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Abstract

Understanding the natural fracture network is essential for geothermal-related investigations. However,
the geometrical attributes depend on the scale of observation. Therefore, a multiscale characterization of
the fracture network is essential to ensure that forward heat and flow simulations are based on
stochastically generated discrete fracture network models representative of the natural fracture system
observed. This was the goal of this work. Fracture data was collected from satellite imagery, outcrops
and well cores to evaluate the scale effect and to study the impact of fracture size and density on the
performance of engineered geothermal systems by numerical modeling. The numerical simulations
highlighted that networks made of small fractures (0.08 to 27 m) tend to decrease the performance of the
system compared to a network made of large fractures (22 to 1,437 m). However, thermal short-circuiting
is easily reached in the latter scenario. Thus, the simulations suggest that the best-case network is made
of fractures ranging between 1.57 to 135 m with fractures spaced by 5 m. This scenario provides the best
compromise between heat extraction, water losses, hydraulic impedance and thermal drawdown. Despite
the uncertainties, the fracture data used highlights the importance of multiscale fracture analysis for
heat-flow simulations of geothermal reservoirs.

Article Highlights

e A multiscale fracture network characterization using satellite imagery, outcrop and core data is
presented.

» The scale effect of fracture properties on the performance of engineered geothermal systems is
explored.

e Fracture size and spacing play an important role in the development of engineered geothermal
energy systems.

1. Introduction

In Canada, over 280 communities are disconnected from the provincial/territorial power grid and primarily
relying on diesel power plants for electricity and on oil furnaces for space heating and domestic hot water
(CER, 2022). At the nowadays context where climate change and energy transition are buzzwords, many
remote communities are exploring opportunities to reduce their reliance on fossil fuels, to improve energy
security and to decrease the carbon footprint (CER, 2022). One of such opportunities include developing
renewables (CER, 2022). In fact, a key component of the Government of Canada’s Pan-Canadian
Framework (GCan, 2022) is to reduce greenhouse gas emissions by helping remote communities
transitioning from diesel-fired generation to cleaner energy sources. In this context, geothermal energy
harnessed by deep technologies may be an alternative local option.

A geothermal system is mainly composed by a heat source, circulating fluids and permeability pathways
at a drillable depth. However, the co-occurrence of geothermal heat and groundwater with sufficient
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formation permeability is limited to few tectonically and volcanologically active locations around the
globe (e.g., Moeck, 2014).

More common is the occurrence of deep formations that have enough heat potential but lack sufficient
quantities of water and/or permeability. An example of such formations are low porosity crystalline rocks
where permeability is mainly supported by a network of natural fractures that may be open or sealed. In
instances where the natural fracture network exhibits poor hydraulic connection, its permeability needs to
be increased to permit fluid circulation through the rock mass at rates of commercial interest. In this
situation, the engineered/enhanced geothermal system (EGS) concept can be applied. This concept aims
at enhancing well(s) productivity and formation permeability using hydraulic, chemical and/or thermal
stimulation treatments, to engineer hydraulic linkages between two or more boreholes within the target
reservoir, permitting circulation of fluid through the rock mass at rates of commercial interest (e.g., Genter
et al., 2010). As a matter of fact, EGS could be an important technological advance to exploit geothermal
energy sources from virtually anywhere in the world. For example, the application of EGS in Canada could
not only permit the production of geothermal resources in unconventional geothermal plays, such as the
Canadian Shield, but also enhance the production in conventional geothermal areas, such as the
geothermal plays located in Canada’s west coast. Ultimately, the development of EGS in Canada could
help to decrease the diesel consumption in communities disconnected from the provincial/territorial
power grids. However, the development of EGS technology faces many scientific and technical challenges
(e.g., Pollack et al., 2021), one of those being related with reservoir development and circulation which is
intimately related with the geometry and connectivity of the natural fracture network.

The major role played by the natural fracture network for the successful EGS development has been
highlighted since the first EGS field experiments (e.g., Richards et al., 1994; Genter et al., 2010; Brown et
al., 2012). The azimuth and dip of the fractures relative to the contemporary stress field determines which
fractures will shear and at what fluid pressure. It also defines how the pressure-dilating region will
develop and what the ultimate geometry of the reservoir will be. Furthermore, knowing the geometry of
the fluid-conductive fractures is key to optimize the trajectories of the wells. Thus, the knowledge and
characterization of the fracture network is of primary importance to exploit geothermal energy in
crystalline fractured reservoirs, and it is not surprising that this task is undertaken at every geo-thermal
site where EGS has been applied (e.g., Ledesert et al., 2010; Brown et al., 2012; Glaas et al., 2021;
Reinecker et al., 2021).

However, the geometrical and topological attributes of fractures (i.e., orientation/azimuth, size/length,
spacing, frequency and connectivity) are scale dependent (e.g., Hardebol et al., 2015; Espejel et al., 2020;
Bossennec et al., 2021, 2022; Chabani et al., 20214, b; Ceccato et al., 2022; Frey et al., 2022; Vega and
Kovscek, 2022). For instance, well cores provide accurate subsurface information about azimuth, dip,
spacing, frequency and aperture of fractures at a very narrow and local scale. Fracture size information,
however, cannot be retrieved from well cores. Out-crop analogues, on the other hand, permit a wider local
characterization of azimuth, dip, spacing, frequency, size, aperture and connectivity but are subject to
censoring bi-as. Satellite imagery and LiDAR, for example, allow a regional investigation of the structural
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lineaments (i.e., linear and curvilinear features that include geologic structures and geomorphologic
features) in terms of azimuth, dip, spacing, frequency and connectivity and can better capture large-scale
structural features such as lineament size. However, the information gathered by analyzing outcrop
analogues, satellite imagery and LiDAR may not be representative of the deep-seated structures (e.g.,
Bauer et al., 2017). Therefore, a multiscale fracture network characterization should be undertaken to
avoid misrepresentation and mischaracterization of fracture attributes.

Despite the scale effect is not a scientific novelty nowadays, with many publications highlighting the
need for a multiscale fracture network characterization (e.g., Hardebol et al., 2015; Espejel et al., 2020;
Bossennec et al., 2021, 2022; Chabani et al., 20214, b; Ceccato et al., 2022; Frey et al., 2022; Vega and
Kovscek, 2022), it is still an important issue to address when developing stochastic discrete fracture
network (DFN) models for heat-flow simulations. Predicting EGS performance requires a stochastic DFN
model that is illustrative of the natural fracture network observed, and multiscale datasets are helpful to
obtain more representative fracture data.

The interest for a multiscale characterization increases when carrying out geo-thermal research in remote
northern regions where typical geothermal exploration tools are often unavailable or need to be adapted
to more affordable options — at least for a first-order evaluation of the deep geothermal potential. In
remote northern regions, often, boreholes and cores are unavailable or are too shallow (< 300 m) to be
illustrative of the deep-seated structures. Field campaigns in such remote areas are additionally
expensive and limited in time. In this context, remote sensing techniques are helpful to analyze the target
area in an affordable way. However, not all communities are covered by LiDAR and have visible outcrops
for satellite imagery interpretation. Furthermore, the spatial resolution is a constraint. Thus, combining
the different datasets seems to be a first-order solution to the problem.

In fact, access to an exhaustive dataset, allowing mapping at different scales in both surface (e.g.,
outcrop mapping, drone imagery, airborne LiDAR) and subsurface (e.g., cores, borehole, seismic), seems
ideal to provide a comprehensive setting to fully characterize fracture networks and additional structural
properties (e.g., Espejel et al., 2020). Thus, the objective of this study is to provide a first-order
characterization of the geometrical attributes (orientation/azimuth, dip, size/length, spacing, density and
aperture) of fractures using different datasets and study the impact of fracture size and density on the
performance of an EGS.

2. Geology
2.1. Regional context

Kuujjuag, the community studied to retrieve the fracture network information, is located on the
Southeastern Churchill Province (SECP; Wardle et al., 1990, 2002; Wardle and van Kranendonk, 1996;
James et al.,, 1996), a tectonic province of the Canadian Shield. The Canadian Shield is a large exposure
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of Laurentia, the geologic core of the North American continent (e.g., Hoffman, 1988; Whitmeyer and
Karlstrom, 2007; Hammer et al., 2010; Darbyshire et al., 2017).

The SECP consists of several lithotectonic blocks amalgamated during the Trans-Hudson Orogen (1.83-
1.80 Ga; Corrigan et al., 2005, 2009; Whitmeyer and Karlstrom, 2007; Darbyshire et al., 2017; MERN, 2020)
and is a rare example of a two-sided orogenic belt in which both flanks record transpressional
development due to the oblique collisions that led to its assemblage (Wardle et al., 1990, 2002; Wardle
and van Kranendonk, 1996).

Within the SECP, Kuujjuaq is located on the Core Zone, the central portion between the Torngat Orogen
(ca. 1.82-1.77 Ga; Wardle et al., 2002) and the New Quebec Orogen/Labrador Trough (ca. 1.82-1.77 Ga;
Wardle et al., 2002). The latter suture involved whole-crustal shearing in the Core Zone and thin-skinned
deformation in the New Quebec Orogen/Labrador Trough (Hall et al., 2002).

The Core Zone is a 35-40 km thick cratonic fragment mostly underlain by Archean tonalitic to granitic
gneiss and granitoid rocks and is characterized by a pervasive E-dipping fabric related to westerly
thrusting (James et al., 1996; Wardle et al., 2002; Corrigan et al., 2018). Within the Core Zone, Kuujjuaq is
located on the northern section of the Baleine lithotectonic domain (or Baie aux Feuilles domain; Simard
et al., 2013). This section has also been termed Kuujjuaq terrane (Perreault and Hynes, 1990) and
Kuujjuaq tectonic zone (Bardoux et al., 1998). In this area, the regional structural grain NW-SE to N-S
observed resulted from the collision between the Core Zone and the Superior geological province (Fig. 1;
Simard et al., 2013). The poles to plans of the main fabric observed in the domain delimited by Lac
Gabriel and Lac Pingiajjulik faults are N338°E/30° (Fig. 1; Simard et al., 2013). Three main deformation
phases (D1 to D3) have been identified in this region, corresponding to a continuous deformation process
linked to the Labrador Trough development (Moorhead, 1989; Perreault and Hynes, 1990; Poirier et al.,
1990; Goulet 1995; Simard et al., 2013). D1 and D2 phases are associated with the compression during
collision of the cratons and D3 corresponds to the oblique component of the collision (Simard et al.,
2013).

2.2. Local geology

Locally, two lithologies are dominant — paragneiss and diorite (Fig. 2). Smaller outcrops of gabbro,
tonalite and granite are also observed (Fig. 2). The paragneiss belongs to the False Suite (Archean), the
diorite is part of the Kaslac Complex (Paleoproterozoic), the gabbro is associated with the Ralleau Suite
(Archean to Paleoproterozoic), the tonalite belongs to the Aveneau Suite (Paleoproterozoic) and the
granite to the Dancelou Suite (Paleoproterozoic).

The following spatial and chronological arrangement description of the different geological units was
proposed by Lafrance et al. (2020). The False Suite (3.3—-2.7 Ga) is an extensive cover of Neoarchean
metasedimentary rocks lying in discordance on top of the Archean gneiss bedrock formed by the Ungava
Complex (2.7-2.9 Ga). The gneissic and migmatitic bedrock contain enclaves, levels and boudins of
mafic and ultramafic intrusive rocks assigned to the Ralleau Suite. The intrusive units of the Kaslac
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Complex (1.8 Ga) were emplaced within the gneisses of the Ungava Complex or the paragneisses of the
False Suite. Rocks of the Kaslac Complex, located between the Lac Pingiajjulik and Lac Gabriel faults,
have commonly undergone intense deformation characterized by the presence of mylonitic textures and
quartz bands. The Aveneau Suite (1.8 Ga) is the largest Paleoproterozoic intrusive unit. Two different
interpretations have been given to these rocks. Simard et al. (2013) interpreted them as partly
representing the final fu-sion product of the gneisses of the Ungava Complex. Davis et al. (2015), on the
other hand, proposed that this unit results either from crystallization that stretched over a long period of
metamorphism or from the remobilization of slightly older Proterozoic rocks in association with an
Archean component. The Aveneau Suite contains enclaves of the Ungava and Qurlutuqg complexes and
the Ralleau and False suites. Finally, the Dancelou Suite (1.7 Ga) represents the youngest
Paleoproterozoic unit of the Baleine lithotectonic domain. It is made up of slightly deformed granitic
intrusions that form well-circumscribed kilometric plutons scattered throughout the domain or that
intruded in the form of dykes into older units. This unit also contains enclaves of surrounding units.

Two main regional faults cross the community. One of these structures is the Lac Pingiajjulik fault and
the other is an unidentified fault. According to Poirier (1989), the Lac Pingiajjulik fault represents a large
zone of highly recrystallized mylonite that separates two lithological blocks of different ages and is
characterized by well-developed mylonitic foliation or banding. The Lac Pingiajjulik fault would be
associated with an early NW-verging thrust phase, then folded during a subsequent deformation phase
(Clark and Wares, 2004). Thus, the deformation of this fault is thrusting followed by late dextral
movement (Perreault and Hynes, 1990). Rocks located to the east of the Lac Pingiajjulik fault are
metamorphosed to the upper amphibolite facies and granulite facies. Rocks located to the west of this
same structure are metamorphosed to the upper amphibolite facies. Strong recrystallization of mylonite
indicates that metamorphic conditions were sufficient to allow static recrystallization after the main
episode of deformation (Poirier et al., 1989). The Lac Pingiajjulik fault corresponds to a more or less
sharp lineament that follows the contour of lithodemic units on the regional aeromagnetic map (MERN,
2020). Furthermore, the Lac Pingiajjulik fault is masked in several places by Paleoproterozoic intrusive
rocks of the Aveneau and Dancelou suites, suggesting that the fault predates the emplacement of these
intrusive units. Near the community of Kuujjuaq, the presence of the Lac Pingiajjulik fault is given by the
mylonitic foliation parallel to the fault trace on the geological map (Fig. 3).

2.3. Description of the datasets

Structural lineaments were analyzed by interpretation of Google Earth satellite images and fracture
information (i.e., azimuth, dip, length, spacing, frequency, aperture and connectivity) was collected in
outcrops and well cores.

2.3.1. Satellite imagery

The satellite imagery for interpretation of the structural lineaments was retrieved from Google Earth
(Fig. 4). The outcrop analyzed is located on the east side of the Koksoak River and it is made mostly of
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gneissic rocks of the Ungava Complex (see Fig. 2 for geographical location). A total of 226 structural

lineaments were interpreted, suggesting an aerial frequency of 13.29 km™ 2. Interpretation of the structural
lineaments suggests a main lineament orientation E-W and NE-SW (Fig. 4).

2.3.2. Outcrops

Six sampling areas were selected to carry out fracture analysis (A1 to A6; see Fig. 2 for geographical
location). Sampling area 1 (A1) is located near the Coop store in Kuujjuaq (Fig. 5). In this area, a total of 6
outcrops were analyzed (Appendix A). Sampling area 2 (A2) is located outside of the community in an
area informally called Trois lacs (Fig. 5). In this area, 5 outcrops were investigated (Appendix A).
Sampling area 3 (A3) is located within the community, near a new treatment center and Koksoak River
(Fig. 5). In this area, fracture data was collected in 8 outcrops (Appendix A). Sampling area 4 (A4) is
located near the Hydro-Quebec diesel power plant (Fig. 5). In this area, 3 outcrops were analyzed
(Appendix A). Sampling area 5 (A5) is located near the graveyard (Fig. 5). In this area, fracture data was
sampled in 3 outcrops (Appendix A). Sampling area 6 (A6) is located near the dock (Fig. 5). This is the
only outcrop with a vertical surface.

The outcrops in sampling areas A1 and A2 are made of paragneiss rocks from the False Suite and the
outcrops in A3 and A4 are made of diorite rocks from the Kaslac Complex. The outcrops in sampling area
A5 are near the contact between the paragneiss rocks of False Suite and tonalite rocks of Aveneau Suite
and both rocks were observed. Sampling area A6 corresponds to the contact between gabbro rocks from
the Ralleau Suite and tonalite rocks from the Aveneau Suite.

2.3.3. Core

The core recovered from a near 240 m deep well drilled near the Forum building in Kuujjuaq (see Fig. 2 for
geographical location) was analyzed in terms of lithology and structures (Fig. 6). The main lithology
encountered was paragneiss rocks from the False Suite, interlayered with diorite and gabbro rocks from
Kaslac Complex and Ralleau Suite and granitoid rocks from the Kaslac Complex and Aveneau and
Dancelou suites. A total of 187 possible natural fractures were interpreted, suggesting a linear fracture
frequency of 0.80 m~ "' and a mean apparent fracture spacing of 1.11 m. The interpretation took into
consideration the shape of the fractures and the mineralization. The core was not oriented and neither
borehole images were taken (e.g., borehole televiewer) and therefore information about fracture
orientation and dip was not retrieved. Further information about the geological core logging is given by
Miranda and Raymond (2022). The interpretation of the well core neither suggests a relationship between
lithology and fracture frequency nor between fracture frequency and depth (Fig. 6).

3. Methods And Techniques
3.1. Fracture data collection and analysis
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3.1.1. Satellite imagery

The satellite image was retrieved from Google Earth and interpreted in ArcGIS version 10.3 using the
Editor — straight element function to manually depict the structural lineaments. Then, trace direction and
size were evaluated as explained in the ESRI technical support webpage — How to: Batch calculate line
direction using the Field Calculator (ESRI, 2021). The information gathered about trace orientation was
then used in Grapher (Golden Software, 2022) to produce the rose diagram.

Probability distribution functions (PDFs) were applied to characterize the trace orientation and size
(Appendix B) and statistical tests such as the root mean squared error (RMSE) and the sum of squared
errors (SSE) were used to evaluate which PDF best fit the data sampled (Appendix C) as suggested by
Zeeb et al. (2013b).

3.1.2. Outcrops

The linear scanline sampling method together with a transit compass corrected for the magnetic
declination (22° in Kuujjuaq) and an electronic caliper were used to collect fracture geometrical attributes
(i.e., azimuth, dip, size and aperture) and the position of fractures along the scanline. A total of 1 to 4
scanlines per outcrop were used in an attempt to fully characterize the outcrop surface.

Grapher (Golden Software, 2022) was used to build the rose diagrams considering the azimuths of the
fractures observed and Stereonet version 11.3.7 (Allmendinger, 2021) to produce stereonet canvas. PDFs
were applied to characterize the fracture orientation, size, spacing and aperture (Appendix B). Then,
statistical tests such as the RMSE and the SSE were used to evaluate which PDF best fit the data
sampled (Appendix C) as suggested by Zeeb et al. (2013b).

3.1.3. Core

The linear scanline sampling method was also used to locate the structures along the well core and
obtain information about fracture frequency and spacing. The tape was placed parallel to the core length
and thus vertical structures are underrepresent-ed since these are parallel to the scanline. PDFs were
applied to characterize the data gathered (Appendix B) and statistical tests were used to evaluate which
PDF best fit the data sampled (Appendix C) as suggested by Zeeb et al. (2013b).

3.2. Numerical simulations

The numerical simulations were carried out with FRACSIM3D (Jing et al., 2000; Miranda et al., 2021), a
fracture generator and thermo-hydro and hydro-mechanical coupled model. FRACSIM3D generates a
stochastic fracture network following a conventional Poisson model. Fractures are uniformly spaced and
randomly located within the specified model volume (8 km? in this case). The fracture size is assumed to
be fractal. After the fracture generation process is finished, FRACSIM3D simulates the hydro-mechanical
coupled process of reservoir development through hydraulic stimulation or hydroshearing. Then, FRAC-
SIM3D finally simulates the thermo-hydro coupled process of circulation and heat extraction. It is

important to highlight that the flow within the model is dependent on how well the fractures slip, which is
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dependent on the mechanical properties assumed for the medium and the stimulation volume and fluid
pressure defined, and the pressure at which the wells are held during circulation.

A cubic model volume of 8 km? (with 2 km of edge length) discretized into a grid of 200 x 200 x 200 cells
was used to carry out the numerical simulations. A grid de-pendency study was undertaken and revealed
a difference of about 5% between a 100-cell grid and a 300-cell grid. The system was designed as a
doublet, with one injector and one producer, both assumed vertical. A spacing of 600 m was assumed
between the wells and an open hole length of 600 m was considered. The wells were positioned oriented
parallel to the maximum horizontal principal stress. The well bore radius was defined as 0.11 m. A
stimulation pressure of 12 MPa km~" and a stimulation volume of 0.8 km® was assumed for both wells,
which were held at a pressure of 14 MPa (injector) and - 2 MPa (producer) during circulation.
Assumptions for the properties of the medium are taken from Miranda et al. (2021; Table 1). The
simulations were run for a period of 20 years.
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Table 1
Medium properties assumed as input parameters for simulations (Miranda et al., 2021).

Parameter Symbol Unit Value
Maximum horizontal principal stress Oy MPa km' 453

Direction maximum horizontal principal stress oy ° N215°E

Minimum horizontal principal stress Oh MPa km'  26.5
Direction minimum principal stress Oh ° N305°E
Vertical principal stress oy MPa km?' 27

In situ fluid pressure Poore MPa km'  10.8
In situ fluid density Pfuid kg m3 1080
In situ fluid dynamic viscosity w kgm' s’ 3.19%10%
Temperature T °C km’’ 22
Permeability k m?2 10~17
Thermal conductivity Arock wm?K? 2.0
Volumetric heat capacity PCrock MJm3K! 24
Young's modulus E GPa 71.5
Poisson’s ratio % — 0.23
Asperity strength factor Fasperity -— 0.5
Basic friction angle Dyasic ° 24.5
Initial shear dilation angle @yilation,0 ° 2.5
Peak shear dilation angle @yilation,peak ° 10.0
Post-peak shear dilation angle @yilationpostpeak 5.0
Peak shear displacement Upeak mm 5.0
Post-peak shear displacement Upost-peak mm 2.5
Reference stress for 90% closure O ref MPa 50
Re-injection temperature Tinjection °C 30
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Parameter Symbol Unit Value

Circulation fluid density PAuid kg m3 993

Circulation fluid specific heat Ciuid JkgT K7 4180
4. Results

4.1. Fracture data analysis

The structural lineaments and fracture data collected from the satellite image, outcrops and well core
were analyzed separately and combined to answer the following research questions:

1) How does the scale of observation influence the geometrical attributes of fracture networks on
crystalline rocks?

2) Which probability distribution function (PDF) to characterize geometrical fracture attributes best fits
the data collected?

The Mixture of von Mises (MvM) distributions with 18 elements suggests a multimodal orientation
indicating five main families (Fig. 7): F1 — N81-90°E (E-W), F2 — N41-50°E (NE-SW), F3 = N101-110°E
(NW-SE), F4 — N21-30°E (NNE-SSW) and F5 — N151-160°E (NNW-SSE).

Analysis of the size suggest that 50% of the interpreted structures in the satellite image are below 300 m,
while 50% of outcrop fractures are below 2 m (Fig. 7). Combining both datasets suggest that the DFN
would be characterized by 65% of structures below 50 m and 35% of structures between 50 to 1,437 m.
More specifically, a DFN generated with these datasets would have 50% of the structures smaller than 3
m, 35% of the structures larger than 100 m and 15% of the structures between 3 and 100 m. This
highlights the greater number of small fractures observed compared to larger structures, agreeing with
the fact that a power-law distribution provides the best fit to the structures size. The RMSE for the power-
law distribution was evaluated to be 0.25, while for the exponential and lognormal distribution was 0.29
and 0.35, respectively. The SSE for the power-law distribution was estimated to be 40, while for the
exponential and lognormal distribution was 52 and 80, respectively.

As the power-law distribution best describes the fracture sizes, it can be assumed that the network
follows a fractal size distribution. The power-law exponent, or fractal dimension, considering the whole
untruncated dataset is -0.3. However, application of the chord method suggests a lower cutoff fracture
size of 200 m and a power-law exponent of -2.1. The chord method is based on the log-log plot of
fracture size against cumulative frequency. A line is drawn through the data point with the shortest length
and the data point with the longest length. Then, the data point with the longest perpendicular distance
from this line is used as the lower cutoff (Zeeb et al., 2013a).
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Spacing data interpreted suggest that the best fit is given by an exponential dis-tribution, which indicates
a uniform spatial distribution for the structures (Fig. 7). The RMSE for the exponential distribution is 0.06
and the SSE is 2. The power-law distribution, on the other hand, revealed RMSE and SSE of 0.56 and 159.
Furthermore, analysis of the data indicates that the core has more widely spaced fractures than the

outcrops. Average fracture spacing obtained from the core data is 1.11 m while out-crop average fracture
spacing is 0.55 m. This agrees with the linear fracture frequency estimated. Core data revealed a value of

0.80 m~ " while outcrop data suggest an average value of 1.81 m™'. In other words, while core data
indicates less than a fracture per meter of core, outcrop data implies almost 2 fractures per meter of
outcrop.

Fracture aperture measured in the field with an electronic caliper indicates a mean value of 6.5 mm, with
a minimum value of 0.1 mm and a maximum value of 165 mm (Fig. 7). These values indicates that the
apertures range from tight to wide, but with different probability of occurrence (Table 2). It is important to
highlight, however, that these apertures are greatly influenced by weathering of the fracture walls and
may not correspond to the in situ aperture value. The data collected also suggests that a power-law
distribution has the best fit, with a RMSE of 0.17 and a SSE of 9. A lognormal distribution reveals a RMSE
of 0.29 and a SSE of 27.

Table 2

Aperture classification (ISRM, 1978) and
probability of occurrence.

Aperture Classification Probability

(mm) (%)
<0.1 Very tight 0
0.1-0.25 Tight 25
0.25-0.50 Partly open 4
0.50-2.50 Open 38

2.50-10.0 Moderately wide 23

>10.0 Wide 11

Additionally, the outcrop data from sampling areas A1, A2, A3 and A4 was analyzed to understand if
lithology influences the geometrical attributes of fractures, thus answering to the following research
question:

3) How does lithology influence the geometrical attributes of fractures?

The results suggest that the paragneiss rocks have three main fracture sets given by the MvM
distributions (Fig. 8): F1 — N81-90°E (E-W), F2 — N151-160°E (NW-SE) and F3 — N1-10°E (N-S). Three
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main fracture families were also identified for the diorite rocks which are (Fig. 8): F1 — N91-100°E (E-W),
F2 — N121-130°E (NW-SE) and F3 — N151-160°E and N161-170°E (NNW-SSE). These results seem to
suggest that, despite the different distribution of values, both lithologies have the same fracture sets.

Fracture size is also similar for both paragneiss and diorite (Fig. 8). These lithologies revealed a median
fracture size of 1.4 m and 2 m, respectively for paragneiss and diorite. However, the diorite rocks have a
larger dispersion of fracture size than paragneiss rocks.

Similarly, minimal differences were also found for fracture spacing (Fig. 8), with the paragneiss revealing
a mean fracture spacing of 0.18 m and the diorite 0.36 m, with the latter showing larger data dispersion.
Aperture data also reveals minimal differences (Fig. 8), with both paragneiss and diorite revealing the
same median aperture of 1.5 mm and similar data dispersion.

4.2. Numerical simulations

Numerical simulations were carried out to answer the last research question:
4) What are the implications of this study for EGS development?

Nine scenarios were simulated to answer this question by changing the fracture size and frequency but
keeping the fracture orientation constant (Table 3). For the structural lineaments extracted from the
satellite image, a slip patch radius of 150 m was assumed as a working hypothesis and to prevent
unrealistic flow rates. In scenario 2C, the pressure at which the wells are held during circulation was
modified to 30 MPa (injector) and - 20 MPa (producer) and in scenario 2D the stimulation pressure in
both wells was increased to 51 MPa. Scenario 3A corresponds to the untruncated fracture size while
scenarios 3B and 3C were built considering the fracture size within the 30—70% interval.
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Table 3
Numerical simulation scenarios.

Scenario  Input Output
Fr,aCture, / S Qrecovered |’Vloss / 7-drawdown Preoovered
orientation
(m) (m) s (%) I(_N1I F: (°C/year)  (GWh/year)
"

1A Outcrop 22 to 10 51 26 0.3 1.3 86
1,437

1B Outcrop 22 to 5 75 2 0.2 1.0 125
1,437

2A Outcrop 0.08to 5 0.7 65 22.9 — —
28

2B Outcrop 0.08to 1.11 6 52 2.7 0.1 12
28

2C Outcrop 0.08to0 1.11 22 45 2.3 0.1 45
28

2D Outcrop 0.08to 1.11 56 34 0.9 0.2 115
28

3A Outcrop 0.08to 3.3 44 71 0.4 1.0 88
1,437

3B Outcrop 1.57to0 10 18 49 0.9 0.9 35
135

3C Outcrop 1.57to0 5 48 29 0.3 0.7 95
135

| - fracture size, S - fracture spacing, Qrecovered — flow rate, W, s — water loss, / — hydraulic impedance,
Tqrawdown — temperature drawdown, P,covereq — thermal output.

The simulations suggest that a network made exclusively of small fractures (Scenario 2A — 2C) leads to
a greater reservoir impedance and lower heat extraction com-pared to a network made exclusively of
large fractures (Scenario 1A — 1B and 3A — 3C; Fig. 9). However, a network of large fractures may lead to
an early thermal short-circuiting of the reservoir, as only a handful of fractures will be conducting flow
(Scenario 1A; Fig. 9). Nevertheless, this behavior changes if the density of the network is increased
(Scenario 1B; Fig. 9), or if smaller fractures are introduced in the network (Scenario 3A — 3C; Fig. 9). An
interesting point illustrated by the simulations undertaken is that a network made of small fractures will
need greater fracture density to achieve the same flow rates as a network made of larger fractures. Water
losses are also decreased in a network with greater fracture density. Furthermore, a network made
exclusively of small fractures tends to be more productive with greater fluid stimulation and circulation

pressures.
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One of the causes for the different EGS performances may be related with the fracture shear stiffness.
This parameter is approximated in FRACSIM3D as the ratio of the rock shear modulus divided by the
fracture radius and multiplied by a geometric parameter (Dieterich, 1957; Eshelby, 1978; Willis-Richards et
al., 1996). For the same shear modulus, a fracture with 0.08 m has a shear stiffness of about 333 GPa
m~1 while a 1,437 m fracture has 0.02 GPa m~ " of shear stiffness. The lowest shear stiffness values are
thus found for the fracture network made of large fractures (e.g., Scenario 1A) while the greatest values
for the fracture network made of small fractures (e.g., Scenario 2B).

Additionally, the capacity of the EGS simulated to fulfil the heating demand of Kuujjuaq was investigated.
The annual average heating needs of a typical residential dwelling in Kuujjuaq have been evaluated to be
22 to 71 MWh (Yan et al., 2019; Gunawan et al., 2020). This community has 973 dwellings, implying an
annual average heating demand of 21 to 69 GWh. Furthermore, an annual population growth of 3% has
been noticed trough Census. Thus, assuming the same growth rate in heating demand, in 20 years, the
annual average heating demand of this community may be 38 to 121 GWh. Keeping these values in
mind, the simulation results indicate that Scenario 1A, 1B, 2C, 2D, 3A and 3C are able to fulfil the demand
over the lifespan of the system considering the lower bound of demand (Table 3). However, these
conclusions change considering the upper bound of heating demand. In this case, only Scenario 1B has
sufficient thermal extraction to fulfil the heating demand (Table 3). However, the best compromise
between heat extraction, water losses, reservoir hydraulic impedance and thermal drawdown is given by
Scenario 3C, where a mix between small and large fractures spaced by 5 m was considered.

5. Discussion

Renewable energy technologies can be a catalyst for the sustainable development of Canada’s north, if
Indigenous Peoples are interesting in deploying them. Thus, many scholars have been focusing their
research on finding the optimal renewable technology and design to meet the power and heating needs of
Indigenous communities in the context of affordability, environmental compatibility, reliability and ease
of use/repair (e.g., Ranjitkar et al., 2006; Thompson and Duggirala, 2009; Kunkel et al., 2012; Walsh, 2013;
Majorowicz and Grasby, 2014; Majorowicz and Minea, 2015; Stephen et al., 2016; McFarlan, 2018;
Giordano and Raymond, 2019; Kanzari, 2019; Yan et al., 2019; Gunawan et al., 2020; Mahbaz et al., 2020;
Quitoras 2020).

Earth energy sources harnessed by deep geothermal technologies may be one of several viable options
for remote northern communities. The versatility of geothermal energy places it in a privileged position
since in northern regions most of energy consumed is for space heating. However, despite the potential
benefits, geothermal energy is still seen as a high-risk option in Canada since data gaps limit assessment
to only about 40% of the country’s landmass (Grasby et al., 2012). In fact, the Canadian Shield has been
seen has a low potential and unviable area for geothermal production due to the low geothermal gradient
and low permeability of the Archean and Paleoproterozoic rocks that constitute the Shield. However,
emerging concepts such as EGS may be able to make this productive less area into a target region. This,
ultimately, can be a valuable contribution to the energy transition of remote northern communities.
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However, prior to assessing EGS performance, it is important to understand the deep-seated structures
that can act as flow pathways. One way of acquiring such knowledge is by collecting fracture
geometrical data (i.e., azimuth, dip, size, spacing, frequency, aperture) from exposures of rock outcrops
and boreholes, quarries, tunnels and roadcuts (e.g., Lei et al., 2017). This data can be sampled using
linear and circular scanlines and rectangular window methods (Zeeb et al., 2013a; Watkins et al., 2015).
Beyond these, areal sampling using photogrammetry (outcrop aerial photographs, satellite imagery) and
virtual outcrop methods (DEM, LiDAR) are nowadays widely applied (e.g., (Fisher et al., 2014; Cawood et
al., 2017; Salvini et al., 2017; Chapelet et al., 2020; Binda et al., 2021; Colica et al., 2021; Kong et al., 2021).
In fact, the combination of these different sampling methods allows a multiscale analysis for a full
characterization of the fracture network avoiding misrepresentation and mischaracterization of the
structures (e.g., Hardebol et al., 2015; Espejel et al., 2020; Bossennec et al., 2021, 2022; Chabani et al.,
20214, b; Ceccato et al., 2022; Frey et al., 2022).

Espejel et al. (2020), for instance, observed that both geometrical and topological fracture attributes are
scale dependent. Furthermore, these authors recognised transitional scale gaps of fracture size between
different scales of observation which greatly constrains the fracture network characterisation. This
transitional fracture scale gap is also observed with different fracture sizes in this study. While outcrop
analysis suggests fractures with sizes ranging between 0.08 to 27 m, with the majority of structures
smaller than 5 m, the interpretation of satellite imagery suggests structural lineaments ranging from 22 to
1,437 m. This size difference caused by the scale of observation has an impact on EGS performance as
highlight in our study. On one hand, hydraulic stimulation treatments may be less effective when applied
to a network made exclusively of small size fractures. Small size fractures tend to slip less making fluid
circulation more difficult through those structures. However, on the other hand, a network made
exclusively of large size fractures can lead to an early short-circuiting of the system, with only a few
fractures acting as flow pathways.

Bossennec et al. (2021), Chabani et al. (2021a) and Ceccato et al. (2022) were able to fit their fracture
size derived from different datasets to a global power law with an exponent of about - 2. This means that
a homogeneous value could be used for different DFN modelling scales and that connectivity is ruled by
the small and the large fractures. The results of our study, however, suggests two different power law
exponents. The power law exponent for the structural lineaments interpreted from satellite imagery is -1.2
and the power law exponent for the fractures observed at the outcrop scale is -0.95. Nevertheless,
combining both datasets leads to a power law exponent of -0.3, or -2.1 if the chord method is applied.
These results highlight the large number of small size fractures observed in this study compared to large
fractures, and that connectivity is mostly ruled by the small size fractures.

Bossennec et al. (2021) and Ceccato et al. (2022) also observed that fracture orientation is dependent of
the scale of observation. In their study, the regional directions observed are not expressed with the same
proportion at all scales. Similar observation was made in our study. While the fracture analysis at the
outcrop scale suggests a main fracture family, the interpretation of the satellite image suggest more
heterogeneity of fracture directions, with five main families. These results suggest that the outcrop as a
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preferential permeability orientation while the permeability derived from structural lineaments observed at
the satellite imagery scale is more heterogeneous, without a preferential direction, and therefore a
homogeneous value could be a first-order approximation to simplify numerical modeling. Nevertheless,
as fracture orientation contributes significantly to directional permeability, this fracture property should be
properly studied. In our study, a MvM distributions with 18 components was used to characterize fracture
orientation. However, this can be further improved by application of “BAMBI” R software package and the
Python code described by Chabani et al. (2020). Furthermore, the approach described by Tran (2007) can
be further applied to characterize fracture orientation and minimize statistical errors that can have an
important impact on numerical models.

Ceccato et al. (2022) observed that spatial distribution was scale-invariant for their different datasets. In
our study, however, the scale effect on fracture spacing and linear frequency is less significant than on
orientation and size, but still exists. Furthermore, while Ceccato et al. (2022) observed that lineament size,
density, and intensity distributions each follow scaling power-law, our fracture data suggests otherwise.
Fracture size follows a power-law distribution, but an exponential distribution provides a better fit to the
spatial fracture distribution. The choice of the appropriate PDF is in fact an important step when
analyzing fracture data. Hamzehpour et al. (2021) studied the impact of PDFs to characterize fracture
attributes on percolation and flow properties. Their observations suggest that the PDF chosen has an
important impact on the permeability and porosity of fracture networks and thus the PDF that best suits
the data is an important aspect to consider. Future improvements to the statistical analysis can be made
by following the approach of Guerriero et al. (2011).

Another important aspect studied in this work was the influence of lithology on the geometrical properties
of fractures. The data collected revealed that fracture orientation, size, spacing and aperture can be
considered independent of lithology. This has important consequences for further numerical modeling.
Since the geometrical attributes are independent of lithology, the DFN model can be simplified, grouping
information from both main lithologies encountered. A similar observation has been made by Chapman
et al. (submitted), who analyzed fracture data in SW Yukon at the outcrop scale and did not recognize a
correlation between lithology and fracture attributes.

Glaas et al. (2021) present a structural characterization of the naturally fractured geothermal reservoirs in
the central Upper Rhine Graben. Their results suggest that the average fracture density in the granitic
basement can range between 0.36 and 1.60 fractures per meter, with the well ESP-1 showing high
fracture density, with an average value of 3.85 fractures per meter. The core recovered from the Forum
well suggests an average fracture density similar to the one observed by Glaas et al. (2021) in the Upper
Rhine Graben. The Upper Rhine Graben is a geothermal productive area, where the geothermal reservoirs
are associated with the naturally fractured granitic basement. The fact that similar fracture densities were
observed in our study reinforces the hypothesis that the Canadian Shield beneath Kuujjuag may be a
potential area for geothermal developments.
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Furthermore, the high density of fractures observed at the outcrop and core scales may indicate that the
fracture network could be approximated as an equivalent porous media for heat-flow simulations.
Equivalent porous media can help to reduce the computational cost and model complexity. However,
Zareidarmiyan et al. (2021) observed that despite equivalent porous media are capable to reproduce
pressure and temperature evolution at wells, it fails at reproducing the distributions within the fractured
media. Thus, the equivalent porous media approach should be used with care, and under some
circumstances, this approach cannot substitute the numerical simulations using DFN models.

The fracture data analysis undertaken in this study provides the essential information to produce
computational representations (i.e., stochastic DFNs) that are representative of the natural fracture
network for thermal, hydraulic and mechanical simulations. Furthermore, it also offers important
observations for EGS development in Kuujjuaq, a remote community located in Canada and heavily
relying on diesel that can be a potential target for geothermal energy production using EGS concept. The
multiscale fracture network characterization, using satellite images, outcrops and well cores, suggests
that the effectiveness of hydraulic stimulation depends on the fracture size and spacing. Reservoirs of
potential commercial interest can be achieved if the connectivity of the network is ruled by both small
and large size fractures and if these are closely spaced.

6. Conclusions

Despite the scale effect being known, it is still a challenging aspect to consider when analyzing fracture
data with the goal of generating stochastic DFNs and under-stand the deep-seated structures.

The results of this work highlight that orientation, size and connectivity are greatly dependent on the
scale of observation. Despite existent, the scale effect on fracture spacing and linear frequency is less
significant. Outcrop data alone suggest one main fracture set while the combination of satellite image
and outcrop data indicates five main families. Furthermore, outcrop data indicates fractures smaller than
30 m while structural lineaments of up to near 1,500 m were identified in the satellite image. A power-law
distribution provides the best fit for the fracture size. Additionally, core data reveals more widely spaced
fractures, and consequently lower linear fracture frequency, than outcrop data. The data also suggests
that fracture spacing can be fit to an exponential distribution. Fracture aperture is found to obey a power-
law distribution. Finally, connectivity analysis suggests that the small-scale outcrops tend to have greater
connectivity than large scale (i.e., satellite imagery scale) outcrops.

The numerical simulations of EGS performance suggest that a network composed by larger fractures
(satellite imagery size; 22 to 1,437 m) performs better than a network composed by smaller fractures
(outcrop size; 0.08 to 28 m). One reason is the lower shear stiffness of larger fractures. However, a
network made exclusively of larger fractures tend to increase the probability of reservoir thermal short-
circuiting. The simulations also illustrate that a small fracture size network needs greater fracture
frequency and/or greater stimulation and circulation pressures to achieve similar flow rates to a large
fracture size network.
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Despite being a case study, the work described here aims at acquiring new knowledge on the geometry
and connectivity of natural fracture networks. This is essential to proceed with exploration steps and
evaluate the technical feasibility of EGS in Precambrian basement rocks. This represents a valuable
contribution for the geo-thermal community assessing the potential of geothermal technologies in
northern environments and dealing with important data gaps. However, the authors are well aware that
deep geothermal exploration boreholes are needed to validate any estimates based on outcrop
analogues. Nevertheless, to raise the interest for geothermal exploration drilling, research needs to be
undertaken using data that can be economically collected. This is where this contribution gains its
scientific value.
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Structural domains and structural analysis of the southwestern Ungava Bay region. The reader is referred
to the original structural map for further details (after Simard et al., 2013).
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Figure 2

Geology of Kuujjuaq (adapted from MERN, 2019). Black square on the geological map indicates the
location of satellite image for structural lineament interpretation. LP — Lac Pingiajjulik fault, LG — Lac
Gabriel fault, F — Forum well.
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Figure 3

Mylonitic foliation suggesting the presence of the Lac Pingiajjulik fault in horizontal (left-hand side) and
vertical (right-hand side) surfaces.

Uninterpreted Interpreted

A =\

Figure 4

Google Earth satellite image and rose diagram produced from structural lineament interpretation. The
reader is referred to Figure 2 for geographical location of the outcrop. The rose diagram was built with
Grapher (Golden Software, 2022).
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Figure 5

Representative photos of the different fracture sampling areas analyzed and rose diagrams and stereonet
produced from fracture interpretation. Red line in the stereonet indicates the outcrop orientation. The
stereonet canvas was built with Stereonet version 11.3.7 (Allmendinger, 2021). The reader is referred to
Figure 2 for geographical location of the sampling areas.

Page 30/34



Paragneiss samples

NF
NF 2468

,}%g - *E!! Diorite/gabbro samples

Figure 6

Graphical well log and representative photos of the lithologies encountered and natural fractures
interpreted. NF — possible natural fractures displayed in stick plot and absolute frequency histogram for 3
m interval. The reader is referred to Figure 2 for geographical location of the well.
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Lognormal distribution

Statistical analysis of the geometrical attributes.
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Figure 8

Influence of lithology on the geometrical attributes of fractures.
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Top view slice at the center of the model illustrating the influence of fracture size, fracture frequency and
fluid stimulation and circulation pressure on the development of an engineered geothermal system. White
dot - injection well, red dot — production well.
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