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Abstract

Natural fractures play a crucial role in many sustainable subsurface applications, particularly in reser-
voirs with low primary porosity and permeability. Therefore, fracture analysis has become a fundamen-
tal aspect of geosciences, often starting with fracture interpretation from borehole image logs. It has
been widely recognized that interpretations come with uncertainties; nevertheless, there is a current
lack of both quantitative and qualitative understanding regarding differences among interpretations.
This study aims to address this gap, by performing a statistical analysis on five interpretations of the
same well, highlighting their differences and similarities. Based on the results from the analysis, a
workflow was created to reduce uncertainties in fracture interpretations from image logs.

The created workflow was then applied to two wells in the Geneva Basin, Switzerland; associated with
a geothermal project aiming to produce heat and electricity from the Upper Cretaceous limestone rocks.
Research has shown that these rocks form a tight reservoir, and fluid flow will rely on the presence of
fracture networks. In the two wells, a total of eight fracture sets were defined based on movement
and relative chronology, and used to reconstruct the fracture history of the basin. This led to the iden-
tification of four Mesozoic to Cenozoic stress regimes: 1) a normal or strike-slip regime, 2) a NE-SW
reverse regime, 3) a normal regime, and 4) a NW-SE reverse regime. The latter is considered the
main deformation event of the region: the Late Miocene fold-and-thrust tectonics. In the Geneva Basin,
this event is represented by a pair of NE-SW striking conjugates, which forms the majority of observed
fractures. The fifth fracture set is believed to be fault-related and was only observed in one of the wells.

Beyond the regional implications, this study emphasizes the importance of uncertainty reduction in the
early stages of fracture analysis, and its effects on establishing a reliable fracture history.
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1
Introduction

Natural fractures play a crucial role in reservoirs with low primary porosity and permeability because
they can act as pathways for fluid flow. To do so, fractures must be open and form connected networks
(Allen and Allen, 2013). Fracture analysis is, therefore, essential in many sustainable subsurface ap-
plications, like geothermal energy subtraction, hydrogen storage, and CO2 storage.

Not less important, fractures are the most important indicators for paleostresses and are key in re-
constructing the structural history of a region. The fracture type and its orientation provide valuable
information on the stresses that formed them. In some cases, fractures exhibit relationships with other
geological structures that offer indications of their relative chronology. These relationships make it pos-
sible to determine the relative timing of geological events.

Fracture data can be acquired from outcrops, seismic lines, cores, or boreholes. Cores and bore-
holes directly sample the subsurface and provide sufficient resolution to identify small-scale fractures
accurately. However, they provide limited spatial coverage, and due to their vertical orientation lateral
variations are not represented. Although both cores and boreholes provide valuable sources of sub-
surface information, boreholes are more cost-effective and therefore often favoured over cores.

For those reasons, borehole data often forms the base of geomodels. Fracture interpretation heavily
relies on borehole image logs, which provide essential input for fracture models to predict fluid flow and
reservoir capacities. However, it is important to recognize that fracture interpretations will always come
with uncertainties, which can result in inaccurate models. While several studies have focused on the
influence of different interpretations on subsequent modeling (Bond, 2015; Schaaf and Bond, 2019),
very few studies have attempted to quantify and qualify the differences in interpretations themselves.

Understanding the uncertainties related to fracture interpretation is thus essential for optimizing geother-
mal projects. By analyzing and, where possible, reducing the uncertainties, more reliable future models
can be developed, contributing to the successful development of geothermal plays.

Reducing uncertainties in fracture interpretations is of key importance in the Geneva Basin, where the
Geneva government, the Services Industriels de Genève (SIG), and the University of Geneva (UNIGE)
started the ’GEothermie2020 project’ in 2013 (Lecompte, 2019). The project aims to produce heat and
electricity from geothermal energy in the canton of Geneva to reduce greenhouse emissions. During
the exploration phase of the project, two boreholes were acquired: GEo-01 and GEo-02 (Figure 1.1).
Both boreholes reach the Upper Cretaceous limestone rocks, which have a high potential for develop-
ing geothermal energy as suggested by the work of Rusillon, 2018. However, the work also mentions
that primary porosity and permeability are relatively low, and flow will rely on the existence of fracture
networks. Several studies have focused on fracture interpretation from GEo-01 (Jorge, 2022; Koum-
rouyan, 2019; Lo, 2019) and GEo-02 (Andre-Ghapgou, 2021) and on subsequent fracture modeling
(Alhamad, 2021; Jorge, 2022; Lo, 2019).

1



1.1. Outline of the report 2

Figure 1.1: Geological map of A) the Molasse Basin and B) the Geneva Basin (modified from Sommaruga et al., 2017) In the
center of The Geneva Basin Europe lies the Geneva Basin: a low relief area bounded by Lake Geneva and the Jura, Salève,
and Vuache mountains. The cross-section A - A’ can be found in Figure 3.1.

This study consists of two main components. The first part involved a statistical analysis of the avail-
able interpretations of GEo-01. In this part, a workflow was developed to reduce uncertainty in fracture
picking on image logs. In the second part of the study, the workflow was applied to GEo-01 and GEo-
02, resulting in an improved fracture database. The findings contributed to a better understanding of
the geological evolution of the basin and might ultimately contribute to the generation of more realistic
fracture models.

The main question this study tries to answer is the following:

’How to reduce uncertainties in fracture interpretation from borehole images to optimize fracture data
acquisition and provide a reliable structural history in the Geneva Basin?’

1.1. Outline of the report
Chapter 2 and 3 begin with providing background information on fractures in general and the geological
setting of the Geneva Basin. Chapter 4 introduces the borehole data of GEo-01 and GEo-02; chapter 5
concerns the research workflow and methodology. Chapter 6 addresses the first part of this study and
presents the findings of the statistical analysis performed on five fracture interpretations and the ensuing
workflow for uncertainty reduction. chapter 7 addresses the second part of the study, in which GEo-01
and GEo-02 and interpreted based on the suggested workflow. Chapter 8 discusses the meaning of the
results and offers a reconstruction of the fracture history of the basin. It describes the limitations and
uncertainties of the work and provides suggestions for future research. Chapter 9 briefly summarizes
the findings.



2
Fractures

Fractures can highly influence flow in a reservoir: open fractures form pathways for fluids, whereas
closed or filled fractures block flow. To make predictions of fluid flow in a reservoir, fracture models
are developed that incorporate various fracture types, characteristics and include drivers that created
them. Therefore, accurately measuring or estimating these fracture characteristics and drivers, is highly
important in developing reliable models.

2.1. Types
Fractures are defined as mechanical discontinuities in rocks, and form when the subjected stress ex-
ceeds the strength of the rock in a brittle regime (Fossen, 2016). This stress is expressed in terms of
the three principal stresses: σ1 > σ2 > σ3. Depending on the orientations of the three principal stresses,
rocks can open or shear, resulting in different types of fractures. In this way, certain fractures are reli-
able indicators of the paleostress orientations.

Figure 2.1 shows various fracture types concerning the three principal stresses. Extension fractures
form when relative movement is perpendicular to the fracture planes. These are called joints if the
displacement is minimal. If they are filled, these are called fissures (air or fluid) or veins (minerals).
Stylolites are irregular, planar zones, which form by local pressure and dissolution normal to σ1 (Fos-
sen, 2016; Lorenz and Cooper, 2020). Shear fractures form where the relative movement is parallel to
the fracture plane. They can appear as conjugate sets, typically 60◦ apart, or as polymodal fractures,
in which three or more sets develop simultaneously (Healy et al., 2015).

Figure 2.1: Various fracture types relative to the principle stresses (From Fossen, 2016) and the classification in Mode I-IV
(modified from Healy et al., 2015).
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Azimuth and dip
The dip direction and angle represent the orientation of a fracture. The orientation of the fracture may
vary slightly along its length, and if a rock has been deformed, the orientation of the fracture may have
changed (Lorenz and Cooper, 2020).

2.2. Drivers
The distribution of fractures can be random or show some spatial organization, either regularly dis-
tributed or forming clusters (Bistacchi et al., 2020). The more brittle beds of a formation often ac-
commodate more fractures, but at the time of fracturing, the brittleness of the rock might have been
different (Lorenz and Cooper, 2020). This change in the rocks over time may cause that the observed
fracture pattern does not coincide with the current mechanical properties of a rock. To address this
issue, Laubach and Olson, 2009 proposes to separate mechanical stratigraphy from fracture stratig-
raphy. Separating the mechanical characteristics from the fracture properties may provide a better
understanding of fracture patterns and may result in more accurate predictions of fractures elsewhere.

Additionally, drivers can affect the distribution. Fractures drivers are geological processes that explain
the occurrence of fractures because they (locally) alter the stress fields.

One of the main drivers of fractures is far-field stresses that deform the rocks on a large regional scale
(Figure 2.2C). The second main driver is faulting, which affects the stress field locally. The effect of
faults on fracture patterns is dependent on the type of fault and the in-situ stress (Blenkinsop, 2008).
Shear fractures, veins, joints or stylolites form near the (propagating) fault, creating a zone with higher
fracture density than the background level (Figure 2.2A) (Fossen, 2016). Another main driver is folding,
creating a variety of patterns in the hinges and limbs caused by local deflections of the stress field. The
patterns vary in orientation, connectivity, and permeability and are dependant on a fold’s curvature,
lithology, and location on the fold (Figure 2.2B) (Watkins et al., 2018). Lastly, the burial of the rocks
can form regional fractures because of the increase in vertical stress (Figure 2.2D) (Bisdom, 2016).

Figure 2.2: Four fracture drivers: A) fault-related fractures, B) example of a fold with its related fractures, C) far-field stress
fractures, where σ2 is vertical, D) fractures related to burial. Modified from A) Billi et al., 2003, B) Ahmadi et al., 2019, C) Jiang
et al., 2016 and D) Lavenu et al., 2014.



3
Geological setting

The canton of Geneva is located in the Geneva Basin, which is part of the foreland of the Jura fold-and-
thrust belt. The basin is bounded by the Jura mountains in the northwest and the Salève mountain in
the southeast (see Figure 1.1).

3.1. Tectonic and structural history
The sedimentary succession of the Geneva Basin overlies a crystalline basement that formed during
the Variscan orogeny (480-250 Ma) and is characterised by half-grabens and strike-slip faults, filled
with sediments from the Permian and Carboniferous (Guglielmetti and Moscariello, 2021; Matte, 2003;
Moscariello, 2019; Rusillon, 2018) as shown on Figure 3.1.

Figure 3.1: NW-SE cross-section through the Geneva Basin, showing the basement, overlying sediments and thrusting of the
Jura and Salève mountains (modified from Koumrouyan, 2019; Moscariello, 2019).

The Jurassic sediments rest unconformably on top of this basement and form a thick succession of
marls and limestones deposited at the northern margin of the Tethys ocean. The Alpine compression
began at the end of the Mesozoic, closing the Tethys ocean and causing an uplift of the foreland basin,
which is marked by a regional erosion surface on top of the Mesozoic sediments (Moscariello, 2019).
This NW-SE Alpine shortening accommodated in low-amplitude folding in the Mesozoic and Cenozoic
cover of the basin (see Figure 3.1) (Clerc et al., 2015; Planes et al., 2019), and an overall arc-shaped
thrusting of the Alps (Sommaruga et al., 2017).
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The basin is affected by four major fault systems (the Vuache, Cruseilles, Le Coin and Arve), which
are basement-related normal faults reactivated as reverse faults that propagated through the overlying
sediments (Figure 1.1,Signer and Gorin, 1995). The Vuache fault is a sinistral system (Clerc et al.,
2015), of which the northeastern half decoupled from its southwestern counterpart, playing a role in the
structuration of the basin and the distribution of the Tertiary and Quaternary sediments (Rusillon, 2018;
Schori et al., 2019).

At present-day, the European plate remains subducting southward, creating a regional maximum hor-
izontal stress in E-W to NW-SE direction. Earthquakes are not uncommon in the region and the four
faults are believed to be active (Atunes et al., 2020; Clerc et al., 2015).

3.2. Stratigraphy
TheMesozoic and Cretaceous sediments form the largest part of the stratigraphic sequence, increasing
in thickness towards the south. The rocks form the primary reservoir targets for geothermal exploitation
and are reached by both GEo-01 and GEo-02. Moreover, these units are partly outcropping around
the basin or its surrounding mountains.

3.2.1. Jurassic
The Triassic rocks are overlain conformably by the Jurassic rocks. They mark a marine transgression,
with the Liassic being characterised by carbonates, marls and organic material and the Dogger by deep
carbonates (Clerc et al., 2015). The environment of deposition transitioned to a more shallow marine
for the Malm, characterised by shallow carbonate platforms (Moscariello, 2019). All are well observed
in outcrops in the area and reached by the Humilly-2 well (Rusillon, 2018).

3.2.2. Cretaceous
The Jurassic rocks are overlain by the Cretaceous deposits, which are the focus of this study and
shown in detail in Figure 3.2. Both the GEo-01 and GEo-02 well reach the succession, and the rocks
are exposed in the nearby Jura Mountains. They are typically composed of massive limestones and
marls, deposited in a shallow marine environment subjected to small-scale sea level fluctuations. The
descriptions below are based on the work of Haas et al., 2022, Strasser et al., 2016 and Chablais and
Rusillon, 2017, 2019. Only formations that are covered by the GEo-01 and GEo-02 image logs are
described in detail.

Goldberg Formation
This formation is Early to Middle Berriasian in age and is characterised by massive dolomites to lime-
stones, alternated with marls. A wide range of facies is associated with the deposits, which are hyper-
saline, brackish, lacustrine, tidal-flats, beaches, lagoons and shoals. Thicknesses vary from 5 to 30m.
Only GEo-02 covers this formation.

Pierre-Châtel Formation
The transition from the Goldberg to the Pierre-Châtel formation is marked by a sharp transgressive
surface. Oolitic and bioclastic limestones are typical for this formation, which varies in thickness from
14 to 42m. The associated environments are subtidal dunes with intervals of lacustrine and lagoonal
deposits. Locally, this formation has been karstified. The formation is only covered by GEo-02 and not
by GEo-01.

Vions Formation
This formation is comprised of marls and limestones with presence of quartz, iron oxides and organic
material, with common traces of bioturbation and plant remnants. Thicknesses are around 40 to 50m
and only GEo-02 covers this formation.

Chambotte Formation
The Late Barriasian Chambotte formation is characterised by massive limestone beds with ooids and
bioclasts, representing a shallow marine environment. The thickness ranges from 10 to 25m. The
formation is fully covered by GEo-02 and the bottom 3m of GEo-01.
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Figure 3.2: Stratigraphic column of A) the basin and B) the Cretaceous rocks (modified from Moscariello, 2019 and Rusillon,
2018).
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Vuache Formation
This formation is Valanginian in age and comprises reddish sandy tomarly limestones that got deposited
in an open shelf. Its thickness ranges from 10 up to 60m. In places, it shows hummocky crossbedding,
oolite grainstones and ammonites. The formation is covered by both GEo-01 and GEo-02.

Grand Essert Formation
Two members are associated with this formation: the Marnes d’Hauterive and the Pierre Jeune de
Neuchâtel. The former is the lower member and is a fossil-rich limestone alternated with quartz-rich
marls, which have been deposited in an open-marine environment without the influence of waves and
tides. The latter is the upper member and is typed by cross-bedded limestones. Tidal currents strongly
influenced these deposits, as indicated by the sedimentary structures. Both the members are rich in
fossils and the total thickness ranges from 20 to 90m. Both wells cover this formation.

The Cretaceous includes two more formations: the Gorges de l’Orbe Formation and the Vallorbe de
l’Orbe Formation. Both are characterised by limestones and marls. However, these are not covered
by the image logs of GEo-01 or GEo-02.

The top of these Lower Cretaceous sediments is marked by a major subaerial erosional surface, but it
is believed that the small-scale sea-level fluctuations prevailed during the Early Cretaceous, depositing
limestones andmarls (Moscariello, 2019 andMoscariello et al., 2020). However, during the Eocene, the
Alpine orogeny caused an uplift of the basement. The rocks exhumed, got eroded and their presence
is nowadays only recognised in the infill of karst structures (Du Couto et al., 2021 and Moscariello et al.,
2020).

3.3. Geothermal setting
Over the past years, the geothermal potential of the Geneva Basin has been evaluated extensively. The
recent work of Chelle-Michou et al., 2017 shows the basin has a geothermal gradient of 25-30◦C/km,
which is suitable for direct heat use or electricity generation. Their subsurface models show various
positive and negative anomalies, indicating subsurface fluid circulation, driven by the recharge from
the neighbouring Jura Mountains (Guglielmetti and Moscariello, 2021 and Driesner, 2021).

The Upper Jurassic and Lower Cretaceous units form the primary reservoir targets for the GEother-
mie2020 project. For most of the Jurassic rocks, primary porosity (ϕ in %) and permeability (K in mD)
are relatively low, with values between 2 - 5% and 0.01 - 10 mD respectively. The same applies to the
Lower Cretaceous rocks, with ϕ <8% and K 0.001 - 10 mD. Additionally, the Cretaceous rocks have
high lithological variability due to the different sedimentological environments.

However, secondary porosity and permeability from fracture networks could account for better condi-
tions in these units. Flow rates from the Lower Cretaceous reservoirs in GEo-01 show values of 50 l/s
at 34◦C (Moscariello, 2019), which is sufficient for the development of geothermal heat.



4
Data

4.1. Well data
Four exploration wells were planned to be drilled by the SIG and UNIGE as part of the GEothermie2020
project. The first well, GEo-01, finished in 2018 and reached the top of the Chambotte Fm. with a depth
of 533 m(MD). The second well, GEo-02, finished in 2020 and reached the top of the Upper Jurassic
rocks with a depth of 1455 m(MD) (see Figure 1.1 for the locations). Image logs and geophysical data
are obtained for both wells, as shown in Figure 4.2. The other two wells are planned to be drilled in the
upcoming years.

4.1.1. Image logs
Image logs provide a continuous 360◦ view of the borehole wall and are either obtained by optical
borehole imaging (OBI) or acoustic borehole imaging (ABI). OBI is obtained by a camera with a light
source, measuring the colour spectrum. ABI uses a rotating transductor emitting an acoustic signal that
gets reflected by the borehole wall. The amplitude and transit time of the reflected signal are recorded
and converted into two separate images (J.H.Williams and Johnson, 2004) and are used to generate
a caliper log. Examples of each image log are shown in Figure 4.1.

Figure 4.1: Available image logs for GEo-01: OBI, Amplitude and Travel-time. A caliper log is generated from the ABI logs.

Borehole image data is indispensable in the energy industry and form the standard for fracture analy-
sis in many projects. Image logs provide reliable and direct data on subsurface fractures, cover large
intervals and processing software are well established (Lorenz and Cooper, 2020). Running an image
log might be favoured over drilling a core, since it is faster, hence less expensive.

9
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Figure 4.2: All available geophysical and image logs with according depth intervals for GEo-01 and GEo-02. The green
intervals indicate the Cretaceous rocks, according to the two lithological reports (Chablais and Rusillon, 2017, 2019).
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On the other hand, the vertical resolution of image logs is generally on a mm to cm scale, which is too
large to capture all fracture characteristics. Fractures parallel to the wellbore could be underinterpreted
since they might not be represented in the well. Additionally, bedding parallel fractures are difficult to
distinguish from bedding and might be misinterpreted (Lorenz and Cooper, 2020). chapter 6 addresses
these and a number of other issues related to the interpretation of image logs.

4.1.2. Geophysical logs
Geophysical logs include caliper, bulk density, sonic, Gamma Ray, photoelectric factor, resistivity, bulk
density, and spontaneous potential. These logs are not the main focus of the study but are used in
software settings and complementary to the fracture-picking process.

4.2. Available interpretations
In addition to the raw well data, various interpretations are available online or were provided by the
UNIGE/SIG: including lithological reports for both wells (Chablais and Rusillon, 2017, 2019) and four
fracture interpretations from GEo-01 (by the SIG, Jorge, 2022; Koumrouyan, 2019; Lo, 2019). The
fracture interpretations hold each interpreter’s fracture picks and classification and are available either
in WellCAD or as a text file.

4.3. Seismic data
Two seismic lines are available, nearly crossing GEo-01 (pink lines in Figure 1.1). The first is called
GG-87-02 and runs NW-SE for 3.7km. The second is called SIG-2015-L08 and runs NE-SW for 5.6km.

Figure 4.3: Two seismic lines, running NW-SE and NE-SW. The red line indicates the location of GEo-01 and the black
triangles indicate the location of the other seismic line.



5
Methods

5.1. Workflow
Figure 5.1 presents the workflow and results of the project. It consists mainly of two phases:

1. a statistical analysis on interpretations from GEo-01, resulting in recommendations for fracture
picking;

2. a fracture analysis of GEo-01 and GEo-02 and correlation to the geological history of the
basin.

Figure 5.1: Workflow of the project.

For this study, a new fracture interpretation of GEo-01 was performed. This new interpretation and the
four pre-existing interpretations provided input for the statistical analysis of phase 1 to investigate the
differences amongst interpreters. Based on the results from this analysis, a list of recommendations for
fracture picking was created to reduce uncertainties in interpretation. Consequently, the interpretation
of GEo-01 was re-evaluated, and GEo-02 was interpreted following these recommendations.

12



5.2. Fracture picking in WellCAD 13

In phase 2, the optimized fracture data from GEo-01 and GEo-02 were analyzed to define sets, and
determine possible fracture drivers and successive tectonic regimes. Based on the drivers, tectonic
regimes, cross-section, and literature, the fracture history of the basin could be reconstructed.

5.2. Fracture picking in WellCAD
Fracture interpretations were executed in WellCAD. The first step was to prepare a workspace, and
the second step was to manually identify all structures (referred to as picking). Picks can be displayed
as sinusoids on the image logs, planes in a 3D borehole view, or tadpoles indicating the dip angle and
direction (Figure 5.2). The colour palette and amplitude/travel-time scale could be adjusted to modify
the image log and highlight different structures.

(a)

(b)

Figure 5.2: (a) 3D planes represented as sinusoids on an image log striking N-S, dipping 30° towards the west, modified from
Serra, 1983. (b) Examples of GEo-01: sinusoid, tadpole, and 3D representation of a structure.

The next step was to assign a classification to each pick. The classification of fractures on image logs
is based on the morphology of electric or acoustic properties, rather than mechanical markers or dis-
placement indicators (such as striation in the field). Figure 5.3 lists the five structure categories used in
this study, the observational criteria, and examples from GEo-01. Mineralized fractures appear reflec-
tive/bright on an OBI and to not show on the ABI logs. Open/shear fractures appear transmissive/dark
on the OBI and are low amplitude/dark on the Amplitude log. Bedding can appear both reflective and
transmissive on the OBI, depending on the deposited material. It is mostly shallow dipping (<20°) and
repetitive or gradually changing over large intervals. The induced fractures appear transmissive/dark
on the OBI and are low amplitude/dark on the Amplitude log. They often appear irregular and asym-
metric, with high dip angles. A fifth category was created for structures that could not be classified with
confidence.

The bedding picks were used to identify sub-seismic scale folds and faults, and to create local recon-
structions of the subsurface. These reconstructions, in combination with fault observations from the
image logs, lithological reports, the seismic lines and previous work (Lo, 2019; Moscariello, 2019), were
incorporated into a new NW-SE cross-section between GEo-01 and GEo-02.
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The fracture picks were corrected for the dip angle of the bedding: so-called backtilting, with the av-
erage bedding orientation per meter. Fracture sets were defined, based on clusters on the stereonet,
common displacement observations on the image logs and indications on relative chronology. Initially,
all data were plotted as a pole on a stereoplot using the Stereonet software. Fractures dipping <10°
were excluded from the database because the orientation of such shallow dipping planes has a high
level of uncertainty. Outliers (fractures with non-recurring orientations) were removed manually. In the
next step, contours were generated on the stereoplot by Stereonet, representing the density of fracture
orientations. Clusters of local maxima were identified based on the contours. This was done manually,
and boundaries approximately followed the shape of the contours. These clusters were then compared
to observations of displacement and relative chronology on the image log, leading to the definition of
fracture sets. Due to the scarcity of observations regarding displacement and chronology, it is assumed
that fractures with comparable orientations experienced similar displacements. The sets are taken as
indicators for paleostress orientations as described in chapter 2.

Lastly, a cross-section was created to capture the basin’s structural elements like folds and faults.
The results of the bedding picking, fault observations on image logs, lithological reports, the seismic
lines and previous work (Lo, 2019; Moscariello, 2019) were incorporated into a NW-SE oriented cross-
section between GEo-01 and GEo-02.

(a)

(b)

Figure 5.3: (a) Classification of structures and the criteria for picking on image logs. (b) Workspace in WellCAD of GEo-01.
Left to right: OBI with examples of ’open/shear fractures or joints’ (black), ’mineralized fracture or vein’ (yellow), and ’bedding’
(green), OBI, amplitude log, travel-time log.



5.3. Statistical analysis 15

5.3. Statistical analysis
Statistical analysis compared five fracture interpretations of GEo-01 and highlighted similarities and
differences. The workflow of this analysis is presented in Figure 5.4.

Figure 5.4: Workflow of the statistical analysis.

5.3.1. Data separation
In order to highlight the effect of mechanical rock properties on interpretations, the data was subdivided
into intervals based on the lithological description of Chablais and Rusillon, 2017 (see Table 5.1). Ad-
ditionally, fractures and veins were considered separately in this analysis to highlight the difference in
picking of various structures. Fractures that were classified as induced fractures were diverted from
the dataset since this study focuses on natural fractures.

Table 5.1: Subdivision of GEo-01, based on the lithological report of Chablais and Rusillon, 2017. The table gives the tags
used in this report (A - O), the corresponding depth, formation, and a brief lithological description.

Tag Depth [m] Formation Description
A 412 - 414 Urogien Blanc Bioclastic limestone, recrystallised, pyrite
B 414 - 423 Urogien Blanc Bioclastic to oolithic limestone, recrystallised, crushed, calcite veins
C 423 - 427 Urogien Blanc Peloidal bioclastic limestone, oolithic, fine sand, pyrite and glauconite
D 427 - 432 Pierre Jeune Bioclastic lime- to sandstone, pyrite and glauconite, marl- to sand intervals, completely crushed
E 432 - 453 Pierre Jeune Bioclastic lime- to sandstone, pyrite and glauconite, calcite veins, intervals of marl- to sand
F 453 - 456 Marnes d’Hauterive Marls and sandstones, pyrite
G 456 - 458 Marnes d’Hauterive Marls and sandstones, pyrite and glauconite
H 458 - 460 Marnes d’Hauterive Fine limestone with sand, pyrite and glauconite, sand- to marl intervals
I 460 - 475 Marnes d’Hauterive Alternation of fine marly limestones and sandstones
J 475 - 480 Marnes d’Hauterive Bioclastic limestone, marl- to sand with biodetrics, pressure vein-fissures
K 480 - 495 Marnes d-Hauterive Marly limestone with sand
L 495 - 512 Marnes d’Hauterive Sandstone marls to marly sandstones, intervals of bioclastic limestone with sand, filled fractures
M 512 - 516 Marnes d’Hauterive / Vuache Marly to sandy limestone, bioclastic limestone, recrystallised, oolithed debris, calcite veins
N 516 - 526 Vuache Oolithic limestone, pyrite, bioclastic (grainstone) limestone
O 526 - 533 Vuache / Chambotte Bioclastic limestone, fractures

5.3.2. ANOVA and MANOVA
ANOVA (Analysis of Variance) and MANOVA (Multivariate Analysis of Variance) methods have been
used in this study. These are statistical methods to determine if there is a significant difference in means
between several groups, in this case, the interpreters. Two hypotheses were tested:

• null hypothesis: there is no difference in the means of all interpreters;
• alternative hypothesis: the mean of at least one interpreter is significantly different.
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To perform ANOVA or MANOVA, a minimum of 10 data points is required, and a significance level
(denoted as α) must be defined. A value of 0.05 has been chosen, meaning there is a 5% chance
of unjustly rejecting the null hypothesis. One of the outcomes of the ANOVA and MANOVA tests is
the P-value. If the P-value is larger than α, the null hypothesis cannot be rejected, and there is no
difference in group means. If the P-value is smaller than α, the null hypothesis is rejected, meaning at
least one group significantly differs from the others. ANOVA is applied if only one independent variable
is present, while MANOVA is applied if more than one independent variable is present. Appendix A
shows the calculations for each method in detail.

The ANOVA and MANOVA methods were performed on each fracture characteristic separately:

• Azimuth: the azimuth is a circular measurement (where 360◦ is the same as 0◦, or North). How-
ever, the ANOVA method does not account for that since it assumes a linear scale. Hence, the
azimuth values were converted to x and y values using trigonometry, resulting in two independent
variables instead of one and MANOVA could be applied (Figure 5.5, Landler et al., 2022);

• Dip: ANOVA was performed on the dip of the fractures and veins;
• Frequency: ANOVA was performed on the frequency per meter.

Figure 5.5: Trigonometric conversion from an angle to two linear points, modified from Jammalamadaka, 2001.

5.3.3. Tukey-Kramer test
ANOVA and MANOVA highlight if one interpreter significantly differs from the others, but the analyses
do not provide information on which interpreter(s) differ(s) from the others. If the null test gets rejected,
post hoc tests are generally performed to identify which interpreter(s) differ. The Tukey-Kramer test
was used in this study to test every pairwise combination of interpreters. A P-value for every possible
combination of pairs was calculated. A P-value smaller than α means the two interpreters are statisti-
cally significantly different. The results indicate which pair of interpreters agree or disagree with each
other per given interval and are presented in chapter 6.

5.4. Qualitative analysis
A qualitative analysis was performed to explore the relationship between the results of the statistical
analysis and various factors, including the quality of the image logs, rock properties, methodology/soft-
ware usage, or a combination of those.

The analysis began by examining the differences between interpreters in terms of classification, orien-
tation and frequency. Some findings were specific to certain intervals, while others were consistently
observed. For interval-specific observations, a detailed investigation was conducted, considering the
quality of the image log, the classification of structures and geomechanical properties, to identify possi-
ble relationships. In cases where findings were identified across multiple intervals, a closer examination
was carried out to understand the workflow of all interpreters and the classification scheme they used.
This approach allowed to find relationships between interpretations, the image log, rock properties and
methodology/software usage. The results of these analyses were incorporated into a list of recommen-
dations and a workflow for fracture picking from image logs.



6
Comparison of five interpretations

The first part of the objective of this study is to reduce uncertainties in fracture interpretation. Utterly
unique, five fracture interpretations, executed by five different people, are available from one dataset
(GEo-01), making it possible to analyze differences between interpretations statistically. This chapter
presents the five interpretations, the results from the statistical analysis and the list of recommendations.

6.1. Five interpreters
Figure 6.1 presents an overview of the five interpretations. For the statistical analysis, it was necessary
to restructure the classification schemes from all interpreters, to enable a fair comparison.

Koumrouyan, 2019 used WellCAD and classified a structure based on its visibility on the OBI, ABI
or both. The study picked 803 open/shear fractures and 161 mineralized fractures. The bedding was
defined during a second phase and counted 261 picks. The SIG, 2020 used WellCAD and picked 573
open/shear fractures, 73 mineralized fractures and did not pick any bedding. Lo, 2019 used Techlog,
unlike the other four. Since Techlog was not available during this study, the picking data was converted
and processed as text files. Lo, 2019 picked 406 open/shear fractures and 152 mineralized fractures.
The bedding was not manually picked, but defined based on orientation, which resulted in 488 bedding
picks. Jorge, 2022 used WellCAD, revising the picks from Koumrouyan, 2019. A total of 460 picks
were removed and the remaining part was reclassified into 377 open/shear fractures and 127 mineral-
ized fractures. Doesburg, 2023 (this study) used WellCAD and picked 607 open/shear fractures, 213
mineralized fractures, 195 bedding and 15 others.

Figure 6.1: Overview of the five interpretations: used software, subdivision into the four categories (open/shear fracture,
mineralized fracture, bedding, and other), the number of picks, and colour codes used in the report.
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6.2. Differences in interpretations
Stereoplots and frequency plots of all five interpretations are shown in Figure 6.2 for open/shear frac-
tures and Figure 6.3 for mineralized fractures. From a first-order analysis, some key differences among
the interpretations emerge.

The number of open/shear fracture picks ranges from 378 (Jorge, 2022) to 607 (Doesburg, 2023) and
of mineralized picks from 73 (SIG, 2020) to 213 (Doesburg, 2023). Notable, Doesburg, 2023 and
Koumrouyan, 2019 classified 195 and 216 structures as bedding, respectively. While the other three
interpreters initially did not classify any structures as bedding. Lo, 2019 defined bedding during a later
stage, based on a dip angle below 43.0° and related to a fold, which resulted in 488 bedding picks.
It is striking that these picking counts are relatively far out and that two out of five interpreters have
not interpreted any bedding. Especially the interpretation of bedding is crucial in the identification of
sub-seismic scale folds and faults, which can be possible fracture drivers.

In general, all stereoplots in Figure 6.2 show dipping directions towards the SE. However, dip angles
of Lo, 2019 and Jorge, 2022 are overall higher compared to the other three interpreters. Moreover, the
stereoplot of Lo, 2019 shows one main fracture cluster dipping SE; although the stereoplots of Koum-
rouyan, 2019 and SIG, 2020 show two main clusters dipping S and NE and the stereoplots of Jorge,
2022 and Doesburg, 2023 show three and five clusters, respectively. Similar trends are recognised in
the mineralized fractures (Figure 6.3). The general dip direction of the mineralized fractures is towards
the NW, still Lo, 2019 and Jorge, 2022 show higher overall dip angles compared to the other three in-
terpreters. The stereoplot of Lo, 2019 shows one main cluster, while the stereoplots of the others show
multiple clusters. All these differences in stereoplot projections represent a wide variety in fracture
orientations, and thereby presumably different stress regimes. Furthermore, stereoplot clusters can
represent fracture sets. Therefore, these stereoplot clusters are likely to lead to different set definitions
by each interpreter.

Large differences show in open/shear fracture frequency (Figure 6.2), especially between 418-435m,
493-498m and 513-518m. On the contrary, all interpreters have high fracture frequencies between 490-
493m and 528-533m and low frequencies between 413-418m, 435-438m and 493-498m. For the min-
eralized fracture frequency (Figure 6.3), large differences in frequency are found between 443-453m
and 525-533m. Overall agreement on high frequency is between 453-463m, 473-583m and 495-501m
and none of the interpreters picked mineralized fractures between 413-425m and 483-493m. These
differences and similarities are noteworthy and important to consider as fracture frequency is related
to fracture drivers and the mechanical properties of the rock.

Given all the differences between the five interpretations, it was expected that these differences led to
discrepancies in the reconstructions of the fracture history of the basin. Koumrouyan, 2019 concludes
that the fractures are fault-driven, related to a flower structure intersecting the well. The findings are in
line with the work of Clerc et al., 2015. Lo, 2019, on the other hand, relates the natural fractures to two
tectonic events: a strike-slip event with σH trending ESE and a reverse regime with σH trending ENE.
However, as already mentioned in that report, the two tectonic events do not seem to fit in the regional
tectonic context. Jorge, 2022 finds a mismatch in tectonic regimes: while the fractures imply a normal
regime, the faults imply a strike-slip regime. From the SIG, 2020 only the fracture-picking data set was
available, without an interpretation in terms of fracture history.
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6.3. Results statistical tests
6.3.1. ANOVA/MANOVA test
Figure 6.4 shows that overall there is more agreement in the mineralized fractures than in the open/s-
hear fractures. However, it should be noted that for the mineralized fracture intervals A, B, C, D and O
there is not enough data (NED) to perform the statistical test. This means that it is unknown whether
the interpreters are in agreement or not. Alternatively, this could be interpreted as a high level of agree-
ment between the interpreters as none of them picked any fractures in these intervals.

The azimuth shows the most agreement for both fracture types. All interpreters agree in 11/15 intervals
for the open/shear fractures, and in 9/15 intervals for the mineralized fractures. For both the open/s-
hear fractures and the mineralized fractures, the dip shows the least agreement. For the open/shear
fractures, there are only 3/15 intervals where all interpreters agree in the dip. These are intervals A,
G, and H. For the mineralized fractures in only 2/15 intervals, all interpreters agree on the dip. These
are M and N. For frequency, all interpreters agree in 7/15 intervals for the open/shear fractures, and
in 9/15 intervals for the mineralized fractures.

Least agreement in all three categories (azimuth, dip and frequency) is found in intervals D, E, L and M.
A first-order analysis does not show any correlation to the OBI, complexity map, lithology or stiffness
(Alhamad, 2021).

The thickness of the interval does not seem to influence the results of the statistical analysis. An
example is interval M; showing much disagreement in the open/shear fractures, but much agreement
in the mineralized fractures.

6.3.2. Tukey-Kramer test
The high level of agreement in azimuth is confirmed by the graphs in Figure 6.5. Between each pos-
sible interpreter pair, the thick green lines in the star diagram represent a high level of agreement.
Moreover, the percentages in the tables show that each pair agrees for at least 80% of the intervals in
the open/shear fractures and at least 90% in the mineralized fractures.

On the contrary, the dip shows very little agreement for both the open/shear fractures and the mineral-
ized fractures. The thin red and orange lines in the star diagrams represent a low level of agreement.
In particular, Lo, 2019 and Jorge, 2022 show high disagreement with the other three interpreters. As
denoted in the table, Lo, 2019 agrees for 40-70% of the intervals and Jorge, 2022 agrees for only 20-
40% of the intervals. On the other hand, the level of agreement between the two is much higher: 73%
for the open/shear fractures and 100% for the mineralized fractures.

The agreement in frequency is different for the open/shear fractures and for the mineralized fractures,
and the star diagram of the two fracture types looks dissimilar. Themajority of lines are green, represent-
ing an overall high level of agreement, but several pairs are connected by orange lines, representing
a low level of agreement. The tables describe that for the open/shear fractures Koumrouyan, 2019
disagree with Lo, 2019 and Jorge, 2022 in 50% of the intervals, but for the mineralized fractures, they
agree in 92% and 100% of the intervals. Similarly, the SIG, 2020 and Doesburg, 2023 agree in 69% of
the intervals of the mineralized fractures, but agree in all intervals of the open/shear fractures.

Combining all results from the Tukey-Kramer test, the SIG, 2020 and Koumrouyan, 2019 have the
highest overall agreement with 95% of all intervals. Koumrouyan, 2019 and Jorge, 2022 have the
lowest overall agreement with 67% of all intervals. Jorge, 2022 has the least agreement; 70% with
Doesburg, 2023 and 75% with the SIG, 2020, but 94% with Lo, 2019.
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6.4. Qualitative analysis
This section repeats the main findings that emerge from the statistical analysis and discusses possible
reasons for differences between the interpretations (see Appendix B for the detailed analysis). Screen-
shots from WellCAD are added as examples. Note that in these figures, all interpreters have used
different colours for their classification and that Lo, 2019 is not presented because the interpretation
was not available as WellCAD file.

6.4.1. Differences in frequency
Figure 6.1, 6.2 and 6.3 show that there are large differences not only in the total number of picks but
also in the frequency with depth. These differences are caused by a number of reasons.

Workflow/approach of the interpreter
The use of different approaches in classification contributed to significant variations in the number of
picks. Koumrouyan, 2019 and Doesburg, 2023 manually picked 261 and 195 bedding, respectively.
On the other hand, Lo, 2019 initially did not define bedding but later classified 488 structures as bed-
ding, based on their orientation. Jorge, 2022 and the SIG, 2020 did not classify any bedding.

Doesburg, 2023 and Lo, 2019 picked all structures, including non-continuous sinusoids. On the other
hand, Koumrouyan, 2019; SIG, 2020 and Jorge, 2022 included the continuity of sinusoids in their
classifications, distinguishing between continuous and non-continuous structures. This difference in
approach resulted in different picking numbers.

Figure 6.6: Example of a non-continuous sinusoid, picked by Koumrouyan, 2019 and Doesburg, 2023, while not picked by
Jorge, 2022 and the SIG, 2020.

While Lo, 2019 only picked structures with high confidence, Doesburg, 2023 picked all structures. This
difference in approach may result in under- or over-interpretation of fractures. It is worth noting that if
confidence is not defined based on specific properties, it can become arbitrary and influenced by an
interpreter’s prior knowledge and experience.

Image log
Strong disagreement occurs in intervals where marl and limestone alternate (as reported by Chablais
and Rusillon, 2017, 2019).

Figure 6.7: Example of a an interval where marl and limestone alternate. Jorge, 2022 does not pick any structures,
Koumrouyan, 2019 picks a combination of structures, SIG, 2020 picks fractures and Doesburg, 2023 picks bedding.
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Intervals with a high repetition of structures lead to over- and under-picking of structures and significant
differences in fracture frequency.

Figure 6.8: Example of a high repetition of structures. Koumrouyan, 2019; SIG, 2020 picked significantly more than Jorge,
2022 and Doesburg, 2023.

In areas with a lot of bedding and/or open/shear fractures, mineralized fracturesmay be under-interpreted.

Figure 6.9: Example where bedding and open/shear fractures dominate, resulting in under-picking of the mineralized fractures.
The left image gives the OBI and the right image gives the ABI with adjusted amplitude scale by Doesburg, 2023.

Orientation of fractures
Fractures oriented parallel to the bedding can be misinterpreted and mistaken for bedding.

Figure 6.10: Example of possibly bedding parallel fractures. Jorge, 2022 does not pick any structures, Koumrouyan, 2019 and
SIG, 2020 pick only fractures and Doesburg, 2023 picks fractures and bedding.

Fractures oriented parallel to the borehole may not be encountered by the image log, resulting in under-
interpretation.
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6.4.2. Higher level of agreement in the mineralized fractures
The overall agreement between the interpreters is higher in the mineralized fractures, compared to the
open/shear fractures for a number of reasons:

Appearance on the image logs
In general, mineralized fractures are easier to pick on the OBI logs as they appear reflective/bright, cre-
ating a high contrast to the dark background. On the other hand, open/shear fractures appear transmis-
sive/dark on the OBI logs and lack a similar contrast. This difference in appearance makes mineralized
fractures easier to identify, which leads to a higher level of agreement between the interpreters.

Figure 6.11: Example of a bright sinusoid, classified as a mineralized fracture, and a dark sinusoid, identified as an open/shear
fracture.

Bedding and fractures both appear transmissive/dark on the OBI logs, making them look similar. As a
result, bedding and fractures are likely to be misclassified or confused. Mineralized fractures look more
distinct, making them less likely to be mistaken for bedding. Misclassification of fractures and bedding
contributes to a higher disagreement among the interpreters for open/shear fractures.

Limited picking
Especially in the top and bottom of GEo-01, several intervals contained insufficient picks (NED) to
perform the ANOVA/MANOVA tests. The absence of picks could indicate either that none of the in-
terpreters picked any mineralized fractures for a specific reason, or that no mineralized fractures are
present in those intervals. However, the fact that all interpreters agree on the frequency in intervals
marked C and D in Figure 6.4 suggests the latter explanation.
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6.4.3. Low agreement in dip angle
Strikingly, the results of the statistical analysis show far more disagreement in dip angle, compared to
azimuth or frequency. There are three reasons for this discrepancy:

Caliper log
A proper definition of caliper, depth, and well deviation is essential when importing image logs in Well-
CAD. This information is crucial for accurately determining the correct dip angle of structures.

Figure 6.12: Example of two identical sinusoids, picked by Jorge, 2022 on the left and Doesburg, 2023 on the right, resulting in
different dip angles

WellCAD calculates dip angles based on the caliper log. If the caliper log is interrupted, dip angles will
not be representative.

Figure 6.13: Example of three similar oriented mineralized fractures with very different dip angles, related to an interrupted
caliper, picked by Doesburg, 2023.

Displaced structures
Fractures may displace other structures, making it impossible to fit a sinusoid accurately. This can
result in unrepresentative orientations and unnecessary data scatter.

Figure 6.14: Example of a displaced fracture. Koumrouyan, 2019 and Doesburg,2023 fit a similar sinusoid. Jorge, 2022; SIG,
2020 fit alternative sinusoids with lower dip angles.
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6.4.4. Low agreement in intervals D, E, L and M
Four intervals show less overall agreement in azimuth, dip or frequency, compared to the rest of the
intervals. Several factors contribute to these findings.

Quality of the image log
The quality of the image log can be poor, such as near the edges of the image log, in the proximity
of borehole breakouts (identified as dark, irregular shapes), or near faults (see Figure 7.1.4 for more
detail). Picking structures in these intervals entails a high level of uncertainty.

Figure 6.15: Example of low-quality OBI in an interval near the edge of the log. The four interpreters (Jorge, 2022;
Koumrouyan, 2019; SIG, 2020 and Doesburg, 2023 all picked different structures.

Certain intervals have high variations in the image log; including appearance, quality, and complexity.
Consequently, there are intervals with a high agreement and others with low agreement among the
interpreters for both the open/shear fractures and the mineralized fractures.

Figure 6.16: Example of an interval with large differences in the OBI. The upper and lower figure are 5m apart and look
substantially different. In the upper figure, agreement between the interpreters is high. In the lower figure, agreement between
the interpreters is low.
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6.5. Recommendations for fracture picking in image logs
The recommendations are subdivided into three phases: 1. importing the data, 2. classification scheme
and 3. fracture picking. The three categories are described below, including figures with a schematic
workflow.

6.5.1. Phase 1: Importing the data
To import the data and start the fracture-picking process in WellCAD, follow the steps below:

1. Import the image logs, caliper, borehole depth and borehole deviation into the software. While
importing the data, it is crucial to define the caliper log properly as this is needed for the software
to determine the accurate dip angle. If the caliper is unavailable, the caliper should be defined
manually to the bit size in inch or mm. If the caliper is interrupted or deviated in certain intervals,
it is advised to mark these intervals.

2. Import any additional logs that are available. These logs can be used complementary in the
classification of structures (see subsection 6.5.3 for more detail).

Figure 6.17: Workflow for importing the data and initialization of the workspace.

6.5.2. Phase 2: Classification scheme
A classification scheme should be defined before the start of the picking, in order to maintain consis-
tency in the classification of fractures.

1. Define the criteria for the classification of open/shear fractures, mineralized fractures, bedding,
induced fractures and undefined. Figure 6.18 presents the classification used in this study, based
on Figure 5.3. It is recommended to adjust this classification scheme according to the available
image log data and the objective of the fracture interpretation.

2. Bedding can appear similar to fractures in an image log. Prior knowledge of the bedding orienta-
tion or structural geology of the region should be incorporated into the classification of bedding.
If no prior knowledge is available, assume that the bedding is horizontal to gently dipping.

3. Create a so-called ’dictionary’ in ToadCAD: a tool provided by WellCAD that allows the creation
of classification lists and assigning symbols, codes or colors to each category (see the WellCAD
manual for detailed instructions). It is possible to create multiple dictionaries and allocate a struc-
ture into multiple categories. These additional categories can be used to mark specific structures
and/or properties (for example: continuity or confidence) or to visualize specific characteristics,
such as orientation in Figure 7.1.
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Figure 6.18: The suggested structure classification and criteria. ToadCAD is used to define dictionaries, which are used to
classify structures.

6.5.3. Phase 3: Fracture picking
After importing the data and preparing the dictionary, fracture picking can begin, following the workflow
of Figure 6.19.

1. Start with an inspection of the image logs and mark intervals where the quality of the images is
low.

2. Identify a structure on the image log and fit a sinusoid on top of it. The amplitude and location
can be re-adjusted later if needed.

3. Mark non-continuous structures, either using a dictionary or manually.
4. If a fracture shows displacement of another structure, mark the fracture. Regarding the displaced

fracture(s), it is important to fit the sinusoid consistently on the highest point of the plane (or any
other point of preference).

5. Classify the structure, based on the criteria created in phase 2.
6. If the distinction between a fracture or bedding remains uncertain, inspect available geophysical

logs. The most common logs used are:

• Gamma Ray records the presence of naturally occurring radioactive elements. An increase
in Gamma Ray is generally caused by a higher shale content of the formation (Shalaby and
Islam, 2017).

• Resistivity measures the formations resistivity of electric flow. Open fractures allow drilling
mud to infiltrate into the formation and thereby cause a sharp decrease in the resistivity log
(Lai et al., 2017).

• Density gives the ratio between the rock mass to its volume. The density will be lowered
by the presence of open fractures, and equal or higher by the presence of closed fractures
(Dürrast and Siegesmund, 1999).

• Sonic log gives the velocity of waves transmitted through the formation. A decrease in the
velocity indicates an open fracture, and an increase indicated a mineralized fracture (Hsu
et al., 1987).

According to Lai et al., 2022, bedding parallel fractures are often discontinuous, unlike tectonic-
driven fractures and show low aperture due to the overburden stress. Because of drilling mud
infiltrating the formation, the resistivity log will exhibit a sharp decrease.
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7. Adjust the scales of the image logs to filter some structures and highlight others. The color scale
can be adjusted for all image logs and the property scales can be adjusted for the ABI logs. It
is recommended to try various values and repeat this step multiple times with different scales
because the effect will depend on the lithology of the rocks, the structure and the image log itself.

Figure 6.19: Three steps in the fracture picking process: inspection of the image log, picking of a structure and addressing a
classification.

The advantage of marking intervals or structures is that, during a later stage of fracture analysis, is to
examine the effect of the marked fractures on the bigger fracture population. For example to compare
the picking in intervals with low image log quality to the picking in regular intervals. Similarly, marking
fractures that show displacement is essential in the determination of the type of movement and rela-
tive chronology. Marking structures while picking them is more time efficient than re-inspecting the log
multiple times.

Logically, when interpreting or comparing multiple wells, it is recommended to use the same classifica-
tion scheme for each well. Depending on the image logs and lithologies of the formations, it might be
needed to adjust the criteria slightly, for similar reasons as mentioned in subsection 6.5.2.

Although not performed in this study because of the limited time-scope, it is recommended to apply a
correction in fracture density for borehole parallel fractures (Tartarotti et al., 1998).



7
Results: fracture sets and

cross-sections

This chapter addresses the second part of this study, and presents the results from the picking of
GEo-01 and GEo-02 and the set definition in each well. To prevent a clutter of the results, all data
was separated into bedding, open/shear fractures, and mineralized fractures (Table 7.1). Picking of
induced fractures and undefined structures are not presented, since they are irrelevant to answering
the research question.

Table 7.1: Overview of the number of picks per structure.

GEo-01
(OBI, Amplitude, Transit-time)

GEo-02
(Amplitude, Transit-time)

Total number of picks 1030 410
Open/shear fractures 607 211
Mineralized fractures 213 0
Induced fractures 4 6
Bedding 195 176
Undefined 11 17

32
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7.1. Picking and observations in GEo-01
7.1.1. Bedding
In GEo-01, a total of 195 bedding surfaces have been identified. When plotted against depth, these
surfaces exhibit an overall clockwise change in dip direction from north (red in Figure 7.1a) at the top,
gradually transitioning to south (blue) at the bottom. Though between 430-515m(MD), the majority of
the bedding dips towards E-SE. The dip angle also varies with depth, ranging from 0°, increasing up to
60°, and then decreasing back to 10°. This gradual change in dip angle is observed between 440-480
m(MD), forming a bell-shaped curve. Furthermore, the frequency of picks varies over depth, with a
higher number of picks in the top half of the well compared to the bottom half.

On the stereoplot, the poles form an arc-shaped distribution, with a cluster in the west between 10-30°.
This arc shape emphasizes the trend in orientation observed from the tadpoles.

Figure 7.1: Results of the bedding picking in GEo-01. (a) Tadpoles and sinusoids. The colour refers to the dip direction. (b)
Bedding frequency per meter. (c) Stereoplot of all picks.

The local subsurface in the vicinity of GEo-01 was reconstructed using the bedding picks. The remark-
able variation in dip and dip direction strongly suggested the presence of folds, faults or both. However,
the two available seismic lines do not show folds or faults that can be observed at the same scale as
the image logs. Therefore, the reconstruction relies solely on the data obtained from the image logs. In
contrast, several observations from the image log do suggest the presence of possible faults in GEo-01,
as described in more detail in Figure 7.1.4. These potential faults are located around 462, 466, 483
and 502m(MD) and dip east with an angle of 50-70°, but their movement remains unknown.

Four different reconstructions were created, due to the uncertainty of the faults and the unknown move-
ment, and because the bedding orientations do not obviously indicate a specific structure, such as a
fold. The four reconstructions are presented as columns in Figure 7.2. Column A incorporates all four
faults, with steeply dipping bedding between them. The faults may cause local deformation of the bed-
ding (drag), as illustrated in column B. However, it should be noted that the potential faults around 462,
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466 and 502m(MD) have minimal impact on the orientation of the bedding, while the potential fault at
483m(MD) does seem to affect the bedding. It might be argued that the fault at 483m(MD) may be the
only fault present in the subsurface. Column C presents a reconstruction with a single fault, resulting
in an increase in the dip angle of the bedding due to drag. Column D presents a reconstruction similar
to the fold-model proposed by Lo, 2019.

Figure 7.2: Left shows the bedding picks of GEo-01. On the right are four reconstructions of the subsurface, labelled A to D.
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7.1.2. Open/shear fractures
A total of 607 open/shear fractures were identified in GEo-01, as presented in Figure 7.3. The unfolded
fractures exhibit a range of dip directions in all directions. However, in the bottom 20m of the well, the
majority of the fractures dip towards the south. The dip angle of the unfolded fractures varies between
10-50°, with a slight overall increase between 440-490m(MD), ranging between 40-70°. This trend in
dip angle is consistent with the observed trend in the bedding orientation (Figure 7.1).

After backtilting, the fractures display a different pattern, characterized by lower dip angles. The poles
on the stereoplot show a tighter clustering after backtilting, particularly in the NE direction.

The frequency of fractures shows a slight increase with depth, with peaks around 478, 490-495, 508-
512 and 527-529 m(MD). On the other hand, there are low-frequency intervals between 418-422, 437-
440 and 455-460 m(MD).

Figure 7.3: Results of the open/shear fracture picking in GEo-01. (a) Tadpoles and sinusoids before backtilting. The colour
refers to the dip direction. (b) Tadpoles after backtilting. (c) Fracture frequency per meter. (d) Stereoplot before and after
backtilting.
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7.1.3. Mineralized fractures
A total of 213 mineralized fractures were identified in GEo-01. Prior to backtilting, the majority of the
fractures showed a dip direction towards the W-NW, with dip angles ranging between 30-60°. Interest-
ingly, the unfolded mineralized fractures did not display a similar pattern in orientation, as the bedding
and open/shear fractures. After backtilting, the dip orientation of the mineralized fractures remained
predominantly W-NW, while the dip angle increased to 50-90°.

In terms of frequency, the mineralized fractures demonstrate frequency highs between 455-480 m(MD),
and frequency lows between 41-466, 480-495 and 519-524 m(MD).

Figure 7.4: Results of the mineralized fracture picking in GEo-01. (a) Tadpoles and sinusoids before backtilting. The colour
refers to the dip direction. (b) Tadpoles after backtilting. (c) Fracture frequency per meter. (d) Stereoplot before and after
backtilting.
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7.1.4. Observations on the image log
A close inspection of the image log allowed for indicators of movement along fractures, indicators of
relative chronology and identification of faults. The observations are presented in this section.

Movement along fractures
Even though sparse, some of the fractures in GEo-01 display movement along the fracture planes,
either moving bedding or other fractures. By using the 3D-view feature in WellCAD, the picked sinu-
soids are represented as planes, enabling the determination of whether the displacement is normal or
reverse.

A total of 35 observations were made where an open/shear fracture displaced another structure; in
11% the fracture displaced bedding, in 60% the fracture displaced a mineralized fracture and in 29%
the fracture displaced another open/shear fracture. Among all observations, 37% is classified as nor-
mal displacement, and 63% is classified as reversed displacement. The displacement ranges from
centimetres to decimeters in scale.

On the other hand, only 3 observations were made where a mineralized fracture cut bedding and 2 ob-
servations were made where a mineralized fracture cuts another mineralized fracture. The mineralized
fractures displayed minimal to no displacement.

Several examples are presented in Figure 7.5. The stereoplots can be used in defining fracture sets,
which is described in more detail in subsection 7.3.1.
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Figure 7.5: Examples of observations of movement along fracture planes in the OBI logs of GEo-01: OBI without and with
interpreted structures, stereoplots and the movement. Above the dashed line are examples of open/shear fractures displacing
structures, and below the dashed line are examples of mineralized fractures without any displacement.
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Relative chronology
Observations regarding the relative chronology of fractures are presented in Figure 7.6 and 7.7.

While 21 observations were made where an open/shear fracture crosscuts a mineralized fracture, only
10 observations were made where an open/shear fracture crosscuts another open/shear fracture of
which half was dubious.

Figure 7.6: Examples of cross-cutting relationships between mineralized and open/shear fractures, indicating the relative
chronology.

Figure 7.7: Examples of cross-cutting relationships between open/shear fractures, indicating the relative chronology.
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Fault identification
A closer examination of the GEo-01 image logs shows several locations of potential faults. All four dip
50°-70° towards the east (see Figure 7.8).

The interpretation of these faults is based on several factors. Firstly, the sinusoids appear much darker
and thicker compared to the fractures. Secondly, there is a noticeable difference in the image log above
and below these sinusoids; potentially indicating a change in bed texture caused by displacement along
these potential faults. Thirdly, there is an abrupt change in certain geophysical log responses (Khosh-
bakht et al., 2009). Especially resistivity increased significantly, which could suggest the presence of
open fractures or faults (Lai et al., 2017; Shalaby and Islam, 2017).

Figure 7.8: Four OBI log intervals of GEo-01, indicating the presence of faults, including stereonets. Displacement along the
faults remains unconstrained.
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7.2. Picking and observations in GEo-02
7.2.1. Bedding
In GEo-02, a total of 176 bedding structures were picked. When plotted against depth, the bedding
remains fairly constant, dipping towards the E-SE with an angle between 10-20° (Figure 7.9). The vast
majority of the bedding is picked in the middle part of the well, between 855-940m(MD). Above and
below this interval, the bedding picks are limited.

Figure 7.9: Results of the bedding picking in GEo-02. (a) Tadpoles and sinusoids. The color refers to the dip direction. (b)
Bedding frequency per meter. (c) Stereoplot of all picks.

The bedding picks were integrated into a local reconstruction of the subsurface near GEo-02, as de-
picted in Figure 7.10. The bedding orientation remains relatively constant over the full borehole depth,
slightly dipping towards the SE. For simplicity, it is assumed that the bedding orientation remains con-
stant in intervals without any picking data.
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Figure 7.10: Left shows the bedding picks of GEo-02 and right shows the simplified reconstruction of the bedding in the
interval of the image log, oriented NW-SE.
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7.2.2. Open/shear fractures
A total of 211 open/shear fractures are picked in GEo-02 and are presented in Figure 7.11. Before
backtilting, the tadpoles and stereoplot of the fractures show dip angles up to 70° and are distributed in
all directions. However, the majority of fracture dip towards the east. After backtilting, the fractures dip
predominantly towards the NW with an angle of 10-40°. Notable is the absence of picks in the upper
40m of the well and between 905-918m(MD).

Figure 7.11: Results of the open/shear fracture picking in GEo-02. (a) Tadpoles and sinusoids before backtilting. The color
refers to the dip direction. (b) Tadpoles after backtilting. (c) Fracture frequency per meter. (d) Stereoplot before and after
backtilting.
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7.2.3. Observations on the image log
Indications of movement or relative chronology could not be observed from the ABI logs of GEo-02.
Four cross-cutting relationships where observed as shown in Figure 7.12. From these, it is not possible
to withdraw any new information regarding movement or relative timing.

Figure 7.12: Examples of two structures cross-cutting in GEo-02. No movement could be constrained.
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7.3. Interpretation in terms of fracture sets and associated stress
regimes

The orientation and movement of the backtilted fractures, in combination with relative chronology were
used to define fracture sets and interpret associated stress regimes.

7.3.1. Sets and stress regimes in GEo-01
In GEo-01, the fracture orientations generally follow the same trend as the bedding orientations (com-
paring Figure 7.1 with Figure 7.3). This trend indicates that at least part of the fractures must pre-date
the bed tilting.

A total of five fracture sets were defined in GEo-01, which are shown in Figure 7.13. The mineralized
fractures are defined as Set 1, and several observations show that these fractures clearly pre-date all
other fractures. The mineralized fractures show minimal to no shearing displacement and are therefore
classified as veins. Veins typically form with σ3 oriented perpendicular to the fracture plane. The veins
are oriented N040-080° and steeply dipping, meaning that σ3 would be oriented NW-SE. The actual ori-
entation of σ1 could not be constrained, meaning the veins could have formed in a normal (σ1 oriented
vertically) or strike-slip regime (σ1 oriented horizontal, perpendicular to σ3).

The timing of Sets 2,3, and 4 is based on the few indicators of relative chronology from GEo-01 (Fig-
ure 7.7). Set 2A and 2B are interpreted as a pair of conjugates (Figure 7.13). Both sets are oriented
roughly NW-SE, dipping 20-40° in opposite directions and display reverse movement. This orientation
and movement would imply a reverse regime with σ1 oriented NE-SW and σ3 horizontal.

Set 3 is interpreted as a set of polymodal fractures, dipping 50 to 80° and timed in between Set 2 and
Set 4. Polymodal fractures form with σ1 oriented vertically, indicating a normal regime.

Set 4A and 4B form the largest sets, and are interpreted as another conjugate pair. The sets are ori-
ented NE-SW, dip 10-50° in opposite directions and both show reverse movement based on the image
logs. The conjugate set would have formed within a reverse regime with σ1 oriented NW-SE and σ3

oriented vertically.

The last set (Set 5) is characterized by steeply dipping fractures that display no movement and clearly
postdate any of the other sets. The fractures are defined as a set of joints oriented N030-080°. These
fractures are only observed between 463-493 m[MD] (see Appendix D). As depicted in Figure 8.1, four
faults are located around 462, 464, 482, and 502m[MD] in GEo-01. This set is therefore likely related
to the presence of the faults. Because this set formed the latest and is fault-related. This implies that
the faults either formed during this stage propagated, or have gotten reactivated (Kim et al., 2004).
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Figure 7.13: Interpretation of the GEo-01 fractures in terms of sets and associated stress regimes. Five sets were recognized
in the well, ordered to chronology in this figure. The image gives a simplified 3D representation of each set, the stereoplot data,
and the associated orientation of σ1, σ3, or both.
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7.3.2. Sets and stress regimes in GEo-02
In GEo-02, no clear indications of displacement or relative chronology were observed. The absence
of displacement observations suggests that either all fractures should be classified as joints or that
displacement is not recognized from the image log. There are several reasons to support the latter as-
sumption. Firstly, ABI logs generally have lower resolution and detect fewer fractures compared to OBI
logs (Gaillot et al., 2007). This is evident in GEo-01, where the OBI logs exhibit a significantly higher
resolution than the ABI logs. Secondly, it is generally assumed that one of the principal stresses is ori-
ented vertically, following Anderson’s theory (Fossen, 2016). If all fractures were joints, a substantial
portion would not align with this theory. Additionally, classifying all fractures as joints would not align
with the regional geological context, especially considering the proximity of GEo-01, which is only 7km
away. Such distinct fracture populations would require an exceptionally complex geological history to
explain. For these reasons, it is assumed that the fractures are not all joints, but that the displacement
was not captured by the borehole and could not be observed.

Fracture sets were therefore defined based on clusters of orientations on the stereoplot, leading to
the definition of the three sets as in Figure 7.14). Because no observations were made that indicated
relative chronology between the fractures, the timing of the sets remains unconstrained.

Set 1 is oriented NE-SW, shallow dipping towards the NW. Set 2 is oriented ENE-WSW ad dipping
shallowly towards the NNW. Possibly, Set 1 and 2 make up a pair of conjugates, but due to the absence
of movement indications, this cannot be concluded. However, these sets show a close resemblance in
orientation to Set 4 in GEo-01, and in both wells, these sets form the majority of the fracture population.
Therefore, it might be argued that indeed Set 1 and Set 2 form a pair of conjugates. If so, the conjugate
pair would have formed in a reverse regime with σ1 oriented NW-SE and σ3 oriented vertically. Set 3
dips towards the SW with an angle of 40-70° and forms a small fraction of the full fracture population.
Because movement is unknown, the stress regime remains unconstrained
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Figure 7.14: Interpretation of the GEo-02 fractures in terms of sets and associated stress regimes. Three sets were interpreted
in the well, solely based on clusters of orientations in the stereoplot. The image gives a simplified 3D representation of each
set, the stereoplot data, and a suggestion for the associated orientation of σ1 and σ3.
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Discussion

This study aims to reconstruct a reliable fracture history of the Geneva Basin. The improved fracture
picking data, information on relative timing, and an understanding of the geological history are inte-
grated into this chapter to provide a reliable evolution of fractures in the Geneva Basin, followed by a
discussion on the limitations and uncertainties of the work.

8.1. Cross-section between GEo-01 and GEo-02
Out of the four reconstructions of GEo-01 (Figure 7.10), it could not be concluded with certainty which
reconstruction represents the subsurface best. The seismics do not capture structures at this scale,
the fault observations and their movement remain uncertain and the bedding orientations do not pro-
vide a clear explanation. Lo, 2019 and Moscariello, 2019 have interpreted several faults with similar
orientations near the well. On the other hand, Clerc et al., 2015 and Planes et al., 2019 mention the
presence of small-scale folds.

Despite the uncertain nature of the subsurface near GEo-01, the reconstructions of GEo-01 and GEo-
02 were integrated into the large-scale cross-section from Koumrouyan, 2019; Moscariello, 2019 (Fig-
ure 3.1). The new cross-section is shown in Figure 8.1 and connects the two wells.

Figure 8.1: Cross-section between GEo-01 and GEo-02, based on the large-scale cross-section of Moscariello, 2019 and the
lithological reports of the two wells (Chablais and Rusillon, 2017, 2019). The two columns present the subsurface
reconstructions, based on the bedding picks in chapter 7. The image is not to scale.
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8.2. Stress regimes in the Geneva Basin
The fracture sets of GEo-01 and GEo-02 are compared and correlated in terms of stress regimes.

• Set 1 in GEo-01 consists of steeply dipping veins associated with a normal or strike-slip regime.
This set is abundant in GEo-01 and not related to local structures such as folds or faults. It is
assumed that this set is also present in GEo-02, although it could not be identified on the ABI
logs.

• Set 2A and 2B in GEo-01 are interpreted as a pair of conjugate fractures formed under a reverse
regime, with σ1 oriented NE-SW. They are clearly observed in GEo-01 but seem less developed
in GEo-02.

• Set 3 in GEo-01 is interpreted as polymodal fractures linked to a normal stress regime. However,
these polymodal fractures are not observed in GEo-02.

• Set 4A and 4B in GEo-01 are interpreted as another pair of conjugate fractures formed under a
reverse regime, with σ1 oriented NW-SE. It is possible that Sets 1 and 2 in GEo-02 represent
the same pair of conjugates, but this is uncertain as it is not supported by any indications of
movement.

• Set 5 in GEo-01 is characterized by a pair of joints, likely associated with the presence of faults.
The absence of these joints in GEo-02 and the lack of evidence of faults in that well confirm this
interpretation.

• Set 3 in GEo-02 forms steeply dipping NW-SE oriented fractures. This set is not recognized in
GEo-01, and since it is less abundant than the other sets, it will be considered as having local
significance and will not be discussed hereinafter.

To summarize, this study identified four Mesozoic to Cenozoic stress regimes in the basin, interlinked
to the fracture sets: 1) a normal or strike-slip regime, 2) a NE-SW reverse regime, 3) a normal regime,
and 4) a NW-SE reverse regime. A fifth fracture set is related to faults.

8.3. Integration to the geological history
The proposed succession of events is largely consistent with paleostress reconstructions in the nearby
Jura Mountains from Homberg et al., 1999, Homberg et al., 2002, and Polasek, 2020. All three studies
mention an abundant fracture population related to the Late Miocene NW-SE fold-and-thrust tectonics,
which is considered the main deformation event of the region. It is possible that the conjugate pair of
Set 4 in GEo-01 represent this NW-SE compression in the Geneva Basin.

Besides this main deformation event, Homberg et al., 2002; Homberg et al., 1999 and Polasek, 2020
identify several other, pre-orogenic, fracture sets in the Jura Mountains. The veins observed in GEo-
01 seem to be in accordance with an Oligocene NW-SE extension reported by Homberg et al., 2002.
The set of NW-SE oriented conjugates observed in GEo-01 might be related to a pre-folding NE-SW
compression phase, as suggested by the work of Homberg et al., 1999. This study suggests that the
change in stress orientations (NE-SW in this event to NW-SE in the fold-and-thrust event) is related
to a decoupling along the Vuache fault. As a result, the basin acted as a rigid indenter of the Jura
and caused a deflection of the stress field. The work of Lo, 2019 on GEo-01 previously suggested this
theory but had not found evidence supporting it. The polymodal fracture set is not recognized in any
of the other studies, nor GEo-02. For that reason, either this set may occur only locally, although the
exact formation mechanisms remain unidentified, or is not identified on the stereoplots.

Set 5 is related to faulting near GEo-01. This finding is consistent with that of Koumrouyan, 2019, who
found a similar relationship between fractures and faults between 460 and 480m[MD]. The work argues
that the faults formed in a NW-SE compressional stress field which is in accordance with the relative
chronology in this study.

8.4. Correlation between fractures and lithology
In terms of stratigraphy, the succession of four regimes would be consistent with the formations en-
countered in the basin and the two erosional surfaces topping the Mesozoic and Oligocene rocks.
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Interestingly, the results of this study, Lo, 2019 and Koumrouyan, 2019 all found a clockwise rotation
in the dip direction of the fractures with depth: dipping north in the top and south in the bottom of GEo-
01. Both Lo, 2019 and Koumrouyan, 2019 suggest this might be caused by contrasting mechanical
properties of the different stratigraphic layers, causing local stress deflections. The image logs of
GEo-01 and GEo-02 include mainly the same Cretaceous formations, so it is assumed that both wells
should have similar contrasts in mechanical properties. However, the fractures in GEo-02 do not show
the same pattern in the dip direction as observed in GEo-01, which makes the correlation of rock
mechanical properties to stress orientations unlikely. Furthermore, the veins do not exhibit such a
rotation. It is assumed that if all fractures show a clockwise rotation caused by mechanical properties,
the veins would exhibit a similar pattern. The absence of such a pattern implies that the clockwise
rotation in orientation is caused by a local stress perturbation, that only occurred after the formation
of the veins. One possible explanation for these stress perturbations is the presence of faults. While
there does not appear to be a direct correlation between the clockwise rotation and the potential faults
observed on the image log, it is possible that the rotation is associated with faults beyond the coverage
of the image logs.

8.5. Limitations and recommendations for future research
8.5.1. Statistical analysis
Despite this study’s best aims to reduce uncertainties, the statistical analysis itself is not excluded from
uncertainties or limitations. The chosen method for the statistical analysis was ANOVA/MANOVA, the
most powerful test for circular data according to the work of Landler et al., 2022. A potential weakness
in these tests is the p-value, now set to 0.95. Although this is a value that is commonly used and pro-
vides a certainty level of 95%, the p-value can also be obtained by theoretical approaches (such as
Monte Carlo simulation), making the tests more robust.

It could be interesting to investigate the effect of the different interpretations on the outcomes of geomod-
els. This study proves that interpretations are significantly different, but the exact effect on subsequent
modelling remains unexplored. If the effect appears to be significant, considerably more work will need
to be done to reduce uncertainties in interpretation. It should be noted that three different fracture
models are available from the Geneva Basin, based on three out of the five fracture interpretations.
Lo, 2019 created a fracture model based on her own fracture interpretation, Alhamad, 2021 created
a model based on the interpretation of Koumrouyan, 2019, and Jorge, 2022 created a model based
on a re-interpretation of the work of Koumrouyan, 2019. However, the three models cannot simply
be compared, because all three have used different methodologies. Lo, 2019 and Alhamad, 2021
base their paleo-tectonic stresses on a fault interpretation of the seismic lines, assuming the faults and
fractures are related to the same deformation event. While Lo, 2019 applies a geomechanics-based
stochastic simulation, Alhamad, 2021 applies a pure geomechanical approach. Jorge, 2022 defines
the paleo-stresses based on a combination of fault interpretations from the seismic lines and fracture
interpretations from the borehole data. The major limitation in these three studies is that all three con-
sider only one tectonic regime responsible for fracture formation. However, the findings of this study
demonstrate that in GEo-01, the fractures are formed by a succession of events, and themajority of frac-
tures were formed prior to the development of faults. It would be interesting to investigate the potential
impact of using only fracture data as input for modeling, without incorporating fault interpretations.
It was decided to manually define the boundaries of a set based on the shape of the contours. This
approach is sufficient if data shows minimal scatter and well-defined clusters. However, the fracture
data analyzed in this work did show a wide range of orientations, making it difficult to define distinct
clusters. A more favourable approach would have been to establish set boundaries using a statistical
method, such as described by Lacombe et al., 2011. The statistical approach used by Lacombe et
al., 2011 involves assigning weight to data points, identifying cluster centra through probability density
models and classifying fractures based on their distance from a cluster centre. Implementing a similar
approach would make the set definition less arbitrary and more robust.
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8.5.2. Understanding of the fracture history
Not all fracture sets are observed at both well locations. For some sets, this is explained in terms of
data or local stress perturbations, but for Sets 2 and 3 in GEo-01, it remains dubious why the sets are
observed in GEo-01 and not in GEo-02. Especially for Set 2, it is unlikely that this set is absent near
GEo-02 because it forms such a large population in GEo-01, and the set has been identified in the
nearby Jura Mountains by Homberg et al., 1999. That study interpreted that Set 2 prevailed since the
fold-and-thrust tectonics, which implies it might be present throughout the basin. Homberg et al., 1999
also mentions a minor development of reverse fractures due to the proximity of active thrusts. A pos-
sible explanation for the absence of this set in GEo-02 could thus be related to its distance to the Jura
fold-and-thrust. However, the question to be asked is whether the discrepancy in fracture abundance
between GEo-01 and GEo-02 can be solely attributed to their distance to the Jura thrust. Another ex-
planation could be that this set is present in the subsurface of GEo-02 but has gotten overshadowed
by the other structures on the stereonet. A third explanation could involve a combination of both factors.

The polymodal fractures of Set 3, on the other hand, forms a much smaller population in GEo-01 and
has not been recognized in any other literature. Either the set only occurs locally, or the discrepancy
is related to the wide range of orientations in polymodal fracturing. The characteristic distribution of
polymodal fractures on a stereoplot might be hard to recognize, easily overshadowed by other sets or
seen as outliers. Data from outcrops (in preparation: Hupkes, 2023; Zekic, 2023) or other (to be drilled)
wells is required to predict the distribution of these sets throughout the Geneva Basin.

The relative chronology of events could be reconstructed, although evidence is limited. Fracture data
from outcrops (in preparation: Hupkes, 2023; Zekic, 2023) or other (to be drilled) wells could provide
more definitive evidence. Furthermore, detailed 3D seismic data has been acquired throughout the
basin and is yet to be processed and interpreted. Seismic data is a powerful tool to represent the sub-
surface and can be used to detect faults or folds and investigate their relationship to fractures.

Furthermore, it is important to highlight that a higher number of fractures were identified in GEo-01 com-
pared to GEo-02, even though GEo-02 covers a larger depth interval. Gaillot et al., 2007 mentions that
in general, fewer fractures are picked on ABI logs compared to OBI logs. Therefore, this discrepancy
in fracture frequency may not be solely attributed to any geological aspect but is also partly influenced
by the available data.

8.6. Importance of the research
Interpretations are based on data that is indirect, scarce, and of poor quality. They are biased by a
person’s experience, prior knowledge, and workflow and are, therefore, inherently uncertain. Never-
theless, interpretations form the basis of geomodels and can ultimately influence decision-making in
a project. Reducing uncertainty is thus extremely valuable, especially in the early stages of a project.
In recent years, uncertainty analysis has gained interest in geosciences (Bárdossy and Fodor, 2001).
But so far, no attempt was made to investigate the uncertainty associated with fracture interpretation
from image logs.

The results of the statistical analysis prove that the five interpretations from GEo-01 significantly differ.
As elaborately described in chapter 6 the interpreters show large differences in picking numbers and
frequency, which can be attributed to the classification approach, the lithology, the image log and the
orientation bias of the well. An accurate fracture frequency is crucial for developing fracture models,
which typically involve multiple depth intervals to capture variations in fracture density with depth.

The interpreters show an overall higher agreement in the mineralized fractures compared to the open/s-
hear fractures. Mineralized fractures generally showmore contrasting colours with the background rock,
making them easier to identify compared to open/shear fractures. Since mineralized fractures gener-
ally do not contribute to an enhanced fluid flow in a reservoir, and as fracture models usually consider
only one tectonic event, fracture models primarily focus on open/shear fractures. Likewise, Alhamad,
2021; Jorge, 2022; Lo, 2019 only include open fractures in their models. It is therefore presumed that
the picking of mineralized fractures will have little impact on geomodels.



8.6. Importance of the research 53

Lo, 2019 and Jorge, 2022 demonstrate significant differences in dip angles compared to Koumrouyan,
2019; SIG, 2020 and Doesburg, 2023. The primary factors contributing to this discrepancy are software
settings and discontinuities in the caliper log. The dip angle plays a crucial role in the determination
of the orientations of the paleo-principal stresses. Consequently, the dip angle not only influences the
understanding of stress regimes within the basin but also forms the foundation of geomodels.

Certain intervals show a significantly lower level of agreement compared to other intervals. This low
level of agreement can be attributed to various factors that negatively impact the quality of the image
log. By identifying and marking these specific intervals, it becomes possible to assess the influence of
low-quality image logs on the overall fracture population.

The list of recommendations provides a tool to reduce uncertainties in fracture interpretations from
image logs. Specifically in the Geneva Basin, where two more wells are planned to be drilled in terms
of the GEothermie2020 project, but probably also in a much broader context.

8.6.1. Implications for the GEothermie2020 project
This study will have important implications for the Geothermie2020 project. The analysis of the five
interpretations and the resulting recommendations have led to a more reliable fracture dataset from
the two available wells. Previously, a detailed inspection of the image log had not been performed,
but it has now provided new insights into the relative chronology between fractures and the type of
movement they exhibited. This allowed for the definition of fracture sets, leading to the interpretation
of four successive stress regimes in the Geneva Basin. The timing of these events had not been estab-
lished before. Lo, 2019 mentioned the NE-SW and NW-SE compression events, but has been unable
to demonstrate their relative timing. The results of this study provided evidence for their timing, sup-
porting the work of Homberg et al., 1999 in the Jura Mountains.

The improved understanding of the geological history made it possible to deduct the paleo-principal
stress directions. In many modelling approaches, these principal stresses provide the foundation for
fracture prediction. Since most models rely on a single tectonic event, it is recommended to model
a NW-SE reverse regime based on the largest fracture set identified in this study. Notably, Alhamad,
2021 and Jorge, 2022 have used a normal regime, although Jorge, 2022 acknowledged the poor fit
with the data. On the other hand, Lo, 2019 incorporated two tectonic events (a strike-slip event and a
reverse event) but did not constrain their chronology. Updating one of the pre-existing models with the
proposed stress orientations could have large implications for fracture prediction in the basin.

Furthermore, the results of this study suggest that the observed clockwise rotation with depth in open/s-
hear fractures may not be as closely related to geomechanical properties as suggested by Lo, 2019
and Koumrouyan, 2019. Instead, it is possible that local stress perturbations might be related to fault-
ing, although further research is required before implementing this idea into a model.

The relationship between fracture Set 5 from GEo-01 and the presence of faults had previously been
proposed by Koumrouyan, 2019. This relationship is particularly important because the faults con-
tribute to a local increase in fracture frequency, which might create preferential flow pathways for fluids.
Such considerations should be taken into account in the GEothermie2020 project to contribute to the
successful development of geothermal energy in Geneva.
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Conclusions

The objective of this research was to answer the following question:

’How to reduce uncertainties in fracture interpretation from borehole images to optimize fracture
data acquisition and provide a reliable structural history in the Geneva Basin?’

A statistical analysis of the five fracture interpretations revealed areas of disagreement among the inter-
preters. A qualitative analysis followed, investigating possible explanations for these differences. As
a result, a workflow was developed for fracture interpretation on image logs, concerning data quality,
software settings, workflow and the integration of pre-existing knowledge of stratigraphy. The workflow
was applied to the interpretations of GEo-01 and GEo-02, leading to a more reliable fracture database.

An analysis of the resulting fracture data, in combination with observations of displacement and rela-
tive chronology, led to the definition of five fracture sets in GEo-01 and 3 sets in GEo-02. These sets
were interpreted to have formed during four successive stress regimes. The first regime is a normal or
strike-slip regime, creating NE-SW oriented nearly vertical veins. The second regime is a reverse one
with σ1 oriented NE-SW and characterized by a pair of conjugates. The third regime remains dubious
and might only occur locally near GEo-01. It is typified by polymodal fracturing, formed in a normal
regime. The last regime is reverse, with σ1 oriented NW-SE, creating a second pair of conjugates. The
latter forms the majority of fractures, which is believed to be related to the Late Miocene fold-and-thrust
tectonics. One set is fault-related and is only observed in GEo-01.

The findings of this study hold two important implications. Firstly, they contribute to the reduction of un-
certainties in future fracture interpretations, particularly for the GEothermie2020 project, and potentially
in a much broader context. Secondly, the study provides a better understanding of fracture formation
in the basin. These findings can be used to update pre-existing fracture models, in order to predict flow
in the Cretaceous rocks, which are considered the primary reservoirs for the GEothermie2020 project.
Since primary porosity and permeability are relatively low in these rocks, natural fractures will play a
crucial role by forming pathways for fluids to flow.
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A
ANOVA/MANOVA and

Tukey-Kramer test

This appendix presents the calculations and results of the ANOVA, MANOVA and Tukey-Kramer results.
All calculations have been executed using Microsoft Excel and python.

A.1. Calculations
A.1.1. ANOVA
1. Calculate per group: total count (n), mean (Xj), and variance (σ2)
2. Calculate the overall mean (X) of all groups
3. Calculate the sum of squares regression (SSR) by:

n∑
j=1

(Xj −X)2

4. Calculate the sum of squares error (SSE) by:

n∑
j=1

(Xij −Xj)
2

5. Calculate the sum of squares total (SST) by:

SSR+ SSE

6. Calculate the degrees of freedom (df ) between the groups, within the groups and total
7. Calculate the mean squares (MS) between the groups and within the groups by:

SST

dfbetweengroups

and
SSE

dfwithingroups

8. Calculate the F value (F) by:
MSbetweengroups

MSwithingroups

9. Find the critical F value (Fcrit) from the F-distribution table with dfbetween groups, dfwithin groups and the
chosen α value
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A.1.2. MANOVA
1. Calculate the total mean vector (XT) by:  x1

...
xk


where

xp =
1

n

m∑
j=1

nj∑
i=1

xijp

2. and the group mean vector (X j) by:  xj1

...
xjk


where

xjp =
1

nj

nj∑
i=1

xijp.

3. Calculate the cross product of p and q: CPpq by:
m∑
j=1

nj∑
i=1

(xijp − xp)
2

4. And create the sum of squares cross product matrix (SSCPT):

T =

 CP11 ... CP1k

... ... ...
CPk1 ... CPkk


or by:

T =

m∑
j=1

mj∑
i=1

(Xij −XT )(Xij −XT )
T

5. And define the hypothesis (H) and error (E) cross products, in which T = H + E:

H =

m∑
j=1

nj(Xj −XT )(Xj −XT )
T

E =

m∑
j=1

nj∑
i=1

(Xij −Xj)(Xij −Xj)
T

6. Calculate Wilk’s Lambda, and reject the null hypothesis of Wilk’s Lambda is close to 0:

Λ =
|E|

|H + E|

and let:
a = n−m− k −m+ 2

2

b =

{ √
k2(m−1)2−4
k2+(m−1)2−5 ; if k2 + (m− 1)2 − 5 > 0

1; if k2 + (m− 1)2 − 5 ≤ 0

c =
k(m− 1)− 2

2

7. Then, if the null hypothesis is true:

F =
(1− Λ1/b

Λ1/b

)( ab− c

k(m− 1)

)
Fk(m−1),ab−c
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A.1.3. Tukey-Kramer test
1. Find the absolute mean difference between each group, using the output of the ANOVA/MANOVA

test.
2. Find the critical value (qcrit) from the Studentized Range q table, with α = 0.05, number of groups

(k) and degrees of freedom (dfcrit). Calculate the critical value for differences in mean, with n is
the size each group:

meancrit = qcrit

√
MSwithingroups/n

A.1.4. Example
Figure A.1 shows an example of the results of the ANOVA calculations and Figure A.2 shows an ex-
ample of the results of the Tukey-Kramer test.

Figure A.1: Calculations of ANOVA method on the fracture dip data of interval C.

Figure A.2: Calculations of Tukey-Kramer test on the fracture dip data of interval C

A.2. Results
Calculations were made for each type, characteristics and interval. The Figure A.3 and A.4 below
represent the outcomes; green represents meancrit > mean and red represents meancrit < mean.
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B
Quantitative analysis of

interpretations

The figures below (Figure B.1 and B.2) present a quantitative analysis on the interpretations, with
possible reasons for (dis)agreement among interpreters and advice for future fracture picking from
image log.
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C
WellCAD settings

This appendix shows screenshots of the most important settings in WellCAD.

Figure C.1: Workspace setup settings, with in bold the properties that should be defined (Unit, Aperture unit, Length Unit),
linked to a log (Log, Caliper, Depth of Investigation, Azimuth, Tilt) or adjusted to preference (Recalculate Azimuth, First track).
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Figure C.2: Properties can be adjusted to filter the image log and highlight certain structures. Select the log (Type), and adjust
to preference (Palette, Amplitude).



D
Stereoplots per depth interval

This appendix presents stereoplots per 10m interval for GEo-01 open/shear fractures, GEo-01 miner-
alized fractures and GEo-02 open/shear fractures.
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D.1. GEo-01

Figure D.1: Stereoplots per 10m of the open/shear fractures of GEo-01.
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Figure D.2: Stereoplots per 10m of the mineralized fractures of GEo-01.
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D.2. GEo-02

Figure D.3: Stereoplots per 10m of the fractures of GEo-02.
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