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Abstract: In the basement fractured reservoirs, geometric parameters of fractures constitute the
main properties for modeling and prediction of reservoir behavior and then fluid flow. This study
aims to propose geometric description and quantify the multiscale network organization and its
effect on connectivity using a wide-ranging scale analysis and orders scale classification. This work
takes place in the Noble Hills (NH) range, located in the Death Valley (DV, USA). The statistical
analyses were performed from regional maps to thin sections. The combination of the length da-
tasets has led to compute a power law exponent around -2, meaning that the connectivity is ruled
by the small and the large fractures. Three domains have been highlighted in the NH: (1) domain A
is characterized by a dominance of the NW/SE direction at the fourth order scale; (2) domain B is
characterized by a dominance of the E/W and the NW/SE directions at respectively the fourth and
third order scales; (3) domain C is also marked by the E/W direction dominance followed by the
NW/SE direction respectively at the fourth and third order scale. The numerical simulations should
consider that the orientation depends on scale observation, while the length is independent of scale
observation.

Keywords: fracture network; Death Valley; Noble Hills; power law distribution; multiscale analy-
sis; geothermal reservoir characterization

1. Introduction

Fluid flow in fractured rocks of very low matrix permeability is localized mainly in
few fractures [1]. The complex geometry of fracture and fault patterns is the main cause
of the complexity of fluid flow. In that case, numerous studies have been undertaken
worldwide to show the control of the fracture network on the fluid circulations especially
in hydrocarbon and aquifers reservoirs [2-5], in heat transfer [6], and thus also in geother-
mal reservoirs [7-9].

A fracture system is characterized by geometrical parameters as fracture lengths,
spacings, orientations, and relations between them [1,10-12]. In order to access hierar-
chical and mechanical relationships between fracture systems, many authors undertook a
multiscale approach, in sedimentary [2,12-15], and in Crystalline [16-20] rocks. This ap-
proach allows to model and predict hydraulic reservoir properties, by studying several
geometric attributes, such as the distribution of orientations, lengths, widths, spacings
and densities classically considered in spatial arrangement analysis [21-24].

The geometric parameters are commonly collected for (1) explicitly constructing de-
terministic models (Discrete Fracture Network: DFNs, [2]) or (2) ensuring inputs of sto-
chastic simulations by determining fracture distribution functions from sampled fracture
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networks [23,25-27]. The main goal is to better understand the fracture network connec-
tivity and then the fluid flow patterns [3,22,28]. Subsequently, the main question is
whether data correspond to scale-limited lognormal or exponential distributions, or scale-
invariant power laws, corresponding to fractal patterns? Several orders of magnitude
based on length and spacing characteristics are thus mandatory to establish scaling laws
from statistical distributions [29]. These orders of magnitude have been widely described
in the literature in extensional [17,20,30] and trans-tensional [17] contexts. It consists of:
(1) first order scale related to the crustal faults larger than 100 km length, (2) second order
scale refers to the faults comprised between 20 and 30 km length, (3) third order scale
refers to faults around 10 km length, (4) and the fourth order refers to faults under 1 km
length [20]. In the extensional regime, [30] having defined a spacing characteristic for the
two first order scales, with a 10 to 15 km spacing for first order and 3 to 8 km for the second
order scale; while [20] have defined 0.8 to 1.5 km spacing for the third order scale. How-
ever, the fourth order spacing characteristic is not defined in the literature.

Fracture networks impact the fluid flow in reservoirs [23]. The 2D/3D seismic lines
and 1D borehole data cannot detect respectively the fracture geometries and the spatial
arrangement at the reservoir scale due to the lack of information [31]. Then, the spatial
arrangement of fracture networks are widely studied from field analogues [16,23,29,32],
as they give access to 2D and 3D distributions. In geothermal basement setting, the ana-
logues are chosen according to the lithology and geological context to get closer to the
reservoir conditions. Sometimes, the analogue is chosen in desert conditions, without veg-
etation, perfectly suited for realistic multiscale fracture network reconstructions in 2D,
and in 3D in case of modeling canyons with photogrammetric [33] or lidar [34] ap-
proaches.

The present work is part of the MEET project (Multidisciplinary and multi-context
demonstration of EGS exploration and Exploitation Techniques and potentials, [35]),
which aims to develop geothermal exploitation at European scale by applying Enhanced
Geothermal System (EGS) technology to different geological contexts. This study aims to
propose geometric description and quantify the multiscale network organization and its
effect on connectivity. A wide-ranging scale analysis from the microscopic scale to the
regional scale was conducted in the desert environment of Noble Hills (NH) fractured
granitic basement. It is located in the southern termination of Death Valley (DV, Califor-
nia, USA) and assimilated to a paleo geothermal analogue. The NH range is considered
as analogue to the Soultz-sous-Foréts (SsF) geothermal electricity producing system, due
to the granitic nature, the alteration and the trans-tensional tectonic setting of the DV re-
gion [36,37].

Measurements have been performed at various scales using the DV regional map [38]
at 1:250,000, NH regional map based on previous studies undertaken by [37,39] and or-
thophoto images taken for the present day. At outcrop scale, fractures are digitized thanks
to the photogrammetric models. Several 2D fracture maps are also used, as well as addi-
tional scales on samples and in thin sections. This allows to integrate fracture lengths rang-
ing from micrometer to kilometer scales.

In this study, the multiscale approach is used to better understand the spatial ar-
rangement of the fracture networks which aims at producing the necessary data for DFN
modeling. This helps to better characterize reservoirs in response to the developing geo-
thermal exploration and exploitation by EGS. This study is conducted through:

1. a2D characterization of the NH fracture network;

2. amultiscale evolution of length distributions;

3.  evaluate the fracture system in the complex tectonic and geometrical setting;

4. present a conceptual scheme of the NH fracture network organization, and the role
of each fracture order of magnitude on the connectivity.
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2. Geological Setting

The present study takes place in the NH fractured granitic zone, located at the south-
ern termination of the Death Valley (DV, California, USA) (Figure 1a). The NH range is
assimilated to a paleo geothermal analogue [37]. Indeed, Reference [37] confirmed the
analogy between the DV region and Soultz-sous-Foréts reservoir (Rhine graben, East of
France), with many similarities, especially: (1) the trans-tensional tectonic setting of the
DV, and (2) the granitic nature and hydrothermal alteration of the central part of the NH
range. Furthermore, the desert conditions of the NH range make this analogue perfectly
suited for multiscale characterization of fracture networks dedicated to the global under-
standing of the spatial arrangement in granitic reservoir affected by trans-tensional tec-
tonics [35].

The DV region has been characterized by a complex structural and tectonic history
which includes the overprinting of Mesozoic to early Cenozoic contractional structures by
late Cenozoic extensional and trans-tensional features [40—42]. The northwest trending
contractional structures of the DV are at the origin of the Cordilleran orogenic belt of
North America, which extends more than 6000 km from southern Mexico to the Canadian
Arctic and Alaska [43]. Their age is estimated around 100 Ma and coincides with the Sevier
orogenic belt [43,44]. The northeast trend is related to a thrust faults system [41].

The Mesozoic period was marked by the beginning of pluton emplacement in DV
along the development of contractional structures. Then, during the Cenozoic period, the
DV extension episode occurred [45,46], but there is no general agreement about its timing,
e.g. [45,47]. The Miocene period was characterized by a trans-tensional regime. The open-
ing of the DV region as a pull-apart basin began around 5 Ma [41,48-50]. A recent study
done by [51] challenges this, mentioning that the opening of DV region into pull-apart
basin started around 12 Ma ago.

Located in the southernmost part of the DV, the NH range trends parallel to, and
then forms, the main topographic features aligned with components of the right-lateral
Southern Death Valley Fault Zone (SDVFZ) [37 and references therein] (Figure 1b). This
SDVEFZ is part of the Death Valley fault system (DVEFS) [52], and its net dextral strike-slip
displacement has been estimated around 4041 km [51]. The northeast-vergent contrac-
tional deformation has been characterized along the length of the NH and constitutes the
dominant structural style [48,53,54]. In the NH foreland basin, compressional structures
have been characterized by [39] near the Canadian Club Wash (Figure 1c). An entire com-
pressional region has also been created by the interaction between the SDVFZ and the GF
zone, which is responsible for shortening within the Avawatz Mountains [55,56]. Further-
more, the reverse displacement of the GF was identified in the front of the Avawatz [57].
The E/W fractures observed mainly in the southeast end of the NH show an identical ori-
entation to GF. Given this similarity in orientation and the close vicinity to the GF, it is
tempting to relate the E/W trending fracturing to GF zone activity.

Recent work by [37] using high-resolution digital mapping techniques reveals the
dominance of basement rocks in the central part of the NH (Figure 1c). Indeed, the granitic
rocks are mostly represented and related to the Mesozoic granitic intrusion (Mzla, Figure
1c) [58]. Proterozoic formations characterized by gneiss in the bottom have been defined
in the center part and the southeast end of the NH (pCgn, Figure 1c). The Proterozoic
Crystal Spring sedimentary series defined in the northwestern part of the NH are mainly
composed of carbonates and quartzites facies (pCu, Figure 1c). Some tertiary volcanic se-
ries have also been mapped in the southeastern end of the NH.

Outside the center part, Reference [39] has widely studied the Cenozoic NH for-
mations mainly composed of Fanglomerate and alluvial fan deposits.
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Figure 1. (a,b) Location and geological setting of DV, NDVFZ: Northern Death Valley Fault Zone, SDVFZ: Southern Death
Valley Fault Zone; (c) Structural scheme of the NH range built using high-resolution digital mapping techniques modified
after [37,39]. Additional digitized fractures were performed using orthophotos. The aerial picture in (b) was extracted
from Google Earth®. The samples location was reported in the structural scheme. FM: fracture map.
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3. Materials and Methods
3.1. Materials
3.1.1. Large Scale Characterization

The analysis of large scale fracture attributes was performed on fractures digitized
from DV regional map at 1:250,000 scale (geological map of California, Trona Sheet [38])
(Figure 2a). In the central part of the NH range, the main structures were mapped during
2018 and 2019 field campaigns published by Klee et al. [37]. In addition, in this present
study, orthophoto images of 1 m resolution were used to digitalize and then complete the
fractures sampling (Figure 2b).

With the aim of pinpointing the likely fracture variability, the NH range map has
been divided into three domains (Figure 3). The sampling strategy along domains is de-
tailed below. In total, 1013 fractures are extracted from the DV geological map, 1434 frac-
tures from the NH map with 306 from domain A, 522 from domain B, and 606 from do-
main C.

Orientation and length distributions were collected and 1D/2D densities were calcu-
lated from them. All of these data are summarized in Table 1.

Table 1. Spatial statistics of 2D samples acquired at large scale (DV and NH regional maps) and outcrop scale (Drone
models). Two Scanlines (SL) at least were generated for calculating the fracture density (’10). The length average is pro-

vided.
Nb of Frac- . . Average SL Length Fracture Density (P10) Fracture Density (P21)
tures Mean Orientation (m)%Area (mz)g (frac/m) ! (m/m?2) Y
133 NO025
188 NO058
DV regional map 199 NO096 105/1.3 x 101 2x10* 3x10*
248 N132
197 N167
97 NO020
168 NO054
NH regional map 535 NO090 4.7 x 103/4.4 x 10¢ 2.6 x10* 3 x10*
441 N126
192 N163
13 NO10
. 26 NO055
NH domain A 89 NO091 1.5 x 10%/1.9 x 10° 2x107? 2x102
168 N132
43 NO050
. 233 NO088
NH domain B 164 N128 1.7 x 10%/1.2 x 100 4 %102 3x107?
59 N171
113 NO049
191 NO085
NH domain C 119 N111 2 x 10%/1.2 x 10° 5x1072 5x 1072
103 N141
77 N177
235 NO025
208 NO055
183 NO085
Drone model 1 112 N115 3.5x10%1.4 x 10* 6.5 x 101 2 x 1071
281 N142
214 N174
681 NO022
767 NO043
642 NO085
Drone model 2 616 N108 1.7 x 10%/5.8 x 10° 1.28 7 x 107"
722 N142
637 N171
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Figure 2. Fracture traces, orientation, and boxplot distributions from (a) DV geological map and (b) NH range map (in red
rectangle for large scale location). The order of fractures magnitude were referred to the classification detailed in [30]. The
first order referred to the faults larger 100 km length is not detected in this study. Each fracture map dataset is expressed
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in histogram for orientation distribution, and into boxplot for length distribution, according to the fracture orientations.
Two scanlines (SL) were taken for every map.
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Figure 3. Fracture traces from the NH range divided into 3 domains. (a) NH domains: A, B, and C, (b) orientation distri-
butions, and (c) boxplot of length distributions according to the fracture orientations. Two scanlines (SL) were taken for
every domain. For boxplot and orientation distribution legend, see Figure 2.

3.1.2. Photogrammetric Study/Analysis

In order to combine the widest fracture network analysis, three photogrammetric
models, localized only in the granitic facies and alongside the major faults that structure
the NH range (see Figure 1 for the location), are considered in this study to extract the
fractures ranging approximatively from 102 m to 20 m. A photogrammetric campaign was
carried out in October 2018 with a high-resolution 3D point cloud and large collection of
photographs.

Drone model 1 is sized approximately 350 m per 46 m and is located in the granitic
facies (Figure 1); 1271 fractures are traced. Drone model 2 is located in the granitic facies
within a high deformation zone, and is sized approximately 172 m per 44 m (Figure 1). In
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total, 4196 fractures are traced. Finally, drone model 3 is located in the southeast termina-
tion of NH, and is sized approximately 280 m per 70 m. 15,594 fractures are traced.
The main statistical characteristics are summarized in Table 1.

3.1.3. Fracture Map Characterization

To complete the multiscale analysis with the small fractures, fracture maps were cre-
ated with a resolution of 2 x 10 m. The fracture map 1 (see Figure 1c for location) is sized
at 3.4 m per 3.1 m and is located between the granitic facies and the tertiary sediments,
near the influence of the SDVFZ (see Figure 1b for the SDVFZ location). It is composed of
quartzite boudin facies (part of Crystal Spring series) and granitic rocks, which respec-
tively represent approximately 20% and 80% of occurrences.

In order to include the very small fractures in this study, additional fracture sets were
collected from this fracture map with sample 1-1 sized 17 cm per 12 cm (resolution of 10+
m) and thin sections 1-1 and 1-2 (resolution of 105 m), both sized 3.5 per 2.5 cm (see Figure
1c for location). Both sections are composed mainly of Plagioclase, Quartz, K-Feldspar,
and Biotite representing respectively 35%, 30%, 25%, and 10% of occurrences.

Fracture map 2 (Figure 1c) is sized 1.7 m per 1.6 m and is located in the granitic facies,
near the SDVFZ deformation corridor. This map includes sample 2-1 and thin section 2-1
which size respectively 15 cm per 5.2 cm and 3.5 cm per 2.5 cm. Thin section 2-1 represents
the same mineral composition as thin sections 1-1 and 1-2 with approximately the same
occurrences. Fracture map 3 (Figure 1c) is sized 1.8 m per 1.7 m and is located also in the
granitic facies.

Table 2 summarizes the main statistical characteristics.

Table 2. Spatial statistics of 2D samples acquired from outcrop scale (fracture maps) to thin section scale. Two Scanlines
(SL) at least were generated for calculating the fracture density (P10); the length average is provided.

Nb of Mean Orientation Average SL Length  Fracture Density Fracture Density (P21)
Fractures (m)/Area (m?) (P10) (frac/m) (m/m2)

1133 NO005

Fracture map 1 631 NOS3 3.1/7.94 12 12
104 NO18
115 NO053

Sample 1-1 117 N090 15 x 102/2.2 x 102 184 118
51 N126
723 NO18
. . 754 NO053

Thin section 1-1 751 N090 3x102%/8 x 10+ 5140 715
730 N126
612 NO020
659 NO051

Thin section 1-2 444 NO088 3 x102/8 x 104 4525 702
512 N128
623 N162
36 NO005
34 NO038

Fracture map 2 98 NO070 1.7/1.91 18 13
32 N110
83 N145
75 NO017
145 NO057

Sample 2-1 101 N092 10-1/102 177 240
116 N130
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135 N157
201 NO014
. . 213 NO059
Thin section 2-1 170 N097 3 x102/8 x 104 517 1064
221 N140
149 NO009
88 NO033
Fracture map 3 119 NO071 1.7/3 20 12
70 N104
146 N149
3.2. Methods

3.2.1. Fractures Acquisition

In this study, fracture digitization was performed manually by tracing every fracture
segment from entire 2D maps in QGIS® software v.2.18.17. Only fractures reported as full
solid lines on the DV geological map were considered for statistical analysis (Figure 2a).

Regarding the procedure of fracture digitization, the fractures extending out of the
sampling domain were considered as one continuous feature [16,23,59] (Figure 2b). The
digitization of fractures consists of an extraction of the end point coordinates of each frac-
ture using the QGIS® software v.2.18.17. Each extracted fracture is characterized by the X
and Y coordinates of each of the two end points, which help to compute the orientations
and the length of segments. In case of curved fractures, a straight segment line was auto-
matically traced between the end of point coordinates, and then the mean directions and
lengths were computed.

As described above, the NH fracture data were acquired during the field mapping
campaign and then completed by orthophoto image analysis. The data were analyzed in
the entire area (Figure 2b). However, the complexity in loading history within NH widely
discussed in the literature [48,54,60] makes the analysis of the fracture geometries difficult.
Furthermore, the field observations and the new geological map done by [37] reveal ad-
ditional complexities inside this area, and show a stacking of different Crystal Spring se-
ries (pCu, Figure 1c), intruded by the Mesozoic granite (Mzla, Figure 1c). This observation
was highlighted in the northwest part of the NH. In center part, Crystal Spring series
thicknesses were reduced, dragged, and stretched against the granite due to the SDVFZ
activity (pCu, Figure 1c). The southeast of the NH is characterized by the absence of the
Crystal Spring series. To better characterize the fracture variability, it is prime of interest
to consider the facies variability and the deformation intensity within NH, because they
influence the fracture evolution [23,59]. In this sense, we decided to divide the NH range
into three domains according to the facies variability and change in range trend orienta-
tion variation (Figure 3): (1) Domain A is located northwestward, highlighted by thick
Crystal Spring sediments and granitic rocks; (2) Domain B is in the central part of NH,
highlighted by reduced thickness of Crystal Spring sediments, granitic and gneissic rocks,
and (3) Domain C is located in the southeastern part of the NH and is characterized by
granite, gneiss, and Tertiary volcanism. Note that Domain B and C are composed approx-
imately of the same facies. However, range orientation in domain B is NW/SE, while in
domain C it is toward E/W. This general E/W trend is puzzling as it is similar to the GF
(see Figure 1b for location). Therefore, this difference in orientation constitutes an addi-
tional argument to better delimitate domain B and C. Figure 3 shows the fracture distri-
butions within each domain. Some more work based on field analyses could more pre-
cisely delimitate the domains.

The photogrammetric models undertaken in this work were performed using a 3DR
Solo drone with 4k cameras and DJI Phantom drone provided by University of Texas at
El Paso (UTEP), Texas, USA. The videos were recorded between the late morning and the
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early afternoon during seven days with a manual mode camera setting to reduce the ef-
fects of lighting condition. Pictures were then extracted every second from the recorded
drone videos using ffmpeg software v.4.5. The extracted pictures with a sufficient over-
lapping were aligned in Agisoft Metashape software (2020, Version 1.6.5). The obtained
3D models are georeferenced and then imported in CloudCompare software (version
2.9.1; [GPL software] (2017)) to begin the fracture extraction process. A workflow explain-
ing the procedure of the models construction and the fractures extraction is detailed in
[36]. In this study, the digitized fractures are projected on a 2D map to make the work
only in 2D in order to keep data homogenous at different scales.

The 2D fracture maps at outcrop scale were performed in the field using a DSLR high
resolution camera provided by UniLaSalle (Beauvais, France), with a 50 mm focal lens to
minimize distortion. Pictures were taken vertically, with the same distance, and in the
absence of sunlight to avoid the light effects in the fracture digitization [12]. From each
fracture map, several pictures were taken with a sufficient overlapping. Then, pictures
were aligned using the Agisoft Metashape software with the same procedure detailed in
[36]. The maps are georeferenced and then used to extract the fractures in QGIS® with the
same technique as for large scale maps.

Additional fracture datasets are used in this study by adding samples. These samples
were taken directly from fracture maps. Then, a high-resolution picture was taken for each
sample using a DSLR camera. With the same procedure as large-scale fractures acquisi-
tion, the sample was added in QGIS® to extract the fractures.

Thin section mosaics are also added to this study, made from samples as described
earlier to keep a consistent sampling strategy. These mosaics were taken under an optical
microscope Leica DM4500-P provided also by UniLaSalle (Beauvais, France), using a x5
magnification and polarized non-analyzed light mode. A Leica DFC450C high resolution
camera provided also by UniLaSalle (Beauvais, France) and Leica application Suite
v.4.11.0 were used to take pictures. Every mosaic was relatively oriented using the corre-
sponding sample. Then, with the same fracture digitization procedure described earlier,
fracture parameters were extracted under QGIS® v.2.18.17.

3.2.2. Fractures Analysis

Different geometrical parameters were then collected from each fracture database at
different scales. Detailed orientation distributions and classification into fracture sets were
performed using the mixture of von Mises distribution (MvM) [61]. This approach consists
of a semi-automated procedure based on appraisal tests in order to avoid any subjectivity
in fracture sets analysis. For each fracture set, three output parameters were considered:
(1) mean orientation () around which the distribution is centered, (2) kappa (k) which
controls the concentration of the orientation’s values around the mean, and (3) weight (w)
corresponding to the relative contribution of each fracture set to the model. Then, we are
able to check the best number of fracture sets from the distributions using the goodness
of fit parameters (e.g., Likelihood). For more details, see [62] who describe and adapt the
methodology for structural data. The standard of deviation of +/-10° was calculated for
each given mean orientation value in this study.

Fracture length is the most used geometrical parameter to characterize the spatial
organization in the natural fracture networks [4,25,63]. This characterization is performed
using a statistical distribution as the Power law distributions widely used in structural
data from field analogue [4,25,26,63,64]. The power law is often used to describe the dis-
tribution of fracture parameters such as length and aperture [25]. It is recognized that
power law and fractal geometry provide widely applicable descriptive tools for fracture
system characterization. This is due to the absence of characteristic length scales in the
fracture growth process. The power law exponent a provides a real significance on the
fracture connectivity. Indeed, for an exponent comprised between 2 and 3, fracture con-
nectivity is ruled by both small and large fractures [65]. In addition, fractal analyses using
Cantor’s dust method allow the quantification of fracture distribution in clusters or, in the
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opposite, with a homogeneous distribution [66] and prediction of the fracture occurrence
[7]. The exponential law is also used to describe the size of discontinuities in rocks [67—
69], and to incorporate a characteristic scale that reflects a physical length in the system,
such as thickness of a sedimentary layer [70].

However, fitting the geometric attributes to the statistical distributions suffers from
a lot of biases, such as truncation and censoring biases [25]. Truncation effects are caused
by resolution limitations of a field observation such as from satellite images, the human
eye, or microscopes [63]. Censoring effects are associated with the probability that a long
fracture intersecting the boundary of the sampling area is not sampled, and to the subjec-
tive choice of the sampling area which tends to exclude very long fractures [63,71]. Then,
censoring effects cause an overestimation of fracture density. In this study, the truncation
and censoring effects were automatically excluded from the distributions. Length distri-
bution in Figure 4 shows the data excluded from the distribution (grey color) due to the
impact of truncation and censoring effects.

The fracture length distributions are analyzed using the cumulative distribution. Sta-
tistical distributions used in this study were adjusted after corrections from the truncated
and censoring effects. Research for truncation and censoring thresholds was performed
using the « poweRlaw: Analysis of Heavy Tailed Distributions » package from Rstudio®
v.1.3.1056 [72]. We also used the coefficient of determination (R?) to estimate the goodness
of fit of the power law to the length distribution. This coefficient is comprised between 0
and 1. A high R? for a given number of degrees of freedom means that the regression is a
statistically meaningful description of the data.

Fracture densities are computed in this study. They consist of fracture density (P1o),
defined as the number of fracture intersections along a 1D virtual scanline traced on every
analyzed 2D map [59,73]. The scanline methodology is widely used to describe the frac-
ture variability in 1D [73]. In this study, the linear fracture density P10 was obtained from
two virtual scanlines, orientated perpendicular to the main structures.

Finally, the surface fracture density (P21) is defined as the total sum of fracture lengths
within the area [59,73].
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Figure 4. Fracture traces, orientation, boxplot length distributions from (a) drone model 1 and (b) drone model 2. Each
fracture map data is expressed into histogram for orientation distribution, boxplot of length distribution according to the
fracture orientations, and cumulative distribution function (CDF) of lengths. Two scanlines (SL) were taken along the left
and the right side of the canyon. For the boxplots and orientation distributions legend, see Figure 2.
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4. Results
4.1. Large Scale Domains

The mean orientation (i) N095° (E/W trend) and N132° (NW/SE trend) trending frac-
tures occur at the largest length scale, with a 20 and 24% of whole fractures, and about
3300 to 4400 m mean length (Figure 2a). Both directions are well expressed following the
DV and Garlock strike slip trend faults (See Figure 1b for location) [39,48]. The largest
fracture length is recorded within the NE/SW fracture set with 65 km length. The other
recorded fracture sets are relatively equivalent (around 20%), except for the N025° fracture
set which is less dominant, with 13% and 1900 m mean length.

At NH scale, the same dominance of N090° and N126° fracture sets with respectively
37% and 31% are observed (Figure 2b). The other fracture sets are poorly expressed
(<15%). The boxplot distribution in Figure 2b showed also the dominance of the E/W and
NW/SE fracture sets with respectively 80 m and 125 m mean length. The other fracture
sets did not exceed the 50 m mean length.

The occurrence of two prominent fracture sets is shown in the NH domains A and B
(Figure 3a,b). Domain A is characterized by two main fracture sets striking N091° and
N132° representing respectively 29% and 55% of occurrences (Figure 3b). The N091° frac-
ture set lengths range from 30 m to 300 m, while the N132° fracture set length ranges from
5 m to 800 m, meaning that the NW/SE is the most dominant fracture set in domain A
(Figure 3b).

Orientation and length data of domain B shows an equivalent distribution as in do-
main A (Figure 3b). Indeed, two main fracture sets striking also N088° and N128° are
mostly representative with respectively 45% and 31%. The fractures are much longer
within NW/SE trend, ranging from 2 m to 1300 m (mean is of 108 m). The other fracture
sets show an intermediate length with a 50 m mean value.

Fracture geometry in Domain C shows immediately a different distribution with four
main fracture sets striking N050° (19%), N085° (31%), N111° (20%), and N141° (17%) (Fig-
ure 3b). The NW/SE fracture set mainly sampled and representative in the domain A and
B is split into N111° and N141° fracture sets in domain C, with respective lengths ranging
from 3 to 1600 m (mean is 190 m) and from 8 m to 730 m (mean is 65 m).

The fracture densities are increasing considerably from domain A to C with 2 x 10-%/3
x 102 m/m?2 in the domain A and B, and 5 x 102 m/m?2 in the domain C.

4.2. Photogrammetric Models

NH canyons modeled with photogrammetric method provide fractures from centi-
metric to decametric scale. Fracture distributions are displayed by drone model 1 for both
sides of the canyon walls (Figure 4a). Six fracture sets are recorded and strike N025°,
NO055°, N085°, N115°, N142°, and N174°. The N142° is also the most dominated fracture
set with 22%. The E/W fracture set is the less expressed (14%) at outcrop scale. An equiv-
alent mean length of fractures is shown by the boxplot distribution graphic with 2.3 m,
whatever the fracture set (Figure 4a).

The exponent of power law (red line in the length distribution, Figure 4) is of o = -
2.4 for length distribution of the drone model 1, outside lengths affected by truncation and
censoring bias (data mentioned in the length distribution graphic with grey color, Figure
4). The range of length values performed by the power law is 1.85 m to 25 m.

Finally, fracture densities P21 and P10 are of respectively 2 x 10" m/m? and 6.5 x 10~
frac/m.

Fractures from drone model 2 are mainly distributed along the left side of the canyon
(Figure 4b). The same fracture sets as drone model 1 are recorded with an equivalent per-
centage (between 15 and 18%) (Figure 4b). Fracture lengths are highlighted by the boxplot
distribution and are also equivalent with 1 m mean length, whatever the fracture set. The
largest fractures are recorded within the NW/SE fracture set (maximum of 8.5 m), and
then confirm the consistency of the NW/SE direction at outcrop scale.



Geosciences 2021, 11, 280

14 of 29

Drone model 3

The fracture length range modeled by the power law is of 0.69 m to 8.5 m, for expo-
nent a =-2.5 and R? = 0.97 (Figure 4b). Fracture lengths under 0.69 m are excluded auto-
matically from the distribution (truncation effects).

Fracture densities are quite high in comparison with Drone model 1, with 7 x 10~
m/m? and 1.28 frac/m for respectively P21 and Pio.

Drone model 3 is the largest studied model with 15594 traced fractures (Figure 5). Six
fracture sets are highlighted also in this canyon. Their proportions range from 13% (N079°
and N109°), 14-16% (N140° and N038°), to 19-20% (N018 and N169°). The fracture lengths
are equivalent, once again, with a 1.2 m mean length.

The power law exponent for drone model 3 length distribution is of a = -2, outside
lengths affected by truncation and censoring effects (Figure 5). R? value is of 0.97, indicat-
ing a good fit of the power law to the data. Fracture density P21 is of 1 m/m?, increasing by
a factor 5 compared to drone model 1 fracture density.
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Figure 5. Fracture traces, orientation, boxplot length distributions from drone model 3. Different Datasets are expressed
into histogram for orientation distribution, boxplot of length distribution according to the fracture orientations, and cu-
mulative distribution function (CDF) of lengths. Two scanlines (SL) were taken along the left and the right side of the
canyon. For Boxplot and orientation distribution legend, see Figure 2.

4.3. Fracture Maps

Fracture map 1 is characterized by intense fracture areas, especially along the center
part (Highly fractured area, Figure 6). The high fracture density is located mainly in the
quartzite boudin, while the less fractured zone is related to the granitic rocks.

For the rest of the fracture map, average P of 12 frac/m is computed from two scan-
lines (SL1_map1 and SL2_map 2, Figure 6), while P21 is of 10 m/m?2. Two main fracture sets
are highlighted: N005° and N083°, with respectively 57% and 32% (Figure 6). Outside
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p2

SL2_ma

Fracture map 1

fracture lengths affected by truncation and censoring bias, the power law exponent is of
a=-1.7 for values ranging from 6 x 102 m to 1.2 m.

Sample 1-1 is characterized by homogeneous fracture distribution with four main
fracture sets: N018°, N053°, N090°, and N126° representing respectively 27%, 30%, 30%,
and 13% (Figure 7a). The largest veins visible in the sample map are characterized by car-
bonate mineralizations in two directions: N053° and N126°. P10 and P21 fracture densities
are of 184 frac/m and 118 m/m? respectively. Regarding the length distribution, the power
law exponent is of a =—-1.43, with thresholds of 3 x 10° m and 7 x 102 m.

Four main fracture sets are highlighted in thin section 1-1: N018°, N053°, N090°, and
N126° with a comparable fracture proportion (around 25%). Additional fracture set is de-
tected in thin section 1-2: N162°. Regarding the densities, P21 is of 715 m/m? and 702 m/m?,
while Pio is of 5140 frac/m and 4525 frac/m respectively for thin section 1-1 and 1-2 (Figure
7b,c). The power law exponents are quite higher with a = -1.95 (modeled range from 2.2
x 10* m to 4.63 x 10® m) and a = -1.7 (modeled range from 2.2 x 10 m to 7 x 10 m)
respectively for thin section 1-1 and 1-2.
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Figure 6. Fracture traces, orientation and length distributions from fracture map 1. Different datasets are expressed into
histogram for orientations distribution, and into cumulative distribution function (CDF) of lengths. Two scanlines (SL)
were taken for every domain. For orientation distribution legend, see Figure 2.
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Figure 7. Fracture traces, orientation and length distributions from (a) sample 1-1, (b) thin section
1-1, and (c) thin section 1-2 sampled from fracture map 1. Different datasets are expressed into his-
tograms for orientations distribution, and into cumulative distribution function (CDF) of lengths.
Two scanlines (SL) were taken for each map. For orientation distribution legend, see Figure 2.

Fracture densities of fracture map 2 are comparable with fracture map 1 with average
Pio = 18 frac/m and P21 = 13 m/m? (Figure 8a). Five fracture sets are highlighted: N005°,
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NO038°, N070°, N110°, and N145°. The N070° and N145° are the most recorded fracture

sets with respectively 32% and 27%.
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Figure 8. Fracture traces, orientation, and length distributions from (a) fracture map 2, (b) sample 2-1, and (c) thin section
2-1, located in sample 2-1. Different datasets are expressed into histogram for orientations distribution, and into cumula-
tive distribution function (CDF) of lengths. Two scanlines (SL) were taken for each map. For orientation distribution leg-

end, see Figure 2.
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Fracture map 3
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The power law exponent is also comparable to that of fracture map 1 (o =-1.59), with
the thresholds of 8 x 102 m and 1.43 m (Figure 8a).

Sample 2-1 is characterized by a fracture density of Pio=177 frac/m and P21 =240 m/m?
(Figure 8b). In total, five fracture sets are highlighted: N017°, N057°, N092°, N130°, and
N157°. Three fracture sets are the most recorded: N057°, N130° and N157°, with 20% to
25%. The power law exponent is of a = -1.66, thresholds from 1.6 x 10® m to 3.33 x 102 m.

Thin section 2-1 trans-cutting a large carbonate vein in the central part (Figure 8c), is
characterized by a fracture density P21 = 1064 m/m? higher than in thin section 1-1 and 1-
2. Only four fracture sets are highlighted: N014°, N059°, N097° and N140°, with an equiv-
alent fracture proportion. Outside the lengths affected by sampling bias, the exponent is
of ac =-2, thresholds of 7 x 104 m to 3.5 x 102 m.

Finally, fracture map 3 is characterized by a comparable fracture density as in frac-
ture map 2 with P = 20 frac/m and P21 = 12 m/m? (Figure 9). Five fracture sets are also
detected with a high proportion of 26% for N009° and N149°. Fracture sets N033°, N077°,
N104° showed an abundance of 15%, 21%, and 12% respectively. The power law exponent
is of a =-1.53 for lengths data ranging from 4 x 102 m to 1.21 m.
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Figure 9. Fracture traces, orientation and length distributions from fracture map 3. The computed dataset is expressed into
histogram for orientations distribution, and into cumulative distribution function (CDF) of lengths. Two scanlines (SL)
were taken. For orientation distribution legend, see Figure 2.

5. Discussion

The combination of data at various scales in this study allowed to propose a new
interpretation of the fracture network in the NH range, based on multiscale evolution of
fractures length and orientation. A conceptual scheme of the NH structuration is created
and discussed in terms of fracture network connectivity and its influence of fluid flow.

5.1. Multiscale Length Characterization

The cumulative length distributions of each fracture map from the DV regional map
scale to thin section scale are plotted in Figure 10. All length datasets have been fitted to
the power law distribution, outside lengths affected by truncation and censoring bias.

DV regional map exponent is quite low, around « =-1.40, and gradually increase to
around a = -1.62 in NH map (Figure 10a,b). The division of the NH into 3 domains ac-
cording to the facies variability and the change in range trend orientation showed a dis-
parity in power law exponent values. Indeed, the exponent o = —0.83 in the domain A
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(values ranging from 21 m to 230 m), while a = —1.42 (values ranging from 25 m to 1283
m) and «a = -1.52 (values ranging from 70 m to 1500 m) respectively in domain B and C
(Figure 10c—e). The lowest a value in domain A can be explained by the dependence of
fracture lengths on scale of observation for fractures ranging from 5 m to 870 m. In addi-
tion, the domain A is composed of granitic rocks and Crystal Spring sedimentary series
with carbonates and quartzites (Figure 1), meaning that the sedimentary rocks can have a
different behavior from that of basement rocks during the fracture growth and propaga-
tion process.

Cumulative distribution of fracture lengths in the domain A showed also two differ-
ent trend slopes (Figure 10c), with a failure slope quantified around 230 m. Distribution
into two slopes has been largely discussed in the literature [25,67,70], and can be explained
by the fracture growth process which has been divided into two trends. However, this
result and interpretation cannot allow to determine if these two trends correspond to a
single or to two different regional directions. Cumulative distribution of fracture lengths
according to their orientations and the nature of rocks could help to resolve the episodes
of deformation challenge, together with some more work in the field (e.g., looking for
evidences of displacement).

The cumulative fracture length from all maps has been plotted in a single graphic,
normalized by surface area of each map [63] (Figure 10f). The power law distribution in-
cluded fracture lengths from 2.2 x 10 m to 65 km scale. Power law distribution was per-
formed over 6 orders of magnitude. Two length ranges were not represented in this study.
The first one corresponds to the fracture lengths over 100 km and related to the first order
fracture defined by [30]. This absence can be explained by: (1) a different evolution stage
and opening mechanism of faults [30,74], (2) a structural heritage which controls the reac-
tivation during the DV trans-tensional tectonic setting. The second one corresponds to the
length ranging from 1 km to 5 km length (Figure 10f). The Basin and Range regional map
and the geological map at 1:25,000 scale could help to resolve both gaps.

The power law distribution gives an exponent a = -2 for the whole 2D fracture
lengths analyzed in this study (Figure 10f), which suggests the 2D representation is self-
similar [4,16,23,26]. The probability to detect fracture of the size of the sampling window
is the same at all scales. Then, the fracture connectivity is ruled by the small and large
fractures [65], meaning that the large fractures detected and studied at large scale in the
NH play the same role as any fracture at millimeter scale in fracture network connectivity.
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Figure 10. Fracture length distribution from (a) DV geological map, (b) NH range, (¢) NH map domain A, (d) NH map
domain B, and (e) NH map domain C, and (f) Multiscale length distribution obtained from the combination of the whole

data.

5.2. Spatial Organization of NH Fracture Network

The fracture densities and the main dominant orientations on the regional maps
show the control of NH geometry by NW/SE and E/W trends. Both trends are associated
to the second order scale faults over 20 km length, well expressed in terms of abundance
(DV regional map, Figure 11). The third order scale detected along NE/SW trend is char-
acterized by faults around 10 km length. Spacing values were computed and correspond
to 5 km and 1 km respectively for the second and the third order scale (Figure 12a). The
same geometrical characteristics (detailed in the introduction) were approved in the ex-
tensional regime [20,30], meaning that the second and third order scale spacing classifica-

tion can be generalized to the trans-tensional regime studied in the present work.
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At NH scale, the fracture densities and the main dominant orientations approve the

separation of the NH into three domains:

1.

The first domain referred to the NH domain A is characterized by a specific spatial
arrangement with a NW/SE direction dominance (Domain A, Figure 11). This direc-
tion is marked by the SDVFZ bordering fault of the strike-slip corridor, and is mostly
dominated the NH fracture network in terms of length and abundance. It approved
the importance of the NW/SE deformation episode at the fourth order scale. These
fractures are the longest ones and also control the internal structuration inside the
domain (Figure 12b). The E/W direction is less represented in comparison with do-
mains B and C (Figure 11), but still the second most dominated fracture set, with less
control on the NH geometry. Regarding the spacing characteristics, the NW/SE frac-
tures set are regularly spaced from 0.1 to 0.2 km, while the E/W fractures set did not
exceed 0.1 km spacing (Figure 12b).

The central domain (domain B, Figure 3) is characterized by several short segments
of fractures. Indeed, the E/W direction is also dominated by short fractures with 60
m mean length, while the NW/SE direction is the second dominated system with long
fracture of 100 m mean length (Figure 11). Then, NW/SE and E/W directions control
the NH geometry respectively following the third and fourth order scale length. In
this case, the spacing related to the third order scale is around 1 km between the
SDVFZ bordering faults and regularly spaced at 0.2 km (Figure 12b). A spacing of
0.05 km is defined along the E/W fracture set (Figure 12b).

The southeastern end area corresponding to the domain C (Figure 3) highlights a
specific spatial arrangement with an additional fracture set (yellow color, Figure 11),
the longest one with 200 m mean length. Indeed, the NW/SE direction is split into
N111° and N141° fracture sets thus highlighting the influence of both NW/SE and
E/W deformation episodes in this area. Once again, the E/W direction is more ex-
pressed, with a 100 m mean length (Figure 11). The ENE/WSW, E/W and also NW/SE
directions control the NH geometry and structuration respectively following the
third and fourth order scale. The spacing of 0.3 km defined for the third order scale
in domain C between the SDVFZ bordering faults is under the third order spacing
characteristic. Indeed, the NW/SE direction has been deviated and then the relative
spacing is reduced. Regarding the internal organization, the NW/SE and E/W frac-
tures are also regularly spaced with 0.1-0.2 km and 0.05 km, respectively (Figure
12b).

In the present work, the spacing characteristics of 0.05 km to 0.1-0.2 km computed in

the three internal domains are attributed to the fourth order scale (Figure 12b). These val-
ues vary according to their directions and also lengths. Two spacing characteristics can be
highlighted from this study: (1) spacing of 0.05 km corresponding to the fractures com-
prised between 0.1 and 0.35 km (percentile 90 values), (2) spacing of 0.1-0.2 m correspond-
ing to the fractures comprised between 0.35 and 0.5 km. Further work on the fourth order
scale spacing characteristics will obviously be needed in order to generalize them to the
trans-tensional regime.
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Figure 11. Orientation plot representing mean orientation of each fracture set from DV regional
map, NH regional map, NH domains and drone models at outcrop scale. Each arrow corresponds
to the mean orientation. The length of each arrow corresponds to the fracture set abundance. The
horizontal line above each arrow corresponds to the fracture set standard deviation within an inter-
val of confidence of 75% (see [62] for more explanations). Each color arrow corresponds to fracture
set: Blue arrow corresponds to NNE/SSW fracture set, red arrow corresponds to the NE/SW fracture
set, green arrow corresponds to the E/W fracture set, yellow arrow corresponds to the NNW/SSE
fracture set, purple arrow corresponds to the NW/SE fracture set, and marron arrow corresponds to
the N/S fracture set.

At outcrop scale, the drone models highlighted the reproducibility and the con-
sistency of the whole fracture sets defined at large scale (Figure 11). However, N111° frac-
ture set, detected only in domain C, is less expressed in domain A (drone model 1, 9%)
(Figure 11). The E/W direction trend is more expressed in the drone models 2 and 3 re-
spectively in the domain B and C. This observation is confirmed by the fracture maps 2
and 3, sample 2-1 and thin section 2-1 (Figure 8 and Figure 9), highlighting a consistent
fracturing episode. In the previous works, [39,55-57] mentioned the presence of the com-
pression signature at the southeastern end of the NH and the front of the Avawatz moun-
tains. According to these studies and our current observations, a hypothesis of fracturing
intensity which affected up to the internal domain can explain the consistency of the E/W
direction.

A special fracture arrangement was observed in fracture map 1 (Figure 6). The length
distribution is characterized by a high density of short fractures in the quartzite boudin
rocks, while the granitic part is characterized by a lower density of long fractures. This
leads to a change in the power law and orientation distributions and then makes a bias.
Indeed, only N/S and E/W directions are recorded, while the sample 1-1, thin sections 1-1
and 1-2 have recorded the whole fracture sets.

Fractures are organized along SDVFZ direction as fault zone segments with a highly
mineralized (clay minerals) fault core (FC) which can act as a barrier and damage zone
(DZ), acting as a conduit (Figure 12c). A complex joint network that can play a key role in
the fracture connectivity is highlighted in the host rock. A petrographic study focusing on
these fault zones is required to better characterize the fluid circulation potential.

The N/S to NNE/SSW and the NE/SW fracture sets are less expressed and are at-
tributed to the fourth order scale with 40 m mean length on NH map, while they are still
very important and consistent at outcrop, sample, and thin section scales, regardless of
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domain (Figures 2-5). These trends are highly dependent on the scale of observation and
have no influence on the NH geometry.

To summarize, a new spatial organization of the NH range based on second, third,
and fourth order scales has been proposed with length, spacing, density, and orientation
distributions. Each NH domain shows its own internal organization. Variability in be-
tween recorded fracture sets from different areas is a marker of a complex tectonic and
geometrical setting. One main deformation episode played a key role in the NH structu-
ration: SDVFZ trending NW/SE affected whole NH and then controlled its geometry. The
second main deformation episode is in the GF system trending E/W, likely responsible for
E/W fracturing episode, and controlled the NH geometry mostly in its internal part and
the southeastern end.

The identical orientation of GF and the E/W structures could suggest that the GF was
responsible for the E/W fracturing in the internal and southeastern end domains (Figure
12b). Furthermore, the E/W structures are characterized by a sinistral strike-slip displace-
ment, highlighted by the movement of the tertiary volcanic blocks in the back of the NH.
This sinistral strike-slip movement has been characterized along the GF zone, widely de-
scribed in the literature [55,57]. The similarities on the strike-slip nature can help to con-
sider that the E/W fractures are related to GF activity which plays a key role on the NH
geometry. In addition, the lower dominance of the NW/SE direction in the central and the
southeastern end of the NH can be explained by the overprinting of the E/W fracturing,
highlighting that these structures are posterior to the SDVFZ system (Figure 12c).

Regarding the fracture distributions, the fracture density is higher in the domain C
with a factor 2.5 and 1.5, in comparison respectively with domain A and B (Figure 3). At
outcrop scale, fracture densities raise from domains A and B to domain C with a factor 05
and 1.4, approving the localization of the fracture intensity in this area due to the complex
tectonic setting [39]. Furthermore, a gradient of deformation has been observed in the field
along the entire NH length with evidence of extreme shearing, notably in the internal do-
main. Boudinage structures and brittle shearing are prevalent within Crystal Spring se-
ries. A future publication will be planned to better characterize this deformation.
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(a) Spatial distribution of fracture network at regional scale
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Figure 12. Conceptual scheme presenting the spatial arrangement of the NH fracture network at (a) regional scale, (b) NH
scale, and (c) outcrop scale. The organization is based on scale orders referring to the [16,17,20,30] classification, and their
associated spacing characteristics referring to [20,30]. The picture presented in (c) is provided by GoogleEarth®.

5.3. Fracture Network Impact on Flow



Geosciences 2021, 11, 280

25 of 29

The deformation occurred with a different intensity at the whole NH scale. This can
influence the fluid circulation through the fracture network following the domains. Even
if the connectivity in the reservoir analogue is ruled by the large and small fractures (Fig-
ure 10f), some domains, such as domain A, had a different behavior insofar as the connec-
tivity was ruled by only the large fractures. A complex joint network is highlighted at
outcrop scale in the host rock and plays a key role in the fracture connectivity leading the
fluid supply toward the fault zone.

The fluid flow modeling in this reservoir analogue should consider that the orienta-
tion parameter depends on scale observation and then should be modeled differently at
each scale, while the length parameter is independent of the observation scale in the case
of NH geothermal reservoir analogue.

Flow simulations will be planned in the future publications, based on photogram-
metric models acquired from different NH domains. This study can help to approve the
sensitivity of the fluid circulations to the gradient of strike-slip deformation and the spa-
tial arrangement of NH fracture network. The sensitivity of the deterministic models on
resulting permeability will be tested according to the directional dependence and their
corresponding length distribution.

6. Conclusions

This study is part of the MEET project (Multidisciplinary and multi-context demon-
stration of EGS exploration and Exploitation Techniques and potentials), aiming at devel-
oping geothermal exploitation at European scale by applying Enhanced Geothermal Sys-
tem (EGS) technology to different geological settings. NH range, assimilated to a paleo
geothermal reservoir analogue, gives an opportunity to study the basement rocks in trans-
tensional context. This study proposes geometric description and quantifies the multiscale
network organization and its effect on connectivity using a wide-ranging analysis scale
from the microscopic scale to the regional scale. We used 2D fracture maps at different
scales. We have shown a power law distribution for six orders of scales. Then, a power
law exponent of ot = -2 was computed by combining the whole datasets, meaning that the
connectivity is ruled by the small and the large fractures.

A new spatial arrangement of the fracture network at different scales has been pro-
posed for the NH range, based on densities, spacings, orientations, and length distribu-
tions. The SDVFZ controls the NH geometry at large scale within the second order scale,
while the E/W directions—whose origin remains to be determined —controls the NH ge-
ometry within the third order scale. The spacing characteristics are of 5 and 1 km for re-
spectively the second and the third order scale, and correspond to the spacings high-
lighted in the extensional regime.

The division into three domains according to the facies variability and the change in
range trend orientation has been approved by statistical analysis. Indeed, domain A is
characterized by a dominance of the NW/SE direction in terms of length and abundance
at the fourth order scale with a regular fracture spacing of 0.1-0.2 km. Then, NW/SE di-
rection controls the internal structuration of this domain. Domain B is structured by the
second and third orders of fractures scales following the E/W and NW/SE direction with
regular spacing of 0.2 km and 0.005 km, respectively. Domain C was also characterized by
the structuration of a specific spatial arrangement with the dominance of short fractures
following E/W direction, which highlight the persistence of the E/W fracturing episode.
The ENE/WSW, E/W, and also NW/SE directions control the NH geometry and structu-
ration in this area. A regular spacing of 0.2 km and 0.005 km is computed inside the do-
main at fourth order scale. Therefore, two spacing characteristics have been highlighted
in this study at fourth order scale: 0.1-0.2 km and 0.05 km spacing for fractures length of
0.1-0.35 km and 0.005 km, respectively.

Each internal domain described in this study proposes its own spatial arrangement
of fracture network. Indeed, two main deformation episodes referring to the SDVFZ strik-
ing NW/SE and fractures system striking E/W play a key role in the structuration of the
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NH range. However, the SDVFZ deformation affected the whole NH, whereas the E/W
fracturing affected only the central and the southeastern area.

Fluid flow modeling will be planned and will take into consideration that orientation
parameters should be modelled differently at each scale, while length parameters mod-
elled by the power law should be considered as homogenous at different scales.
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