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Abstract  

Although intersection zones of two or more fault arrays have been identified as favorable loci of 

unconformity-related basin-basement mineral deposits in previous studies, their roles in 

controlling fluid flow patterns related to formation of oriented-, and structurally-controlled mineral 

deposits remain unclear. In this study, 3-D hydromechanical models were conducted to better 

understand the response of a natural fault intersected by a hydraulic fault under different stress 

regimes. A comprehensive parametric study was carried out to assess the roles of fluid pressure, 

burial depth, basin permeability, intersection angle, and horizontal differential stress on the 

hydromechanical response of a system containing two intersecting faults. Depending on basin 

sediment permeability, fault intersection angle, and horizontal differential stress, the fluid flow 

either stops, crosses, or diverts toward natural fault. Among the tested parameters, the intersection 

angle, and horizontal differential stress have the most noticeable effect on the fluid flow in the 

system. The critical intersection angle at which the fluid flow diverts toward the natural fault varies 

between ≈ 27˚ in normal faulting regimes, to ≈ 55˚, in both strike-slip and reverse faulting regimes. 

Conversely, burial depth and fluid pressure have no significant effect on fluid flow diversion in 

the intersection zone. The results are in agreement with field observations related to the 

unconformity-related uranium deposits found in northern Canada. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1. Introduction 

Unconformity-related basement/basin metallic mineral deposits such as Mississippi Valley-type 

(MVT), SEDimentary EXhalative (SEDEX), and Unconformity-Related Uranium (URU) deposits 

(also containing associated metals, such as As, Ni, Au, Pb, As, V, REEs, Mo, and Te) are 

considered to be the largest economic sources of major commodity metal(s). Although these 

deposits are different in terms of tectonic settings, formation mechanisms, and/or ages, they are all 

defined as structurally-controlled mineral deposits and display some common elements (Hoeve 

and Quirt, 1984, Leach et al., 2001; Muchez et al., 2005; Shepherd et al., 2005; Jefferson et al., 

2007; Wilkinson 2014; Emsbo et al., 2016 and references therein).  

In such systems, the flow of one or more fluids have been implicated in the formation of 

mineralization through fluid-rock or fluid-fluid (fluid mixing) interactions (e.g., Hoeve and Quirt, 

1984; Leach et al., 2001; Jefferson et al., 2007; Wilkinson, 2014). However, despite the fact that 

chemical reactions and mass transport are the main processes responsible for the formation of 

mineral deposits, their actual spatial locations essentially rely on fluid flow patterns that, in turn, 

are strongly influenced by fault systems at both basin and deposit scales. The formation of mineral 

deposits requires a large amount of fluid to be circulated between the source and depositional sites 

(e.g., Fayek and Keyser, 1997; Alexandre et al., 2009; Aquilina et al., 2011). In structurally-

controlled mineral deposits, faults and associated fractures (damage zone) are advocated as being 

favorable fluid pathways particularly in intrinsically low-permeability environments (Polito et al., 

2004; Huston et al., 2010). Therefore, the circulation of fluids through activated fault zones 

remains of broad interest to a variety of different mineral commodities (e.g., Sibson, 1995; Kyser 

et al., 2000; Ford et al., 2009; Cui et al., 2012; Power et al., 2012; Wilkinson, 2014; Emsbo et al., 

2016; Li et al., 2018; Eldursi et al., 2021a).  

During the last two decades, numerous numerical studies have been carried out to improve our 

understanding of the effects of fault geometries (e.g., fault dip, width, bend/jog angle, length, 

spacing and interconnection/intersections, mechanical properties, deformation rates, and host 

lithologies) on fluid flow patterns and formation of mineral deposits (e.g., Cui et al., 2012; Person 

et al., 2012; Li et al., 2018; Eldursi et al., 2021a and references therein). Among the 

aforementioned structural characteristics, and based on field studies and observations, fault 

intersections emerge as a strong structural attribute in the control of fluid flow patterns and 

therefore the loci of mineral deposits (Jefferson et al., 2007; Ford et al., 2009; Person et al., 2012; 

Huston et al., 2016). In the following, the term “intersection angle” designates the angular 

difference in strike between two intersecting fault planes and the term “intersection zone” defines 

the spatial location of their cross-cutting intersection (Peacock et al., 2016). 

Nonetheless, the role of intersection zones on fluid circulations and their effects on mineralization 

geometries is unclear. For instance, the uranium deposits in the Athabasca Basin, Canada show a 

good correlation between fault intersections and locations of the deposits (e.g., Jefferson et al., 

2007). In the eastern part of the basin, the deposits are aligned along NE regional deep-seated shear 

zones that are related to the Wollaston-Mudjatik Transition Zone at the regional scale (Fig. 1). 

However, U deposits demonstrate a change in orientation at the local scale (e.g.; Cigar Lake, 



 

Collins Bay, Key Lake, Millenium, and Sue deposits) or a deviation in their spatial distribution 

due to intersection zones of two or more superficial and local fault arrays that are not shown in 

figure 1 (e.g., J Zone (Fig. 1A #3), McClean North (Fig. 1A #4), Collins Bay (Fig. 1A #7), Midwest 

(Fig. 1A #10), Christie Lake (Fig. 1A #11), and Phoenix (Fig. 1A #12)). Therefore, the intersection 

zone may deviate locally the stress state, leading to impede or facilitate the activation of an 

intersecting fault. Thus, numerical approach may be required to better understand mechanisms that 

govern fluid flow at intersection zones. 

Furthermore, the fault-valve model was introduced by Sibson et al. (1988), Cox (1991), Cox et al. 

(2001), Cox and Ruming (2004), Cox (2005), and Pochon et al. (2018) among others, to explain 

the role of fault systems in transfer fluids from deeper crustal levels to shallower portions. Their 

studies highlighted the role of fault intersection as potential sites for governing and localizing fluid 

flow, and the formation of different mineral deposits (e.g., Ag, Zn-Pb-Ag, Fe-Cu-Pb-Zn, Sb-Au 

deposits). This model describes how deep basement fluids under supra-lithostatic regime can be 

discharged toward the upper crust. According to Sibson, (1996), Vidale and Shearer (2006), Shelly 

et al. (2014), and Ruhl et al. (2016), the injected fluid triggers faulting and provides a potential 

reactivation mechanism of preexisting fault systems. For what concerns the Athabasca Basin, 

previous works (e.g., Kotzer and Kyser, 1995; Jefferson et al., 2007; Chi et al., 2019) discussed 

the potential role of deep-seated regional faults as fault-valves to move and discharge deep 

basement fluids as an addition to the diagenetic-hydrothermal basement-sandstone fluid-fluid 

and/or fluid-rock interaction genetic model originally presented by Hoeve and Sibbald (1978), 

Hoeve and Quirt (1984), and Wallis et al. (1985). However, the studies did not explain how such 

a mechanism induces fault reactivation and formation of oriented ore deposits in the shallow 

crustal portion.  

The present study discusses: 1) the reactivation mechanisms of a two-fault system in response to 

hydromechanical processes at fault intersections; 2) the role of the intersection angle and faulting 

regimes (normal, reverse, and strike-slip faulting regimes, as described by Anderson’s model, 

1951) on the response of the fault system and on the fluid flow pattern (crosses, diverts or stops at 

the intersection); 3) the implication of the numerical results for the formation of oriented mineral 

deposits, in terms of their genesis and exploration.  

Although previous numerical studies have evaluated fault activation and permeability evolution 

due to fluid propagation using a similar discrete element approach (e.g., Pascal, 2002; Derode et 

al., 2015; Guglielmi et al., 2015; Huang et al., 2016; Cappa et al., 2018; Kakurina et al., 2019; Shiu 

et al., 2021), the present study is novel compared to previously-published studies as: 1) the 

boundary and initial conditions are constrained by field measurements and observations; 2) two 

layers (sedimentary basin and crystalline basement lithologies) of different permeabilities are 

considered, with fluid exchange between the layers and faults being allowed; 3) the models are 

applied at the scale of a mineral deposit; and 4) the study provides an explicit link between fault 

activation and formation of oriented mineral deposits. 

 



 

 



 

2. Geological setting of the Athabasca Basin and its uranium deposits 

Uranium deposits in the Athabasca Basin, northern Saskatchewan (Canada) are well known for 

their high-grade and large-tonnage reserves (IAEA, 2018). They have therefore been subjected of 

numerous and intensive studies of different kinds (e.g., economic geological, mineralogical, 

geochemical, structural, sedimentological, numerical) that have provided large field data and 

measurements (e.g., mineralization geometries, fault networks, physical parameters, 

metallogenetic models). Because of this, they have been used in this study as type example for 

unconformity-related basin-basement interaction mineral deposits. The Athabasca Basin 

comprises late Paleoproterozoic to Mesoproterozoic quartz arenite, with minor conglomerate and 

siltstone. Some stromatolitic carbonate, mudstone, shale, and siltstone occur at the top of the 

preserved sedimentary pile. The basin unconformably overlies Archean to Paleoproterozoic 

igneous and high-grade metamorphic rocks (granitic orthogneisses, felsic to mafic intrusive rocks, 

and metasedimentary paragneisses; ((Fig. 1B); for more details see Annesley et al., 2005; Jefferson 

et al., 2007; Card et al., 2018; Ledru et al., 2019; Poh et al., 2020, 2022; Ledru et al., 2023 and 

references therein). The URU deposits hosted by the Athabasca Basin and the underlying basement 

lithologies are classified as epigenetic unconformity-related, and structurally-controlled mineral 

deposits due to their proximity to the sub-Athabasca unconformity surface, and spatial correlation 

to fault systems. Furthermore, the fault systems in the Athabasca Basin are classified into two 

categories: 1) regional deep-seated shear zones (Fig. 1); and 2) superficial local reverse and strike-

slip faults (e.g., Hoeve and Sibbald 1978; Dahlkamp 1978; Tremblay 1982; Hoeve and Quirt 1984; 

Quirt 2003; Eldursi et al. 2021a; Poh et al. 2022) which are not shown in figure 1. However, the 

tectonic evolution of the deep-seated shear zones is still in debate (for more details see Annesley 

et al. 2005; Card et al. 2007; Jeanneret et al. 2016; Ledru et al. 2019; Poh et al. 2020; Eldursi et al. 

2021b; Poh et al. 2022; Ledru et al. 2023). Although the majority of discovered URU deposits are 

located mainly in the eastern part of the basin, within and along these regional deep-seated shear 

systems that are located within the Wollaston-Mudjatik Transitional Zone (WMTZ; Fig. 1A), their 

geometries and spatial distribution are controlled by  intersected local and superficial fault arrays 

(e.g., Eldursi et al. 2021a)..  

The intersection zones of two or more arrays of these superficial faults are associated with breccia 

zones, and are within clay mineral, hematization/bleaching, and silicification/desilicification host-

rock alteration haloes.  Unconformity (sandstone) mineralization can be found up to 40 m above 

and/or below the unconformity, while basement-hosted mineralization can occur up to several 

hundred metres below the unconformity (Hoeve and Quirt, 1984; Quirt, 2003; Jefferson et al., 

2007). 

The diagenetic-hydrothermal basement-sandstone interaction metallogenetic model for the URU 

uranium mineralization (Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984, Wallis et al., 1985) 

describes basement-sandstone fluid interactions and redox-controlled U mineralization that 

occurred near the sub-Athabasca unconformity. This model suggests that the deposits formed 

under reducing conditions near the unconformity through interaction between oxidizing basinal 

fluids and a reducing basement fluid and/or reduced basement lithologies (Hoeve and Sibbald, 



 

1978; Hoeve and Quirt, 1984; Wallis et al., 1985; Wilson and Kyser, 1987; Kotzer and Kyser, 

1995; Fayek and Kyser, 1997; Quirt ,2003; Jefferson et al., 2007; among others).  Further studies 

on the URU metallogenesis by Cloutier et al. (2009), Rhys et al. (2010), Boulanger (2012), Perkins 

et al. (2017), Benedicto (2018) IAEA (2018), Li et al. (2018), Li et al. (2021), Guffey, et al. (2019), 

Graham (2020), and Eldursi et al. (2021a), among others, have provided more details on the fluid 

sources and the fluid flow regimes.  Interaction of such fluids with each other (fluid-fluid 

interaction at the unconformity) and of basinal fluid with basement lithologies and fluids (fluid-

rock and fluid-fluid interactions occurring below the unconformity) resulted in precipitation of 

uranium and other metals (Quirt, 2003). 

The URU mineralization, as noted above, is also sub-classified according to its location relative to 

the unconformity surface to: 1) polymetallic basin-hosted uranium deposits that ride the 

unconformity and extend into the basin along cataclastic breccia and fracture zones (the egress-

style mineralization; e.g., Cigar Lake, Collins Bay, Fox Lake, Midwest deposits), and 2) 

monometallic, breccia- and vein-associated basement-hosted deposits (ingress-style 

mineralization, e.g., Rabbit Eagle Point, Arrow, Millennium deposits). Several deposits show both 

sub-classes of mineralization (e.g., McArthur River, Key Lake, Shea Creek). Disregarding the 

mechanisms through which the uranium deposits were formed (Kyser et al., 2000; Cuney, 2009), 

the metallogenetic model advocates fluid circulation through fault arrays at regional and local 

scales as an agent to dissolve, carry, and precipitate metals. Although the sources of the fluids are 

still a matter of debate, the form and shape of the alteration patterns point out different probable 

fluid flow episodes and, in the WMTZ, the northeast direction as a preferred fluid pathway at the 

regional scale. The map of regional alteration patterns of chlorite, dravite, and illite illustrates this 

northeast trend based on normative clay mineral determinations techniques applied to 6500 core 

samples from exploration drill holes (Fig. 1C; Earle and Sopuck, 1989). 

Thomas et al. (2016) provided a statistical analysis of the geometry of the uranium deposits of the 

eastern part of the basin. They demonstrate that the majority of mineral deposits typically have 

elongate forms and that the majority of them (≈65%) are oriented N50–60E, while the others vary 

between NNW to EW directions. Although detailed knowledge of fault networks is not available 

for all mineralization sites, several studies have emphasized that the mineralization are found at 

and along intersection zones between two or more fault arrays (e.g., Card et al., 2007; Jefferson et 

al., 2007; Li et al., 2018; Eldursi et al., 2021a). Additionally, the associated-faults are characterized 

by intense and well-developed microfractures and breccia zones, and reactivated in reverse or 

strike-slip modes (Card et al., 2003; Annesley et al., 2005; Card et al., 2007; Hillacre, 2018; 

Benedicto et al., 2021). Fayek and Kyser (1997) and Chi et al. (2018) show that, to form a large 

high-grade uranium deposit of limited volume, a huge amount of fluid is required to be focussed 

through that region. Accordingly, presence of oriented mineral deposits is used as an indicator of 

the main fluid flow path at mineralization sites. 

Recently, numerical modeling has demonstrated and discussed the potential roles of local 

structural architectures and basement lithologies in the formation of URU deposits. For instance, 

Li et al. (2018) discussed the potential effect of variations in basement lithology on dilation 



 

distribution within the rock matrix and, consequently, the formation of the Sue uranium deposits. 

Eldursi et al. (2021) demonstrated the critical role of local structural architecture (E-W triangle 

structural corridor formed by “extended-basement faults”) on the formation of the Cigar Lake 

uranium deposit and the potential role of these faults in the formation of the NNE-SSW plunging 

structure at the Sue deposits. Nevertheless, no study has been carried out to explicitly investigate 

the role of the hydromechanical process on fluid flow at intersection zones and, consequently, on 

the formation of URU mineralization. 

3. Numerical Modeling 

3.1 Numerical code and theoretical basis    

In this study, the 3D Distinct Element Code (3DEC, version 5.2; Itasca 2013) is utilized to simulate 

3D hydromechanically-coupled models of fault intersection zones subjected to pressurized fluid 

flow (e.g., Pascal, 2002; Cappa et al., 2018; Kakurina et al., 2019; Shiu et al., 2021). Discrete 

Element Models have proven effective in reproducing some observed fractured rock masses and 

real fault behaviors (Guglielmi et al., 2008; Yin et al., 2020). Rock blocks and faults are simulated 

as deformable blocks and inter-block contact surfaces, respectively. Each block is simulated as a 

deformable block based on a finite difference approach. The behavior of rock blocks is linear 

elastic as defined by Hooke’s law, and determined by their Young’s modulus (𝐸) and Poisson’s 

ratio (υ). The contact surfaces making up the faults are further discretized into sub-contacts. The 

linear elastic behavior of these sub-contacts that make up the fault surfaces is defined in both the 

normal and the shear directions as follows: 

                                                                               ∆𝐹𝑛 = −𝐾𝑛∆𝑈𝑛𝐴𝑐                             (1) 

                                                                               ∆𝐹𝑠 = −𝐾𝑠∆𝑈𝑠𝐴𝑐                                              (2) 

where ∆𝐹𝑛, ∆𝐹𝑠, 𝐾𝑛, 𝐾𝑠 , 𝑈𝑛, and 𝑈𝑠 are the normal and shear force increments (kN), stiffnesses 

(Pa.m-1), and displacement increments (m), respectively, and Ac is the contact area (m2). When 

Un>0 the fault dilates, as a result of either direct tensile or shear induced loadings, as expected for 

classical rock joints (Barton et al, 1973). 

Contacts can fail either in shear or in tension. The maximum admissible tensile normal force is 

defined as: 

                                                                                𝑇𝑚𝑎𝑥 = −𝑇𝐴𝑐                                   (3) 

with T being the tensile strength (Pa). When tensile failure occurs, the contact force is set to zero. 

The maximum admissible shear force is defined according to a Mohr-Coulomb criterion such as:  

                                                𝐹𝑚𝑎𝑥
𝑠 = 𝑐𝐴𝑐 + 𝐹𝑛 tan 𝜑                             (4) 

with 𝑐 the cohesion (Pa) and 𝜑 its friction angle. When shear failure occurs, contacts can then 

slide and shear induces dilation is computed as an additional normal force defined as follows: 

                                                                             ∆𝐹𝑛,𝑑𝑖𝑙 = 𝐾𝑛∆𝑈𝑠 tan ψ 𝐴𝑐                   (5) 

where ψ is the dilation angle defined as (tan ψ =
∆𝑈𝑛

∆𝑈𝑠

). 



 

Fluid flow is simulated in both blocks and faults, and exchanges are allowed between faults and 

blocks. In the blocks, fluid flow is governed by Darcy’s law: 

                     �⃗� = −
𝑘

𝜇𝑓
[∇𝑃𝑓 + 𝜌𝑓𝑔𝑧]                 (6) 

where �⃗� is the fluid flux (m.s-1), k is the permeability (m2), μf  is the fluid dynamic viscosity (kg.m-

1.s-1), ∇P is the gradient of pore pressure (Pa.m-1), 𝜌𝑓 is the fluid density (kg.m-3), 𝑔 is the 

gravitational acceleration (m.s-2), and 𝑧 the downward unit vector. In the faults, fluid flow is 

governed by the cubic law, where permeability is defined through the hydraulic aperture 𝑎ℎ 

(Witherspoon et al., 1980): 

                                             �⃗⃗� =
𝑎ℎ

3

12𝜇𝑓
[∇𝑃𝑓 + 𝜌𝑓𝑔𝑧]                                      (7) 

where 𝑄 is the flow rate per unit width (m2.s-1), 𝑃𝑓 is the fluid pressure (Pa), and 𝑎ℎ is the 

hydraulic aperture (m) which can be related to the permeability k through Darcy’s law (𝑎ℎ =

√12𝑘). 

The models used in this study are hydromechanically-coupled. The effect of pore pressure in the 

rock blocks is classically expressed through the effective stress concept, as defined in Biot’s theory 

(Biot, 1956): 

          𝜎𝑛
′ = 𝜎𝑛 − 𝑏𝑃𝑝                                              (8) 

where 𝜎𝑛
′  is the effective normal stress (Pa), 𝜎𝑛 is the normal stress (Pa), b is Biot coefficient. A 

similar relation applies to faults (Walsh, 1981) 

          𝜎𝑛
′ = 𝜎𝑛 − 𝛼𝑃𝑓                                              (9) 

where  is the effective stress coefficient. However, Terzaghi’s approximation (Terzaghi, 1923) 

is used in both relations (i.e., b and  are equal to 1). 

In the faults, the coupling between deformation and fluid pressure is established through the 

pressure diffusion equation: 

  
𝛿𝑃𝑓

𝛿𝑡
=

𝑎ℎ
2𝐾𝑓

12𝜇𝑓

𝑃𝑓 −
𝐾𝑓

𝑎ℎ

𝛿𝑎ℎ

𝛿𝑡
      (10) 

where the term 
𝐾𝑓

𝑎ℎ

𝛿𝑎ℎ

𝛿𝑡
 represents the change of fluid pressure within the fault due to the 

deformation of both the rock blocks and the fault, and 𝐾𝑓 is the fluid bulk modulus (Pa). In the 

rock blocks, the flow equations are solved using a finite difference scheme. The changes in fluid 

content are linked to the volumetric strain (ϵ) of the blocks, and the pore pressure (PP), as follows:  

𝜙

𝐾𝑓

𝛿𝑃𝑝

𝛿𝑡
=

𝛿𝜉

𝛿𝑡

𝛿𝜖

𝛿𝑡
              (11) 

where 𝜉is the variation of fluid volume (fluid content) per unit volume and 𝜙 is the porosity. For 

more details on the model, please refer to Itasca (2013). 

3.2 Model geometry, boundaries, and initial conditions 



 

To study the hydromechanical behavior of a two-faults system subjected to overpressured fluid, a 

500*500*200 m cubic model is used, centered at x = 0, y = 250, and z = 6000 m (Fig. 2A). As 

previously mentioned, the basin is mostly composed of quartz arenite, while the basement is 

composed of Archean to Paleoproterozoic igneous and high-grade metamorphic rocks. For 

simplification purpose and as the study focuses on the fault architecture impact, the basin and 

basement are simulated in the model as two homogeneous layers, each 100 m thick. The basement-

basin contact which represents the unconformity surface, is located at 6000 m depth (a scenario at 

3,000 m depth is also tested; Pagel, 1975; Chi et al., 2018). As the unconformity surface is treated, 

similarly to the faults, as a contact surface in the code, different physical properties are assigned 

to it to avoid opening or displacement occurring along it (Table 1), because the chosen model 

assumption is to focus on the fluid flow along the faults and in the intersection zone. All the models 

are discretized with tetrahedra of an average size of 10 and 20 m for the basement and basin 

domains, respectively. The model resolution has been chosen based on two factors; 1) numerical 

stability and convergence; 2) computing run times. The latter factor relies also on the time-step 

which is strongly affected by the size of the elements and the physical properties. For this study, 

we set up the models to contain approximately 180,000 elements.  

In all models, two vertical faults are hosted within the basement layer and they cross-cut each other 

precisely at the centroid of the layer (Fig. 2A). The fault into which the fluid is injected (hereinafter 

referred to as the ‘hydraulic fault’) is parallel to the y-axis and thus perpendicular to the x-axis, 

while the second fault (hereinafter referred to as ‘natural fault’) is oriented following the 

intersection angle. Variations of the intersection angle are obtained by changing the strike direction 

of the natural fault toward the y-axis (Fig. 2B). To study how oriented mineral deposits can be 

formed through the propagation of overpressured fluids (“fluid-driven failure”; Sibson, 2001), a 

fluid of water properties (Table 1) is injected from one lateral side of the hydraulic fault (Fig. 2A). 

The mechanical stresses applied at the model boundaries were chosen to represent respectively 

normal, reverse, and strike-slip faulting regimes as defined by Anderson (1951); see Table (2). The 

principal stress directions correspond to the model axis, so that they are applied along the domain 

boundary surfaces. In all regimes, the vertical stress is equal to SV = γ*z, where γ is the average 

unit weight of saturated porous sandstone (20 kN/m3; Mayne et al., 2010), and z is the depth (m). 

Accordingly, the vertical stress applied to the upper boundary is calculated (Table 2). The 

horizontal stresses are adjusted depending on the stress regime. For the normal faulting regime, 

the horizontal stresses were calculated according to SH = Ko*SV, where Ko is the coefficient of 

earth pressure, which can be estimated based on the Poisson’s ratio (υ) of the rock (Ko = υ /1-υ; 

Jaky, 1944; Budhu, 2010), with υ = 3E-2G/2(3E+G), where E and G are the bulk and shear moduli 

of the rock, respectively. The ratio between the maximum and minimum stresses (Differential 

Stress DS; σ1 - σ3) is kept constant for all regimes (36 MPa), whereas, the Horizontal Differential 

Stress (HDS; σH  - σh) varies from 05, 31, to 36 MPa for normal, reverse, and strike-slip faulting 

regimes, respectively. In all models, σh, σH, and σv are fixed to be parallel to the x-, y-, and z-

axes, respectively (σh = σx; σH  = σy; σv = σz; Fig. 2A). Table (2) lists the values of the boundary 

stresses applied for each regime.  



 

 

 



 

The pressure value of the injected fluid is defined as a function of the applied stresses for each 

faulting regime (110% ≥ Pf > 90% of σh (σx)), consistent with the early stage of post-failure 

conditions (Pf > σ1~σ3) described by Sibson (1995, 2020), where the hydrostatic profile shifts to 

nearly lithostatic for shallow crustal portions (pore-fluid factor λv ≈ 1; Hubbert and Rubey, 1959; 

Sibson, 2001, 2020).  Different values of injection pressure were tested for each regime to assess 

its influence on the results. However, the results remain similar. In addition, two burial depths are 

evaluated, respectively equal to 6000, and 3000 m (Pagel, 1975; Chi et al., 2018). The effect of 

basin permeability is also examined by assigning different permeability values equal to or higher 

than the initial fault permeability (initial hydraulic aperture a0). Roller-type conditions are defined 

along the lateral and bottom boundaries of the models, while the upper boundary is kept free to 

move (Fig. 2A). All boundaries are left open for the fluid to flow (drained conditions).  

The numerical simulation comprises three stages: 1) “mechanical on // fluid off” to reach the 

mechanical equilibrium with the predefined vertical and horizontal stresses. Any vertical or 

horizontal displacement is reset at this stage; 2) “mechanical off // fluid on” to apply the hydrostatic 

fluid pressure once the mechanical equilibrium has been reached. The two previous steps are 

mandatory for any quasi-static numerical modeling to observe the changes in stress, strain, 

displacement, fluid flow, and fluid pressure obtained due to a hydro-mechanical perturbation after 

the initial equilibrium states; 3) the main fully-coupled phase “mechanical on // fluid on” where 

fluid is injected from one side of the hydraulic fault once the hydrostatic pressure field is 

established. Except for fault permeability, the physical properties for the basement and basin 

layers, and the faults are constant for all models and regimes (Table 1). In addition, twenty-five 

recording points are assigned in the models at and around the intersection point either along the 

faults or in the basement layer to monitor the variation of fluid pressure, normal and shear stresses, 

and displacements (Fig. 2B). All models are run with equal time-step and total duration. 

3.3 Fault modeling 

Faults at field scale are complex brittle structures, often composed of one or more low-permeability 

core zone and high-permeability damage zone. Sliding induced deformation mainly localize within 

the core zone which includes gouge, breccia and cataclasite, whereas subsidiary fractures and 

minor faults develop within the surrounding damage zone (Fig. 3A; Sibson, 1977; Caine et al., 

1996; Berg and Skar, 2005). The fault zone heterogeneity induces a strong spatial permeability 

variation (Fig. 3B). However, based on the ratio of damage zone to total fault thickness, Caine et 

al. (1996) classified fault architecture into four end members: distributed conduit; combined 

conduit-barrier; localized conduit; and localized barrier. Accordingly, the faults in the Athabasca 

Basin are defined as distributed conduits; and/or combined conduit-barriers as they are 

characterized by well-developed damage zones (Annesley et al., 2005; Martz et al., 2017, 2019). 

Furthermore, as the damage zone represents a large area of the fault zone (Fig. 3A; Childs et al., 

2009), and for simplification purposes, the fault zones (core and damage zones) are simulated in 

this study as rock block interfaces with effective mechanical and hydraulic properties (Fig. 3B). 

The faults’ hydromechanical behavior is governed by an elasto-plastic model (see previous section 

and Table 1).  



 

 

 
 

Unlike the permeability of rock blocks, which is kept constant throughout the simulation, the fault 

permeabilities are related to their hydraulic aperture 𝑎ℎ (Eq. 7) which can vary depending on their 

deformation. In 3DEC, three values define the effective hydraulic aperture of the faults: the 

maximum aperture (amax) above which the hydraulic aperture is no longer related to the opening 



 

(large deformation), the residual aperture (ares) below which an increase in effective normal stress 

does not affect the permeability (closed state), and the initial aperture (a0) is considered at the 

initial stage of the simulation. In addition, because the majority of faults associated with uranium 

deposits in the Athabasca Basin are nearly vertical (≈ 80˚; Eldursi et al., 2021a), and for 

simplification purposes the faults are vertical in all our models.  

3.4 Dataset 

 All the mechanical and physical properties (e.g., density, porosity, and permeability) of basement 

and basin rock units are extracted from technical and internal reports provided by Orano Canada 

Inc. and the Geological Survey of Canada based on lab analysis of drill hole samples (e.g., 

Mwenifumbo et al. 2003; Harrison 2015). The fault mechanical properties (e.g., shear and normal 

stiffnesses, friction and dilation angles, cohesion, and tensile strength) are extracted from previous 

published works (e.g., Li et al., 2018; Eldursi et al., 2021a) that are approved by Orano Canada 

Inc.. Furthermore, the simplified orebodies’ geometries and associated fracture networks are 

extracted from published works and internal technical reports that are approved by Orano Canada 

Inc. and the Geological Survey of Canada (e.g., Guffey et al. 2019; Benedicto 2018; IAEA 2018; 

Eldursi et al. 2021a). 

4. Numerical results 

The first two stages (mechanical on // fluid off, and mechanical off // fluid on) are only parts of 

the model preconditioning phase and used to reach the mechanical and hydraulic equilibriums (to 

assure a clean virgin state). Thus, all the following results are obtained during the third “last” stage 

of the numerical procedure (coupled stage “mechanical on // fluid on”) where the fluid is injected 

from one side of the hydraulic fault (Fig. 2A). 

In the model with 90˚ of intersection angle, only normal displacement (dilation) is observed along 

the hydraulic fault (Fig. 4A). The results are related to the applied boundary conditions, where the 

applied stresses σh (σx) and σH (σy) are parallel to x-, and y-axes, respectively (Fig. 2A). In the 

other models, decreasing the intersection angle (< 90˚) induces shear displacements along the 

natural fault (Fig. 4B).  

Figures 5, 6, and 7 summarize the numerical results obtained for the normal and reverse faulting 

regimes. The results of the strike-slip regime are similar to those obtained under the reverse regime 

due to the high value of HDS (36, and 31 MPa respectively), therefore, they are not shown. In all 

models, three distinct behaviors are observed: the fluid either crosses the natural fault and 

continues along the hydraulic fault, diverts toward the natural fault, or stops at the intersection 

point. The latter behavior is only observed either when the pressure of injected fluid is less than 

90% of the normal stress applied to the hydraulic fault (σh (σx)) or when the basin permeability is 

higher than the initial fault permeability (initial aperture a0). In this case, the injected fluid switches 

direction at the intersection zone from horizontal flow along the hydraulic fault to vertical flow 

toward the basin (Fig. 8).  

In the normal faulting regime (Fig. 5), the fluid propagates along the hydraulic faults for models 

with intersection angles equal to 90˚, 70˚, 50˚, and 30˚. This is well demonstrated by the increase 



 

of fault permeability (hydraulic aperture) up to the maximum assigned value (0.001 m), the tensile 

failure, and the establishment of a linear pressure gradient along the hydraulic fault.  

 

 

 



 

 



 

 

 
 



 

 

 



 

On the other hand, the fluid diverts toward the natural faults for an intersection angle equal to 10˚. 

To ensure that the results are not due to numerical errors, and to define accurately the critical 

intersection angle for the normal regime, supplementary models were run (40˚, 25˚, 20˚, and 15˚; 

Fig. 6). The results are consistent with those obtained with the primary models, confirming that 

the fluid diverts toward the natural fault for an intersection angle under circa 25˚ under a normal 

faulting regime. However, under strike-slip and reverse faulting regimes the critical intersection 

angle at which the fluid diverts toward the natural fault is around 50˚ (Fig. 7). Models of different 

burial depths do not have a significant effect on fluid flow patterns; therefore, the results are not 

shown.   

5. Discussion 

The effects of burial depth, basin permeability, and the injected fluid pressure on flow diversion 

at the intersection zone are evaluated. The pressure of injected fluid was restricted to 110% ≥ Pf > 

90% of σh (σx), since values of fluid pressure less than 90% of σh (σx) can not overcome the 

normal stress (σh (σx)) applied to the hydraulic fault, and therefore can not open the hydraulic 

fault. A basin permeability higher than the initial fault permeability (a0) leads the injected fluid to 

flow upward toward the basin as an easiest flow path rather than overcome the applied normal 

stress around the intersection zone (Fig. 8). As the applied stresses in all faulting regimes are 

calculated based on the estimated vertical “overburden” load (σv (σz)), the changes in burial depth 

from 6000 m to 3000 m (Table 2) does not show surprising results. 

 

 

 



 

Fault failure modes can range between tensile, hybrid, and shear based on stress conditions and 

rock properties (Ferrill et al., 2019, 2020). Tensile failure is characterized by normal displacement 

perpendicular to the fault walls (dilation) without significant displacements parallel to the fault 

plane (shear displacement). This type of dilation is well observed along the hydraulic fault where 

the fluid is injected (Fig. 4A). Shear (or slip) failure is associated to a displacement parallel to the 

fault plane (Fig. 4B), accompanied with dilation. Shear failure occurs along the natural fault when 

the intersection angle is < 90˚. A hybrid failure mode corresponds to a transitional mode between 

the two aforementioned modes (Fig. 4B; Ferrill et al., 2019).  

In the ‘slip/dilation tendencies analysis’ (Ferrill et al., 2019), the tensile mode is well demonstrated 

along the hydraulic fault in the case of 90˚ of intersection angle as σh and σH are parallel to the x-

, and y-axes respectively. In this case, only normal stresses develop along both faults while shear 

stress being negligible, leading the hydraulic fault to open with non-slip tendency. As the 

magnitude and directions of principal stresses change along the natural fault (intersection angles 

< 90˚), the natural fault tends to activate in hybrid to shear modes, as the slip tendency gradually 

increases. However, dilation tendency remains present in the two modes (Rutqvist, 2015; Meixner 

et al., 2016; Schofield, 2016; Ferrill et al., 2020).  

The stress conditions (magnitudes, and directions) hence control how fluid deviates from one fault 

to another. The contributions of normal and shear stresses to fault dilation, based on the obtained 

numerical results, are discussed below. 

5.1 Effects of normal stress and HDS 

In all the models, fluid propagation (during the fully-coupled stage) along the faults and through 

the intersection zone can be divided into three phases. Figure 9 details the three phases for the 

model ʻ50˚ of intersection angle’ under the normal faulting regime. The resulting curves include 

fluid pressure at the intersection point and effective normal stress at recording points 4 and 7 (first, 

and third contact; Fig. 2B) that are located just after the intersection point in the hydraulic and 

natural faults, respectively (Fig. 9A). Figure 9B shows the normal displacements at the same 

points. The first phase is characterized by a hydrostatic fluid pressure along the hydraulic fault up 

to the intersection point. This stage ends with an obvious drop in fluid pressure at the intersection 

point resulting from the opening of the first part of the hydraulic fault (Fig. 9). In the second phase, 

the fluid accumulates at the intersection point. The fluid pressure rises and normal displacement 

increases synchronously, indicating that the fluid pressure had overcome the effective normal 

stress at the intersection point (Fig. 9A and B). However, it is also observed that the increase of 

fluid pressure is associated with an explicit change in effective normal stress at points 4 and 7 (Fig. 

9A). The end of the second phase is distinguished by a second drop in fluid pressure as the fluid 

pressure reaches a critical value at which the fluid pressure is sufficiently high to open the fault at 

the intersection point. During the third phase, the fluid crosses the intersection point and continues 

to propagate along the hydraulic fault as indicated by an increase in the normal displacement 

simultaneously with a decrease of the effective normal stress at point 4. Synchronously, the normal 

displacement at point 7 decreases as the effective normal stress increases at point 7.  



 

 
 

 
 

To better understand the results, the effective normal stress and normal displacement at points 4 

and 7 have been measured at the end of phase two, when the fluid reaches the intersection point, 

and just before the fluid propagates toward either the second part of the hydraulic fault or diverts 

toward the natural fault (Fig. 10). Under a normal faulting regime, in the model with the 



 

intersection angle equal to 90˚, the fluid propagates along the hydraulic fault, while the natural 

fault remains closed as it is subjected to higher normal stress (σH = σy). As the intersection angle 

decreases, the effective normal stress along the natural fault decreases gradually, leading to an 

increase in the normal displacement (Figs. 10A and B). Based on the plotted data (effective normal 

stress and normal displacement versus intersection angle), the curves for normal stress and 

displacement at both points cross each other at an angle of circa 27˚, which is considered to be a 

critical angle at which the fluid diverts toward the natural fault.  

 
 

 
 

Under reverse and strike-slip faulting regimes, the HDS is equal to 31MPa and 36MPa 

respectively, instead of the 5MPa used for the normal faulting regime. As the intersection angle 

decreases, σH is no longer perpendicular to the natural fault, facilitating the dilation and activation 

of the natural fault at a higher intersection angle (around 50˚) due to the increase in shear stress. 

The critical intersection angle at which the fluid diverts toward the natural fracture is determined 



 

to be 55˚ according to Figure 10C−F. Overall, as the intersection angle declines, the effective 

normal stress along the natural fault gradually decreases. Once the critical intersection angle is 

reached, the effective normal stress along the natural fault becomes smaller than that along the 

hydraulic fault, enabling the fluid to divert toward the natural fault.  

Figure 11 shows the changes over time of both the effective normal and shear stresses induced by 

fluid propagation in the Mohr plane for the model ‘50˚ of intersection angle’ under the three 

faulting regimes. This model was chosen as the fluid behaves differently under different faulting 

regimes. While the fluid continues to propagate along the hydraulic fault under a normal faulting 

regime, it deviates toward the natural fault under reverse and strike-slip faulting regimes. However, 

a similar stress-path is observed for activated faults (the hydraulic fault under normal regime (Fig. 

11A) or the natural fault under reverse or strike-slip regimes (Fig. 11B, and C)). The stress-path 

can be divided into three parts: 1) the effective normal stress decreases slightly in conjunction with 

the shear stress due to fluid propagation until the fluid pressure front reaches the observation point 

(denoted by a black square in Fig. 11); 2) rupture occurs, leading to a significant decrease of the 

effective normal stress due to the increase of the fluid pressure while the shear stress remains 

nearly constant; and 3) the shear stress decreases in conjunction with the effective normal stress 

as the fault dilates and slips, leading its aperture to significantly increase.  

 

 



 

Conversely to the normal faulting regime, the maximum stress (σ1) is horizontal (σH  = σy) under 

reverse and strike-slip faulting regimes. Under these regimes, and once the intersection angle is 

lower than 90˚, σ1 (σH  = σy) is inclined to the natural fault. This position significantly increases 

the shear stress along the natural fault which, in turn, facilitates the activation of the fault in shear 

mode (fault slip mode) due to lateral movement parallel to the fault wall. Figure 12 displays the 

variation in shear stress along the natural and hydraulic faults for the three regimes at the two 

observation points (4 and 7; Fig. 2B). Although the applied horizontal stresses and the injection 

pressure vary between the three cases, the ratio between the fluid pressure peak and the maximum 

shear stress at the end of the second phase is higher in the reverse and strike-slip regimes compared 

to those observed in the normal faulting regime: the natural fault dilates more easily when the HDS 

is high. Thus, the HDS is apparently another physical clue that controls the fluid deviation from 

the hydraulic fault toward the natural fault at the intersection zone.  

Several experimental and numerical studies have been performed to assess hydraulically-induced 

fracturing in oil and gas reservoirs (e.g., Blanton, 1982; Gu et al., 2012; Chuprakov et al., 2014; 

Guo et al., 2015; Dehghan et al., 2016; Zou et al., 2016; Ma et al., 2017; Duo et al., 2019; Hu et 

al., 2020; Zhang et al., 2020; Li et al., 2021). For instance, Blanton (1982) and Gu et al. (2012) 

suggested an HDS-intersection angle criterion based on lab experiments on shale and hydrostone-

plaster block samples. The criterion describes the fluid propagation model based on the relation 

between HDS and the intersection angle. The experiments were carried out under mechanical 

conditions similar to the normal faulting regime (σ1 vertical to the block sample (σ z)) and the 

intersection angle was varied between 30˚, 45˚, 60˚, and 90˚.  However, as the fluid properties 

(e.g., fluid viscosity) were unclear, Chuprakov et al. (2014) evaluated different values of fluid 

viscosity (0.001, 0.1, and 1 Pa s) and demonstrated that the criteria proposed by Blanton can be 

significantly affected. Other studies were performed, mainly using numerical modeling techniques 

(e.g., Guo et al., 2015; Dehghan et al., 2016; Zou et al., 2016; Ma et al., 2017; Dou et al., 2019; 

Hu et al., 2020; Zhang et al., 2020; Li et al., 2021). Although the findings and criteria vary from 

one study to another due to variations in conditions used (e.g., high fluid viscosity, injection rate), 

the results, in general, emphasize that the diversion of fluid toward the natural fracture decreases 

with an increase in the HDS. This conclusion is in discrepancy with the findings of the present 

study (direct proportion between HDS and intersection angle). However, it is delicate to compare 

their findings with the present results for the following three reasons: 1) the experimental studies 

(e.g., Blaton, 1982, and Gu et al., 2014) evaluated the effect of HDS variations on the critical 

intersection angle only in a context similar to a normal faulting regime (σ1 is the vertical applied 

stress (σv)) and the minimum evaluated intersection angle was 30˚, while according to our results, 

the critical intersection angle at which the fluid diverts toward the natural fault is lower than that, 

circa 27˚ at HDS equal to 5MPa; 2) in the previous numerical modeling studies, the three stress 

components were not considered either due to the use of 2-D models (e.g., Guo et al., 2015; Duo 

et al., 2019), or of plane strain conditions (Hu et al., 2020); and 3) because their focuses were on 

productivity enhancement of oil and gas reservoirs, hence artificial conditions were applied to 



 

observe their influences on fracture propagation (e.g., Zou et al., 2016; Ma et al., 2017; Zhang et 

al., 2020; Li et al., 2021). 

 

 



 

5.2 Implications for the formation of structurally-controlled mineral deposits 

As noted above, the structurally-controlled URU deposits in the Athabasca Basin comprise 

monometallic breccia- and/or vein-associated basement-hosted to polymetallic basin-hosted 

deposits, both associated with cataclastic breccia and fracture zones. They are found at the 

intersection zone of two or more fault arrays and are associated with reverse and strike-slip faults 

that have been reactivated episodically under a compressional regime (e.g., Annesley et al., 2005; 

Jefferson et al., 2007; Martz et al., 2017, 2019 among others). Therefore, the field observations 

can be compared to the numerical results that were obtained under reverse and strike-slip faulting 

regimes (Fig, 7). Although the geometries of different mineral deposits in the eastern part of the 

basin are provided (Fig. 1A), information on the associated fault networks is scarce.  

Figure (13) shows four mineral deposits and associated fracture networks at the deposit scale in 

the eastern part of the Athabasca Basin. As described by Guffey et al. (2019), three pre-existing 

fault sets are associated with the McArthur River U deposit (Fig. 13A), including a graphite-

bearing reverse fault P2, striking 45˚, and dipping 40˚–60˚ SE along which the uranium has 

precipitated. The fault system also includes two other nearly vertical fault sets striking NNW and 

NW, respectively. From the results of the present study, the critical intersection angle at which the 

fluid diverts from the hydraulic fault toward the intersecting fault is 55˚ for both reverse and strike-

slip faulting regimes. In the McArthur River area, as the intersection angle is higher than 50˚, the 

U-bearing fluid probably circulated along P2, and crossed the two secondary faults (NNW and 

NW faults, Fig. 13A), leading to precipitation of uranium along the P2 fault.  

Based on a detailed study by Benedicto (2018), the Midwest U deposit area hosts four fault sets: 

two major fault sets (NE-SW graphitic mineralized shear zones and N-S trending faults) and two 

subsidiary faults (oriented E-W, and NW-SE; Fig. 13B). However, the N-S and NW-SE fault sets 

are younger than the mineralization (Benedicto, 2018), so the mineralizing fluid is presumed to 

have accumulated along the NE-SW faults, resulting in the formation of the Midwest Main deposit. 

At the intersection zone, the mineralizing fluid was diverted toward the second NE-SW fault to 

form the NE deposit (Midwest A), as the angle between the two NE-SW fault sets is 32˚ (based on 

the provided map). In the Collins Bay area, the IAEA (2018) published a map that showed two 

sets of faults (NE and NW faults; Fig. 13C). There, the Collins Bay B-Zone U deposit is located 

along a NW relay between two strands of the NE structure.  Fluid flow could have diverted at the 

intersection zones from the NE fault toward the NW fault and also from the NW fault toward the 

NE fault. The angles between the two are inferior to the critical angle of 55˚. 

In the Cigar Lake area, Martz et al. (2017, 2019) and Eldursi et al. (2021a) used a 3-D detailed 

model (based on drillhole and field data) to illustrate four fault sets: E-W graphitic-bearing faults 

that are associated with the U deposit and subsidiary steeply-dipping to subvertical NE-SW, NW-

SE, and N-S faults (Fig. 13C). Based on fluid inclusion planes (FIPs, Martz et al., 2017), only two 

fault sets were active during the formation of the U deposit (NE and E-W fault sets). So, in the 

Cigar Lake area, we presume that the NE fault was the hydraulic fault along which the basement 

fluid invaded the system at the local scale based on the following points:  

 



 

 

 
 

a) More than 65% of the discovered uranium deposits are oriented NE (Thomas et al., 

2016, Fig. 1A). 

b) The regional fluid flow patterns are oriented NE (Fig. 1C; Earle and Sopuck, 1989). 

c) The NE fault hosts U deposits near the Cigar Lake area (e.g., the P2 fault at McArthur 

River, and Christie Lake deposits; Fig. 1A #1 and #11). 

d) And most importantly, Martz et al. (2017) demonstrated that the fluid inclusion 

planes (FIPs) located in the NE-SW fault are distinguished by trapped NaCl-rich fluid 

and traces of CO2, CH4 and N2 that are characteristic of basement fluids. 



 

Therefore, the U-bearing fluid diverted toward the E-W basement faults at the intersection zone, 

as the angle between the two-fault sets are less than the critical angle. This fluid then mixed with 

basinal fluid to form the deposits immediately above the unconformity surface during a long period 

of tectonic quiescence (Eldursi et al., 2021a). 

Although, as seen above, the numerical results are consistent with field observations, the present 

study does not consider certain physical factors such as fault dip, variations in the rheology and 

mechanical properties due to heterogeneity of basement lithologies, and presence of a complex 

fracture network, which can potentially affect fault reactivation, and thus fluid propagation. 

6. Conclusion 

Although many numerical modeling studies have been performed to improve the understanding of 

the formation of unconformity-related basin-basement mineral deposits, the hydromechanical 

responses of faults at intersection zones and their potential roles in controlling fluid pathways and 

the formation of oriented mineral deposits have been barely discussed or demonstrated 

numerically. The present study uses hydromechanically-coupled numerical simulations to provide 

new and significant insights into the formation of oriented basin/basement interface metallic 

mineral deposits at intersection zones. The results are strongly coherent with field observations 

from URU deposits in the Athabasca Basin, and highlight the role of fault intersections on the 

formation of oriented mineral deposits, due to their structural control on the hydraulic flow system:   

1. Fluid can: a) be stopped at the intersection zone between hydraulic and natural faults; b) 

cross the natural fault and continue along the hydraulic fault, or c) divert toward the natural 

fault at the intersection zone. 

2. The variation of effective normal stress along faults is the main factor that affects the fluid 

deviation at the intersection zone.  

3. Depending on the faulting regime, the critical intersection angle at which the fluid crosses 

or diverts toward the natural fault varies between circa 27˚ to circa 55˚ for normal and for 

reverse or strike-slip faulting regimes respectively. 

4. The variation of the critical intersection angle in different faulting regimes relies mainly 

on the Horizontal Differential Stress (HDS). The critical angle increases as the HDS 

increases.  

5. With the conditions applied in the simulations, the fluid stops at the intersection zone either 

because the fluid pressure is less than 90% of the normal stress applied to the hydraulic 

fault, or because the basin permeability is higher than the initial fault permeability. 

6. Burial depth and fluid pressure (at geological and natural conditions) do not significantly 

affect fluid propagation and diversion.  
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