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Abstract. This study delves into the characterisation of a heterogenous reservoir, the Tchirezrine II sandstone unit in North 

Niger. The characterisation is crucial for potential Uranium In Situ Recovery (ISR) in a naturally fractured and faulted context. 

Employing a multifaceted approach, including well log data, optical borehole imagery, and hydrogeological tests, alongside 

satellite-based lineament analysis, this study provides a comprehensive understanding of the structures and their impact on 15 

fluid flow. Lineament analysis reveals scale-dependent patterns, consistent with spatially homogeneous joint networks 

restricted to mechanical units, as well as nearly scale-invariant patterns, better corresponding to spatially heterogeneous fault 

networks. Various deformation structures are detected from borehole imagery, including extensional fractures, cataclastic 

deformation bands, and brecciated-cataclastic fault cores. Based on well log data, the Tchirezrine II reservoir displays 

heterogeneous porosity and permeability related to its fluvial context. These data differ from traditional porosity-permeability 20 

relationship obtained in sandstone reservoir matrix but are instead consistent with Nelsonôs classification, emphasising the 

impact of deformation structures on such petrophysical properties. Hydrological tests have been implemented into a zone of 

E-W trending deformation structures, revealing a strong permeability anisotropy. This strong E-W anisotropy is consistent 

with the presence of the observed E-W structures, i.e. with a drain behaviour of extensional open fractures and a sealing 

behaviour of both cataclastic bands and fault rocks. Considering implications for ISR mining, this study allows discussing the 25 

interplay between fractures, faults, and fluid flow properties. It suggests that a well pattern perpendicular to the main 

permeability orientation can attenuate channelled flow, thus improving contact of the leach solution with the mineralised 

matrix. These results provide an integrated approach and multi-scale characterisation of Naturally Fractured Reservoir (NFR) 

properties in sandstone, offering a basis for optimisation of NFR production such as ISR development. 
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1 Introduction 

Geological reservoirs have long played a crucial role in a variety of fields, from water resources management (Keller et al., 

2000) to oil and gas extraction (Barwis et al., 1990; Cubitt et al., 2004; Goodwin et al., 2014). Today, their importance extends 

to addressing environmental concerns, especially the transition to low-carbon energies (Evans et al., 2009), encompassing 35 

activities such as CO2 sequestration (Qi et al., 2023), hydrogen storage and production (Sambo et al., 2022), geothermal energy 

(Moeck, 2014), nuclear waste repository (Rempe, 2007) and In Situ Recovery (ISR) of metallic resources (Seredkin et al., 

2016). Geological reservoirs are complex media where petrophysical properties (porosity and permeability) control the 

capacity to contain and transport the fluids (Bear, 1972). These properties are affected by numerous and imbricated 

sedimentary-diagenetic and tectonic processes that makes the evaluation of reservoir quality a recurring challenge. This 40 

complexity is particularly evident in fractured and faulted environments, known as Naturally Fractured Reservoirs (NFRs) 
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(Narr et al., 2006; Nelson, 2001). The NFRs are classified by Nelson (2001) following the relative contribution of the fractures 

and the matrix to the porosity and permeability values. This classification was applied in numerous NFR characterisations (see 

Allan and Sun (2003), for a review), especially in tight matrix reservoirs (Evans and Lekia, 1990; Harstad et al., 1995; Lee 

and Hopkins, 1994; Northrop and Frohne, 1990; Olson et al., 2009). However, the application of such a classification remains 45 

a challenge in high porosity matrix reservoirs and within polyphased tectonic settings. The multiple tectonic phases and 

associated processes in a such a setting can make the deformation structures more or less favourable or penalising for 

exploitation, in terms of petrophysical properties, by draining or compartmentalising the reservoir (Antonellini and Aydin, 

1994; Aydin and Johnson, 1978; Ballas et al., 2015; Fossen et al., 2017; Wilkins et al., 2020). Structural and petrophysical 

properties of NFRs remain poorly constrained in reservoir composed of both tight and porous sedimentary bodies (e.g. Doyle 50 

and Sweet, 1995). In such a context, it is essential to study the arrangement of deformation structures and quantify their 

respective petrophysical impact within the different parts of the reservoir (vertical and lateral variations in mechano-

stratigraphic properties). A better understanding of the relationships between the matrix characteristics, the deformation 

arrangement and processes, and the petrophysical properties is fundamental to improve reservoir management in such 

heterogeneous geological systems (Sonntag et al., 2014). This issue is of first importance for potential ISR exploitation of 55 

metallic ore deposits, such as Uranium, in mixed matrix - NFR context. 

Fluvial sandstone sequences are highly heterogeneous reservoirs, providing a real challenge to analyse the great diversity of 

structures they can contain and their role on fluid flow. These heterogeneities are characterised at several levels. First, 

Sedimentological variations within sandstone bodies, encompassing both vertical and lateral dimensions, introduce 

complexities arising from porosity, permeability, grain size, sorting, shape variations, and mineral content (Gibling, 2006; 60 

Miall, 1988; Morad et al., 2010); Secondly, these factors introduce significant heterogeneity in petrophysical properties within 

reservoir units. These factors also significantly shape deformation mechanisms occurring in sandstone reservoirs (Aydin et al., 

2006; Fossen et al., 2007), following the transition between brittle and cataclastic deformation of such porous rocks (Wong et 

al., 1997; Wong and Baud, 2012); Thirdly, extensional fracture or disaggregation structures are preferentially formed in low-

porosity, fine-grained and poorly-sorted sandstones whereas compactional-shear deformation bands, with cataclastic 65 

behaviour, are favoured in highly-porous, coarse-grained and well-sorted ones (Ballas et al., 2015; Fossen et al., 2017; Schultz 

et al., 2010); Fourthly, the shape and the composition of grains, especially the clay content (Antonellini et al., 1994; Fisher and 

Knipe, 2001; Gibson, 1998), secondly contribute to the initiation of various deformation structures. A precise characterisation 

of the host sandstone properties is then necessary to understand the typology of deformation mechanisms and evaluate their 

impact on the reservoir properties in such context. Small-scale structures such as those previously mentioned are generally 70 

observed in NFR boreholes and are potentially linked to large-scale structures, they may also be totally independent of large-

scale faults, such as joint sets and deformation band networks (e.g. Mayolle et al., 2019; Pollard and Aydin, 1988; Soliva et 

al., 2016). This diversity of structure and spatial organisation implies multi-scale transfer properties in NFR that are still poorly 

described and understood, especially for their impact on fluid flow (Warren and Root, 1963; Nelson, 2001). Due to the 

aforementioned reasons, characterisation of the role of such structures on fluid flow in sandstone NFR requires multi-scale 75 

and multi-method investigation.  

In this paper, we use a multifaceted approach to constrain the properties of a reservoir in a context of heterogeneous fluviatile-

sandstone and polyphased tectonic area in Northern Niger (Tchirezrine II reservoir). Our study is based on (i) statistical 

lineaments analysis and interpretation based on satellite images of outcrop areas of the reservoir, (ii) in situ analysis with well 

log data, including optical borehole imagery and geophysical data (Sonic porosity and Nuclear Magnetic Resonance (NMR) 80 

permeability), and (iii) hydrogeological tests (dewatering and salt tracing test). The Tchirezrine II reservoir, at the Imouraren 

site, is presently studied for potential Uranium ISR production, never completed in such a complex NFR context. 

Understanding fluid flow in such NFR is crucial to optimize ISR production cells (i.e. several injection and pumping wells 
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traditionally spaced 10 to 20 m apart), where channelised flow, carried by deformation structures, provides potential bypass 

for leaching solution, limiting its access to the Uranium ore. The combined approach proposed here aims to provide an 85 

integrated comprehensive characterisation of complex NFR, encompassing both subsurface and surface data. We interpret and 

discuss our findings in terms of (i) spatial organisation and (ii) petrophysical properties of the structural network, and of (iii) 

the resulting anisotropy of permeability driven by these structures. Based on our findings, we make recommendations 

concerning anisotropic flow management for potential ISR facilities. 

2 Geological setting 90 

2.1 Tectonic framework 

The Tim Mersoµ basin (Niger) is the northern part of the Iullemeden basin that covers a large part of the West Niger in Central 

North Africa (Figure 1a). It is located at the intersection of the West African Craton and the East Saharan Craton and forms a 

north-south trench resting on the Adrar des Iforas Massif to the west, the Hoggar Massif to the north and the Aµr Massif to the 

east. The basin has experienced a polyphased tectonic evolution, with extensional phases during the Visean, the Lower Permian 95 

and the Atlantic rifting (Sempere and Beaudoin, 1984; Valsardieu, 1971), and compressional phases during Hercynian orogeny 

and Late Cretaceous Alpine event (Gerbeaud, 2006; Guiraud et al., 1981; Yahaya and Lang, 2000). This complex tectonic 

evolution leads to the formation of various deformation structures affecting both the crystalline basement and the Devonian to 

Lower Cretaceous sediment infilling (Figure 1b) (Gerbeaud, 2006; Guiraud et al., 1981; Valsardieu, 1971; Yahaya, 1992). 

These structures include N-S, N30Á, N70-80Á, and N140-150Á fault systems (Gerbeaud, 2006; Valsardieu, 1971). This 100 

structural framework was reworked during the late Cretaceous compressional event: the N30Á faults in reverse motion, the 

dextral strike-slip motion of the N070ÁE faults and the sinistral strike-slip reactivation of the N-S Arlit fault. The Imouraren 

U. deposit is located in a syncline structure that borders the Arlit fault to the east (Figures 1b and c). The Madaouela N030ÁE 

fault to the North and the Magagi N070ÁE fault to the South delimit the borders of the Imouraren site. Numerous small-scale 

faults and fractures are interpreted in the sedimentary reservoir hosting the Imouraren deposit, based on drilling data. There 105 

are few structural constraints on this fracture and fault system, as the reservoir is buried beneath more than 100 m of Cretaceous 

mudstone (Figure 1c). At the basin scale, regional faults are considered to have played a role in the transfer of mineralising 

fluids during the uranium ore deposition stage (Gerbeaud, 2006; Mamane Mamadou et al., 2022; Pagel et al., 2005). 

2.2 Lithostratigraphy 

The lithostratigraphic column of the Tim Mersoµ basin (Figure 1e) is divided in three main sedimentary stages: a fluvio-deltaic 110 

period from Devonian to Lower Permian, a continental sedimentation from Permian to Jurassic and a lacustrine sedimentation 

in the Lower Cretaceous (Valsardieu, 1971). Uranium mineralisation in the Imouraren deposit is hosted within the Tchirezrine 

II sandstone unit, corresponding to the Upper Jurassic part of the Agadez group. This unit shows an average thickness of 50 m 

and contains arkosic sandstones enriched with reworked analcime (i.e. diagenetic mineral classified as a zeolite and inherited 

from fine volcanic sediments) intraclasts, as well as massive analcimolite horizon. These sediments represent fluvial deposits 115 

in a braided system evolving into a meandering system (Mamane Mamadou, 2016; Valsardieu, 1971). This unit is carrying a 

confined aquifer. The Tchirezrine II unit overlies the argillaceous (+ analcime and fine-grained sandstones) Abinky formation 

(Upper Jurassic) and is overlayed by a 100 m thick series of Lower Cretaceous claystones (Assouas siltstone and Irhazer 

mudstone), above the Imouraren deposit. 
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Figure 1: (a) Location map of the Tim Mersoµ basin in North-Niger. (b) Geological map of the study area showing the location of 

the Tchirezrine II outcrop and the Imouraren site. Modified from Orano internal database. See section 2.1 for the descriptions of 

the different sets of faults. (c) Cross-section between Arlit fault and Tchirezrine II outcrop (Orano internal report based on 

exploration drills). (d) Location of the studied wells within the Imouraren site, red wells are ones from Figures 7d, 8d and 10c, blue 

wells are ones from aquifer testing (see section 3.3, Figure 9 and 11a). (e) Lithostratigraphy modified from Gerbeaud (2006). 125 
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3 Material and methods  

3.1 Lineament study 

In order to better constrain the geometrical organisation of the deformation structures affecting the Imouraren reservoir, a part 

of this study involves an analysis of lineaments using satellite images. We focus our observations (i) at the basin-scale, to better 

constrain the structural context and (ii) at the reservoir-scale to analyse the geometrical organisation of the Tchirezrine II 130 

structural network. Mainly because of the significant sand cover throughout the basin, we did not carry out extensive analysis 

of the geometrical organisation of the basin's structural network. 

3.1.1 Data acquisition 

The coordinate reference system (CRS) EPSG:32632 - WGS 84 / UTM zone 32N was used during this project. Images from 

Google Earth Pro database have been used to digitalize 5 different sets of fracture networks. Google, Landsat / Copernicus, 135 

CNES Airbus and Maxar Technologies assembly of ortho-mosaics was used to create a first-order (i.e. basin-scale) lineament 

map (1:3 000) to reference large scale structures affecting the Tim Mersoµ basin. This rectangular map (x = 312798; 392132 

and y = 1940042; 2041469) covers a sampling area of 7500 kmĮ from the Aµr Massif to the Imouraren site from east to west, 

respectively. Google, Maxar Technologies ortho-mosaics of 0.3 m/pixel resolution have been used to sample second-order (i.e. 

reservoir-scale) lineaments (1:30) from 4 different sampling areas in the Tchirezrine II unit. We placed a circular sampling area 140 

in each site, following Mauldon et al. (2001) and Watkins et al. (2015) recommendations to inhibit orientation bias. The size 

of each circle varies and ranges from 72.9 m to 123 m radius, in order to maximize the sampling area of each site (i.e. each 

outcrop area has been chosen to optimize the cleanest possible sampling surfaces and to limit the censoring bias). In addition, 

the size of these circular sample areas is of the same order of dimensions as a set of ISR cells. 

We have digitised lineaments network using QGIS 3.24 (QGIS Development Team, 2020). Built-in functionalities from QGIS 145 

were used to extract topological parameters such as azimuth, length, intersection points (referred as nodes) and censored 

lineaments (e.g., traces which cut the sampling windows). We have also manually labelled lineaments intersecting censored 

areas such as sand deposit coverage. Azimuth parameter was established for each lineament considering the straight line 

between the starting and the end point. Length parameter was measured for each lineament from the addition of all segment 

lengths (i.e. a segment is here defined as a straight line between vertices, and lineaments are made up of a set of segments 150 

inter-connected by vertices). Further information on the topological analysis of lineament and fracture networks can be found 

in Dichiarante et al. (2020), Manzocchi (2002), Odling et al. (1999), Ovaskainen et al. (2022, 2023), Sanderson and Nixon 

(2015), and Watkins et al. (2015). 

3.1.2 Fracture network characterisation 

Azimuth sets 155 

Azimuths from each sampled area were plotted in a length-weighted half rose diagram, where bins represent 10 degrees of 

azimuth, and the radius is the length-weighted frequency (Sanderson and Peacock, 2020). For the first-order lineaments map 

(see section 3.1.1), the rose diagram was compared to the large-scale structures described in the literature (Gerbeaud, 2006). 

This rose diagram is also useful to have a view of the Tchirezrine II fracture networks within the large-scale structural context 

of the Tim Mersoµ basin. Rose diagrams of second-order lineaments (see section 3.1.1) were used to identify different sets of 160 

lineaments at the reservoir scale. These sets can be analysed separately in order to characterize their similarities and differences 

(i.e. spacing, length distribution, nature). 

General network parameters 
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To describe the amount of fractures, Dershowitz and Herda (1993) have introduced the fracture intensity (m-1) parameter (P21), 

which is calculated from the total fracture length (Ɇlength, m) divided by the sampled area (mĮ). The P21 parameter is also 165 

calculated for a specific azimuth set of lineaments, which allows a better comparison of their spatial distribution. We also 

consider the intersection node intensity (node/mĮ) parameter (INi), which is computed for each circular window from the 

number of intersection (nodes) of the whole lineament dataset, divided by the sampling area (mĮ). The INi parameter from 

sampled areas are then plotted against the P21 from different azimuth set, highlighting their potential relationships. 

Spacing 170 

Spacing analysis was done for second-order lineaments sets in the circular sampling area. Each set of orientation was analysed 

individually by image processing. One binary image (black and white) by set of lineaments was extracted without the 

background Earthôs surface image and was rotated to position the average azimuth along the x-axis of the image. Using the 

Analyze Line Graph tool of ImageJ software (Abràmoff et al., 2004), each pixel column along the y-axis (normal to x-axis) 

was analysed to export the coordinates of each lineament intersecting the pixel column. For each column of pixels, we can 175 

therefore calculate the distance between two consecutive lineaments. To improve the representativity of the data, we manually 

checked the largest spacing values in places without censoring bias for each set of lineaments and ignored higher spacing 

values due to censoring by sand cover. In order to compare each set to each other, and to represent the distribution of the 

spacing values, we have plotted the values in boxplot graphs. The coefficient of variation (Cv), defined as the standard deviation 

divided by the mean spacing (Cox and Lewis, 1966), was used to discuss the spatial distribution of each set. According to 180 

Odling et al. (1999), if Cv < 1, the lineaments are regularly spaced and if Cv Ó 1, the lineaments then show a random to more 

clustered distribution. 

Length distribution 

Length distribution analysis is commonly used to characterise the geometrical properties of a lineament set (Cowie et al., 1995; 

Jackson and Sanderson, 1992; Odling et al., 1999; Ovaskainen et al., 2023; Soliva and Schultz, 2008; Walsh et al., 1991). This 185 

can be done by plotting lineament length versus cumulative frequency in a log-log plot (Childs et al., 1990). From these plots, 

we have performed a least-squares fit for the power and the exponential law and quantified the fit of the distribution trend with 

its least-squares coefficient (RĮ). A power-law distribution, which is commonly found in fault length distribution, can be 

described as scale invariant (for an exponent close to 2; Berkowitz and Adler, 1998) in lineaments length (Bonnet et al., 2001; 

Watterson et al., 1996; Yielding et al., 1996), whereas exponential distribution characterizes scale dependence. Joint sets can 190 

show scale-dependent characteristics due to mechanical layering, i.e. lithological or structural boundaries (Bai et al., 2000) 

that limits the structure propagation (e.g., for lithological fault ending see Soliva et al., 2006). 

To perform a length distribution analysis, two geometrical biases are important to be determined. (i) Truncation bias affects 

the frequency of small lineaments due to the limited resolution of the orthophotography in which the lineaments are detected 

(i.e. the smallest fractures will be under sampled due to the image resolution). This bias can be considered by using a lineament 195 

size cut-off below which lineaments are too much truncated and should not be included in the determination of the length 

distribution law (Heffer and Bevan, 1990; Odling, 1997). Considering the resolution (0.3 m/pixel) of the images data, we have 

chosen a 6-meters value for truncation cut-off in accordance with other studies (e.g., Bonnet et al., 2001; Soliva and Schultz, 

2008). If we consider a reasonable margin of error of 2 pixels (0.6 m) when sampling the lineaments, the length values are not 

truncated greater than 1/10 of their real length and this ratio decreases as the length of the lineaments increases. (ii) Censoring 200 

bias is the underestimation of the length of generally large lineaments caused by the limitation of the sampling window or by 

sand cover, in our specific case. Following recommendation from Yielding et al. (1996), we have included lineaments that are 
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affected by censoring in the determination of the length distribution law since excluding them gives more error in the scaling 

determination. 

3.2 Wells data 205 

The data set used for this study was carried out from 12 vertical boreholes, including core descriptions and geophysical logging. 

The study focuses on boreholes drilled in the southern part of the Imouraren deposit, spaced from a hundred meters to several 

kilometres apart (Figure 1d). The data set presented in this study comes mainly from the basal section of the reservoir, between 

133 m and 160 m depth, consistently with the scope of the Oranoôs uranium ISR target. 

3.2.1 Core description 210 

Drill cores have been described in term of lithology (i.e. mainly the sandstones fluvial sequences) and deformation structures 

such as fractures, deformation bands and faults. The sandstones granulometry is also specified, i.e. from very fine sandstone 

(VFSs) to very coarse sandstone (VCSs) using conventional grain diameter classes (Nichols, 2009). As this study focused on 

sandstones, data classified as VFSs, showing systematically high proportion of clay (Billon, 2014; Mamane Mamadou, 2016), 

were excluded from the structural analysis. 215 

3.2.2 Optical borehole images 

Optical boreholes images data were acquired using the Advanced Logic Technology (ALT) probe called OBI40-2G. 

Deformation structures have been classified from analyses of OBI based on colour and aspect, and cross-checked from drill-

core pictures based on apparent morphology (e.g., texture, shear displacement, aperture and cataclasis). From these 

observations, the structures have been classified into three types: extensional fractures, deformation bands and faults following 220 

the glossary of Peacock et al. (2016). P10 density is calculated following Dershowitz (1984), corresponding to the number of 

fractures counted per meter (m-1) along a 1D scanline, here corresponding to the borehole. 

Geometrical attributes of these structures, such as dip and azimuth can be extracted from OBI, by fitting a sinusoidal curve on 

unrolled and oriented images (Zemanek et al., 1970). Orientation data from picked structures have been analysed only with 

strike in order to compare them with lineament data from 2D satellite images. 225 

3.2.3 Geophysical logging and processing 

Geophysical logging data from vertical boreholes (Figure 1d) consist in (i) waves slowness of the formation as well 

as fluid slowness from Full-Wave-Sonic logging-tool (acoustic data was acquired using a GeoVista probe called ASNC) 

allowing porosity estimation (PHIS) based on Wyllie et al. (1956) equation (1); (ii) a permeability log from Nuclear Magnetic 

Resonance (NMR) logging-tool (NMR data was acquired using NMRSA's QL40BMR-90 probe) allowing permeability 230 

estimation (KSDR) based on Schlumberger-Doll-Research equation (2) (see Elsayed et al. (2022) and Hidajat et al. (2004) for 

additional information on NMR theorical background). 

ὖὌὍὛ            (1) 

Where Dtc is formation slowness (Õs.m-1), Dtcm, matrix slowness (Õs.m-1) set at 173 Õs.m-1 for the study and Dtcf, the fluid 

slowness (Õs.m-1). 235 

ὑ ὥ Ὕ ὝὖὕὙ          (2) 

Where KSDR is the NMR permeability, a, a formation-dependent variable, T2LM, the logarithmic mean of the T2 

relaxation time (ms), and TPOR, total porosity from NMR measurement (%). 
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A sampling step of 0.1 m was used to recover both PHIS and KSDR across the reservoir. Each data is associated with lithological 

label defined from core description and plotted in porosity-permeability graph. We also used the derived Kozeny-Carman 240 

equation (3) from Bear (1972) to model the theoretical evolution of permeability as a function of porosity for various 

homogenous grain size diameters. Different theorical porosity-permeability curves corresponding to various grain size classes 

are used for comparison with measured dataset. 

Ὧ
ό

ό
ρ ρπ           (3) 

Where k is the permeability (Darcy), ű, the porosity (%) and d, the grain size diameter (m). 245 

3.3 Aquifer testing 

An aquifer testing has been realised on well IMOU_2527-2 in order to estimate the characteristics of a depression cone in 

long-duration pumping operation. Two piezometers were drilled at 17 m from IMOU-2527-2 in the south (IMOU_2527-3) and 

east (IMOU_2527-4) directions (Figure 1d). During the pumping sequence, the piezometric level was measured manually 

every minute for the first 10 minutes and with an increasing sampling step to reach a measurement every 2 hours after 72 250 

hours. The test was stopped after 830 hours (~35 days) of pumping. The final dewatering levels in the piezometers have been 

used to estimate the extension of the cone of depression in the east and south directions by plotting these levels (m) versus the 

distance of the piezometers (m) in logarithmic scale. A logarithmic trendline fit has been made to show the distance at which 

dewatering reaches 0 m (Kruseman and Ridder, 2000). 

Tracing involves injecting a tracer (NaCl brine) into a piezometer located in the drawdown cone of a pumped well into 255 

production and observing its recovery at the pumping well (see Taylor et al. (2010) for additional information). Forced flow 

tracing was used, involving the injection of 1700 l of fresh water after the brine injection. Monitoring was both carried out on 

the surface, by installing an on-line conductivity meter on the discharge and by in situ resistivity log (resistivity data was 

acquired using Geovista's DLL3 probe, the recording interval was 1 hour for the duration of the tracing). Salt restitution, and 

in particular chloride restitution, is assessed by establishing a correlation line between [Cl-] vs. conductivity. The chloride 260 

restitution is then estimated over the time. (additional information on tracing operations are exposed in a Table S1). Tracing 

was firstly performed in N-S axis (from IMOU_2527_3 to IMOU_2527_2) and then in E-W axis (from IMOU_2527_4 to 

IMOU_2527_2) after returning to the initial conductivity condition. 

4 Results 

4.1 Lineaments analysis from satellite images 265 

4.1.1 Basin-scale structures 

At the basin scale, the lineaments are organised in four main sets of distinct orientations (Figures 2a and b): 

- The N060ÁE-N080ÁE (ENE-WSW) set consists of lineaments with apparent dextral shear movement (Figures 2d and e). 

These faults are distributed homogeneously across the sampling window although they are sometimes difficult to observe 

because of the quaternary sand cover (Figures 2a and c). Some minor E-W trending faults are commonly observed linked to 270 

these ENE-WSW faults (Figures 2c and e); 

- The N110ÁE-130ÁE (ESE-WNW) set is composed of lineament with apparent sinistral shear movement (Figure 2d and e). 

These faults are conjugate to the ENE-WSW dextral strike-slip set as illustrated by their mutual crosscutting relationships 

(Figures 2c and d); 
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- The N170ÁE-N010ÁE (N-S) set is sub-parallel to the Arlit fault that borders the western part of the Imouraren deposit (Figure 275 

2f). This set is poorly outcropping because of the sedimentary cover (Irhazer claystone as well as actual aeolian and alluvial 

deposits) and frequently underlined by the presence of folds on the western part of the study area; 

- The set N010ÁE-N040ÁE (NNE-SSW) is mainly detected in the basement of the Aµr Massif. This set also affects the 

sedimentary cover but is generally expressed by km-scale folds related to the faults. Two main structures named Madaouela 

(Figures 2a - north one and d, and Figure 1b) and Adrar Emoles (Figure 2a - south one) are present in the study area. These 280 

structures have about 40 km of spacing and crosscut both the basin and the basement from the eastern part to the western 

part of the window. The Madaouela structure is also bordering the northern part of the Imouraren deposit and links to the 

Arlit N-S fault (Figure 1b). 
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Figure 2: Lineaments map and their features observed at the basin scale. (a) Mapping of lineaments at the basin scale. (b) Rose 285 
diagram showing the length-weighted azimuth of mapped lineaments. (c) Detailed view of the large-scale map focusing around the 

Imouraren site and the outcropping Tchirezrine II area. The location of the Z1 to Z4 sampled areas is also reported on this map. (d) 

Example of the conjugate system of N070ÁE and N110ÁE strike-slip faults cutting across a N030ÁE trending fold. (d) Example of E-

W faults associated to a N060ÁE fault. (f) Example of N010ÁE trending fold related to a segment of the Arlit cluster faults. Maps 

data: Google (a, c, d, e and f), Landsat / Copernicus (a), Airbus (c and d), CNES / Airbus (c), Maxar Technologies (c, e and f). 290 

4.1.2 Detailed lineament networks in the Tchirezrine II 

A total of 4779 lineaments were mapped from the four circular sampling windows selected in the Tchirezrine II (Figure 3 and 

Table 1). 
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Figure 3: Detailed description of the lineaments affecting the Tchirezrine II in the four circular sampling windows (Z1 to Z4). (a) 295 
Satellite images showing the sampling window in red. (b) Lineament traces inside the window (see Fig. S2 for a detailed version with 

intersection nodes and censored lineaments). (c) Length-weighted rose plot showing lineament azimuth distribution. n for number 

of lineaments. The red lineaments are censored at the boundary of the sampling window. See Figure 2c for the location of sampling 

windows in the study area. Satellite images data from Google, Airbus (Z1, Z2, and Z3) and Maxar Technologies (Z4). 


