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Abstract

Geothermal energy relies heavily on accurate interpretation of subsurface data to optimize the predic-
tion of the yield and lifetime of a reservoir. Subjective bias remains an overlooked source of uncertainty,
even though its significant influence on subsurface data interpretation has been repeatedly proven. This
thesis aims to address this subjective bias by providing structured justification for image log and out-
crop fracture interpretations. The GRT-1 well at Rittershoffen, France, and the Buntsandstein outcrops
in the Vosges region, France, are used as case studies.

A standardized protocol is introduced to provide a structured summary of the expected fractures in
the system based on their driving geological processes. The interpreted fractures of three separate
interpretations of the GRT-1 well are then linked to these driving processes, after which a composite log
of the matching fractures between these is developed. The most prominent and reliable fracture drivers
are determined to be the Early Oligocene ENE/SWS extension and the Miocene NW/SE compression.
The majority of the picked fractures could be linked to at least one fracture driving process. An overlap
in far-field driving processes might indicate reactivation of older fractures.

The protocol offers a promising framework to structure the interpretation of image logs and outcrops.
Consequently, discussions on the reliability and justification of the interpretations can be held more
constructively, resulting in a more reliable fracture characterization. It is recommended that the protocol
be both tested across diverse geological settings and refined to enable more detailed predictions of
expected fracture systems.
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Introduction

Geothermal energy has proven to be a sustainable alternative for heat and electricity generation com-
pared to burning fossil fuels (Bertani, 2009). However, like in all subsurface exploration practices, the
data interpretation comes with uncertainty (Witter et al., 2019). Uncertainty in the orientation, spread,
and intensity of the fractures often results in wide ranges of possible values regarding directionality,
permeability, and connectivity of the reservoir. To constrain these ranges, minimizing uncertainty is
necessary to optimize the prediction of the yield and lifetime of the geothermal reservoir.

Uncertainty can be divided into two main categories: objective and subjective biases (Witter et al.,
2019). Obijective bias is related to factors such as data acquisition and resolution, whereas subjective
bias is caused by differences in the interpretation of the data. Identifying the origin and quantifying the
former can often be done using statistics, as this is often measurable and reproducible. However, this
proves more difficult to do for the latter (Bond et al., 2007).

Subjective bias comes in many forms (Bond et al., 2007; Bond et al., 2015), and these are often cate-
gorized in three sub-groups in the geoscience community: (i) anchoring bias - a failure to adjust from
an initial idea, (ii) confirmation bias - only seeing data that confirms one’s idea, and (iii) availability
bias - only seeing the most readily available model in one’s mind, for example, the model in which one
specializes. As an example, Bond et al. (2007) noted that operators performed better when presented
with a seismic dataset within their field of expertise; a synthetic seismic section of a tectonic inversion
event was best interpreted by experts who specialize in the structural geology related to tectonic inver-
sion (Bond et al., 2007). The way of thinking of the operator also influences their data interpretation;
operators who actively thought about the geologic evolution of a system were more likely to correctly
evaluate the synthetic seismic section (Bond et al., 2007). Moreover, the operator’s inherent style of
data interpretation - or even their personality - has an effect, such as whether they are detail-oriented
or only look at the bigger picture (Andrews et al., 2024).

This combined subjective bias manifests not only in the previously mentioned seismic data but also in
other types of subsurface data, such as borehole image (BHI) logs. A recent investigation of the manual
interpretations from five different operators of the same BHI interval in the Geneva Basin, Switzerland,
showed statistically significant variability (Doesburg, 2023). The Geneva Basin is a naturally fractured
geothermal target, so this triggers the question of whom to believe for the interpretation of such critical
data. Understanding the sources of subjective bias can inform the interpreter of the possible pitfalls
during data interpretation.

This thesis suggests that subjective bias can be used to the advantage of the operator. Proper prepa-
ration in terms of geological knowledge of the research area and ways of thinking during interpretation
of BHI logs can be beneficial for the result, and therefore explain and reduce the uncertainty related
to subjective bias. Rather than discrepancies in data interpretation between operators being based on
unsupported subjective bias, a protocol is proposed that allows the operator to explain their interpreta-
tion and thus pose a stronger argument. This protocol incorporates multiple aspects of the geological
history of a system, including tectonic and depositional processes.

The protocol will be tested on image logs of the GRT-1 well in Rittershoffen, France. This well shows the
Buntsandstein formation and part of the crystalline basement and is located in the Upper Rhine Graben



(URG). Rittershoffen and the surrounding area have been exploited for geothermal energy since the
1980s, mainly from the highly fractured crystalline basement (Vidal & Genter, 2018). However, the
crystalline basement is a deep geothermal reservoir. Drilling comes with significant costs and risks,
such as a well collapse - the deeper one drills, the higher these costs and risks become. Therefore,
drilling shallower is preferred if the heat potential is similar in the layers above.

In Rittershoffen, recent well tests have suggested similar heat potential in the overlying Buntsandstein
formation, which is therefore re-examined. The fracture network in this layer and its connection to the
fractures of the crystalline basement might prove insightful for the heat potential of the Buntsandstein. If
the Buntsandstein proves to be a viable geothermal reservoir, it will reduce the costs and risks that are
involved in drilling deeper towards the crystalline basement. Therefore, proper fracture characterisation
is needed.

To complete this research, a baseline of different types of subjective bias and their proposed mitigation
strategies is given in chapter 2. Afterwards, an extensive literature study is done to collect the informa-
tion used to create the protocol. The protocol, which is presented as a decision tree, poses a series
of questions on the tectonic history, large-scale structural features potentially driving the occurrence of
natural fractures, and the mechanical properties of the rock. These provide insight on the geological
constraints on the fractures expected in the BHI log in terms of principal (paleo)stress orientations, the
type of fractures, and to some degree the fracture intensity. This is further elaborated in chapter 4.

The fracture distribution of the image logs in GRT-1 is first analysed. The driving processes of fractures
expected in GRT-1 are determined based on the protocol. The interpreted fractures from the logs
are then classified based on whether they fall within the expected fracture range for each driver. The
classified fractures that are present in two or three of the log interpretations are combined in a composite
log, which therefore summarizes the most reliable fracture interpretation. The fracture classification is
also done on fracture measurements taken from the Buntsandstein outcrops in the Vosges region in
France to analyse the applicability of the protocol in outcrops. The full methods approach can be found
in chapter 3. Finally, the results are given in chapter 5 and will be discussed and concluded in chapter 6
and chapter 7 respectively.

This thesis is part of the FindHeat project. The FindHeat project aims to "provide a modular toolkit,
the FindHeat platform, which enables a novel geologically-based geothermal resource assessment
that minimises the economic and technical risks of geothermal developments, improves the long-term
performance of the reservoir, and catalyses a more positive community engagement.”(FindHeat, 2024).
The protocol aims to make the interpretation of fracture characterisation in image logs more robust,
which is in line with part of the aim of FindHeat (2024).

Research Question

What is the effect of a standardized protocol for linking fractures to driving geological processes
on the justification of image log interpretations?

Steps to achieve the research question:

» Create a geologically-constrained protocol to develop better conceptual models of natural frac-
tures in BHI logs;

* Interpret the image logs from GRT-1 in Rittershoffen;

+ Classify the fractures based on the expected fracture distribution derived from the protocol;
» Create the composite log of fractures that are present in two or three of the interpretations;
» Compare the classification of fractures for the various interpretations and depth intervals.



Background

2.1. Subjective Bias in Geosciences

The importance of identifying and quantifying objective bias and the resulting uncertainty has been
widely analysed and adopted in the subsurface exploration industry (Witter et al., 2019). While this
analysis greatly improves the viability of an exploration project, the influence of subjective bias on
uncertainty has been consistently overlooked in scientific literature (Curtis, 2012; Bardossy and Fodor,
2001). This is a great concern for fracture characterisation, fracture attributes are picked by people,
often by hand, and are therefore inherently biased by the sampling practices of the geologist. A wide
range of fracture attributes are therefore sensitive to subjective bias, such as the orientation, trace
lengths, degree of clustering, fracture aperture, number of fracture sets, topology, and fracture intensity
(Andrews et al., 2019). A non-exhaustive list of types of subjective bias and strategies to mitigate the
uncertainty related to these is given in this chapter.

2.1.1. Types of Subjective Bias

Subjective biases are driven by flaws in one or both of the two main processes of decision making:
intuitive (Type 1) and deliberative (Type 1l) decision making (Evans & Stanovich, 2013). Type | relies
on a heuristic approach to data interpretation, which is obtained from experience and logical thinking
(Wilson et al., 2019). Type |l supports hypothetical thinking and relies heavily on working memory. This
type of thinking supersedes Type | decision making by distinctive higher-order reasoning processes
(Evans & Stanovich, 2013), which takes a conscious effort from the decision maker. When Type |l
thinking does not interrupt and override incorrect Type | thinking, or if Type Il thinking itself is faulty or
slackened, subjective biases are often introduced (Wilson et al., 2019; Macrae et al., 2016).

Three of the major types of bias discussed in geosciences are anchoring, confirmation, and availability
bias, where the latter is suggested to be most common (Bond et al., 2007; Bond et al., 2015). Anchoring
bias portrays the difficulty to stray too far from an initial hypothesis, whether this was incorrect or not,
even though the evidence might suggest a different outcome (Wilson et al., 2019). Confirmation bias
differs slightly; instead of tunnel vision, the decision maker will actively ignore all results that are not
in line with their belief. Availability bias arises from a lack of Type Il thinking, and focusing only on the
model or outcome readily available in one’s mind without considering options further from their area of
focus (Bond et al., 2007). This type of bias is highlighted by Bond et al. (2015), who suggests the field
of expertise influences a (seismic) interpretation more than the level of experience.

A fourth type of bias that is well documented in scientific literature is framing bias. Framing hypotheses
in a certain way can influence how one approaches and interprets the results. For example, asking
"how good is option X” or "how bad is option X” will possibly yield a different conclusion from the same
dataset (Wilson et al., 2019; Alcalde and Bond, 2022). Apart from this, personal influences, such as the
decision maker’s cognitive style of data interpretation, thought processes, personality, or even state of
mind, can create a bias towards the data (Curtis, 2012; Andrews et al., 2024).

2.1.2. Strategies to Reduce Bias
Although subjective bias will likely always be part of the uncertainty related to data interpretation, there
are strategies one can apply to minimize the negative effects that subjective bias has on the uncertainty.
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Improved use of interpretation techniques

The theory of multiple working hypotheses has been suggested to reduce anchoring and confirmation
bias. This strategy forces the decision maker to keep an open mind while interpreting the data (Alcalde
& Bond, 2022). Furthermore, Bond et al. (2007) indicates that the greater the number of interpretation
techniques used, the more likely the decision maker is to obtain the 'correct’ answer to a synthetic
seismic section. This can be done by a singular interpreter, but working in a group of people — specifi-
cally if this group contains people with different personalities — will obtain better results, decreasing the
subjective bias in the final interpretation (Andrews et al., 2019).

Defining conceptual frameworks such as 'thoughts about geological evolution’ of the research area
will further decrease the subjective bias, as it minimizes the effect of availability bias (Bond et al.,
2015; Macrae et al., 2016). Generally, using geological knowledge in every step of data operations
(acquisition, processing, analysis, interpretation, and modelling) decreases subjective bias (Pérez-Diaz
et al., 2020).

Note that easier interpretations could be done by Atrtificial Intelligence, such as horizon picking (Petrov
et al., 2024). Interpretations normally done through Type | thinking will benefit from this, as the subjec-
tive bias caused by personal influences of the decision maker will be reduced (Alcalde & Bond, 2022).
However, a human decision maker will still be needed for more creative and complex conceptual model
thinking (Type ).

Communicate reasoning for interpretation

Elicitation can be an effective tool to convey reliable information (Curtis, 2012). Elicitation is “the pro-
cess of expressing expert knowledge in the form of probability distributions for uncertain quantities”
(O’Hagan, 2019). Addressing the steps taken in data interpretation, the assumptions made, and the
confidence of the decision maker’s interpretation quantifies the subjective bias to make the interpre-
tation more transparent and accountable, even if its flaws remain (Soll et al., 2015; Brownstein et al.,
2019; Andrews et al., 2019).

Utilization of workflows

To help “capture expert knowledge as objectively as possible” (O’Hagan, 2019), workflows and pro-
tocols might prove to be useful tools (Soll et al., 2015). Workflows “nudge” the decision maker in a
direction dictated by a compendium of expert judgment, which can induce reflection of the interpreta-
tion (Wilson et al., 2019). The workflow reduces availability bias, as multiple hypotheses are proposed
and considered (Curtis, 2012). Note that there exists some debate around nudging. Gigerenzer (2015)
warns that nudging might only point to the positive effects or results of an interpretation and might lead
to the decision maker interpreting the data without a deeper understanding. The author suggests that
the decision maker should stay neutral and should only be educated by the workflow to ensure a deeper
understanding.

This thesis focuses on a combination of utilizing the geological knowledge of the research area and
setting up a workflow to force a deeper understanding of the BHI data through Type Il decision making.

2.2. Background Information on Fractures

Fractures form during rigid body deformation of a rock. This means there is movement during deforma-
tion without accumulating any internal distortion (Fossen, 2016). Non-rigid body deformation distorts
the shape and/or form of the body. Note that this is often a matter of scale; rigid, discrete deformation
can be approximated as non-rigid, continuous deformation at a larger scale. In this case, the concept
of strain can also be applied to brittle deformation (Figure 2.1). Discontinuity associations (DA) accom-
modate the rigid body deformation and can include one or more of the following (Figure 2.2; Hancock,
1985; Savage and Brodsky, 2011; Li et al., 2018; Fossen, 2016; Smith et al., 2024; Hupkes et al.,
2025):

» Mode | fractures striking perpendicular to o3 and often perpendicular to the bedding;
* Mode Il fractures in conjugate sets striking parallel to o, and dipping 60° with respect to o;
» Hybrid fractures in conjugate sets striking parallel to o2 and dipping 70-80° with respect to o;.
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Rocks that have brittle deformation on smaller scales might deformation (Hancock, 1985; Fossen, 2016; Hupkes et al.,
be viewed as ductile at a larger scale (Fossen, 2016) 2025)

2.2.1. Mode I Fractures

Different fracture (and stylolite) orientations might form under the same stress field. Mode | fractures,
also known as opening-mode fractures or joints, form by, e.g., micro-scale deformation by grain disag-
gregation (Mayolle et al., 2023) or splitting of the rock. The fracture plane is perpendicular to o3.

2.2.2. Mode II Fractures

A shear fracture, often referred to as a mode |l fracture, indicates movement along the fracture plane.
Shear fractures can initiate through a series of small-scale en echelon R-fractures (joints) that bend
towards and are linked by Y-fractures (shear) (Jacques et al., 2022; Fossen, 2016). These en echelon
fractures are, however, rarely visible. Mode |l fractures are often hydraulically more open, but me-
chanically more closed than mode | fractures, which makes these more difficult to observe in BHI logs
(Bisdom et al., 2016). Mode Il fractures strike parallel to o> and dip approximately 60° to o, (Hancock,
1985). However, there has been quite some debate on the validity of these typical values (Bertotti &
Barnhoorn, 2016).

2.2.3. Hybrid Fractures

Hybrid fractures have a dip angle between the typical 60° angle of shear fractures and the vertical dip
of opening mode fractures, which raises the debate of the exact differences in the way mode | and
mode Il fractures are formed (Bertotti & Barnhoorn, 2016). Polymodal fracturing (> 3 sets of fracture
planes) has been reported in the lab and in outcrops in a wide range of different rock types (Healy et al.,
2015 and references therein). The behaviour of polymodal fracturing proves difficult to determine and
predict, since the Mohr-Coulomb circle and other similar failure criteria do not account for this type of
fracturing. These uncertainties cause a spread in the expected fracture orientations and should be
taken into account during fracture interpretation.

Different phases of tectonic activity can be overprinted in rocks, which can make the fracture distribution
more scattered. For example, when local stresses had been present in earlier history, caused by e.g.



faults or folds, these fractures might be reactivated and accommodate part of the new regional strain
(Skytta et al., 2021). Vice versa, fractures caused by earlier far-field stresses can accommodate the
strain of more recent drivers. This should be taken into account when predicting fracture patterns.

In unstimulated boreholes, the open fractures seen in the BHI logs likely indicate the orientation of the
in situ stress field, as these would be induced, reactivated, or not cemented yet (Bisdom et al., 2016).
In stimulated boreholes, this is much more difficult to determine; only induced fractures might indicate
the in situ stress field. Induced fractures often span over several meters in a borehole and might show
en echelon fractures along the edges (Figure A.1)(Hehn et al., 2016).

2.3. Research Area

The main focus of this thesis is the Buntsandstein succession and the top section of the crystalline
basement in the GRT-1 well in Rittershoffen, France (Figure 2.3). This well is drilled close to the Soultz-
sous-Foréts geothermal site. Both sites are located in the Upper Rhine Graben. It is around 300km
long and 30-40km wide. This graben is a typical example of synorogenic continental foreland rifting.
Below, the lithological units of primary interest to this study are described, together with the focus points
of the tectonic history of the graben.
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Figure 2.3: Research area. A) shows the location of the Rittershoffen geothermal site. B) a vertically exaggerated
cross-section of the Rittershoffen and Soultz-sous-Foréts geothermal sites. C) the same cross section without vertical
exaggeration. Modified from GeORG (2017).



2.3.1. Lithology

The upper package of the crystalline basement is a porphyritic, reddish granitic reservoir. It was af-
fected by strong hydrothermal alteration, which intensified upwards (Vidal and Genter, 2018; Glaas
et al., 2021). The top of the basement is at 2200m MD in the GRT-1 well. The overlying cover is com-
posed of Triassic sandstones. The Buntsandstein sandstone succession was deposited in the Early
and Middle Triassic period. The succession of sedimentological facies is associated with fluvial de-
posits. The Buntsandstein is divided into four formations: the Annweiler, Vosgian, Intermediate Beds,
and Voltzia formation (Vidal & Genter, 2018). The Annweiler, Vosgian, and Intermediate Beds indicate
a braided fluvial system, while the Voltzia formation mostly consists of fluvial deposits in a distal allu-
vial plain environment. All formations form a series of transgression-regression cycles, although they
show distinctive patterns which are further elaborated in Vidal and Genter (2018). During and after the
deposition of the Volztia formation, a retrogradation of the sediments due to transgression takes place,
which transitions to the Muschelkalk succession.

2.3.2. Variscan Cycle - Paleozoic

During the collision of the Laurussia and Gondwana continental plates in the Variscan orogeny, the con-
tinental subduction of the Saxothuringian terrane under the Moldanubian terrane in the Late Devonian
caused NE-SW striking thrusts close to the region that is now the URG (Baillieux et al., 2013). During
the crustal relaxation after the Variscan orogeny (Carboniferous-Permian), intrusive bodies and dyke
swarms caused ENE striking highs and troughs, reactivating the ENE striking dextral strike slips faults
formed in the later stages of the Variscan orogeny (Schumacher, 2002). The crustal re-equilibration
also caused Riedel shear zones striking NNE (Bossennec, 2019). The troughs were overprinted in
the Saalian phase due to transpression, which resulted in sinistral NW-SE and dextral E-W conjugate
faults (Baillieux et al., 2013; Glaas et al., 2021).

Throughout the remainder of the Mesozoic, tectonic activity was minimal, and burial was the main driver
(Baillieux et al., 2013; Glaas et al., 2021).

2.3.3. Alpine/Pyrenean Orogeny - Cenozoic
The Upper Rhine Graben is part of the European Cenozoic Rift System (ECRIS)(lllies, 1972; Vidal and
Genter, 2018). The rifting phase can be subdivided into three time periods.

Eocene In the Early Eocene, a N/S compression caused by the Pyrenean collision mostly uplifted
the URG area (Dézes et al., 2004). In the Late Eocene, however, this compression caused a sinistral
reactivation of the ENE shear zones from the Late Variscan orogeny (Schumacher, 2002). Towards
the end of the Eocene, the compression slightly rotated towards the NNE/SSW.

Oligocene As the NNE/SSW compression lessened relative to the oy, the orientation of the principal
stress direction shifted at nucleation depth. This WNW/ESE extension marks the start of the rifting
phase of the URG (Bossennec, 2019). It is hypothesised that the direction of the URG follows the
pre-existing zones of weakness in the crystalline basement, formed by the Riedel shear zones (Dezes
et al., 2004; Glaas et al., 2021). During the Late Oligocene, the graben was reactivated by a phase of
NE/SW compression and displayed dextral strike-slip motion.

Miocene Due to the convergence of what is now Africa-Arabia and Europe, the principal stress field
underwent a counter-clockwise rotation towards a NW/SE compression. This new principal stress field
caused a sinistral strike-slip reactivation of the URG. As a result, restraining and releasing bends are
observed in the graben (Schumacher, 2002; Bossennec, 2019).

It is unclear which event has produced the Rittershoffen fault. The present-day stress field is still
dominated by the Alpine orogeny. In Rittershoffen, there is NW/SE compression and uplift of 0.5mm/yr
(lllies, 1972; Ahorner, 1975; Plenefisch and Bonjer, 1997; Valley et al., 2007; Baillieux et al., 2013).

2.3.4. Geothermal History

The Upper Rhine Graben has been investigated for geothermal exploration since the 1980s. This was
initiated by an earlier drilling in Cronenburg done for hydrocarbon exploration. No viable hydrocarbons
were found, but a temperature anomaly of 150° was measured at 3220m (Genter et al., 1997). Since
then, 15 geothermal wells have been drilled in the region of the URG as part of the scope of various



projects such as the Hot Dry Rock project and the ECOGI project (Vidal and Genter, 2018; Glaas et al.,
2021). Thus far, most geothermal projects have focused on the top section of the crystalline base-
ment. However, well tests showed a geothermal gradient of 85-90°C/km for the upper two kilometres
in parts of the URG. The temperature anomaly in this area has been interpreted as multi-scale fracture-
controlled convective cells (Baillieux et al., 2013; Vidal et al., 2019). Therefore, the Muschelkalk and
Buntsandstein successions are looked at as potential geothermal targets.

The GRT-1 well was drilled from September to December 2012 as part of this investigation (Figure 2.3).
However, initial well tests showed low injectivity of 0.6 I/s/bar. Therefore, thermal, hydraulic, and chemi-
cal stimulation has been performed (Vidal et al., 2016). The injectivity has since increased to 2.6 l/s/bar,
which resulted in a nominal flow rate of 70 I/s. It was concluded that GRT-1 has bad connectivity to a
medium permeability reservoir, while its counterpart, the deviated well GRT-2, is connected to a high
permeability reservoir. The temperature gradient in GRT-1 from the top of the well to the top of the
Muschelkalk is 87 °C/km, while the temperature gradient from the top of the Muschelkalk to bottom
hole (2580m MD) is only 3°C/km. The bottom hole temperature is 163°C. This confirms the theory
of thermal convective cells throughout the Muschelkalk, Buntsandstein, and the crystalline basement
(Baujard et al., 2017).



Methods

In this research, a protocol is developed that aims to categorize fractures based on various tectonic
drivers associated with the research area. This chapter elaborates on the methods approach (Fig-

ure 3.1).
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Figure 3.1: Overview of the different steps taken in this research.
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3.1. Development and Structure of the Protocol

Based on the tectonic history and geological cross section described in chapter 2, different tectonic
drivers of the natural fractures can be deduced. For each driver, the protocol will be followed, resulting
in a fracture distribution at a certain depth interval. This protocol, which takes shape as a decision tree,
was created based on an extensive literature study and is further elaborated in chapter 4. Also, based
on the literature, the expected relative frequency is given.

These are then superimposed to create a prediction of the fracture distribution in the full depth interval
of relevance of the GRT-1 well.

3.2. Image Log Interpretation of GRT-1

Two different image logs are analysed: an FMI and a UBI log. Formation Micro-resistivity Imaging (FMI)
consists of 16 (4x4) buttons, through which an electrical current runs. These are dragged along the
open hole of the well, where the resistivity of the first 2-5mm of the rocks is measured (EPA, 2025).
This results in columns of images of high vertical resolution (2.5mm) (Vidal et al., 2016). Variations
in resistivity indicate changes in formation or rock properties, and can therefore help identify open
or mineral-filled fractures. Open fractures are conductive, since water is more conductive than rock,
and will show as dark features in the image logs. In contrast, filled fractures will often have a higher
resistivity than the surrounding rock and will appear as light features in the image log. Ultrasonic
Borehole Imaging (UBI) rotates a transducer that both emits and receives ultrasonic pulses that reflect
off the borehole walls. The amplitude and transit time of the received signal will give information about
the formation and consequently about the fractures (SLB, 2025). Table 3.1 summarizes the observation
criteria for the transit time and amplitude log. In contrast to FMI, UBI results in a continuous image of
the borehole, which simplifies picking fractures (Figure 3.2). The depth of investigation is similar to that
for FMI: 2-5mm. However, UBI has a vertical resolution of 10mm, which is significantly larger than that
of FMI. Therefore, we expect more thin or small-scale fractures to be picked in the FMI log compared
to the UBI log.

Since both UBI and FMI contain logs of a cylindrical borehole, the ‘rolled out’ image will show fractures
as sinusoids (Figure 3.3). The amplitude will relate to the dip of the fracture, and the phase of the
sinusoid shows the orientation. WellCAD (2024) had been used to analyse the FMI and UBI logs.
Here, fractures could be manually picked.

Type of fracture Observation criteria FMI Observation criteria UBI

Conductive feature (dark) Low acoustic signal (dark), high transit time (dark)
Higher dip angle (> 60°)

Larger mechanical aperture

Resistive feature (light) \ High acoustic signal (light), low transit time (light)
Higher dip angle (> 60°)

Larger mechanical aperture

Open mode |

Closed mode | (vein)

Mix of high and low acoustic signal and transit time

Half-open fracture Often mix of pixels of high and low resistivity Difficult to determine

Open mode Il Copductlvg feature (dark) Low acoustic signal (dark), high transit time (dark)
Variable dip angle
Thinner mechanical aperture

Closed mode Il (vein) Reglstlve feature (light) \ High acoustic signal (light), low transit time (light)
Variable dip angle

Thinner mechanical aperture

Very low angle (< 15°)

Often not a singular line

Conductive feature (dark) \ Low acoustic signal (dark), high transit time (dark)

Extremely high dip angles (spanning multiple meters of log)

Often asymmetric

Undetermined Unclear which of the above fits. Often the case when the difference between bedding and fracture is unclear

Bedding

Induced fracture

Table 3.1: Observation criteria for FMI and UBI logs for different types of fractures. Generally, in both image logs, the criteria
are very similar. It is noted that the higher resolution of the FMI log will likely result in a higher amount of fractures, specifically
mode |l fractures.
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Figure 3.2: Difference between an example fracture on FMI and UBI logs. FMI logs have higher vertical resolution, but show a
discontinuous image. UBI logs have a lower vertical resolution, but show a continuous image. Note that these are different
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Figure 3.3: Conceptual drawing of the projected image of a fracture crossing the borehole in 3D (Cruz et al., 2017).

3.3. Interpretation of Drivers and Composite Log

A comprehensive list is created based on the protocol to compare the expected fracture orientations
to the picked fracture orientations of the different logs. The depth intervals will be used as boundaries
for the differences in fracture distribution. After this, the fractures picked in each of the interpretations
are compared. It is hypothesized that comparing two interpretations of the same well will result in a
composite log that shows the most prominent fractures, which will be the most reliable fracture inter-
pretation. The associated driving processes of these fractures will therefore also be considered to be
the most likely dominant fracture driver. Note that multiple driving processes might dominate.

Linking the driving process to the individual fractures is done by filtering the measured fractures based
on a range around the expected azimuth and dip given for every driving process in the protocol predic-
tion. For the azimuth, this range is +15°, while for the dip, a skew range is determined between -10° and
+15°. This is to make sure that hybrid fractures are still categorized as mode Il fractures in the protocol;
mode Il fractures now include a range of 50 < = < 75°, while mode | fractures are limited to 75 < « < 90
°. The mean fracture dip for mode | fractures is not taken at 90°. This is because the GRT-1 well is a
near-vertical well, so most vertical mode | fractures will not cross the well. To compensate for this bias,
a mean dip of 85° is taken.

For every fracture, it is investigated what driving event could have produced this. The driving event
is only included when at least five fractures can be linked to the driver for each interpretation. It is
important to note that fractures are often reactivated by subsequent tectonic events. In some cases,
this reactivation is specifically mentioned in the literature. In other cases, the fractures predicted for
distinct drivers have an overlap in orientation, which might indicate a reactivation of fractures that were
formed in earlier stages. The driver that has the highest expected relative frequency is then picked.
If this is similar, the most recent event is picked, though this is further discussed in chapter 6. Some
fractures might also not have any predicted driving process that explains the orientation and dip angle.
This fracture is then categorized as ‘Residue’.

The FMI and UBI logs, including the driver classification, are then compared to see which fractures
are present in both logs and what the associated driving process is. For the composite log, a range
is taken that compensates for the spread of azimuth and dip caused by the individual interpreter — the
subjective bias. This spread £15° for both the azimuth and dip angle.
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3.4. Protocol in Fieldwork - 3D

Although wells can provide detailed information on individual fractures, they are limited in their spa-
tial extent and do not offer a full 3D view of fracture networks. To obtain a more comprehensive 3D
perspective of the effectiveness of the protocol, fieldwork was conducted. This fieldwork was a combi-
nation of the analysis of various outcrops and a visual analysis of the cores taken from the EPS-1 well
in Soultz-sous-Foréts.

Outcrops have continuously been used as subsurface analogies, also regarding fracture characteri-
sation (Ukar et al., 2019; Ukar et al., 2020). Outcrops of the Buntsandstein succession close to Rit-
tershoffen, France, can be analysed to gain knowledge about the fracture network (Bofill et al., 2024,
Figure 3.4). Though the analysed outcrops were close to the research area of GRT-1, they were out-
side of the damage zone of the closest major fault. Therefore, the protocol has been tested for the
far-field geological driving processes present in the undeformed rock of the Buntsandstein.

This will result in a list of fractures measured in the various outcrops, classified based on their respective
driving process. The list can be compared to the classification of the fractures of the Buntsandstein
interval in the image logs to see whether the protocol yields different results in 1D and 3D fracture
networks. Although outcrop analogues are very informative for subsurface reservoirs, these should
be interpreted with caution (Bauer et al., 2017; Ukar et al., 2020). The fractures seen in the outcrop
might be different than those in the subsurface due to the difference in the recent exhumation and burial
history.

The cores of the EPS-1 well provide additional insight into the small-scale (<10 cm) fracture network
and clustering of fractures. Moreover, direct observation of the fractures in core samples has supported
the interpretation of the image logs.

Geological units

Unconsolidated rocks . Upper Dogger . Lower and Middle Muschelkalk ,J;s/)'
. Kaiserstuhl volcanics . Lower to middle Dogger . Buntsandstein

Younger Rheingraben Tertiary Liassic . Zechstein
. Older Rheingraben Tertiary - Keuper Permo-Carboniferous
. Malm Upper Muschelkalk Basement rocks
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Rittershoffen
Figure 3.4: Research area concerning the outcrop locations. The green circles represent locations visited; the Rittershoffen
site is visible in the SE corner.



Protocol Design

An extensive literature review has resulted in a non-exhaustive overview of possible fracture types,
orientations, and relative intensities produced by a range of different driving processes behind fractures.
The protocol is given in the form of a decision tree and graphical summary in Appendix B. In chapter 5,
this protocol is tested and validated through the use of BHI logs and fieldwork data.

4.1. Fracture Development in the Far Field

Far-field stresses are caused by tectonic activity away from the research area. The ‘background frac-
tures’ belonging to the far-field stress state are found consistently throughout the research area (Berg
and Skar, 2005; Savage and Brodsky, 2011; Skytta et al., 2021; Smith et al., 2024). In extensional
regimes, the principal stress orientation is oy > oy > o,. In compressional regimes, the principal
stress orientation is oy > oy > o, Or oy > o, > oy, which is the driving force behind layer parallel
shortening (LPS). One or more of the fractures mentioned in the DA above can be formed. Each of
these fractures individually can point to a certain stress orientation, though multiple sets of the DA’'s
provide a stronger argument for this. Note that the joints might be difficult, if not impossible to observe,
if the o3 = oy, as these will be parallel to the bedding, assuming the bedding is horizontal.

4.2. Fracture Development near Planar Faults

Faults are complex and heterogeneous features (Torabi et al., 2019). However, faults are often sim-
plified as planar features with a fault core, damage zone (DZ), and protolith (Caine et al., 1996). The
protolith indicates the part of the rock not influenced by fractures related to the fault, but is likely still
deformed by the far-field stresses. Pre-existing structures and boundary conditions, such as the mag-
nitude of the principal stress field, influence the development of master faults and their associated
damage zones (Childs et al., 2017). The DZ is formed as the fault is initiated and the rock starts to
displace, and includes smaller secondary faults, veins, fractures, cleavage, and possibly folds (Caine
et al., 1996). It is suggested that far-field stresses can create fracture clusters that are structured and
closely spaced, otherwise known as fracture corridors (Schueller et al., 2013; Souque et al., 2019).
While the strain continues to increase, a master fault might be formed by linkage of smaller segments
in fracture corridors: strain localisation (Figure 4.1; Figure 4.2; (Mayolle et al., 2023)). This is why
smaller fracture clusters in the area of a master fault often have a similar orientation to the master fault.

Planar faults can be classified as normal, strike-slip, or thrust faults, depending on the orientation of
the principal stresses (Fossen, 2016). Although these fault types differ in kinematics, they can produce
similar fracture networks when viewed in their respective stress regimes (Figure A.2; Childs et al., 2017).
This research is written from the perspective of normal faults, though after re-orientation can be used
in strike-slip and thrust faults.
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Figure 4.2: Strain localisation increases over time, forming
corridors and later faults (Mayolle et al., 2023).

Figure 4.1: Propagation of fault growth over time (Rotevatn
etal.,, 2019).

It has been widely recorded that fracture frequency logarithmically decreases away from the fault core
(Savage and Brodsky, 2011; Schueller et al., 2013; Mayolle et al., 2019). Quantifying the fracture
frequency based on the displacement of the fault (D) is extremely challenging and currently outside
the scope of this research. However, the relative fracture frequency, orientations, and types of fractures
can be estimated based on the available literature.

Fractures around the master fault plane in the DZ are known as cross-fault damage, while fractures
directly caused by the fault plane are known as along-fault damage (Y. S. Kim et al., 2004; Choi et
al., 2016). Fractures in the along-fault damage zone are subdivided into linking damage, tip damage,
and wall damage (Y. S. Kim et al., 2004). The fracture orientations related to this are summarized in
Table 4.1.

Orientation strike

Where Type (w.r.t master fault) Dip (w.r.t bedding) | Notes
Dz mode | 30° perpendicular FoII_ow farfield stregs field, found more in
sedimentary deposits
Dz mode Il parallel 60° (or same Found more in tight, hard rocks
as master fault)
Dz hybrid parallel 70-80° Found more in tight, hard rocks
Linking between faults | mode | often perpendicular | - Mode | and rotated blocks, but rarely seen

Tip of fault

wingcracks and
horsetail fractures

30°, though variable

60° (or same

Tip of fault mode Il parallel Synthetic branches or antithetic faults
as master fault)
Wall of fault mode | 30°, though variable | - En echelon fractures
Wall of fault - - - Can overprint older tip and linking damage
Hanging wall DZ mode Il parallel 60° (or same Mostly antithetic fractures
as master fault)
Hanging wall DZ mode Il (sub)perpendicular | 30° Thrust faults, though rarely present
Foot wall DZ mode Il parallel 60° (or same Mostly synthetic fractures
as master fault)
Foot wall DZ mode I (sub)perpendicular | 30° Thrust faults, though rarely present

Table 4.1: Overview of the types of fractures expected in the damage zone around a master fault. Related sources: Berg and
Skar, 2005; Savage and Brodsky, 2011; Zang et al., 2014; Choi et al., 2016; Fossen, 2016; Peacock et al., 2017; Mayolle et al.,
2019; Boersma et al., 2021; Torabi et al., 2020; Smeraglia et al., 2021; Alongi et al., 2022; Mayolle et al., 2023.

4.2.1. Damage Zone Thickness
Many papers have attempted to create scaling laws between the displacement of the fault and the
thickness of the damage zone for different fault properties (Choi et al., 2016). These scaling laws are
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rough approximations, but might give useful information to estimate the relative intensity and orientation
of the fractures in wells.

The damage zone thickness (1'pz) is mostly dependent on the rock type and displacement along the
master fault. The Tz /D scaling flattens and eventually stabilizes around 7> of some 100s of meters
at a certain (highly debated) value of D. Schueller et al. (2013) and Mayolle et al. (2019) put this
threshold of D at 150m, though Choi et al. (2016) takes roughly 1 km as the threshold. This stabilization
is likely due to the distribution of slip onto secondary strands within the DZ; the superposition of multiple
locations of fracturing is often referred to as secondary fault strand nucleation (Savage & Brodsky, 2011).
Scaling laws for displacement <1km differ for various rocks of various mechanical properties (Table 4.2).

Type of rock Dz Scaling law Literature \ Notes
Carbonates full DZ Tpz = 1.6D%% (Mayolle et al., 2019)
Porous siliciclastic rock | foot wall Tpy = 1.2564D048 (Choi et al., 2016) slightly different for different porosities

(Congro et al., 2023; O’'Hara et al., 2017)
slightly different for different porosities
(Congro et al., 2023; O’'Hara et al., 2017)

Porous siliciclastic rock | hanging wall | T, = 1.0245D%6433 | (Choi et al., 2016)

Tight rock foot wall Tpz = 10.141D"2°02 | (Choi et al., 2016)
Tight rock hanging wall | Tpz = 4.5652D%5%"T | (Choi et al., 2016)

Table 4.2: Scaling laws for various types of rock.

Although these are the values used in this research, it is important to note that not all research draws
similar conclusions. Alongi et al. (2022) shows no substantial difference in trends of T»~ in the hanging
wall and foot wall and shows a damage zone in the order of 1-2km in magnitude. Future research will
provide more insight into this. It is recommended to be mindful that the master fault is part of the
evolving system that is the Upper Rhine Graben, hence the damage zone should not be looked at as
relating to a singular planar fault (Mayolle et al., 2019). Rather, the damage zone is a complex fracture
network that changes with changing strain.

4.3. Fracture Development near Listric Faults

Listric faults can be approximated as planar faults in brittle structures, where the dip becomes shallower
as the ductility of the rock increases. Most normal master faults become listric faults around 5-17km
depth, where a zone of low velocity exists (Shelton, 1984). Various fractures can be present in the
damage zone of listric faults specifically. These are summarized in Table 4.3 and further elaborated in
this section.

Listric faults can form in a domino-style sequence with one master fault and secondary listric faults in
the hanging wall (Ofoegbu & Ferrill, 1998). These faults might be linked by large-scale synthetic Riedel
fractures (Zhao et al., 2020). The hanging wall is often a drag fold, accommodating most of the strain,
indicating that the bedding steepens towards the fault plane (Bally et al., 1981).

The fault plane of listric faults has been theorized to consist of relatively short, en echelon fracture
segments. These fractures, together with the irregularity of the grooves in the fault plane of listric faults,
increase the spread of orientations of the associated fractures (Shelton, 1984). Stresses at the tip of
the fault are generally less intense due to the shallow angle, so the tip damage is less prevalent (Resor
& Pollard, 2012). Since roll-over folds have traditionally been looked at for hydrocarbon exploitation,
the foot wall has been studied significantly less than the hanging wall, so the properties of the fracture
network were less widely known.
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Orientation Dip (w.r.t

Where Type (w.r.t master fault) | horizontal) Notes
approx. 30° )

Fault plane en echelon segments | parallel w.rt. fault plane

. o mostly antithetic
Hanging wall mode |l parallel steep >70 some synthetic
Hanging wall o
Syn-rift sediments mode |l parallel steep >70 less fractured
Foot wall Mode II parallel more shallow <60° mostly sy.nthe.tlc

some antithetic

Table 4.3: Overview of fractures expected to be caused by listric fault systems. Related sources: Bally et al., 1981; Williams
and Vann, 1987; Buchanan and McClay, 1991; Dula Jr, 1991; McClay and Scott, 1991; McClay et al., 1991; Carr, 1992; Bruhn
and Schultz, 1996; Ofoegbu and Ferrill, 1998; Song and Cawood, 2001; Bose and Mitra, 2009; Spahi¢ et al., 2011; Fossen,
2016.

4.4. Fracture Development in Folds

Folds can accommodate strain as flexural slip or tangential longitudinal strain (TLS) (Figure 4.3; J.
Cosgrove, 2015). Layers will ’slide’ along layer boundaries during flexural slip, while strain is accom-
modated through fractures crossing layers in TLS. Most fractures form at the hinge instead of the limbs
when TLS is the dominant type of strain accommodation. In reality, there is an interplay between these
types of accommodation, which might make the fracture pattern very complex (J. Cosgrove, 2015;
Balsamo et al., 2023.

=

MNeutral
surface

Orthogonal flexure

Figure 4.3: Difference in strain in flexural slip and TLS (Fossen, 2016).

4.4.1. Buckle Folds

Buckle folds form with the principal stresses (sub) parallel to the bedding and are initiated right after LPS
(J. Cosgrove, 1999). Bazalgette et al. (2010) has suggested that folds frequently need a pre-existing
structure as an initiation point. These structures can either be pre-existing faults or fracture corridors
(sub) parallel to the future fold hinge that extend to most of the mechanical unit thickness. Note that
this is a comprehensive overview of the types of fractures and fracture orientations one can expect in
a buckle fold, though this does not mean that all of these will be present in every fold. Table 4.4 and
Figure 4.4 give an overview of the expected fractures.

4.4.2. Forced Folds

The overall shape and trend of forced folds are dominated by the shape of some forcing member below
(J. W. Cosgrove & Ameen, 1999). This forcing member can range from salt diapirs to faults, though this
research focuses only on the latter. Normal and reverse faults can occur in members below, causing
strain in the members above and a chaotic associated fracture pattern (Figure 4.5, Table 4.5).
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Where Type Orientation (w.r.t fold hinge) | Dip Notes

Top of hinge splay cracks parallel shallow dip (variable) | splay from bedding parallel fractures
Top of hinge mode | (sub) parallel perp. to bedding -

Top of hinge cross-joints (sub) perpendicular perp. to bedding -

Top of hinge mode ll/hybrid | <30° perp. to bedding iflocally o1 = 0,00 = 0y,03 = 0,
Top of hinge mode ll/hybrid | (sub) parallel oblique to bedding iflocally o1 = oy,00 = 0,03 = 0,
Bottom of hinge | mode Il/hybrid | parallel <30° to bedding Rare

Limbs

mode |

(sub) parallel

perp. to bedding

fracture intensity lower

Limbs cross-joints (sub) perpendicular perp. to bedding fracture intensity lower
Limbs mode Il/hybrid | <30° perp. to bedding 'f';:;fj:'ey imejs‘i’t’; o2~ V08 he
Limbs mode Il/hybrid | (sub) parallel oblique to bedding | 0S8l o1 = av, 02 = on, 05 = on,

fracture intensity lower

Table 4.4: Fractures possibly found related to buckle folding. Related sources: Figure 4.4; Price and Cosgrove, 1990; Cooke,
1997; J. Cosgrove, 1999; J. W. Cosgrove and Ameen, 1999; Sun et al., 2017; Kianizadeh et al., 2021; Wang et al., 2023;
Balsamo et al., 2023.

Figure 4.4: lllustrative summary of fractures founds in buckle folds (Price & Cosgrove, 1990).
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Figure 4.5: Strain and related fractures induced by a forcing fault below the folded rock (J. Cosgrove, 2015).

Orientation (w.r.t.

foot wall

Where Type strike master fault) Dip (w.r.t. bedding) | Notes

Hinge mode | parallel perpendicular Curvature-related fractures
. . . Splay from bedding parallel

Hinge splay cracks | parallel shallow dip (variable) fractures, rare

Tip of fault - - - Chaotic fracturing

Normal fault forcing mode Il parallel 60° Both syn- and antithetic

Reverse fault forcing | mode Il parallel 60° Both syn- and antithetic

Reverse fault forcing, mode Il parallel 30° Thrust

Table 4.5: Fractures expected in forced folds with a normal fault or a reverse fault as drivers (Cooke, 1997; J. W. Cosgrove and
Ameen, 1999).

4.4.3. Fault-related Folds
A fault-related fold is the dragging of bedding with fault displacement (Suppe & Medwedeff, 1990). Fault
bend folds are formed by the movement of bedding along a series of connected faults (Figure 4.6).
These faults are bedding parallel fractures following weaker layers before ’jumping’ up to a higher
weak layer in the bedding. This jump of 30° is called a ramp, and the bedding parallel fractures are
flats (J. Cosgrove, 2015). At every hinge in the fault bend fold, similar patterns to the ones found in
buckle folds are formed. Every transition from a flat to a ramp forms a new fold hinge. The overprinting
of the fractures gives rise to a very complex fracture pattern (Price and Cosgrove, 1990; Suppe and
Medwedeff, 1990; Hardy and Allmendinger, 2011; J. Cosgrove, 2015).
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a: z

fault tip
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,
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fault tip
Figure 4.6: Formation of fault bend folds (J. Cosgrove, Figure 4.7: Formation of fault propagation folds
2015). (J. Cosgrove, 2015)

Fault propagation folds are formed under the same stress regime as fault bend folds, but are formed
differently. Rather than detaching at the fault plane, the bedding is asymmetrically folded by the pro-
gressive growing of a fault branched in a decollement layer (Figure 4.7). It causes similar fractures as
in fault bend folds, but the fracture pattern is more asymmetric with steeper fractures in the forelimb
and more gentle dipping fractures in the back limb (Li et al., 2018). The fracture patterns are usually
extremely chaotic (Price and Cosgrove, 1990; I. Kim et al., 2022).



Results

The following chapter encompasses all findings from the protocol, fracture classification, and the com-
posite log. First, the protocol itself is presented, after which the image log interpretations are presented
and the most important findings are outlined. Then, the main driving processes found in GRT-1 for the
various fracture interpretations are compared. Finally, the findings of the fieldwork and the main driving
processes are compared to the driving processes of GRT-1.

5.1. Protocol Implementation and Outcomes

The findings of chapter 4 have been compiled in a protocol, which presents possible pathways that
can be followed based on the geologic history of the subsurface (Appendix B). The pathways of the
protocol that were implemented can be found in Figure 5.1. For each expected fracture orientation, the
expected relative frequency was given based on the literature.

5.1.1. Far-field Stress Fields

A series of different tectonic events impacted the fracture pattern of the URG, which were detailed in
chapter 2. For each of these events, the expected fractures are the mode | fractures perpendicular to
o3 and the mode Il fractures parallel to o5.

5.1.2. Rittershoffen Fault

As a major fault crosses GRT-1, the depth is subdivided into five categories: the Buntsandstein protolith,
the hanging wall, the fault core, the foot wall, and the crystalline basement protolith. Based on mud
losses, temperature deviations, and initial well data analysis, the well intersects the fault between 2326-
2366m MD. It is suggested that two of the main fluid pathways are located at the top and bottom of
this interval, where 23cm and 24cm thick fractures are located, respectively. In between is the ‘main
fracture zone’, where a significant anomaly in brine temperature was found (Vidal et al., 2017). This
is therefore likely an area of significantly higher deformation and/or multiple fractures of large aperture,
and has been named as the fault core.

As the top of the granite is at 2200 m(MD), the DZ of the Rittershoffen fault is initially assumed to only
affect the granite. Cross sections of the area show the fault has a variable strike between N170 and
N190 and a dip of 45°W (Figure 2.3; GeORG, 2017; Vidal et al., 2017). The offset of the Rittershoffen
faultis estimated to be 280m. This displacement is used in the corresponding scaling law formula given
in Equation 5.1.

10.141D%2002  for foot wall
Tpyz = { (5.1)

4.5652D°5471  for hanging walll
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Hybrid fractures (in conjugate), strike parallel to 52, dip ~10-20 degrees to S1
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Figure 5.1: The pathways of the decision tree taken for the research area of this report. The far-field branch has been repeated multiple times for different driving events. The ‘fault’ branch has
been followed for the Rittershoffen fault.
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From this, the Tpz gw is determined to be 99.6m. The Tpz rw is 31.3m. Note that this is the damage
zone thickness perpendicular to the fault. Therefore, the apparent damage zone thickness in GRT-1
will be Tpz pw = 99.6/sin(45) = 140.9m and Tpz pw = 31.3/sin(45) = 44.3m respectively. As the
resolution of the prediction is meter scale, we will use 141m and 44m. 141m above the fault core
results in approximately 15m of the damage zone reaching into the Buntsandstein. Note, however,
as the protocol states, that the stiffer layers will accommodate most of the fractures if there are large
differences in mechanical properties (Appendix B). Therefore, one would expect most fractures of the
hanging wall to be located in the tight crystalline basement instead of the sandstone.

A full overview of the expected fractures derived from the protocol is given in Table A.1, illustrated in
Figure 5.2, and plotted on the right-hand side of Figure 5.3.

Y E

E

N

T

B Crystalline Basement
[ Buntsandstein
[l Foult domage zone

Figure 5.2: Schematic drawing of the fracture prediction in the rock around GRT-1 well. The relative intensity of fractures of
different orientations and dips is represented in the drawing.

5.2. Image Log Interpretation of GRT-1

Figure 5.3 shows the poles of all the fractures picked in the fracture characterisation of the FMI and UBI
image logs. Whether a fracture was mode | or Il was determined largely based on the dip angle of the
fracture. The majority of the orientations of the fractures in the protolith Buntsandstein and hanging wall
intervals is centred around the WNW, but the dip angle is variable. The orientations of the fractures
in the foot wall are similar to those found in the hanging wall, although there is a higher fraction of
antithetic fractures present. The protolith of the crystalline basement shows the greatest spread in
fracture orientations; the concentration of fractures is higher for orientations towards the NW, W, SSE,
and E.

Note that virtually all fractures analysed during each of the interpretations were determined to be open
fractures. This is a result of the thermal, chemical, and hydraulic stimulation of GRT-1 operated before
logging the FMI and UBI. This stimulation implies that existing fractures are opened even if these were
(partially) closed before, increasing the well injectivity by over five times (Vidal et al., 2016).

5.2.1. Clusters of Fractures

Figure 5.4 displays the cumulative fracture curves for the various interpretations. Overall, the fracture
frequency is relatively constant over the complete analysed interval of the GRT-1 well. In all interpreta-
tions, the interval between 2200-2230 m(MD) encompasses the highest fracture frequency found in the
well. This interval is located immediately below the top of the crystalline basement and in the hanging
wall of the Rittershoffen fault. Another cluster of fractures is found between 2280-2290 m(MD), which is
also located in the hanging wall. The last interval of increased fracture frequency is 1990-2000 m(MD),
which is located in the protolith of the Buntsandstein succession.
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Figure 5.3: Density contour of the poles of the fractures per depth interval and interpretation. For the Buntsandstein and
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for deeper rocks.
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Figure 5.4: Cumulative fracture frequency of all interpretations. The fracture frequency is generally constant, but contains
clusters of fractures around 1990, 2200-2230, and 2280 meters (MD).

5.2.2. Interpretations vs Expected Fractures of Protocol

As visible from the right-hand side of Figure 5.3, the orientations of the expected fractures based on
the driving processes are considerably more spread than the interpretations show. The main difference
for the protolith of the Buntsandstein, the hanging wall, and the foot wall compared to the expected
fractures — the ‘prediction’ — is the symmetry of the fractures. The prediction assumed both sides of
the conjugate set of fractures to form equally, while this is not the case in the GRT-1 well. Only the
fractures in the foot wall show a slight increase in antithetic ESE fractures compared to the WNW
fractures. Furthermore, the protocol assumes that many more and differently oriented mode | fractures
have formed in the research area than are picked in GRT-1. Among all depth intervals, the protolith of
the crystalline basement exhibits the lowest agreement with predicted fracture orientations.

5.2.3. Comparison Different Interpretations

Comparing the three fracture interpretations, the most prominent difference is present in the fracture
intensity. Overall, more fractures are picked in the FMI log than the UBI log, and the external party
picked the least amount of fractures. The interpretation of the FMI log also shows a larger spread
in fracture orientations for the protolith in the Buntsandstein and the hanging wall (Table 5.1). The
interpretation of the UBI log tends to have a higher dip angle than the other logs, while the external
party has interpreted the least spread in fracture orientation. Nevertheless, the overall fracture patterns
of all interpretations are comparable, as they originate from GRT-1.

5.3. Interpretation of Drivers and Composite Log

The different interpretations of the GRT-1 well have been classified based on the driving processes
expected in the research area. Figure 5.5 shows the distribution of the fractures in the well. The
composite log shows the highest concentrations of fractures in the hanging wall of the Rittershoffen fault.
Generally, most fractures in the composite log are present in the granite compared to the sandstone.
Figure 5.6 shows that the Miocene NW/SE compression and the Early Oligocene WNW/ESE extension
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Mean Dip | Median Dip | Std Dip | Mean Azimuth | Median Azimuth | Std Azimuth
FMI 61.70 65.09 16.13 265.28 276.33 54.36
UBI (external) | 65.30 66.90 9.45 253.62 279.43 70.76
uBlI 72.61 72.08 8.45 235.50 272.62 89.82
Fieldwork 80.05 83.00 9.96 219.42 252.00 102.34

Table 5.1: The mean, median, and standard deviation of each image log interpretation and the fieldwork data. The FMI has the
largest spread in dip angle. The dip of the field data is the highest.

are the largest contributors to the fracture distribution. The majority of the other drivers account for only
small parts of the data. In the interpretation of the FMI log, the spread of drivers is most uniform.
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Figure 5.5: The tadpoles of the fractures picked in all interpretations and composite logs. The composite logs show most
matching fractures in the granite.
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5.3.1. Permian - ENE/WSW transpression

Very few fractures were attributed to the Variscan and post-Variscan cycle. The ENE-WSW transpres-
sion was the only driving event from this geologic time period to have a sufficient amount of fractures
attributed to it. The number of fractures was too small to extract trends in the dataset. The Permo-
Carboniferous compression was expected to have produced 'frequent’ fractures, but this event was
not linked to any fractures in the crystalline basement. The same goes for the late Variscan dextral
strike-slip event.

5.3.2. Middle Eocene - N/S compression
Fractures linked to the Middle Eocene N/S compression show a relatively uniform distribution through-
out the various depth intervals. The composite log contains fewer fractures derived from this driver.

5.3.3. Late Eocene - NNE/SSW compression
The protolith of the Buntsandstein and the hanging wall and foot wall of the Rittershoffen fault contain
very few to no fractures related to this event. However, the protolith of the crystalline basement has a
larger share in this fracture orientation (Figure 5.7A).

5.3.4. Early Oligocene - WNW/ESE extension

The extension phase accounts for the largest share of the fracture distribution. However, there is also
the largest variability between the depth intervals and interpretations. As seen in Figure 5.7B, in the
protolith of the Buntsandstein, the externally interpreted UBI log shows 64% of the fractures in the range
of orientations related to the extension phase. However, the interpretation of the FMI log shows only
26.2% of the fracture can be attributed to this event. In contrast, the composite log accounts for 72.2%
of this orientation of fractures. Most fractures in the hanging wall and foot wall of the composite log
can also be linked to the Early Oligocene extension (Figure 5.7C). Figure 5.6 shows that the fractures
attributed to the Early Oligocene extension are present in short, clustered intervals rather than present
uniformly throughout all depth intervals.

It is noted that the fracture orientations of the Late Eocene NNE/SSW compression overlap with the
fractures related to the Early Oligocene. The same is true for the sinistral strike-slip Rhenish shear
zones of the Permo-Carboniferous time period. Furthermore, the fractures of the Early Oligocene
are possibly reactivated by Late Oligocene dextral reactivation of the graben and Miocene sinistral
reactivation of the graben.

5.3.5. Late Oligocene - NE/SW compression

The presence of fractures related to this driving process is fairly constant in the protolith of the Buntsand-
stein, with a mean of 8.7% and a standard deviation of 2.3%. The interpretation of the UBI log contains
the highest fraction of these fractures compared to the FMI and external UBI interpretations. Further-
more, the composite log shows no fractures attributed to the Late Oligocene compression. Figure 5.6
indicates a relatively constant frequency of the fractures over the analysed depth interval of the GRT-1
well.

5.3.6. Miocene - NW/SE compression

The fractures related to the Miocene NW/SE compression are present in clusters. Nevertheless, the
fraction of these fractures is consistent throughout all interpretations and depth intervals. The mean
fraction is 24.7% with a standard deviation of 7.9%. The hanging wall contains the highest fraction
of these fractures. This is also the only driving process found in the composite log where all three
interpretations agree (the hanging wall, Figure 5.7D). The composite log where three interpretations
agree is excluded from any statistical analysis, as the dataset is too small to be taken into account
(eight fractures in total). The fractures related to the Miocene compression were often also related
to the Rittershoffen fault. It is hypothesized that the Rittershoffen fault is produced by the Miocene
compressional regime, causing releasing bends between the border faults of the URG (Schumacher,
2002). Therefore, the Rittershoffen fault is categorized as another driving process of these fractures.
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Figure 5.7: Percentage of each driver per depth interval and type of data interpretation. A: The protolith of the crystalline basement has the largest relative share of the Late Eocene driving
process. B: The Early Oligocene extension has a variable fraction of fractures in the different interpretations. C: The hanging wall and foot wall in the composite log of two agreements are
dominated by the Early Oligocene extension. D: The only driver found in the composite log of three agreements is fractures related to the Miocene compression.
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5.3.7. Residue

Residual fractures are defined as fractures that do not fit in one of the driving processes above, or that
are not categorized to a driving process where more than five fractures are attributed. The residual
fractures are primarily present in short intervals of higher fracture concentration, which is the reason
why the hanging wall of the interpretation of the FMI log contains a high fraction of residual fractures
(41.8%). The interpretation of the UBI log contains overall 8.0% of residual fractures, which is the least
of all interpretations. In the composite log, the protolith of the Buntsandstein only consists of 5.6%
residual fractures, while this fraction increases to up to 55.6% for deeper depth intervals. Figure 5.8
shows the residual fractures of the various interpretations. The fractures are very spread out for all
interpretations. FMI interpretation accounts for 52.9% of all residual fractures, the mean of the dip is
45.74°, and the standard deviation is 17.37°.

Residue of fracturef after composite log

3 agree 194/56

2 agree 170/65

UBI (external) 185/64
UBI 204/72

FMI 160/45

270°

180°

Figure 5.8: Distribution of the residue fractures after classification of the driving processes for each interpretation.

5.4. Protocol in Fieldwork - 3D

5.4.1. Crystalline Basement

The crystalline basement was only investigated through cores of the EPS-1 well. Generally, the frac-
tures were cemented or had very little aperture. The fractures in EPS-1 were often difficult to distinguish
because the colours of the granite and fracture filling were similar. However, large fractures were eas-
ily recognized: Figure 5.9 shows mode Il shear fractures in the basement. The fractures generally
appeared to be clustered rather than have a constant fracture frequency over the full log. Such frac-
tures have likely been opened by the stimulation in the GRT-1 well (Vidal et al., 2016). Very small
fractures (<10-scale in length) were also abundantly present, though these typically have limited im-
pact on reservoir-scale fluid flow compared to fractures with larger apertures.
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Figure 5.9: Examples of different types of fractures present in the crystalline basement (not stimulated).

5.4.2. Buntsandstein

The fractures in the Buntsandstein cores of EPS-1 appear similar to the fractures in the crystalline
basement: (partially) filled, generally little aperture, and short intervals of higher fracture frequency
are abundant (Figure A.4). Some fractures show small (<2cm) displacement along the fracture plane,
although no apparent displacement was detected for very steep fractures (>75°).

The outcrops of the Buntsandstein succession on the shoulder of the URG have also shown the pres-
ence of intervals of increased fracture frequency (Figure 5.10), but the outcrops did not contain high
amounts of fractures overall. The mean dip angle is significantly higher than in all of the image log
interpretations (Table 5.1). Furthermore, the fracture distribution in the outcrops shows much more
symmetry than the GRT-1 well (Figure 5.11).

The same driving process classification has been performed on the fractures measured in the outcrop
as for the fractures in the GRT-1 well (Figure 5.12). Only 5.6% of the fractures in the outcrops are
linked to the Early Oligocene extension, whereas this driving process represents 26.2% in protolith of
the Buntsandstein in GRT-1 and 72.2% in the composite log. All other drivers account for a similar
fraction of the fractures in the outcrops as in the FMI log. However, the composite log does not contain
any fractures related to the Late Oligocene and Late Eocene compression, and underestimates the
relative amount of fractures caused by the Middle Eocene compression.



Figure 5.10: Fracture clusters at the Falkenstein and Helphenstein Ruin outcrop.
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Figure 5.11: Fracture distribution of protolith of the Buntsandstein. Left: expected fracture distribution. Centre: picked fracture

distribution in the FMI log. Right: measured fracture in outcrops.
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Figure 5.12: Distribution of the various driving processes of protolith of the Buntsandstein. Left: expected fracture distribution.
Centre: picked fracture distribution in the FMI log. Right: measured fracture in outcrops. The same colour legend as before

has been applied.



Discussion

The discussion has been subdivided into four major parts. First, the interpretation of the fracture data
of GRT-1 is discussed. Then, the effectiveness of the protocol is analysed, followed by a summariz-
ing statement on the practical value of the protocol. Lastly, the limitations and recommendations are
outlined.

6.1. Interpretation of GRT-1, Drivers, and Composite Log

6.1.1. Main Driving Processes

The most common fracture driving processes in the GRT-1 well are the Early Oligocene WNW/ESE
extension phase and the Miocene NW/SE compression phase. The composite log where two interpre-
tations align reinforces the hypothesis that the Early Oligocene extension is a key contributor to the
fracture distribution in this research area. The Miocene compressional phase is consistently observed
across all depth intervals, though these tend to be clustered in pockets. This is the only driving process
for which all three interpretations have an agreement.

From the protocol, the Early Oligocene extension phase was expected to be the most common through-
out the interval. However, the fractures produced by the Early Oligocene extension were present mostly
in the Buntsandstein and the damage zone of the Rittershoffen fault, but were sparse in the protolith
of the crystalline basement. In contrast, the fractures linked to the Miocene compression and by exten-
sion the Rittershoffen fault are more consistently present throughout the Buntsandstein and crystalline
basement instead of being focused in the DZ intervals.

A possible explanation for this is that the size of the foot wall DZ is overestimated. Damage zone
thickness scaling laws have been highly debated (chapter 4) and are therefore notoriously difficult to
predict. Additionally, the tectonic events are acting upon the entire research area. An increase in
the Miocene fractures is expected closer to the Rittershoffen fault, but these were likely formed over
the entire section. Furthermore, the fault core defined here is in fact the main fracture zone of the
Rittershoffen fault, and the depth of the true fault core is debated. In turn, the DZ thicknesses might
be skewed as well. Lastly, it is suggested that the Rittershoffen fault was formed as a releasing bend
during the Miocene sinistral strike-slip reactivation of the URG. However, this is highly speculative. A
great source of uncertainty is the exact tectonic event that has created the Rittershoffen fault. If this
was formed during the Early Oligocene extension, the distribution of the classified fractures would make
more sense. However, the principal stress orientation fits best with the Miocene sinistral reactivation
of the graben. It is recommended to have a solid understanding of the tectonic event behind drivers
such as master faults in order to implement the protocol.

6.1.2. Other Driving Processes

Most driving processes that are classified are present relatively uniformly over all depth intervals. No-
tably, only the fractures related to the Early Oligocene and the Miocene are present in clusters, which
are also the two most commonly classified driving forces. This gives rise to the speculation that the
more fractures a driver produces, the more likely small clusters of fractures are to form.

The fracture distribution in the protolith of the crystalline basement is significantly different from that
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of the Buntsandstein, which confirms that the basement has indeed had a more extensive tectonic
history than the Buntsandstein. From the driving process classification, the driving forces that were
only present in the crystalline basement were the Permian ENE/SWS transpression and the Permo-
Carboniferous compression. The lack of other driving processes is likely due to possible reactivation
or sealing of fractures created before the Triassic period.

Unsurprisingly, two of the most recent major tectonic events account for the most prominent and consis-
tently observable fracture sets. Because these events occurred relatively recently in geological terms,
these fractures are less likely to have been sealed or obscured, making them more readily detectable.
This highlights that the protocol is more effective at classifying fractures caused by more recent tectonic
activity, while its sensitivity to older, less well-preserved fracture systems appears more limited.

6.1.3. Variations in Interpretations

Although the differences between the various image logs are not the main focus of this report, these are
important to note to adequately compare the similarities and differences between the interpretations.
Foremost, comparing the datasets using a composite log is extremely sensitive to differences in depth,
azimuth, and dip angle. Therefore, strict care must be taken in the setup and processing of the image
logs before the fracture characterisation even begins.

The interpretation of the FMI log contains the most fractures compared to both interpretations of the UBI
log. This is likely because of the difference in resolution of the image logs; the vertical resolution of FMI
logs is four times higher than the UBI log. Besides this, the difference between interpreters, especially
between the externally interpreted and the new interpretations, can be explained by subjective bias.
The level of experience, thought processes during the interpretation, and even personality might have
caused these differences.

The external interpretation generally contained fewer fractures and was much less widely spread, while
the interpretation of the FMI data shows a larger spread and intensity of fracturing. Even though the
higher vertical resolution of the FMI log allows for thinner fractures to be picked, the separate image
columns make tracing the fractures more difficult (Figure 3.2). This might give rise to more fractures
with a wider spread of orientations and dip angles.

6.1.4. Comparison GRT-1 and Fieldwork

Even though the fracture distribution of the protolith of the Buntsandstein looks quite different for the FMI
interpretation and the fractures measured in outcrops, the classification of the fractures is similar. The
largest difference in fracture driving processes is the Early Oligocene. In the field, very few fractures
could be attributed to this driver, while this is the largest driving force of the interpretation of the FMI
log. The Early Oligocene extension is the tectonic event that created the URG. Since the outcrops are
on the shoulder of the graben and the reservoir inside the graben, it is logical that this driving force has
resulted in a different fracture pattern in these respective areas. Some of the less prominent driving
forces are also not found in the fieldwork. This can have various reasons. The tectonic history can be
slightly different at Rittershoffen compared to the outcrop locations, or possibly the outcrops have not
included five or more of these fractures. Additional research is needed to draw adequate conclusions
from this.

Furthermore, the 3D overview of the outcrops has given additional information on the extrapolation of
the data gathered in the GRT-1 well. In the interpretation of the BHI logs, as well as in the field mea-
surements and the EPS-1 cores, clusters of fractures were present for the Buntsandstein formations.
Therefore, this type of feature could be incorporated into (3D) fracture network models. The fractures
analysed in the EPS-1 cores also suggest these clusters might be present in the crystalline basement.

Mode | fractures were likely underestimated in the GRT-1 well. Mode | fractures are often vertical, and
the near-vertical well would not have crossed most of these fractures. In the field, very steep (>75°)
fractures were found much more frequently throughout the outcrops. The orientation of the well must
be taken into consideration when applying the protocol.
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6.2. Effectiveness of Protocol

6.2.1. Overlap of Driving Processes

In all interpretations, especially in the Buntsandstein and hanging wall depth intervals, the fracture
orientations are centred towards the NNW. It is intuitive to assume these fractures are produced by
one fracture driver. However, the classification done in this research showed multiple drivers can be
linked to this, partly overlapping. It is therefore highly recommended to investigate the different ranges
of azimuth and dip angle related to each driving process.

Many driving processes that were rarely expected according to the protocol are indeed not classified
for more than five fractures per interpretation. However, some fractures that were expected rarely have
been classified throughout the interpretations, such as the fractures linked to the Late Eocene. In this
case, it is likely because the orientations are closely related to the Early Oligocene or other drivers, but
differ by 2.5°. This highlights the idea to experiment with the range of fracture orientations allowed per
driver. Even though an over-estimation of the number of fractures driving processes does not impact the
interpretations negatively, it does diminish the effect of utilizing the protocol to justify fracture patterns
in data interpretations.

Two driving forces were expected to have produced ‘common’ fractures, yet these have not been linked
to many fractures separately: the Late Variscan compression and the Permo-Carboniferous compres-
sion. It has been postulated that the fractures produced by the latter have been reactivated during the
Early Oligocene extension. As both the Late Variscan and the Permo-Carboniferous compression are
older fracture drivers, it is expected that these have been overprinted, sealed, or reactivated and are
therefore not visible in the image logs.

6.2.2. Unclassified Fractures

There is a large spread of orientations of the residual fractures. A slightly higher concentration of
fractures is present between 045-070N and dip angle 60-70, which could mean that the protocol has
not been followed for one or more driving processes. However, this is a low concentration of fractures.

The hanging wall hosts the largest intervals of higher concentrations of fractures, which is expected
in a damage zone. Almost all residual fractures were located in these clusters, specifically in the FMI
interpretation. This indicates that these ‘clusters’ give rise to a greater variability of fracture orientations
than is originally predicted by the protocol. This would be important to keep in mind when analysing
BHI logs with very frequent fracture clusters or generally high concentrations of fractures.

6.3. Practical Value of the Protocol

It should be noted that the protocol will never give a perfect prediction of the expected fractures in any
outcrop or well. Apart from the inherent heterogeneity of the subsurface, the tectonic events are not
isolated or instant events. This takes millions of years and is a dynamic process, which can make
these predictions very difficult to make. However, the protocol provides a solid guideline for fracture
interpretation, which makes discussions between interpreters more streamlined. The added value of
utilizing this protocol for not only image log interpretation, but arguably for outcrop interpretation as well,
is three-fold.

Structuring Interpretations

Fracture characterisation is vulnerable to subjective bias, for example, in terms of orientations, dip
angle, and intensity. The interpretations of the FMI and UBI logs of GRT-1 and the fractures measured
in the field have shown this variability in fracture attributes. However, the protocol and classification
forces the interpreter to think about the interpretation before, during, and after picking the fractures.
Multiple pathways of possible fracture driving processes are proposed, where the interpreter has to
manually choose and investigate whether these are present in the research area or not. Presenting
multiple hypotheses of what could be present in the research area is a highly recommended tactic to
reduce availability bias (chapter 2). This results in a structured, substantiated fracture characterisation.

Justify and Support Interpretations
The protocol allows for a justification for the selection of the fractures that have been classified. The
underlying thought process of picking the fractures is documented and can therefore be discussed and
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debated with other interpretations more constructively. This discussion will give rise to the most reliable
fracture characterisation of the discussed area.

Effective Integration into 3D DFN Modelling

Discrete Fracture Network (DFN) modelling is of key importance when analysing the secondary perme-
ability of a research area. Populating this model is therefore essential. The protocol and classification
framework proposed in this study provide a supported parametrization for the DFN model by provid-
ing estimates of expected fracture orientations, dip, intensity, clustering, and, to some extent, spatial
variability. Integration of image logs and analogue outcrops will be essential in this parametrization.

6.4. Limitations and Recommendations

6.4.1. Development of the Protocol

Although the protocol that is developed encompasses many different branches of fracture driving pro-
cesses and circumstances, relatively few of the pathways are tested. Therefore, the main recommen-
dation for future research is testing, expanding, and constraining the protocol. This will standardize the
protocol further and improve the overall fracture predictions resulting from the analysis.

The advantage of a standardized protocol is that it is widely applicable in different geological settings.
However, it is imperative to maintain an open and adaptable approach when applying the protocol
to new research areas, as each geological setting presents unique characteristics that may influence
fracture patterns. For GRT-1, this includes the presence of fracture clusters, the preferred fracture
orientation of a conjugate fracture set, and the impact of well stimulation. Such unique characteristics
should be taken into account to refine and personalize the expected fracture pattern.

As suggested before, the range of tolerance for the azimuth and dip angle for each driving event can
be explored. The fracture distribution of GRT-1 appears to be caused by one driving event at first
glance, though the fracture classification based on the protocol shows multiple drivers have contributed
to this spread. However, wider ranges of the azimuth and dip angle might show that there is one
dominant driver responsible for the fracture distribution, or it will confirm that the fractures are produced
by different driving processes. Furthermore, wider ranges in the dip angle specifically will reduce the
amount of unclassified fractures in the clustered areas. As the subsurface is generally heterogeneous,
it is not recommended to decrease the ranges for the azimuth and dip angle further.

The protocol can still be improved in terms of the expected frequency and confidence of the fractures.
The expected frequency was investigated and noted manually in this research based on the literature
and the suggested frequency in the protocol. While this approach is solid, the suggested frequency
should be more detailed and clearly stated in the protocol. Currently, confidence levels are not as-
signed to individual fractures. Typically, confidence is determined based on the visibility of the sinusoid
in the image logs. However, evaluating confidence based on how well a fracture aligns with the ex-
pected orientation patterns could offer additional insight into the reliability of individual picks, potentially
reducing the immediate dependence on a composite log for validation.

From the analysis done on GRT-1, it has become clear that the orientation of the well needs to be taken
into account when noting the expected fractures; if the well is near-vertical, significantly fewer mode |
fractures are expected to be present. However, even though the well will rarely intersect the fractures,
these are important to note for the 3D extrapolation of the fracture network.

6.4.2. Development of the Composite Log

The greatest limitation regarding the composite log was integrating the different types of image logs.
The UBI and FMI files had been pre-processed differently, which resulted in a depth offset between
the two image logs. This had to be manually corrected, but was likely not done in detail enough for
the composite log processing, which requires cm-scale accuracy. Therefore, a detailed account of the
(pre)processing of the image logs is recommended to avoid these issues. It is expected that more frac-
tures will be in agreement when this reassessment is done. Implicitly, this means that some fractures
in agreement currently are likely not the same fracture. As such, the composite warrants a cautious
interpretation.

Furthermore, FMI image logs consist of eight separate image columns, with interpolation necessary to



36

generate a continuous fracture pick. However, minor offsets between the columns introduced inconsis-
tencies that made accurate interpolation more challenging. Based on this, an offset log can be created,
where an offset higher than a certain threshold indicates that this depth interval was challenging to
assess. Additionally, an Image Complexity Map (ICM) can be generated in WellCAD that shows how
complex the image log is based on the contrast between the fractures and the rock. Similarly, the com-
posite log of this study shows the agreement between different interpretations, and thus which depth
intervals contain fractures that were more easily picked than others. In future research, these three
logs can be compared to see if the offset log and ICM can predict, to some degree, which fractures will
be more reliable without the need to compare multiple interpretations of the same well. This will save
time and thus costs in interpreting the data.

As stated in earlier sections, it is highly recommended to explore the range of tolerance to create the
composite log. The azimuth and dip angle are now set at a range of £15° but possibly a smaller range
is preferred to ensure that the composite fractures are indeed the same in both logs.



Conclusion

This research aimed to analyse the effect of a standardized protocol for linking fractures to driving
geological processes on the justification of the FMI and UBI log interpretations of the GRT-1 well in
Rittershoffen, France.

The protocol offers a structured guideline for fracture characterisation, reducing availability bias. Com-
munication between interpreters will be more constructive by documenting the reasoning behind frac-
ture picks. The composite log, while sensitive to processing inconsistencies, provided a useful valida-
tion for correlating fractures across different datasets, reinforcing the protocol’s value in identifying reli-
able fracture patterns. The protocol supports effective 3D DFN modelling by constraining the expected
fracture network based on both image logs and field data. Note, however, that the effectiveness of
the protocol is partially limited by, e.g., the resolution differences in the image logs that are compared,
and the uncertainty of the definition of fracture driving processes, emphasizing the need for further
investigation.

The majority of fractures picked in both the fieldwork and the FMI and UBI image logs have been linked
to one or more fracture driving processes. Using the protocol, the main fracture driving processes
in the research area have been determined to be the Early Oligocene ENE/SWS extension and the
Miocene NW/SE compression. The Rittershoffen fault has been assigned to the same fractures as
the Miocene NW/SE compression, alluding to the fact that the Rittershoffen fault might have been
produced or reactivated in the Miocene. Furthermore, many fractures assigned to fracture drivers
from the Paleozoic have been reactivated or obscured by more recent, pronounced driving processes.
Conversely, many expected fracture drivers were not linked to any of the interpreted fractures.

It is concluded that even though the protocol has proved very effective in structuring and justifying the
interpretation of both image logs and outcrops in many different geological settings, thorough testing,
constraining, and expanding of different pathways will further improve the standardized protocol.
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Figure A.1: Example of en echelon fractures at tips of an induced fracture
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Table A.1: Overview of expected fractures in GRT-1 based on the protocol

Driver Stress field orientation Strike Dip Type Frequency Notes

Farfield - Miocene NW/SE compression 105.0 85 mode Il | very rare

Farfield - Miocene NW/SE compression 135.0 85 mode | | very rare

Farfield - Miocene NW/SE compression 165.0 85 mode Il | very rare

Farfield - Miocene NW/SE compression 285.0 85 mode Il | very rare

Farfield - Miocene NW/SE compression 315.0 85 mode | | very rare

Farfield - Miocene NW/SE compression 345.0 85 mode Il | very rare

Farfield - Miocene NW/SE compression 225 60 mode Il | common Sinistral reactivation of graben

Farfield - Miocene NW/SE compression 202.5 60 mode Il | common Sinistral reactivation of graben

Farfield - Miocene NW/SE compression 170.0 85 mode | | frequent Restraining bends between border faults

Farfield - Miocene NW/SE compression 170.0 60 mode Il | frequent Restraining bends between border faults

Farfield - Miocene NW/SE compression 350.0 85 mode | | frequent Restraining bends between border faults

Farfield - Miocene NW/SE compression 350.0 60 mode Il | frequent Restraining bends between border faults

Farfield - Early Oligocene NNW/SSE extension 22.5 85 mode | | very frequent

Farfield - Early Oligocene NNWY/SSE extension 225 60 mode Il | very frequent

Farfield - Early Oligocene NNWY/SSE extension 225 60 mode Il | very frequent

Farfield - Early Oligocene NNW/SSE extension 202.5 85 mode | | very frequent

Farfield - Early Oligocene NNWY/SSE extension 202.5 60 mode Il | very frequent

Farfield - Early Oligocene NNWY/SSE extension 202.5 60 mode Il | very frequent

Farfield - Late Eocene NNE/SSW compression 22.5 85 mode | | veryrare

Farfield - Late Eocene NNE/SSW compression 52.5 85 mode Il | very rare

Farfield - Late Eocene NNE/SSW compression 172.5 85 mode Il | very rare

Farfield - Late Eocene NNE/SSW compression 202.5 85 mode | | veryrare

Farfield - Late Eocene NNE/SSW compression 232.5 85 mode Il | very rare

Farfield - Late Eocene NNE/SSW compression 352.5 85 mode Il | very rare

Farfield - Late Oligocene NE/SW compression 15.0 85 mode Il | very rare

Farfield - Late Oligocene NE/SW compression 45.0 85 mode | | veryrare

Farfield - Late Oligocene NE/SW compression 75.0 85 mode Il | very rare

Farfield - Late Oligocene NE/SW compression 195.0 85 mode Il | very rare

Farfield - Late Oligocene NE/SW compression 225.0 85 mode | | veryrare

Farfield - Late Oligocene NE/SW compression 255.0 85 mode Il | very rare

Farfield - Late Oligocene NE/SW compression 22.5 60 mode Il | common Dextral reactivation of graben

Farfield - Late Oligocene NE/SW compression 202.5 60 mode Il | common Dextral reactivation of graben

Farfield - Late Paleaozoic E(?) compression 112.5 85 mode Il | rare Might be Riedel fractures in Late Variscan orogeny
Farfield - Late Paleaozoic E(?) compression 112.5 85 mode Il | rare Might be Riedel fractures in Late Variscan orogeny
Farfield - Late Paleaozoic E(?) compression 112.5 85 mode Il | rare Might be Riedel fractures in Late Variscan orogeny
Farfield - Late Paleaozoic E(?) compression 292.5 85 mode Il | rare Might be Riedel fractures in Late Variscan orogeny
Farfield - Late Paleaozoic E(?) compression 292.5 85 mode Il | rare Might be Riedel fractures in Late Variscan orogeny

Continued on next page
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Table A.1 — continued from previous page

Driver Stress field orientation Depth interval | Strike | Dip Type Frequency

Farfield - Late Paleaozoic E(?) compression 2925 85 mode Il | rare Might be Riedel fractures in Late Variscan orogeny
Farfield - Late Variscan E(?) compression 67.5 85 mode Il | frequent Dextral strike slip

Farfield - Late Variscan E(?) compression 67.5 85 mode Il | frequent Dextral strike slip

Farfield - Late Variscan E(?) compression 67.5 85 mode Il | frequent Dextral strike slip

Farfield - Late Variscan E(?) compression 247.5 85 mode Il | frequent Dextral strike slip

Farfield - Late Variscan E(?) compression 247.5 85 mode Il | frequent Dextral strike slip

Farfield - Late Variscan E(?) compression 247.5 85 mode Il | frequent Dextral strike slip

Farfield - Middle Eocene NS compression 0.0 85 mode | | veryrare

Farfield - Middle Eocene NS compression 30.0 85 mode Il | very rare

Farfield - Middle Eocene NS compression 150.0 85 mode Il | very rare

Farfield - Middle Eocene NS compression 180.0 85 mode | | veryrare

Farfield - Middle Eocene NS compression 210.0 85 mode Il | very rare

Farfield - Middle Eocene NS compression 330.0 85 mode Il | very rare

Farfield - Middle Eocene NS compression 52.5 60 mode Il | common Sinistral reactivation of ENE striking shear zones
Farfield - Middle Eocene NS compression 232.5 60 mode Il | common Sinistral reactivation of ENE striking shear zones
Farfield - Permian ENE/WSW transpression | 112.5 85 mode | | rare

Farfield - Permian ENE/WSW transpression | 112.5 85 mode | | rare

Farfield - Permian ENE/WSW transpression | 112.5 85 mode | | rare

Farfield - Permian ENE/WSW transpression | 292.5 85 mode | | rare

Farfield - Permian ENE/WSW transpression | 292.5 85 mode | | rare

Farfield - Permian ENE/WSW transpression | 292.5 85 mode | | rare

Farfield - Permian ENE/WSW transpression | 90.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 90.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 90.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 135.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 135.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 135.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 270.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 270.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 270.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 315.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 315.0 85 mode Il | common

Farfield - Permian ENE/WSW transpression | 315.0 85 mode Il | common

Farfield - Permo-Carboniferous | upwelling intrusive bodies | 67.5 85 mode Il | very rare Reactivation of Late Variscan intrusive bodies
Farfield - Permo-Carboniferous | upwelling intrusive bodies | 67.5 85 mode Il | very rare Reactivation of Late Variscan intrusive bodies
Farfield - Permo-Carboniferous | upwelling intrusive bodies | 67.5 85 mode Il | very rare Reactivation of Late Variscan intrusive bodies
Farfield - Permo-Carboniferous | upwelling intrusive bodies | 247.5 85 mode Il | very rare Reactivation of Late Variscan intrusive bodies
Farfield - Permo-Carboniferous | upwelling intrusive bodies | 247.5 85 mode Il | very rare Reactivation of Late Variscan intrusive bodies

Continued on next page
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Table A.1 — continued from previous page

Driver Stress field orientation Depth interval | Strike | Dip Type Frequency

Farfield - Permo-Carboniferous | upwelling intrusive bodies | 247.5 85 mode Il | very rare Reactivation of Late Variscan intrusive bodies
Farfield - Permo-Carboniferous | N(?) compression 225 85 mode Il | frequent Sinistal strike slip. Rhenish shear zone
Farfield - Permo-Carboniferous | N(?) compression 22.5 85 mode Il | frequent Sinistal strike slip. Rhenish shear zone
Farfield - Permo-Carboniferous | N(?) compression 22.5 85 mode Il | frequent Sinistal strike slip. Rhenish shear zone
Farfield - Permo-Carboniferous | N(?) compression 202.5 85 mode Il | frequent Sinistal strike slip. Rhenish shear zone
Farfield - Permo-Carboniferous | N(?) compression 202.5 85 mode Il | frequent Sinistal strike slip. Rhenish shear zone
Farfield - Permo-Carboniferous | N(?) compression 202.5 85 mode Il | frequent Sinistal strike slip. Rhenish shear zone
Rittershoffen fault NW/SE compression 80.0 30 mode Il | very rare

Rittershoffen fault NW/SE compression 80.0 30 mode Il | very rare

Rittershoffen fault NW/SE compression 260.0 30 mode Il | very rare

Rittershoffen fault NW/SE compression 260.0 30 mode Il | very rare

Rittershoffen fault NW/SE compression 170.0 60 mode Il | frequent

Rittershoffen fault NW/SE compression 350.0 60 mode Il | frequent

Rittershoffen fault NW/SE compression 170.0 85 mode | | frequent

Rittershoffen fault NW/SE compression 170.0 85 mode | | frequent

Rittershoffen fault NW/SE compression 350.0 85 mode | | frequent

Rittershoffen fault NW/SE compression 350.0 85 mode | | frequent

Rittershoffen fault NW/SE compression 170.0 60 mode Il | frequent

Rittershoffen fault NW/SE compression 350.0 60 mode Il | frequent
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Figure A.4: Different types of fractures within the Buntsandstein in farfield stress.
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Figure B.3: Pathway in decision tree: planar faults as driver
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Figure B.4: Pathway in decision tree: listric faults as driver
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