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Abstract Understanding the natural fracture net-
work is essential for geothermal-related investiga-
tions. However, the geometrical attributes depend 
on the scale of observation. Therefore, a multiscale 
characterization of the fracture network is essential 
to ensure that heat and flow simulations are based 
on stochastically generated discrete fracture network 
models representative of the natural fracture system 
observed. The objective of this project was to under-
stand the scale effect of fracture data on the perfor-
mance of a potential enhanced geothermal system in 

crystalline rock in northern Canada. This was accom-
plished by collecting and characterizing fracture data 
from core, outcrops and satellite image, and then 
constructing a discrete fracture network model which 
was used to simulate the performance of the geother-
mal system. The numerical simulations suggest that 
fracture length and spacing have an important impact 
on its performance. Thermal short-circuiting can be 
easily achieved if the fracture network is modelled 
based solely on satellite image data, and hydroshear-
ing may be less effective if the DFN is constructed 
based solely on outcrop data. The simulations suggest 
that combining the different datasets 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 

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

• The scale effect of fracture properties on hydros-
hearing is explored.

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

In Canada, over 280 communities are disconnected 
from the provincial/territorial power grid and primar-
ily 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 opportuni-
ties to reduce their reliance on fossil fuels, to improve 
energy security and to decrease the carbon footprint 
(CER 2022). One such opportunity includes devel-
oping renewables (CER 2022). In fact, a key compo-
nent of the Pan-Canadian Governmental 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 may be a viable 
option for certain communities.

According to the American Geosciences Institute 
(Neuendorf et al. 2005), a geothermal system is “Any 
regionally localized geological setting where natu-
rally occurring portions of the earth’s internal heat 
flow are transported close enough to the earth’s sur-
face by circulating steam or hot water to be readily 
harnessed for use”. Williams et al. (2011) broadened 
this definition, and for these authors “A geothermal 
system is any localized geological setting where por-
tions of the Earth’s thermal energy may be extracted 
from a circulating fluid and transported to a point of 
use”. To include the concept of Enhanced or Engi-
neered Geothermal Systems (EGS), Williams et  al. 
(2011) definition can be extended to (Moeck 2014):

“A geothermal system is any localized geologi-
cal setting where portions of the Earth’s thermal 
energy may be extracted from natural or artifi-
cially induced circulating fluids transported to 
a point of use. Enhanced Geothermal Systems 
are portions of the Earth crust where the ratio 
of flow rate and fluid temperature is naturally 
too low for economic use, and therefore the flow 
rate must be increased to a sufficient flow rate/

temperature ratio by enhancing the natural per-
meability through technological solutions”.

An example of where EGS could be deployed is 
regions of crystalline bedrock, such as the vast Cana-
dian Shield which covers most of northern Canada, 
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. Stimulation 
options include hydraulic, chemical, and/or thermal 
methods (e.g., Genter et al. 2010).

The potential of EGS to provide power and heat is 
enormous considering that at some depth, anywhere 
on earth, the rock is hot enough. However, there are 
a number of scientific and technical challenges to be 
overcome (e.g., Pollack et al. 2021), a key one being 
the ability to create a reservoir with sufficient permea-
bility. This is greatly influenced by the geometry, con-
nectivity, and frictional properties of the natural frac-
ture network. This has been shown beginning with the 
first EGS field sites (e.g., Richards et al. 1994; Genter 
et al. 2010; Brown et al. 2012), and thus it is not sur-
prising that detailed fracture characterizations have 
been completed at every geothermal site where EGS 
has been applied (e.g., Dezayes et  al. 2010; Brown 
et al. 2012; Glaas et al. 2021; Reinecker et al. 2021).

Fracture properties can be measured at different 
scales, from the borehole (and core, ideally oriented), 
to outcrop, to images from planes and satellites. The 
scale of observation affects what fracture properties 
can be measured. For example, fracture strike and dip 
can be determined from borehole logging, oriented 
core samples, and outcrops, but cannot be measured 
from satellite images.

As well, for fracture properties that can be meas-
ured at all scales, the scale of observation has an 
influence on the value of these. For example, fracture 
density can be defined at a fine scale from borehole 
logging, oriented core, and outcrops, but only at a 
coarse scale from areal images. Another example is 
length: shorter fractures can be identified in outcrop 
logging, but larger fractures might only be detected 
(or at least their length quantified) using areal images.

Simulating the design and performance of an EGS 
involves the construction of a discrete fracture net-
work model. The model is used to understand how the 
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natural fracture system responds to stimulation treat-
ments, and subsequently how the reservoir responds 
to the production and injection of fluids, and ulti-
mately, how much thermal energy can be produced.

Since the scale of observation has an impact on the 
geometrical attributes of fractures, a multiscale frac-
ture network characterization should be undertaken 
to avoid misrepresentation and mischaracterization of 
these attributes (e.g., Hardebol et  al. 2015; Meixner 
et al. 2018; Espejel et al. 2020; Bossennec et al. 2021, 
2022; Chabani et  al. 2021a, b; Ceccato et  al. 2022; 
Frey et  al. 2022; Vega and Kovscek 2022). In fact, 
access to an exhaustive dataset, allowing mapping 
at different scales in both surface (e.g., outcrop map-
ping, drone imagery, airborne LiDAR) and subsur-
face (e.g., cores, borehole, seismic), seems ideal to 
provide a comprehensive setting to fully characterize 
fracture networks and additional structural proper-
ties (e.g., Espejel et  al. 2020). Furthermore, beyond 
a comprehensive structural characterization of the 
naturally fractured geothermal reservoir, understand-
ing the thermal, hydraulic and mechanical coupled 
processes during reservoir development and circu-
lation is additionally important to forecasting EGS 
performance. This is done through numerical mod-
eling, and several scholars have devoted themselves to 
understanding the influencing parameters that affect 
production performance (e.g., Chen et al., 2019; Ling 
et al., 2019; Zhang et al., 2019; Liu et al., 2021).

As aforementioned, ideally, fracture data for an 
EGS study site should be collected at all scales and 
incorporated into the DFN to create the most realistic 
depiction of the natural fracture network. However, 
this is not always feasible in remote northern commu-
nities. Many of these communities do not have bore-
holes, or cores recovered from wells, and in many 
cases the quality of the satellite images is poor for 
a good analysis. Moreover, not all communities are 
covered by LiDAR. Fortunately, Kuujjuaq, the study 
site has a relatively good dataset to study the scale 
effect on fracture properties. Kuujjuaq is an Indige-
nous community in Nunavik (northern Quebec) that 
relies entirely on diesel for its heat and power.

The objective of this paper was to analyze fracture 
properties at the core, outcrop, and satellite image 
scale in the vicinity of Kuujjuaq. Then, for each scale, 
construct a DFN and use it to simulate the response 
of the fracture network on hydroshearing and the per-
formance of the stimulated reservoir. The numerical 

simulations permitted to conduct a qualitative analy-
sis of how the scale effect could influence the perfor-
mance of an EGS. These highlight how length and 
spacing could play a key role in the reservoir develop-
ment, shedding light on the need for multiscale frac-
ture data analysis to be used in simulating EGS.

The results of this research work can be used to 
guide further studies in remote northern communi-
ties. This work illustrates that simple and affordable 
methods such as outcrop and satellite imagery analy-
sis can help to better understand how an EGS could 
perform in the Canadian Shield crystalline basement.

2  Geology

2.1  Local geological setting

Kuujjuaq is located on the Southeastern Churchill 
tectonic province of the Canadian Shield. Two lithol-
ogies are dominant in the study area – paragneiss and 
diorite (Fig. 1). Smaller outcrops of gabbro, tonalite 
and granite are also observed (Fig. 1). 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 Ave-
neau Suite (Paleoproterozoic) and the granite to the 
Dancelou Suite (Paleoproterozoic).

Two main regional faults cross the community. 
One of these structures is the Lac Pingiajjulik fault 
(Fig. 2) and the other is an interpreted fault from anal-
ysis of aeromagnetic images by previous research-
ers. According to Poirier (1989), the Lac Pingiajjulik 
fault represents a thick zone of highly recrystallized 
mylonite that separates two lithological blocks of 
different ages However, aeromagnetic images sug-
gest a different interpretation. The exact location of 
this fault is still debatable, and that discussion goes 
beyond the scope of this work. This structure is 
masked in several places by Paleoproterozoic intru-
sive rocks of the Aveneau and Dancelou suites, sug-
gesting that the fault predates the emplacement of 
these intrusive units.

The Lac Pingiajjulik fault is associated with a 
NW-verging thrust phase, followed by a late dextral 
movement (Perreault and Hynes 1990; Clark and 
Wares 2004). Rocks located to the east of the Lac 
Pingiajjulik fault are metamorphosed to the upper 
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amphibolite facies and granulite facies. Rocks located 
to the west of this structure are metamorphosed to 
the upper amphibolite facies. Strong recrystalliza-
tion of mylonite indicates that metamorphic condi-
tions were sufficient to allow static recrystallization 
after the main episode of deformation (Poirier et  al. 
1990). 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).

2.2  Natural seismicity

The Canadian National Seismic Network has a sta-
tion in Kuujjuaq since 1998. Only three earthquake 
records occurring more than 10  km away from the 

Fig. 1  Geology of Kuu-
jjuaq (adapted from MERN 
2019). Black square on the 
geological map indicates 
the location of satellite 
image for structural line-
ament interpretation. LP: 
Lac Pingiajjulik fault, LG: 
Lac Gabriel fault, F: Forum 
well

Fig. 2  Mylonitic foliation suggesting the presence of the Lac Pingiajjulik fault in horizontal (left-hand side) and vertical (right-hand 
side) surfaces
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community of Kuujjuaq were found in the Canadian 
database (GCan 2021):

(1) Event ID 20111118.1859002 had a magnitude of 
2.2, a depth of 18 km and occurred 10 km N from 
Kuujjuaq;

(2) Event ID 20160313.0434004 had a magnitude of 
3.4, a depth of 18 km and occurred 53 km N from 
Kuujjuaq;

(3) Event ID 20160313.0435001 had a magnitude of 
3.0, a depth of 18 km and occurred 36 km NW 
from Kuujjuaq.

This suggests that the study area is placed in a 
aseismic zone of the Canadian Shield craton.

3  Description of the datasets and data analysis

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

A structural lineament was defined based on 
O’Leary et  al.’s (1976) definition of the word 

“lineament”: “A lineament is a mappable, simple or 
composite linear feature of a surface, whose parts are 
aligned in a rectilinear or slightly curvilinear relation-
ship, and which differs distinctly from the patterns of 
adjacent features and presumably reflects a subsur-
face phenomenon.”

3.1  Satellite imagery

The satellite imagery for interpretation of the struc-
tural lineaments was retrieved from Google Earth 
(Fig. 3). The outcrop analyzed is located on the east 
side of the Koksoak River and it is made mostly of 
gneissic rocks of the Ungava Complex (see Fig. 1 for 
geographical location). This image was chosen since 
it was the one with the best quality for analysis. The 
images near the community have a lower quality for 
interpretation of the structures.

The satellite image was interpreted in ArcGIS ver-
sion 10.3 using the Editor—straight element function 
to manually depict the structural lineaments. Then, 
trace azimuth and length were evaluated as explained 
in the ESRI technical support webpage—How to: 
Batch calculate line direction using the Field Calcu-
lator (ESRI 2021). The information gathered about 

Fig. 3  Google Earth satellite image and rose diagram produced from structural lineament interpretation
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trace orientation was then used in Grapher (Golden 
Software 2022) to produce the rose diagram.

A stochastic DFN model is commonly built on the 
statistical information provided by the fracture data 
analysis. A general stochastic DFN approach assumes 
fractures to be straight lines or planar discs and treats 
the other geometrical properties as independent ran-
dom variables obeying certain probability distribu-
tions (Lei et  al. 2017). For this reason, probability 
distribution functions (PDFs) were applied to charac-
terize the trace azimuth and length (Appendix 2) 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 3) as suggested by Zeeb et al. (2013b).

A total of 226 structural lineaments were identi-
fied, 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. 3).

3.2  Outcrops

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

between gabbro rocks from the Ralleau Suite and 
tonalite rocks from the Aveneau Suite, and fractures 
from both lithologies were investigated.

The linear scanline sampling method together with 
a transit compass corrected for the magnetic declina-
tion (22° in Kuujjuaq) and an electronic caliper were 
used to collect fracture geometrical attributes (i.e., 
azimuth, dip, size or length 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. The number of 
scanlines per outcrop was chosen depending on the 
outcrop quality and homogeneity/heterogeneity of 
fractures observed.

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 2020) to produce stereonet canvas. 
PDFs were applied to characterize fracture proper-
ties (Appendix 2). Then, statistical tests such as the 
RMSE and the SSE were used to evaluate which PDF 
best fit the data sampled (Appendix 3) as suggested 
by Zeeb et al. (2013b).

3.3  Core

In September 2021, a 240  m deep well was drilled 
near Kuujjuaq’s Forum building (Fig.  1) to support 
investigations into the potential to use a ground-
source heat exchange system to provide heat for the 
building (Geotherma solutions Inc, 2022). This well 
also helped to further advance research into this 
community deep geothermal potential, and geother-
mal energy development, including EGS. The entire 
length of the well was cored.

The core was logged for lithology and fractures 
(Fig. 5). The main lithology encountered was parag-
neiss 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.

The linear scanline sampling method was used 
to locate the fractures 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 underrep-
resented since these are parallel to the scanline. 
PDFs were applied to characterize the data gath-
ered (Appendix 2) and the same statistical tests 
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Fig. 4  Representative photos of the different fracture sampling areas analyzed and rose diagrams and stereonet produced from frac-
ture interpretation. Red line in the stereonet indicates the outcrop orientation
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Fig. 5  Graphical well log and representative photos of the lithologies encountered and natural fractures identified. NF: possible 
natural fractures displayed in stick plot and absolute frequency histogram for 3 m intervals
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mentioned above were used to evaluate which PDF 
best fit the data sampled (Appendix 3) as suggested 
by Zeeb et al. (2013b).

A total of 187 possible natural fractures were 
identified, suggesting a linear fracture frequency 
of 0.80   m−  1 and a mean apparent fracture spac-
ing of 1.11  m (Fig.  5). The interpretation took 
into consideration the shape of the fractures and 
the mineralization. The core was not oriented and 
borehole images were not  taken (e.g., borehole 
televiewer) and therefore information about frac-
ture orientation and dip was not retrieved. Fur-
ther information about geological core logging is 
given by Miranda and Raymond (2022). The inter-
pretation of the well core suggests neither a rela-
tionship between lithology and fracture frequency, 
nor between fracture frequency and depth (Fig. 5).

Histogram is the most common tool to present 
fracture data results. However, binning the data 
in fixed intervals may degrade the information. 
For that reason, Sanderson and Peacock (2019) 
recommend the use of stick plots, for example, to 
preserve more information about individual frac-
tures. Stick plots provide a good visual represen-
tation of the fracture distribution along the line, 
while this information is lost by using histograms 
(Fig. 5).

4  Discrete fracture network model

4.1  Influence of lithology

The first fracture data analysis carried out had the 
goal of understanding if lithology influences the geo-
metrical properties of the fractures observed at the 
outcrop scale and consequently hydroshearing.

Sampling areas A1, A2, A3 and A4 were ana-
lyzed with this objective in mind. As mentioned in 
Sect. 3.2., sampling areas A1 and A2 are located on 
paragneiss rocks while the outcrops in A3 and A4 are 
made of diorite rocks.

The results suggest that the paragneiss rocks have 
three main fracture sets given by a Mixture of von 
Mises (MvM) distributions with 18 elements (Fig. 6): 
F1—N81-90°E (E-W), F2—N151-160°E (NW–SE) 
and F3—N1-10°E (N-S). Three main fracture fami-
lies were also identified for the diorite rocks which 
are (Fig.  6): 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 roughly the same fracture sets.

Fracture size is also similar for both paragneiss 
and diorite (Fig.  6). These lithologies revealed a 
median fracture size of 1.4 m and 2 m, respectively 

Fig. 6  Influence of lithol-
ogy on the geometrical 
attributes of fractures
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Fig. 7  Statistical analysis of the geometrical attributes

for paragneiss and diorite. However, the diorite rocks 
have a larger dispersion of fracture size than parag-
neiss rocks.

Similarly, minimal differences were also found for 
fracture spacing (Fig. 6), with the paragneiss reveal-
ing 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.  6), with both paragneiss and diorite revealing 
the same median aperture of 1.5 mm and similar data 
dispersion.

4.2  Influence of scale effect

The structural lineaments and fracture data collected 
from the satellite image, outcrops and well core were 
analyzed separately and combined to, first, under-
stand how the scale of observation influences the 
geometrical attributes of fractures, second, evaluate 
which probability distribution function (PDF) best fits 

the data collected, and third, investigate the influence 
of scale effect on hydroshearing.

A MvM distributions with 18 elements was applied 
to the outcrop data and suggests a unimodal distribu-
tion, with one single main fracture set oriented in the 
E-W direction (N81-90ºE; Fig. 7). Analysis of the sat-
ellite image, on the contrary, suggests a multimodal 
distribution with five main fracture sets (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). Combining both 
datasets results also in a multimodal distribution, but 
the set E-W is the dominant one (Fig. 8).

Analysis of the size suggests that 50% of the inter-
preted structures in the satellite image are above 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. This high-
lights the greater number of small fractures observed 
compared to larger structures, agreeing with the fact 
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that a power-law distribution provides the best fit to the 
structures size. The RMSE for the power-law distribu-
tion was evaluated to be 0.25, while for the exponential 
and lognormal distribution was 0.29 and 0.35, respec-
tively. The SSE for the power-law distribution was esti-
mated to be 40, while for the exponential and lognor-
mal distribution was 52 and 80, respectively.

As the power-law distribution best describes the 
fracture sizes, it can be assumed that the network fol-
lows a fractal size distribution. Plotting the data col-
lected in outcrops and observed in the satellite image 
in a log–log plot suggests a multifractal size distribu-
tion and application of the chord method suggests a 
lower cutoff fracture size of 200 m when both data-
sets are combined. The power-law exponent for frac-
tures between 200 to 1437 m is −2.0. The power-law 
exponent for the outcrop data is −1.8 and the lower 
cutoff length is 2  m. The power-law exponent for 
the satellite image data is −2.0 and the lower cutoff 
length is 200  m. The chord method is based on the 
log–log plot of fracture size against cumulative fre-
quency. A line is drawn through the data point with 
the shortest length and the data point with the long-
est length. Then, the data point with the longest per-
pendicular distance from this line is used as the lower 
cutoff (Zeeb et al. 2013a).

The power-law functions to characterize our data-
set are then:

These power-law exponents closer to 2 suggest that 
the fracture size has a fractal character. Furthermore, 
the power-law exponent of the outcrop data suggests 

(1)Outcrop data ∶ f (l) = 1.407l−1.792

(2)Satellite image data ∶ f (l) = 39982l−1.982

(3)Both databases ∶ f (l) = 14230l−1.982

that based on that dataset the fracture network com-
prises short size elements (Bossennec et al. 2021).

Spacing data interpreted suggests that the best fit 
is given by an exponential distribution, which indi-
cates a uniform spatial distribution for the structures 
(Fig.  7). The RMSE for 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 outcrop average fracture 
spacing is 0.55 m. This agrees with the linear fracture 
frequency estimated. Core data revealed a value of 
0.80  m−1 while outcrop data suggest an average value 
of 1.81  m−1. 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 indicate that 
the apertures range from tight to wide, but with dif-
ferent probability of occurrence (Table 2).

The data collected also suggests that a power-law 
distribution has the best fit, with an RMSE of 0.17 
and an SSE of 9. A lognormal distribution reveals an 
RMSE of 0.29 and a SSE of 27.

The power-law function to characterize our dataset 
is then:

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. For this reason, these aperture values 
measured in the field were neglected for the numeri-
cal simulations undertaken.

5  Description of the numerical model

As described in the Introduction section, numerical 
simulations are used to investigate the development 
and performance of EGS.

The construction of a geological model that repre-
sents the natural fracture system (and includes other 

(4)Outcrop data ∶ f (w) = 0.3322w−0.3668

Fig. 8  Influence of lithology on the shear displacement
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rock properties as appropriate to the simulation goals) 
is the first step.

FRACSIM3D is a fracture generator and thermo-
hydro and hydro-mechanical coupled model (Willis-
Richards et al. 1996; Jing et al. 2000; Miranda et al. 
2021). We used FRACSIM3D to construct the geo-
logical model. FRACSIM3D can generate fracture 
networks by taking the fracture attribute data, and the 
PDFs for each fracture attribute, and generates a nat-
ural fracture network. This numerical simulator was 
also used to simulate the hypothetical EGS.

A detailed description of the numerical model (i.e., 
fracture generation process, fracture constitutive laws 
implemented, and hydroshearing, circulation and 
heat extraction processes) is given by Willis-Richards 
et al. (1996) and Jing et al. (2000).

The validity of using FRACSIM3D is supported 
by the work of Jing et  al. (2000) who used FRAC-
SIM3D to simulate the short- and long-term thermal 
extraction of an EGS at Hijiori (Japan) as the numeri-
cal model results were comparable with the field tests.

For our study site, Miranda et  al. (2021) used 
FRACSIM3D to simulate the fracture sets that were 
optimally oriented to slip, and the results were simi-
lar to a method based on Mohr–Coulomb analysis 
carried out by Miranda et  al. (2023). Furthermore, 
Miranda et  al. (2021) used FRACSIM3D to investi-
gate the fluid pressure necessary to induce slippage 
along fractures, and the results were similar to the 
estimates carried out by Miranda et al. (2023) using 
the critical fluid pressure estimates method.

5.1  Conceptual model

A cubic model volume of 8  km3 (with 2 km of edge 
length) discretized into a grid of 200 × 200 × 200 cells 
was used to carry out the numerical simulations. A 
grid dependency study was undertaken and revealed 
a difference of about 5% between a 100-cell grid and 
a 300-cell grid. The fracture network is incorporated 
into the model. The system was designed as a dou-
blet, with one injector and one producer, both verti-
cal. A spacing of 600  m was assumed between the 
wells and an open hole length of 600 m was consid-
ered. The wells were positioned oriented parallel to 
the maximum horizontal principal stress. The well 
bore radius was defined as 0.11 m. A stimulated rock 
volume of 0.8  km3 was defined for both wells.

5.2  Fracture constitutive laws

The following equations implemented in FRAC-
SIM3D are intended to be practical approximations 
to the shear dilation behavior of a model containing 
thousands of fractures.

5.2.1  Initial fracture aperture

Fractures in FRACSIM3D are assumed to be fric-
tional contacts without any infilling minerals causing 
resistance to sliding or opening (Jing et al. 2000). The 
initial fracture apertures, at zero effective stress, are 
assumed in FRACSIM3D to be proportional to the 
fracture radii (Willis-Richards et al. 1996; Jing et al. 
2000):

where a0 (m) is the undisturbed fracture aper-
ture and β (-) is a constant of proportionality cho-
sen such that the macroscopic permeability of the 
undisturbed network approximately matches the 
in situ measured permeability. This constant of pro-
portionality is uniformly applicable to all the frac-
tures in the network and is calculated by (Willis-
Richards et al. 1996):

where S (m) is the mean fracture spacing measured in 
the field, k  (m2) is the mean in situ permeability from 
field measurements, σn (Pa) is the rock stress normal 
to the fracture surface, Pp (Pa) is the fluid pressure 
in the fracture and σn,ref (Pa) is the effective normal 
stress applied to cause 90% reduction in the compli-
ant aperture.

5.2.2  Fracture shear dilation behavior

Fractures will begin to slip when the shear stress 
acting parallel to the fracture plane exceeds its slid-
ing resistance. The shear stability of a rough frac-
ture is expressed in FRACSIM3D through the linear 
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Mohr–Coulomb criterion (Jing et  al. 2000; Miranda 
et al. 2021):

where τ (Pa) is the shear stress, Fasperity (-) is the 
asperity strength factor, ϕbasic (º) is the basic friction 
angle of the rock material and �effective

dilation
 (º) is the effec-

tive shear dilation angle. This property is related to 
the shear dilation angle at zero normal stress, and is 
expressed approximately in FRACSIM3D as (Jing 
et al. 2000):

Shear displacement is expressed in FRACSIM3D 
as (Jing et al. 2000):

where U (m) is the shear displacement and Ks (Pa) is 
the fracture shear stiffness, which is approximated in 
FRACSIM3D as (Jing et al. 2000):

where γ (−) is a geometric parameter ( � =
7�

24
 for cir-

cular fractures; Eshelby 1957) and G (Pa) is the shear 
modulus of the rock material.

The aperture of a sheared fracture with unabrabed 
asperities in contact is then approximated in FRAC-
SIM3D as (Jing et al. 2000):

Rock mechanics experiments have suggested that 
shear dilation angle increases over the first few mil-
limeters of displacement as asperities of increasing 
wavelengths become out of phase, reaching a maxi-
mum and then decreasing to lower values after few 
millimeters of displacement since the longer wave-
length asperities have less relative amplitude than 
those with the shorter wavelength. Thus, a shear dis-
placement–dilation relationship, in which the shear 
dilation angle is a reducing function of displacement 
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rather than constant, was formulated and imple-
mented. The relationship is as follows:

• A linear increase from a starting shear dilation 
angle value to a maximum value over a certain 
small shear displacement distance;

• An exponential decay with displacement thereaf-
ter to a low constant value at greater displacement 
at a user-specified rate.

5.3  Model assumptions

The reservoir simulated was assumed homogene-
ous and isotropic in terms of thermal, hydraulic and 
mechanical properties. The mechanical properties 
assigned to each fracture (i.e., fracture basic fric-
tion angle, shear dilation angle, and closure proper-
ties) in the model were assumed to be the same to 
simplify the modeling process. Assumptions for the 
properties of the medium are taken from Miranda 
et  al. (2021; Table  1). The frictional properties of 
fractures used in this study are working hypotheses. 
The simulations assumed that the center of the res-
ervoir is placed at 4 km depth.

5.4  Boundary and initial conditions

The initial reservoir temperature at the center of the 
model is defined by the user, and in this case the value 
88 ºC was used. The upper and boundary temperature 
conditions are calculated based on this temperature 
value and the geothermal gradient. No heat transfer 
occurs beyond the boundaries of the stimulated rock 
volume.

The initial reservoir pressure at the center of the 
model is assumed hydrostatic, and the value used for 
the in  situ fluid pressure at model center is 43 MPa. 
The model is assumed to be filled with water. The 
upper and boundary pressure conditions are calculated 
based on this pressure value and the pressure gradient.

The initial reservoir permeability is defined by the 
user, and a value of  10–17  m2 was used in this case. 
The initial fracture aperture is calculated numerically 
considering this initial in situ permeability and mag-
nitude of the principal stresses imposed in the model, 
and the numerically generated stochastic fracture 
network.
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A larger permeability is assigned to the far field 
(i.e., beyond the boundaries of the model) to permit 
flow out of the model through fractures that do not 
cross the production well. This condition also permits 
flow to be brought into the model by fractures whose 
length exceeds the model boundaries. The permeabil-
ity of the far field was increased by a factor of 10 in 
these simulations.

As aforementioned, a stimulated rock volume 
surrounding the injection (and production) well(s) 
is defined by the user. In this case, we assumed that 
both wells were stimulated, and the stimulated rock 
volume was 0.8  km3 in both wells. This stimulated 
rock region constrains the volume of rock containing 
fractures that will be disturbed by changes imposed 

into their initial state of stress. Beyond this volume 
boundaries, the pressure drops rapidly towards ini-
tial conditions. Similarly, within this stimulated vol-
ume, the pressure drops by 25% from the center of 
the stimulated region, where the well openhole is, 
towards the edge of the pressurized region. The user 
defines the stimulation fluid pressure at the wells. A 
value varying between 47 and 51  MPa was used in 
the simulations. These stimulation fluid pressures 
were previously calculated as necessary to reactivate 
the optimally oriented fractures through slip tendency 
analysis (Miranda et al. 2023).

This change into the fractures initial state of stress 
leads to the aperture enhancement of the fractures 
that are well oriented considering the direction of the 

Table 1  Medium 
properties assumed as input 
parameters for simulations 
(Miranda et al., 2021)

Parameter Symbol Unit Value

Maximum horizontal principal stress σH MPa 181
Gradient maximum horizontal principal stress σH MPa  km−1 45.3
Direction maximum horizontal principal stress σH ° N215°E
Minimum horizontal principal stress σh MPa 106
Gradient minimum horizontal principal stress σH MPa  km−1 26.5
Direction minimum horizontal principal stress σh ° N305°E
Vertical principal stress σV MPa 108
Gradient vertical principal stress σV MPa  km−1 27
In situ fluid pressure Ppore MPa 43
Gradient in situ fluid pressure Ppore MPa  km−1 10.8
In situ fluid density ρfluid kg  m−3 1080
In situ fluid dynamic viscosity w kg  m−1  s−1 3.19 ×  10–4

Temperature at the center of the model T °C 88
Geothermal gradient T °C  km−1 22
Permeability k m2 10–17

Thermal conductivity λrock W  m−1  K−1 2.0
Volumetric heat capacity ρcrock MJ  m−3  K−1 2.4
Young’s modulus—paragneiss E GPa 71.5
Poisson’s ratio v – 0.23
Asperity strength factor Fasperity – 0.5
Basic friction angle Φbasic ° 24.5
Initial shear dilation angle Φdilation,0 ° 2.5
Peakshear dilation angle Φdilation,peak ° 10.0
Post-peak shear dilation angle Φdilation,post-peak ° 5.0
Peak shear displacement Upeak mm 5.0
Post-peak shear displacement Upost-peak mm 2.5
Reference stress for 90% closure σn,ref MPa 50
Re-injection temperature Tinjection °C 30
Circulation fluid density ρfluid kg  m−3 993
Circulation fluid specific heat cfluid J  kg−1  K−1 4180
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maximum horizontal principal stress imposed by the 
user (N215ºE, in this case; Miranda et al. 2023). If a 
fracture falls inside of the stimulated region, it will be 
reactivated. If the fracture falls inside and outside of 
the stimulated region, this fracture will be reactivated. 
If the fracture falls outside of the stimulated region, it 
will not be reactivated.

During the circulation and heat extraction phases, 
a pressure varying between 14 and 30  MPa was 
imposed to the injection well and a pressure of −2 to 
−20 MPa was imposed to the production well for the 
stimulation scenarios. A fluid temperature of 30 °C 
was imposed in the injection well. Heat is extracted 
from the reservoir through the reactivated fractures. 
The simulations were run for a period of 20 years.

6  Numerical simulation results

6.1  Influence of lithology

The numerical simulations suggest that lithology 
has a minimal influence on the shear displacement 
(Fig. 8). The median shear displacement for the par-
agneiss is 0.99 mm and 0.98 mm for the diorite. The 
diorite shows greater dispersion of the shear displace-
ment than the paragneiss.

Considering these observations, we concluded 
that lithology has a negligible effect on the geometri-
cal properties of fractures and on the hydroshearing 
treatment. For this reason, these two lithologies were 
grouped into one single hydrostratigrahic unit for the 
following data analysis and modeling.

6.2  Influence of scale effect

The scale effect has a significant impact on the 
hydroshearing treatment (Fig.  9). The structural 

lineaments depicted from the satellite image reveal 
greater shear displacement than the fractures mapped 
on the outcrops. The median shear displacement is 
5 mm for the satellite image data and 1 mm for the 
outcrop data. The satellite image data shows greater 
dispersion than the outcrop data.

One of the causes for these differences may be 
related to 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. For the same 
shear modulus, a fracture with 0.08  m has a shear 
stiffness of about 333 GPa  m−1 while a 1437 m frac-
ture has 0.02 GPa  m−1 of shear stiffness. The lowest 
shear stiffness values are thus found for the fracture 
network made of large fractures (satellite image) 
while the greatest values for the fracture network 
made of small fractures (outcrop).

These results suggest that hydroshearing treatment 
may be more effective in a network made of larger 
fractures than in a network made of smaller fractures. 
Larger fractures may have smaller shear stiffness and 
therefore shear displacement may be greater in these 
structures. This ultimately may have an impact on the 
sheared aperture, with larger fractures having larger 
void space than smaller fractures (Table 2).

6.3  Impact on hypothetical EGS development and 
performance

As concluded in the above section, the length of the 
fractures could have an important impact on EGS 
development. A DFN built based exclusively on satel-
lite image data could lead to an early thermal short-
circuiting of the reservoir since only a few fractures 
may be fluid flow conduits, contributing to fluid 

Fig. 9  Influence of scale effect on the shear displacement

Table 2  Aperture classification (ISRM 1978) and probability 
of occurrence

Aperture
(mm)

Classification Probability
(%)

 < 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
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circulation within the reservoir where only a few 
structures will act as preferential fluid flow pathways. 
This hypothesis was tested in this section by simulat-
ing nine scenarios where fracture size and frequency 
were changed but fracture orientation was kept con-
stant (Table 3). The orientation of fractures observed 
from outcrop mapping was preferred since not all 
structural lineaments depicted in the satellite image 
may correspond to fractures.

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 modi-
fied 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. This fracture size range was chosen 
since fractures commonly consist of many interacting 
and linked segments, and what appears to be a single 
structural lineament mapped from satellite image may 
in fact be several structures (Peacock et al. 2019).

The simulations suggest that DFNs built exclu-
sively based on outcrop data (Scenario 2A–2C) could 
lead to a greater reservoir impedance and lower 
heat extraction compared to a DFN built exclusively 
based on satellite image data (Scenario 1A–1B) or 
a mix of outcrop and satellite image data (3A–3C; 
Fig.  10). However, a DFN built exclusively based 

on the satellite image data may lead to an early ther-
mal short-circuiting of the reservoir, as only a hand-
ful of fractures will be conducting flow (Scenario 
1A; Fig.  10). Nevertheless, this behavior changes if 
the density of the network is increased (Scenario 
1B; Fig.  10), or if outcrop data is introduced in the 
network (Scenario 3A–3C; Fig.  10). An interest-
ing point illustrated by the simulations undertaken is 
that a DFN built mixing satellite image and outcrop 
data may need greater fracture density to achieve the 
same flow rates as a DFN constructed based on the 
satellite data alone. Water losses are also decreased 
in this mixed DFN with greater fracture density. Fur-
thermore, a DFN constructed based solely on outcrop 
data may be more productive with greater fluid stimu-
lation and circulation pressures.

Additionally, the capacity of the EGS simulated 
to fulfil the heating demand of Kuujjuaq was inves-
tigated. The annual average heating needs of a typi-
cal residential dwelling in Kuujjuaq have been eval-
uated to be 22–71 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 through 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 

Table 3  Numerical simulation scenarios

l—fracture size, S—fracture spacing, Qrecovered—flow rate, Wloss—water loss, I—hydraulic impedance, Tdrawdown—temperature draw-
down, Precovered—thermal output

Scenario Input Output

Fracture orientation l
(m)

S
(m)

Qrecovered
(l  s−1)

Wloss
(%)

I
(MPa  L−1  s−1)

Tdrawdown
(°C/year)

Precovered
(GWh/year)

1A Outcrop 22 to 1,437 10 51 26 0.3 1.3 86
1B Outcrop 22 to 1,437 5 75 2 0.2 1.0 125
2A Outcrop 0.08 to 28 5 0.7 65 22.9 – –
2B Outcrop 0.08 to 28 1.11 6 52 2.7 0.1 12
2C Outcrop 0.08 to 28 1.11 22 45 2.3 0.1 45
2D Outcrop 0.08 to 28 1.11 56 34 0.9 0.2 115
3A Outcrop 0.08 to 1,437 3.3 44 71 0.4 1.0 88
3B Outcrop 1.57 to 135 10 18 49 0.9 0.9 35
3C Outcrop 1.57 to 135 5 48 29 0.3 0.7 95
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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.

However, it is important to highlight that the 
results of these numerical simulations in terms of 
flow rate and thermal energy extraction are purely 
hypothetical and may differ once an EGS is devel-
oped. Field tests are necessary to validate the mod-
eling results. The numerical simulations were car-
ried out with the goal of illustrating qualitatively, 
rather than quantitatively, how different methods to 
characterize fracture length and fracture frequency 
may impact significantly EGS development and 
performance.

7  Discussion

Multiscale fracture network characterization has 
been investigated by many scholars (e.g., Hardebol 
et al. 2015; Meixner et al. 2018; Espejel et al. 2020; 
Bossennec et al. 2021, 2022; Chabani et al. 2021a, 
b; Ceccato et  al. 2022; Frey et  al. 2022; Vega and 
Kovscek 2022). All these studies highlight dif-
ferences in fracture orientation, fracture length, 
and fracture spacing as a consequence of the scale 
effect. Since geometrical properties of fractures are 
scale-dependent, we decided to carry out the same 
investigation to quantify these differences using 
the crystalline basement in Kuujjuaq as a case-
study. This multiscale characterization of the geo-
metrical properties was then used to understand and 
gain insights on how the scale effect can influence 
mechanical simulations of hydroshearing treatment, 
and consequently, the potential development and the 
performance of a hydraulically stimulated geother-
mal reservoir.

Fig. 10  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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The analysis of multiple data sources, namely 
satellite imagery, outcrops and core, suggests that 
fracture orientation, fracture length, and fracture 
spacing are indeed dependent on the scale of obser-
vation. Structural lineaments analyzed from the sat-
ellite image revealed a more complex distribution of 
orientations than the outcrop field analysis. One of 
the reasons may be due to the fact that not all struc-
tural lineaments observed from the satellite image 
may correspond to open-mode fractures. For that 
reason, the orientations retrieved from the satellite 
imagery analysis were considered highly uncertain 
and neglected in the numerical simulations carried 
out. Using outcrop data to model subsurface data is 
also highly uncertain, and data from core and well 
logs should be prioritized. Unfortunately, the well 
available for this study was drilled with other goals 
than geological data acquisition, and logging data 
was not acquired. Despite the availability of core 
samples, the core was not oriented, and the structures 
analyzed were considered only probable natural frac-
tures since well logs would be needed to confirm if 
they are actually natural or rather induced fractures. 
In this work, we assumed the outcrop data to be the 
most accurate, but we are aware that we are intro-
ducing important bias and uncertainty to our results. 
Nevertheless, this study can inform about questions 
that need to be resolved and can trigger interest for 
further developments.

Furthermore, structural lineaments from the sat-
ellite image revealed larger fracture length than 
observed at the outcrop scale. This is expected since 
fractures are often not continuous segments, but 
rather a combination of interacting and linked seg-
ments as pointed out by Peacock et  al. (2019). A 
large structural lineament observed at the satellite 
image scale can indeed correspond to several smaller 
fractures at the outcrop scale. This is an important 
data resolution bias and introduces important uncer-
tainty to conduct further simulations with subsur-
face numerical models. As the numerical simulations 
illustrate, a DFN built based on satellite image data, 
where a majority of fractures are longer than 200 m, 
could lead to an early thermal short-circuiting of the 
geothermal reservoir. This can have important eco-
nomic impacts for a geothermal system. However, if 
the DFN is built based on outcrop data, where most 
of the fractures have a length of 5 m or less, this could 

have important technological issues in developing the 
geothermal reservoir by hydraulic stimulation. In fact, 
the effectiveness of the hydraulic stimulation treat-
ment may be greatly diminished with such a dataset, 
according to the numerical simulations carried out. 
Of course, field tests are needed to corroborate or 
refute the modeling exercise undertaken.

One option to deal with this data resolution bias 
according to Peacock et al. (2019) is to define a reso-
lution limit, and sampling only fractures of a certain 
length. According to these authors, defining this reso-
lution limit is helpful to upscale the geometry of the 
fracture network to the scales of interest for reservoir 
models. In this paper, we decided not to sample only 
fractures of a certain length since our objective was to 
understand how fracture lengths measured at different 
scales would respond to hydroshearing.

It is also important to discuss the fact that the sat-
ellite image analyzed corresponds to an outcrop made 
of gneiss of the Ungava Complex, while the field 
analysis was undertaken on outcrops of paragneiss 
of the False Suite unit, diorite of the Kaslac Complex 
and on outcrops on the contact between tonalite of 
the Aveneau Suite and paragneiss of the False Suite 
and between the tonalite and the gabbro rocks of the 
Ralleau Suite. Furthermore, the core is made of the 
paragneiss, diorite and tonalite units. The fact that the 
analysis groups different rock types can additionally 
create biases and uncertainty related to geology, as 
explained by Peacock et  al. (2019). Despite the fact 
that the outcrop data suggests an independence of 
geometrical properties of fractures and geology, there 
is always a certain degree of geology bias involved. 
Ideally, the satellite image should have been made 
over paragneiss and diorite to decrease this bias. 
Unfortunately, the quality of the images available in 
Kuujjuaq limits this ideal situation, and we opted for 
the gneiss outcrop to illustrate the goal of this paper, 
which was to understand and gain insights on how 
the scale effect can influence the hydroshearing treat-
ment and the potential development of an EGS in this 
remote northern community. This problem can be 
commented on to remote regions where subsurface 
data is sparce and expensive to collect.

Methods can also impose biases and uncertainty as 
explained in Peacock et  al. (2019). Despite different 
methods being used in this work, namely analysis of 
a satellite image, analysis of core data, and scanline 
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sampling methods on outcrops surface, the dataset 
used in this work was useful to illustrate the objec-
tive of the paper. Fracture length and spacing can 
play a critical role in an effective hydraulic stimula-
tion treatment, which will have important economic 
consequences for a potential EGS development in the 
study area. The authors are aware that the modeling 
exercise may be uncertain. Further field tests are of 
upmost importance to decrease the uncertainty and 
provide more accurate and realistic results.

It is also important to note that carrying out geo-
thermal research in northern communities requires 
“out of the box” solutions for a first-order assess-
ment of their geothermal potential. Field logistic is 
extremely challenging in communities not connected 
by road, where field material (e.g., borehole tools) 
needs to be shipped by boat or airplane, and the field-
work timing is reduced due to cost and short field sea-
sons followed by the long winter. If the preliminary 
data suggests an interesting potential, then it opens 
the door to further geothermal research.

Another source of bias and uncertainty in the frac-
ture network characterization and modeling exercise 
comes from the analysts themselves. If other people 
analyze our datasets and obtain a different interpreta-
tion, this may lead to different results, highlighting a 
reproducibility issue. If different results are obtained, 
this can become a critical issue as pointed out by Pea-
cock et al. (2019). The data in this paper was analyzed 
by one single analyst. This by itself is already impos-
ing a subjective bias, and indeed further work needs 
to be done to combine the interpretation of more ana-
lysts and understand the reproducibility of the results. 
The analyst subjective bias has also been pointed out 
by Andrews et  al. (2019). Nevertheless, this analyst 
bias was considered not critical to the objective of 
this paper.

Another important point worth discussing is the 
numerical simulator used in this study, and the frac-
ture constitutive laws implemented. Joint behavior 
during hydraulic stimulation is approximated in this 
study following Goodman/Willis-Richards’ approxi-
mation rather than the Barton-Bandis model. This can 
lead to another source of bias and uncertainty in the 
modeling results that the authors are aware. In fact, 
a next step can be the comparison of the results from 
FRACSIM3D with other numerical simulators to 
quantify the influence of the numerical simulator on 
forecasting EGS development and performance.

Despite some bias, uncertainty and limitations 
related to the difficulty of collecting reliable datasets 
in remote regions, this research work qualitatively 
illustrates how the scale effect of fracture geometrical 
properties can have an important impact on hydros-
hearing treatment. The results, despite uncertain, 
suggest that further and more detailed geothermal 
research focused on the natural fracture network is 
worthwhile to assess accurately if EGS can be devel-
oped in the study area. This research work highlights 
how neglecting the scale effect of geometrical prop-
erties of fractures can have an important economic 
impact on a deep EGS project.

8  Conclusions

This paper analyzed the natural fractures and struc-
tural lineaments in the community of Kuujjuaq 
(Nunavik, Canada) through different datasets and 
investigated how the observed variability could 
impact the network response to hydroshearing 
through numerical modeling. Despite the scale effect 
being known, our study illustrates challenges to con-
sider when analyzing fracture data with the goal of 
generating stochastic DFNs and understand the deep-
seated structures.

The results of this work highlight that orientation, 
size and connectivity are greatly dependent on the 
scale of observation, and less so for fracture spacing 
and linear frequency. Outcrop data alone suggests 
one main fracture set while the combination of satel-
lite image and outcrop data indicates five main fami-
lies. Furthermore, outcrop data indicates fractures 
smaller than 30 m while structural lineaments of up 
to ~ 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 lin-
ear 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.

The numerical simulations of EGS development 
and performance suggest that a DFN built exclusively 
based on satellite image data performs better than a 
DFN built exclusively based on outcrop data. One 
reason could be the greater shear displacement expe-
rienced by larger fractures, which could be related 
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with their lower shear stiffness. However, a DFN 
built exclusively based on satellite image data may 
increase the probability of reservoir thermal short-
circuiting. The simulations also illustrate that a DFN 
built exclusively based on outcrop data may need 
greater fracture frequency and/or greater stimulation 
and circulation pressures to achieve similar flow rates 
to a large fracture size network.

Despite being a case study, the work described 
here aims at acquiring new knowledge on the geom-
etry of natural fracture networks. This is essential to 
proceed with exploration steps and evaluate the tech-
nical feasibility of EGS in Precambrian basement 
rocks. This represents a valuable contribution for the 
geothermal community assessing the potential of geo-
thermal technologies in northern environments and 
dealing with important data gaps. Deep geothermal 
exploration boreholes are needed to validate initial 
estimates based on outcrop analogues. Nevertheless, 
to raise the interest for geothermal exploration drill-
ing, research needs to be undertaken using data that 
can be economically collected. This is where this 
contribution gains its scientific value.

Acknowledgements The Centre d’études nordiques (CEN), 
supported by the Fonds de recherche du Québec – nature et 
technologies (FRQNT), and the Observatoire Homme Milieu 
Nunavik (OHMI) are acknowledged for helping with field 
campaigns and logistics. The authors are also thankful to Cyn-
thia Brind’Amour-Cote for the support during the field cam-
paign and to Jonathan Willis-Richards who provided the code 
FRACSIM3D used to run the EGS numerical simulations. 
The authors would also like to acknowledge the two anony-
mous reviewers whose comments helped to greatly improve the 
manuscript.

Author contributions Conceptualization, MMM and CD; 
methodology, MMM, JR and CD; validation, MMM, JR, CD, 
AW and SP; formal analysis, MMM; investigation, MMM; 
resources, MMM; data curation, MMM; writing—original 
draft preparation, MMM, JR, CD, AW and SP; writing—
review and editing, MMM, JR, CD, AW and SP; visualization, 
MMM; supervision, JR; project administration, JR; funding 
acquisition, JR All authors have read and agreed to the pub-
lished version of the manuscript.

Funding This research was funded by the Institut nordique 
du québec (INQ) through the Chaire de recherche sur le poten-
tiel géothermique du Nord awarded to Jasmin Raymond and by 
Natural Resources Canada.

Availability of data and materials All the data is presented 
in the manuscript.

Declarations 

Ethics approval and consent to participate Not applicable.

Competing interests The authors declare no conflict of inter-
est.

Consent to publish The authors agree with the publication 
of the manuscript.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Appendix 1

Fracture data was collected in 6 sampling areas 
around the community of Kuujjuaq (A1 to A6; 
Fig.  2). In sampling area 1 (A1), the fracture data 
was collected in 6 outcrops spread around this frac-
ture sampling area and in each outcrop 1 to 3 scan-
lines were used. The scanlines were placed at an 
angle to each other to capture more fracture informa-
tion. This sampling area is characterized by two main 
fracture directions, E-W and NW–SE, and scattered 
fractures with orientation N-S and NE-SW (Fig. 11). 
The lengths of the fractures range from a minimum of 
0.32 m to a maximum of 13 m (Fig. 11). The linear 
fracture intensity ranges from 0.35 to 4  m−1 (Fig. 11). 
The average fracture spacing after application of 
the Terzaghi correction varies from 0.07 to 2.19  m 
(Fig. 11).

A total of 5 outcrops spread around fracture sam-
pling area 2 (A2) were selected to collect fracture 
information. One to three scanlines at an angle to 
each other were used in each outcrop. The main frac-
ture directions are N-S and E-W, and the minor direc-
tions are NE-SW and NW–SE (Fig. 12). The fractures 

http://creativecommons.org/licenses/by/4.0/
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have a length of 0.08 to 5 m (Fig. 12). This sampling 
area is characterized by a linear fracture intensity 
varying between 1.11 and 4.89   m−1 (Fig.  12), with 
fractures spaced by 0.10 to 0.41 m after application of 
Terzaghi correction (Fig. 12).

Eight outcrops were surveyed in sampling area 3 
(A3) by one to four scanlines deployed at an angle 
to each other. The main fracture direction is E-W, 
and the minor di-rection is NW–SE, with scattered 

fractures with orientation N-S and NE-SW (Fig. 13). 
The length of the fractures varies between 0.2 and 
12 m (Fig.  13), the linear density between 0.48 and 
3.54  m−1 (Fig. 13) and the spacing between fractures 
from 0.001 to 3.46 m after correction (Fig. 13).

The fractures in sampling area 4 (A4) were collected 
in 3 outcrops and 1 to 4 scan-lines positioned at an angle 
with each other were used. The main fracture direction 
identified is E-W and NE-SW, with scattered fractures 

Fig. 11  a Rose diagrams, b fracture length, c linear fracture intensity and d fracture spacing for each outcrop and scanline studied in 
the sampling area A1. Red lines in the rose diagrams: scanlines, O: outcrop, n: number of fractures

Fig. 12  a Rose diagrams, b fracture length, c linear fracture intensity and d fracture spacing for each outcrop and scanline studied in 
the sampling area A2. Red lines in the rose diagrams: scanlines, O: outcrop, n: number of fractures
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in the direction N-S and NW–SE (Fig. 14). The frac-
tures have a minimum length of 0.56  m to a maxi-
mum length of 27.78 m (Fig. 14), the linear intensity is 

analyzed to range between 0.29 and 2.22  m−1 (Fig. 14) 
and the spacing between 0.05 and 5.46 m, after applica-
tion of Terzaghi correction (Fig. 14).

Fig. 13  a Rose diagrams, b fracture length, c linear fracture intensity and d fracture spacing for each outcrop and scanline studied in 
the sampling area A3. Red lines in the rose diagrams: scanlines, O: outcrop, n: number of fractures

Fig. 14  a Rose diagrams, b fracture length, c linear fracture intensity and d fracture spacing for each outcrop and scanline studied in 
the sampling area A4. Red lines in the rose diagrams: scanlines, O: outcrop, n: number of fractures
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Three outcrops were surveyed in sampling area 
5 (A5), and one to two scanlines were used to col-
lect fracture information in this sampling area. The 
scanlines were displaced at an angle to each other. 
The main fracture direction is N–S and NE–SW with 
scattered fractures in the direction E-W and NW–SE 
(Fig. 15). The length of the fractures in the outcrops 
analyzed varies between 0.38 and 10 m (Fig. 15). The 
line-ar fracture intensity is found to range between 
1.55 and 1.77  m−1 (Fig. 15), with a corrected fracture 
spacing varying between 0.07 and 1.60 m (Fig. 15).

Appendix 2

An important step in DFN modeling is the determi-
nation of the geometric parameters (i.e., orientation 
distribution, length distribution, frequency distribu-
tion, spacing distribution and aperture distribution) 
of individual fractures. These parameters serve as the 
foundation for the simulation.

Orientation distribution

Fisher (Eq.  12; Borradaile 2003), von Mises 
(Eq.  13;  Borradaile 2003; Chabani et  al. 2020) and 
mixture of von Mises (Eq.  14; Chabani et  al. 2020) 

distributions were applied to describe fracture 
orientation:

where k (radians) is a concentration parameter that 
equals the variance (σ2) of the distribution, μ (radi-
ans) is the circular mean (0 ≤ μ < 2π) and a (radians) 
is the azimuth. I0 (−) is the modified Bessel func-
tion of the first kind and order zero and w (−) is the 
weight of each component h.

Length/size distribution

The fracture size can follow negative exponential, 
lognormal, or power-law distributions. The PDF of 
an exponential distribution is given by (e.g., Zeeb 
et al. 2013b):
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k
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Fig. 15  a Rose diagrams, b fracture length, c linear fracture intensity and d fracture spacing for each outcrop and scanline studied in 
the sampling area A5. Red lines in the rose diagrams: scanlines, O: outcrop, n: number of fractures
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where l (m) is the fracture length and μlength (m) is the 
mean length.

The PDF of the lognormal distribution is (e.g., 
Zeeb et al. 2013b):

where erf is the error function and σlength (m) is the 
standard deviation.

Of these, the power-law function is widely used 
to describe the trace length of natural fractures 
(e.g., Renshaw 1999; Gutierrez and Youn 2015; Lei 
et al. 2017; Toth et al. 2022):

or,

where N(l) (−) is the number of fractures and c and 
D are the parameters of the distribution function. The 
parameter c is equal to:

One characteristic of the power-law distribution 
is that the number of small fractures is significantly 
larger than the number of longer fractures.

Frequency distribution

Liner fracture intensity  (P10;  m−1) is defined as the 
number of fracture intersections per unit length (Zeeb 
et al. 2013b):

where N (−) is the number of fracture intersections 
and L (m) is the scanline length. In instances where 
the first and last fracture do not match the start and 

(15)f (l) = 1 − exp

(
−

(
1

�length

)
l

)

(16)f (l) =
1

2
+

1

2
erf

⎛
⎜⎜⎜⎝

ln (l) − �length�
2�2

length

⎞
⎟⎟⎟⎠

(17)f (l) = 1 −

(
l

lmin

)−D

(18)N(l) = c × l−D

(19)c =
1 − D

l1−D
max

− l1−D
min

(20)P10 =
N

L

end of the scanline, the unmeasured spacing needs to 
be removed (Sanderson and Peacock 2019):

where di (m) is the distance measured from the first 
fracture d1 to the last dN.

Areal fracture density  (P20;  m−2) correspond to the 
number of fractures per unit area (Zeeb et al. 2013b):

where A  (m2) is the area of observation.

Spacing distribution

Terzaghi correction was applied since the fractures 
sampled were not at right angles with the scanline and 
that influences the fracture spacing (Zeeb et al. 2013b):

where a’ (º) is the orientation of the scanline.
Once the spacing is corrected, the mean fracture 

spacing can be evaluated as (Sanderson and Peacock 
2019):

where S (m) is the mean spacing. Spacing and inten-
sity are related as (Zeeb et al. 2013b):

The spacing parameter is often described by the 
coefficient of variation (e.g., Gillespie et  al. 1993; 
Sanderson and Peacock 2019):

where CV (−) is the coefficient of variation and 
σspacing (m) and μspacing (m) are the standard deviation 
and mean spacing, respectively. The coefficient of 
variation provides an indication of the fracture distri-
bution and clustering (Table 4).
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Aperture distribution

The aperture (w; m) of the fractures evaluated on the 
outcrops can follow lognormal or power-law distribu-
tions. Both were applied to the data to evaluate which 
has the best fit:

Appendix 3

For each geometric parameter, several probabil-
ity distribution functions (PDFs) were applied to 
assess which provides the best-fit to the data sam-
pled. Statistical tests such as the root mean squared 
error (RMSE; Eq. 29) and the sum of squared errors 
(SSE; Eq. 30) were used to evaluate the goodness of 
the fit (e.g., Zeeb et al. 2013b):

where O is the sampled/observed value and P is the 
estimated/predicted value.
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