Prediction-area (P-A) plot for 

the discretized map of the transformed regional stress in x direction in c) 
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 a) Continuous map of transformed value of the regional stress in y 

direction (𝝈𝒚𝒚, dimensionless); b) Concentration-area mode (C-A), log plots for the 

transformed value of regional stress in y direction in a); c) Discretized map for the 

transformed value of regional stress in y direction; d) Prediction-area (P-A) plot for 

the discretized map of the transformed regional stress in y direction in c)  
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  a) Continuous map of transformed value of the regional stress in z 

direction (𝝈𝒛𝒛, dimensionless); b) Concentration-area mode (C-A), log plots for the 

transformed value of regional stress in z direction in a); c) Discretized map for the 

transformed value of regional stress in z direction; d) Prediction-area (P-A) plot for 

the discretized map of the transformed regional stress in z direction in c)  
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  a) Continuous map of transformed value of the regional stress in xy 

direction (𝝉𝒙𝒚, dimensionless); b) Concentration-area mode (C-A), log plots for the 

transformed value of regional stress in xy direction in a); c) Discretized map for the 

transformed value of regional stress in xy direction; d) Prediction-area (P-A) plot for 

the discretized map of the transformed regional stress in xy direction in c)  
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 a) Continuous map of transformed value of the regional stress in xz 

direction (𝝉𝒙𝒛, dimensionless); b) Concentration-area mode (C-A), log plots for the 

transformed value of regional stress in xz direction in a); c) Discretized map for the 

transformed value of regional stress in xz direction; d) Prediction-area (P-A) plot for 

the discretized map of the transformed regional stress in xz direction in c)  
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 a) Continuous map of transformed value of the regional stress in yz 

direction (𝝉𝒚𝒛, dimensionless); b) Concentration-area mode (C-A), log plots for the 

transformed value of regional stress in yz direction in a); c) Discretized map for the 

transformed value of regional stress in yz direction; d) Prediction-area (P-A) plot for 

the discretized map of the transformed regional stress in yz direction in c)  

 


