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Abstract

Faults and fractures represent major controlling factors for subsurface fluid flow in sedimentary basins
(Ruhr Basin and Upper Rhine Graben) in Germany and similar settings world-wide, and are therefore im-
portant for a range of geo-energy applications. Further, faults can present socio-technical challenges due to
reactivation-induced seismicity, compromising the feasibility of geo-energy projects. This study aims to
combine structural geological analysis with geomechanical approaches to assess the structural control of
fractures and faults on fluid flow in two sedimentary basin settings (Ruhr Basin and Upper Rhine Graben,
Germany). Moreover, this study aims to evaluate the potential risk of fault reactivation in the context of

post-mining related flooding of abandoned hard coal mines (Ruhr Basin).

For the tight Upper Carboniferous sandstones of the Ruhr Basin (Germany), a better understanding of the
fracture networks is crucial to understand subsurface fluid flow pattern, which is beneficial for the success-

ful development of geo-energy utilization.

Two outcrops of Upper Carboniferous sandstones (Namurian C and Westphalian A), located along the
southern part of the Variscan Ruhr Basin, are studied utilizing digital outcrop models for fracture detection
and attribute quantification. The Namurian C outcrop near Hattingen is situated approximately 13 km west
of the Westphalian A outcrop near Witten. In addition, the Bork 10 well provides a core description-based
fracture data set, that allows the comparability of outcrop and subsurface to be assessed. The well penetrates
the Upper Carboniferous (Westphalian A) approximately 30 to 40 km northeast of the outcrops, providing

insights into the fracture inventory of the subsurface.

Comparable fracture orientation statistics are observed in both outcrops, with three dominant fracture trends
detected: NNE-SSW to NE-SW (set 1), WNW-ESE (set 2), and NNW-SSE to N-S (set 3). For the additional
analysis of the orientation statistics of the fracture data set of Bork 10, there is an acceptable agreement for
fracture orientations between outcrop and subsurface. Two dominant N-S and W-E trends occur in the

Bork 10 along with subordinate NNE-SSW and NW-SE striking fractures.

The Terzaghi-corrected averaged fracture intensity (P1o) exhibits variations between both outcrops for com-
parable fracture trends, ranging from 0.4 to 3.1 m’'. These fracture intensities values are 1.1 to 4.5 times

higher than the P, values of comparable fracture orientations in the Bork 10 well.

Outcrop analysis indicates that the fracture height is limited by the thickness of the individual sandstone
beds since the majority of the detected fractures is bed-restricted. Both outcrops are dominated by high-
angle fractures with respect to bedding, while the Bork 10 data set is characterized by a mixture of inter-
mediate to high-angle (w.r.t. bedding) fractures, indicating differences in the fracture inventory despite
comparable orientation statistics. This discrepancy might be attributed to the different burial and uplift

histories, as outcrops experienced uplift-related stress relief.
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Identified fracture trends of the Bork 10 are geomechanically analyzed following the slip and dilation ten-
dency concept to gain better understanding of stress-controlled subsurface fluid flow patterns in tight Upper
Carboniferous sandstones. N-S as well as NW-SE trending near-vertical fractures are favorably oriented
within the present-day stress field to be hydraulically conductive. Highest dilation tendencies are associated

with NNW-SSE striking fractures.

Post-mining related flooding of abandoned hard coal mines in the water province “Haus Aden” (Ruhr Basin,
Germany) might affect fault stability as stress conditions change. Based on a constructed 3D structural
model of the NE part of the water province “Haus Aden” NW-SE to NNW-SSE trending normal faults are

identified as the most susceptible fault trend for reactivation.

The probabilistic fault reactivation assessment, focused on NW-SE to NNW-SSE trending normal faults, is
performed for a depth level of 1000 m below ground representing former mining levels. No reactivation
potential is shown for considering a mine water rebound up to a depth level of 640 m below ground. Under
hydrostatic conditions, a low reactivation potential is determined, requiring high differential stresses to
exceed the chosen frictional fault strength (u = 0.5, u =0.67). The overall low potential for fault reactivation
aligns with the absence of observed natural seismicity in the eastern Ruhr Basin. This provides a promising

setting for future geothermal applications, given that fault instability can pose a significant risk.

Further, a workflow is tested to account for the spatial variability of the frictional fault strength. To better
capture the phenomena of along-strike and dip changes of the frictional strength, a model is established
utilizing a non-perfect clay mixing model based on fault displacement and host rock clay content. Using
the derived frictional fault strength model as input, a fault stability analysis is performed for a selected
NNW-SSE trending normal fault. The fault is characterized by mostly stable, horizontally elongated patches
and subordinate unstable zones. An additional low fault cohesion results in overall stable conditions. Gen-
erally, the tested workflow offers a suitable approach to improve the representation of the frictional fault

strength in the context of fault stability analysis.

For the Upper Rhine Graben rift basin (Germany), a better understanding of fault-controlled fluid flow is
crucial for de-risking the subsurface utilization in the context of fault-related geothermal applications. The
stress control on hydrocarbon migration along a fault is exemplary demonstrated by the case of the fault-
controlled hydrocarbon migration that has charged the former Leopoldshafen oil field (central Upper Rhine
Graben).

The Leopoldshafen fault is structurally composed of two NNE-SSW trending segment, linked by a NNW-
SSE to N-S striking left-stepping fault bend segment. The fault formed during the Oligocene rifting phase,
generally providing a potential pathway for vertical migration of hydrocarbons that were expulsed during
the Miocene. During the strike-slip stress field that has been active since the Miocene, highest slip and
dilation tendencies are observed along the fault bend segment, indicating the preferential alignment for

fluid flow. The fault was likely reactivated by (oblique) sinistral strike slip kinematics during the Miocene,
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inducing dilational strain concentrated along the bend segment, as indicated by geomechanical modeling.
Therefore, the Leopoldshafen fault bend might have acted as releasing bend, providing vertical pathways
for hydrocarbon migration. This understanding of stress control on structural fault configurations might

benefit the de-risking of exploration for geothermal and lithium brine mining in the Upper Rhine Graben.

v



Kurzfassung

Storungen und Briiche sind wesentliche Kontrollfaktoren fiir den unterirdischen Fluidfluss in Sedimentbe-
cken (Ruhrbecken und Oberrheingraben) in Deutschland und in dhnlichen Gebieten weltweit und daher fiir
eine Reihe von Geoenergieanwendungen von Bedeutung. Dariiber hinaus kénnen Stérungen aufgrund von
reaktivierungs-induzierter Seismizitdt sozio-technische Herausforderungen darstellen und dadurch die
Durchfiihrbarkeit von Geoenergieprojekten beeintrdchtigen. Ziel dieser Studie ist es, strukturgeologische
Analysen mit geomechanischen Ansétzen zu kombinieren, um die strukturelle Kontrolle von Briichen und
Verwerfungen auf den Fluidfluss in zwei Sedimentbecken (Ruhrbecken und Oberrheingraben, Deutsch-
land) zu bewerten. Dariiber hinaus zielt diese Studie darauf ab, das potenzielle Risiko einer Storungsreak-
tivierung im Zusammenhang mit der nachbergbaulichen Flutung stillgelegter Steinkohlebergwerke (Ruhr-

becken) zu bewerten.

Fiir die dichten oberkarbonischen Sandsteine des Ruhrbeckens (Deutschland) ist ein besseres Verstandnis
der Bruchnetzwerke von entscheidender Bedeutung, um die unterirdischen Stromungsmuster zu verstehen,

was flir die erfolgreiche Entwicklung der Geoenergienutzung von Vorteil ist.

Zwei Aufschliisse oberkarbonischer Sandsteine (Namur C und Westfal A) im siidlichen Teil des variszi-
schen Ruhrbeckens werden mit Hilfe digitaler Aufschlussmodelle zur Bruchdetektion und Attributquanti-
fizierung untersucht. Der Aufschluss des Namur C bei Hattingen liegt ca. 13 km westlich des Aufschlusses
des Westfal A bei Witten. Dariiber hinaus liefert die Bohrung Bork 10 einen auf Kernbeschreibungen ba-
sierenden Bruchdatensatz, mit dem die Vergleichbarkeit von Aufschluss und Untergrund beurteilt werden
kann. Die Bohrung, die sich etwa 30 bis 40 km norddstlich der Aufschliisse befindet, dringt in das Ober-
karbon (Westfal A) ein und liefert dabei Einblicke in das Bruchinventar des Untergrunds.

In beiden Aufschliissen werden vergleichbare Bruchorientierungsstatistiken beobachtet, wobei drei domi-
nante Bruchtrends festgestellt wurden: NNE-SSW bis NE-SW (Set 1), WNW-ESE (Set 2) und NNW-SSE
bis N-S (Set 3). Fiir die zusétzliche Betrachtung der Orientierungsstatistik des Bruchdatensatz der Bork 10,
ergibt sich eine akzeptable Ubereinstimmung fiir Bruchorientierungen zwischen Aufschluss und Unter-
grund. Dabei treten in der Bork 10 zwei dominante N-S- und W-E-Trends nebst untergeordneten NNE-
SSW- und NW-SE-streichenden Briichen auf.

Die Terzaghi-korrigierte gemittelte Bruchintensitét (P1o) weist fiir vergleichbare Bruchtrends Schwankun-
gen zwischen beiden Aufschliissen auf, die von 0,4 bis 3,1 m 1 reichen. Diese Bruchintensititswerte sind

1,1 bis 4,5 Mal hoher als die Pjo-Werte fiir vergleichbare Bruchausrichtungen in der Bohrung Bork 10.

Die Aufschlussanalyse deutet darauf hin, dass die Bruchhdhe durch die Méchtigkeit der einzelnen Sand-
steinschichten begrenzt ist, da der GroBteil der detektierten Briiche schichtgebunden ist. In beiden Auf-

schliissen dominieren Briiche mit hohem Winkel zur Schichtung, wahrend der Bork 10 Datensatz durch



eine Mischung aus Briichen mit mittlerem bis hohem Winkel (zur Schichtung) gekennzeichnet ist, was trotz
vergleichbarer Orientierungsstatistiken auf Unterschiede im Bruchinventar hinweist. Diese Diskrepanz
konnte auf die unterschiedliche Versenkungs- und Hebungsgeschichte zuriickzufiihren sein, da die Auf-

schliisse eine hebungsbedingte Spannungsentlastung erfahren haben.

Die identifizierten Bruchtrends der Bork 10 werden geomechanisch nach dem Konzept der Gleit- und Di-
latationstendenz analysiert, um ein besseres Verstindnis der spannungsgesteuerten unterirdischen Flief3-
muster in dichten Sandsteinen des Oberkarbons zu gewinnen. Sowohl N-S als auch NW-SE verlaufende
nahezu vertikale Briiche sind innerhalb des rezenten Spannungsfeldes giinstig orientiert, um hydraulisch

leitfahig zu sein. Die stirksten Dilatationstendenzen sind mit NNW-SSE streichenden Briichen assoziiert.

Die nachbergbaubedingte Flutung stillgelegter Steinkohlebergwerke in der Wasserprovinz "Haus Aden"
(Ruhrbecken, Deutschland) konnte die Stabilitit von Storungen beeinflussen, da sich die Spannungsbedin-
gungen dndern. Auf der Grundlage eines konstruierten 3D-Strukturmodells des norddstlichen Teils der Was-
serprovinz "Haus Aden" wurden NW-SE bis NNW-SSE streichende Abschiebungen als die fiir eine Reak-

tivierung am anfalligsten Storungstrends identifiziert.

Die probabilistische Storungsreaktivierungs-Analyse, mit Fokus auf NW-SE bis NNW-SSE streichende
Abschiebungen, erfolgt fiir eine Tiefe von 1000 m unter Gelénde, die dem ehemaligen Bergbauniveau ent-
spricht. Fiir die Beriicksichtigung eines Grubenwasserriickpralls bis zu einer Tiefe von 640 m unter Geldnde
wird kein Reaktivierungspotenzial nachgewiesen. Unter hydrostatischen Bedingungen wird ein geringes
Reaktivierungspotenzial ermittelt, das hohe Differenzialspannungen erfordert, um die ausgewahlten Haft-
reibungen der Stérungen (u = 0,5, u = 0,67) zu iiberschreiten. Das insgesamt niedrige Potenzial fiir die
Reaktivierung von Verwerfungen steht im Einklang mit dem Fehlen einer zu beobachteten natiirlichen Seis-
mizitét im Ostlichen Ruhrbecken. Dies bietet ein vielversprechendes Umfeld fiir kiinftige geothermische

Anwendungen, da die Instabilitidt von Stérungen ein erhebliches Risiko darstellen kann.

Dariiber hinaus wird ein Workflow getestet, der die rdumliche Variabilitét der Haftreibung von Stérungen
beriicksichtigt. Um das Phédnomen der Verdnderungen der Reibungsfestigkeit entlang des Streichens und
Einfallens von Storungen besser zu erfassen, wird ein Modell mit einem nicht-perfekten Tonmischungsmo-
dell auf der Grundlage des Stérungsversatzes sowie des Tongehalts des Wirtsgesteins erstellt. Unter Ver-
wendung des abgeleiteten Modells fiir die Reibungsfestigkeit der Stérung wird eine Analyse der Storungs-
stabilitdt fiir eine ausgewdhlte NNW-SSE verlaufende Abschiebung durchgefiihrt. Die Storung ist gekenn-
zeichnet durch tiberwiegend stabile, horizontal gestreckte Bereiche und untergeordnete instabile Zonen.
Eine zusitzliche geringe Storungskohésion fiihrt zu insgesamt stabilen Bedingungen. Generell bietet der
getestete Workflow einen geeigneten Ansatz, um die Darstellung der Reibungsfestigkeit von Stérungen im

Rahmen von Stabilitdtsanalysen zu verbessern.
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Fiir das Oberrheingraben-Riftbecken (Deutschland) ist ein besseres Verstindnis des Storungs-gesteuerten
Fluidflusses von entscheidender Bedeutung, um das Risiko der Nutzung des Untergrundes im Zusammen-
hang mit Storungsbedingten geothermischen Anwendungen zu senken. Die Spannungskontrolle bei der
Kohlenwasserstoffmigration entlang einer Verwerfung wird beispielhaft am Fall der Storungsgesteuerten
Kohlenwasserstoffmigration demonstriert, die das ehemalige Leopoldshafen Olfeld (mittlerer Oberrhein-

graben) gefiillt hat.

Die Leopoldshafen Stérung besteht strukturell aus zwei NNE-SSW streichenden Segmenten, die durch ein
NNW-SSE bis N-S streichendes, linksschreitendes Storungsbiegesegment verbunden sind. Die Stérung bil-
dete sich wahrend der oligozénen Rifting-Phase und bietet im Allgemeinen eine potenzielle Wegsamkeit
fiir die vertikale Migration von im Miozén freigesetzten Kohlenwasserstoffen. Wahrend des seit dem Mio-
zan aktiven Strike-Slip Spannungsfeldes werden entlang des Stérungsbiegesegments die hochsten Gleit-
und Dilatationstendenzen beobachtet, was auf eine bevorzugte Ausrichtung fiir die Fluidleitung hinweist.
Die Stérung wurde wahrscheinlich wihrend des Miozéns durch eine (schréige) sinistrale Strike-Slip Kine-
matik reaktiviert, was zu Dehnung fiihrte, die sich entlang des Bogensegments konzentrierte. Daher konnte
das Biegesegment der Leopoldshafener Storung als sogenanntes Releasing Bend gewirkt haben, das Weg-
samkeiten flir die vertikale Migration von Kohlenwasserstoffen bietet. Dieses Verstdndnis der Kontrolle
von Spannung auf strukturelle Stérungskonfigurationen konnte sich positiv auf die Risikominderung bei

der Exploration fiir die Geothermie und den Lithium-Sole-Abbau im Oberrheingraben auswirken.
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1 Introduction

1.1 Motivation

Faulted and/or fractured sedimentary basin settings, such as the Cenozoic Upper Rhine Graben rift basin
or the Ruhr Basin as a Variscan foreland basin (Germany), host diverse geo-energy applications, encom-
passing geothermal energy extraction (Hanano 2004; Dezayes et al. 2010; Vidal and Genter 2018; Zuc-
chi 2020), hydrocarbon production (Aydin 2000; Narr et al. 2006; Gale et al. 2014), CO, sequestration
(Iding and Ringrose 2010; March et al. 2017; Vo Thanh et al. 2019), and hard coal mining (Drozdzewski
1993), underscoring their pivotal role in subsurface utilization. Beyond the influence of fractures and
faults on subsurface fluid flow patterns (Moretti 1998; Ameen et al. 2010), fractures can control reservoir
quality (Watkins et al. 2018; Bagni et al. 2020) and thus fluid injection and extraction rates (Bodvarsson
and Tsang 1982; Questiaux et al. 2010), while faults can additionally pose socio-technical challenges in
case of reactivation-induced seismicity (Streit and Hillis 2004; Moeck et al. 2009; Diehl et al. 2017).
This applies to the Upper Rhine Graben, where faults impact deep geothermal systems (Béchler et al.
2003) as well as hydrocarbon migration and the formation of structural traps (Bruss 2000; Durst 1991;
Reinhold et al. 2016). In the Ruhr area, fractured and/or faulted lithologies offer opportunities for geo-
thermal applications; moreover, fault stability can be influenced by stress changes associated with post-

mining activities following the cessation of coal mining in 2018.

To study fracture networks, outcrops provide opportunities to overcome limitations associated with sam-
pling challenges and the directional bias of one-dimensional well data (Terzaghi 1965; La Pointe et al.
1993; Laubach et al. 2000; Laubach et al. 2019) as well as the resolution limitations of seismic surveys
(Wennberg et al. 2006; Leckenby et al. 2007; Gillespie et al. 2011). Digital outcrop models enable frac-
ture detection and automated measurement of geometric attributes (Figure 1.1) (Becker et al. 2018;
Larssen et al. 2020). A strategic combination of outcrop and subsurface data provides a promising ap-
proach for a refined fracture network characterization. However, the general suitability of outcrops to
serve as reservoir analogues needs to be validated by comparison with subsurface datasets (Figure 1.1)
(Becker et al. 2018). Fracture pattern can form due to tectonic stresses (inducing folding and faulting),
fluid overpressure or uplift and erosion (Laubach 1988; Cosgrove 2015), which can result in character-
istic differences between outcrop and subsurface datasets that have undergone different burial and/or
uplift histories. Fracture network characterization involves the quantification of key characteristic pa-
rameters such as orientation statistics, intensities, and geometric attributes, required for subsequent frac-
tured reservoir (DFN) modeling (Figure 1.1). The potential of fractures to conduct fluid is commonly

assumed to be primarily controlled by the present-day stress field (Barton et al. 1995; Becker et al.
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2019b; Mattila and Tammisto 2012). However, chemical alterations, including precipitation or dissolu-
tion, can serve as additional controls (Hilgers et al. 2004), such as cement bridges providing resistance

to fracture closure (Laubach et al. 2004).

Faults, generally considered as larger-scale shear fractures, control subsurface fluid flow pattern along
as well as across-fault by either acting as seals (Bredehoeft and Belitz 1992; Wibberley et al. 2017;
Ogilvie et al. 2020), conduits (Moretti 1998; Alexander and Handschy 1998; Smeraglia et al. 2022) or
as a combination of both (Bense and Person 2006). Along-fault hydrocarbon migration occurs as cyclic
fluid pulses along tectonically active faults, with fluid pathways temporarily opened by seismic fault
activity (Hooper 1991; Haney et al. 2005; Smeraglia et al. 2022). Based on across-fault thickening of
the synrift sequence, fault activity can be identified by calculating the Expansion Index (Figure 1.1)
(Thorsen 1963; Jackson and Rotevatn 2013). Barton et al. (1995) demonstrated the relationship between
in-situ stress and fluid flow in faulted rock, indicating that the permeability is highest for preferentially
oriented faults. Therefore, the slip tendency concept assists as a geomechanical proxy to identify fault
segments which are prone to slip and, thus, potentially conductive (Figure 1.1) (Morris et al. 1996;

Worum et al. 2004).

The spatial deformation distribution within fault damage zones varies along-strike and dip (Nixon et al.
2020), with sites of elevated structural complexity (e.g. relay zones, fault bends) associated with higher
fracture intensities (Rotevatn and Bastesen 2014; Nixon et al. 2019). To investigate the spatial distribu-
tion of fault slip-induced strain around active faults, the Fault Response Modelling tool (MOVE software
suite) provides a promising modeling approach (Figure 1.1). Therefore, linking geometric fault charac-
teristics, fault activity history, and geomechanical proxies, as well as with a geomechanical modeling

approach can provide a refined understanding of structural-control on fluid flow patterns.

Active faults can slip in response to stress or pore pressure alterations, either naturally or anthropogen-
ically induced. Beside impacting fault-controlled fluid migration, this can challenge seal integrity of
subsurface storage applications (Orlic et al. 2011; Kaldi et al. 2013), put the development of geothermal
projects at risk (Edwards et al. 2015) or lead to post-mining related microseismicity (Donnelly 2006;
Donnelly et al. 2008). Estimating the stress state of faults prior to any subsurface operation is key, either
using a deterministic or probabilistic approach (Healy and Hicks 2022) by applying measures to quantify
the tendency of faults to slip under given stress conditions (Figure 1.1) (Morris et al. 1996).

Fault slip analyses usually consider the Mohr-Coulomb frictional failure theory and use a single fric-
tional strength threshold (p) in order to assess the static situation prior to the onset of potential fault slip
(Moeck et al. 2009; Lopez 2012; Vadacca et al. 2021; Ekpo Johnson et al. 2023; Zhang et al. 2023).
Therefore, p is referred to as the static friction coefficient, in contrast to dynamic friction which acts
during fault slip. However, the geological complexity of fault zones and the associated spatial heteroge-
neity of the fault rock composition, challenges the representation of the faults’ frictional strength by a

single static friction coefficient (u). This is indicated by outcrop studies, demonstrating along-strike and

13



1. Introduction

dip variations of the frictional fault strength (p) (Childs et al. 1997), which is controlled by e.g. fault
displacement and host rock lithology. This spatial heterogeneity cannot be measured or captured for
subsurface faults, so a modeling approach might provide the best possible estimate. Extending the com-
mon fault slip analysis approach by utilizing the modeling of the spatial variability of the friction coef-
ficient (1) might provide useful insights into the spatial variation of fault stability (Meng et al. 2017; Jin
et al. 2023).

Geo-engineering challenges associated with the naturally fractured Upper Carboniferous tight sand-
stones (Ruhr Basin), such as mine-flooding related microseismicity, post-mining management and geo-
thermal utilization require a profound understanding of the fracture network in terms of its impact on
structurally-controlled reservoir quality as well as on fluid flow patterns. Due to the generally poor res-
ervoir qualities of the Upper Carboniferous tight sandstone matrix (mean porosity: 6.8 %, mean perme-
ability: 0.18 mD) (Greve et al. 2023), fractures are the primary control on subsurface fluid flow, besides
the subsurface mining infrastructure (shafts and drifts). The study of the fracture network hosted in
Upper Carboniferous sandstones contributes to establish a fracture data basis for future geo-engineering
challenges, such as deep geothermal heat production or post-mining-related flooding of abandoned hard

coal mines.

Post-mining-related flooding of abandoned hard coal mines applies to the eastern Ruhr Basin, which
entered the post-mining phase in 2018, and where changes in subsurface stress conditions are induced
by the increase in pore pressure due to the mine water rebound. This may affect fault stability, since hard
coal mining has been concentrated in areas between major fault zones. The detailed assessment of fault
reactivation potential may also be beneficial to reduce risk for the roll-out of deep geothermal in the
Ruhr Basin targeting fault zones. Thus, the water province “Haus Aden”, which hosts the former
“Bergwerk Ost” colliery (near Bergkamen, Germany), serves as a case study since legacy data is avail-

able for structurally modeling the Upper Carboniferous subsurface.

Fluid migration in the Upper Rhine Graben is generally described as fault-controlled (Bruss 2000; Béch-
ler et al. 2003; Schleicher et al. 2006). In addition to intra-basin faults being linked to geothermal anom-
alies (Bachler et al. 2003), Bruss (2000) suggests that faults may have played a significant role as path-
ways for hydrocarbon migration in the central Upper Rhine Graben. This is supported by the presence
of hydrocarbon inclusions in fault-related ore mineralization along the eastern graben shoulder (Werner
and Dennert 2004). However, a detailed structural-geomechanical study for identifying structural con-
figuration of hydraulically conductive faults is missing. Especially in the context of deep geothermal
exploration and production in the Upper Rhine Graben, a detailed understanding of hydraulically con-
ductive fault settings is required before drilling for reducing overall project risk by successfully targeting
permeable fault zones. Thus, published data of the fault-bounded Leopoldshafen oil field (near Karls-
ruhe-Leopoldshafen, Germany) enable the assessment of fault-controlled fluid migration, which charged

the Cenozoic clastic reservoir that was in production from 1957 until 1986 (Reinhold et al. 2016).
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Figure 1.1: The methodical approach of this study aims to detect and describe fracture networks as well as to assess
fractures and faults in terms of their impact on structurally controlled fluid flow and reactivation potential.
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1.2 Aims and objectives

This study aims to enhance the understanding of the structural control on subsurface fluid flow in two
sedimentary basin settings, in the Ruhr Basin as a Variscan foreland basin and the Cenozoic Upper Rhine
Graben rift basin, alongside assessing the potential of mine-flooding induced fault reactivation (Ruhr

Basin).

Naturally fractured outcrops are analyzed and linked to an evaluated subsurface dataset to analyze the
suitability of Upper Carboniferous sandstone outcrops to serve as reservoir analogues in the Ruhr Basin.
Geomechanical proxies are applied to identify directional preferences for present-day stress-controlled
fluid flow in fractures. In order to refine the understanding of fault-controlled fluid migration, a proven
fault-related hydrocarbon accumulation in the Upper Rhine Graben is studied to assess the fluid pathway
potential along the Leopoldshafen fault. Legacy data is utilized for reservoir modeling in order to assess
the potential of fault reactivation due to rising mine water levels in currently flooded hard coal mines

(water province “Haus Aden”, eastern Ruhr Basin).
The works’ focus results in five major aspects:

o The fracture detection and characterization based on digital outcrop models as well as the frac-
ture attribute comparison with wellbore data to investigate the outcrops’ suitability to serve as
reservoir analogues.

o The assessment of stress control on fluid flow potential by applying geomechanical proxies
and/or simulation.

e The construction of a 3D structural model utilizing hard coal mining legacy data.

o The probabilistic assessment of fault reactivation potential in the context of mine-flooding.

e Additionally, a workflow is developed to capture the heterogeneity of the frictional strength of

faults in the context of analyzing fault stability.

1.3 Overview of thesis

1.3.1 Fracture network characterisation of the naturally fractured Upper Carbon-
iferous sandstones combining outcrop and wellbore data, Ruhr Basin, Ger-

many (chapter 2)

In this chapter, the fracture network attributes of the naturally fractured Upper Carboniferous sandstones
(Ruhr Basin) are characterized and quantified through an integrated approach that utilizes outcrop data
in combination with wellbore data (core description, dipmeter log). Two outcrop locations along the
southern edge of the Ruhr Basin (exposing the Namurian C and Westphalian A) are studied by utilizing

UAV derived 3D digital outcrop models and compared to subsurface data from the basin center.
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Digital outcrop model based fracture detection of two Upper Carboniferous tight sandstone outcrops
(Kaisberg Sandstone, Namurian C; Finefrau Sandstone, Westphalian A) revealed three prominent frac-
ture orientations: NNE-SSW to NE-SW (set 1), WNW-ESE (set 2), and NNW-SSE to N-S (set 3). We
show that bed thickness is the primary factor limiting fracture height, as outcrop fractures are mostly
bed-restricted. We compare two fracture detection approaches based on well data (core description and
dipmeter log), with dipmeter log fracture interpretation and fractures from core description showing a
poor match for depth location (+ 6m) and dip azimuth ( 25°). Analysis of oriented Upper Carboniferous

sandstone core material indicates N-S and W-E trends as dominant fracture orientations.

We compare fracture attributes (strike, dip) and intensity (P1o) between outcrops and well to assess the
outcrops suitability to serve as reservoir analogue. The strike direction of outcrop-derived fractures is
broadly consistent with subsurface fractures, while differences in dip angles (bedding dip removed) are
evident. Fracture intensity (Pio) is 1.1 to 4.5 times higher for both outcrops than for comparable fracture
orientations observed in the wellbore dataset. By performing a critically stressed fracture analysis using
the MATLAB software, we identify N-S and NW-SE trending fractures as potentially conductive under

present-day stress conditions, assuming stress-controlled fluid flow in fractures.

1.3.2 Post-mining related reactivation potential of faults hosted in tight reservoir

rocks around flooded coal mines, eastern Ruhr Basin, Germany (chapter 3)

This chapter introduces a probabilistic assessment of the fault reactivation potential in order to study
how rising mine water levels in a flooded hard coal mine affect fault stability in the eastern Ruhr Basin.
In addition, a workflow is proposed to incorporate the spatially heterogeneous character of the frictional
fault strength into the assessment of fault stability, in order to better represent the fault’s frictional

strength.

Based on 2.5 dimensional legacy data, a workflow is developed to construct a structural 3D model of
the study area to evaluate the structural inventory as well as to serve as methodological basis for the
FloodRisk project partner. The complex fault zone architecture of one of the graben-bounding normal
faults (Fliericher Sprung) is resolved by depth structure map data, indicating resolution limitations of

the structural 3D model.

We identified NW-SE to NNW-SSE trending normal faults to be the most susceptible fault trend for
reactivation under normal faulting stress conditions. We perform a probabilistic assessment (using Py-
thon) of the fault reactivation potential of these NW-SE to NNW-SSE trending normal faults, accounting
for input parameter uncertainty regarding the stress field as well as geometric fault attributes. Assuming
a mine water rebound up to a level of 640 m below ground affecting the pore pressure conditions around
the faults, reactivation is unlikely. Considering hydrostatic pore pressure conditions in the faults’ vicin-

ity, slip tendencies of NW-SE to NNW-SSE trending normal faults rarely exceed the failure thresholds,
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only under high differential stresses (Ts > p = 0.67 in 5 % of the realizations; Ts > u = 0.5 in 19 % of

the realizations), indicating that fault reactivation is rather unlikely.

This is supported by the results of the fault stability analysis, exemplarily preformed for a chosen NNW-
SSE trending normal fault, utilizing the modelled frictional fault strength property. Quantified Failure
Criterion Stress (FCS) varies along the analyzed fault, which is characterized by stable patches
(FCS < 0) associated to zones of intermediate to high frictional fault strength as well as by unstable
patches (FCS > 0) linked to zones of lower friction coefficients. This might challenge the general appli-

cation of a single friction coefficient for the analysis of fault stability.

1.3.3 Understanding fault leakage and reservoir charging in the Upper Rhine Gra-

ben, Germany - Assessment of the Leopoldshafen fault bend (chapter 4)

This study focuses on the hydrocarbon migration in case of the fault-related, abandoned Leopoldshafen
oil field to refine the understanding of how faults control fluid flow in the central Upper Rhine Graben.
The concepts of slip and dilation tendency are used as geomechanical proxies for stress-controlled fault
conductivity. The Fault Response Modelling module (MOVE™), a geomechanical tool to model fault-
related deformation, is utilized to derive faulting-induced subsurface strain distributions for fault activity
during the Miocene phase of basin development. Fundamental 3D structural modeling is based on the
regional-scale, publicly available GeORG data set, which provides a 3D geomodel constructed using on

1-, 2-, and 3-dimensional subsurface data.

Along-strike geometry changes are observed for the Leopoldshafen fault, which consists of two major
NNE-SSW striking fault segments linked by a NNW-SSE to N-S trending left-stepping fault bend seg-
ment. The onset of fault activity, as confirmed by the Expansion Index analysis, can be linked to the
Oligocene phase of graben formation. It is likely that fault activity extended during the main phase of
hydrocarbon expulsion in the Miocene. We show that, within the strike-slip faulting regime since the

Miocene, highest slip and dilation tendencies are located along the left-stepping fault bend segment.

Fault Response Modelling provided insights into the spatial strain distribution caused by (obliquely)
sinistral fault slip. The results indicate the fault bend segment to have acted as releasing bend during
Miocene fault activity, enabling vertical hydrocarbon migration along the Leopoldshafen fault to charge

the Cenozoic Leopoldshafen oil field from deeper parts of the basin.
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2 Fracture network characterisation of the natu-
rally fractured Upper Carboniferous sand-
stones combining outcrop and wellbore data,
Ruhr Basin, Germany

2.1 Abstract

Fractures in subsurface lithologies globally host economically significant energy resources and can be
preferential fluid migration pathways. With the naturally fractured Upper Carboniferous sandstones of
the Ruhr basin located within Germany’s most densely populated area, the utilization for powering one
of Europe’s largest district heating infrastructure can be an option. Since the Upper Carboniferous sand-
stone matrix exhibits poor reservoir quality (average porosity: 8 %, permeability: up to 3 mD), fractures
are believed to primarily control fluid flow. By combining data from two outcrops (exposing the Namu-
rian C and Westphalian A) with a wellbore data set (penetrating the Westphalian A), this study aims to
develop a refined understanding of the fracture network. The present-day stress control on hydraulically
conductive fracture orientations is studied by performing critically stressed fracture analysis for three

different Sumax Orientation scenarios.

Kaisberg (Namurian C) and Finefrau (Westphalian A) sandstone outcrops show three dominant fracture
trends: NNW-SSE to N-S, NNE-SSW to NE-SW and WNW-ESE. The characterized fracture networks
of both outcrops follow a top-bounded height distribution pattern, with fractures being mostly bed re-

stricted. Therefore, bed thickness is identified as a controlling factor limiting fracture height.

Based on 600 m of oriented core material from the Upper Carboniferous strata (Bork 10 wellbore), the
analysis of the in-situ fracture network revealed two dominant fracture orientations: N-S and W-E. Frac-
ture intensity indicates a varying degree of fracturing of the drilled sandstone layers for both trends (N-
S:0t09.1 m!, W-E: 0 to 8.8 m™!). Comparison of dipmeter log fracture interpretations with reliable core

description data shows a poor match (11 %) for depth location (+ 6 m) and dip azimuth (£ 25°).

Slip tendency analysis highlighted near-vertical N-S and NW-SE striking fractures to be generally fa-
vorably oriented for reactivation within the active stress field. In total, 10 % of the detected fracture
population (Bork 10 wellbore) are critically stressed under present-day stress conditions and may con-

tribute to large scale fluid flow in the subsurface.
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2.2 Introduction

Fractured reservoirs host many economically significant geothermal, petroleum and water resources
worldwide (Nelson 1985; Committee on Fracture Characterization and Fluid Flow 1996; Berkowitz
2002; Vidal and Genter 2018; Glaas et al. 2021). In the context of geothermal energy and CO» seques-
tration as a contribution for a low carbon energy future, fractured reservoirs may play an important role

to reach national and global climate targets (Finkbeiner et al. 2019).

Fractured reservoirs are generally characterized by the rock matrix providing storage capacity, while
fractures at different scales are controlling hydraulic connectivity (Ramsay J. G. and Huber M. 1. 1987,
Barton et al. 1995; Berkowitz 2002; Leckenby et al. 2007). To understand fluid flow in naturally frac-
tured lithologies, detailed knowledge about the fracture network’s geometric attributes and the applied
stress state are crucial, as they can control fracture permeability (Zhang et al. 1996; Berkowitz 2002).
All these information feed into a detailed model of the natural fracture network, required to minimize

exploration risk and improve production performance (Harstad et al. 1995; Weijermars et al. 2011).

Fracture network characterization is a challenging task due to the sparse amount of available subsurface
data (Leckenby et al. 2007; Laubach et al. 2019). Wellbore data provide 1D in-situ information, but are
often limited for obtaining fracture attributes (La Pointe et al. 1993; Laubach et al. 2019). Fractures and
their properties can only be studied directly in core material, which is often subject to limited availability
(Gholipour et al. 2016). Seismic surveys as an indirect sampling method are also limited, since fractures
generally are on the sub-seismic scale (Leckenby et al. 2007). Outcrops generally provide additional
information on fracture attributes avoiding the limitations of wellbore data and seismics (Bisdom et al.
2014; Wistefeld et al. 2018; Becker et al. 2018; Laubach et al. 2019). Therefore, integrating outcrop
studies into fracture network characterization workflows may be strategically important (Laubach et al.

2019).

To understand the anisotropic character of fracture permeability, its stress sensitivity has to be studied
in addition to the characterization of fracture orientation. Barton et al. (1995) demonstrated the depend-
ency of fracture permeability on orientation under present-day stress conditions by correlating critically
stressed fractures with hydraulic conductivity. Therefore, geomechanical analyses reveal that critically
stressed fractures are more likely to be hydraulically conductive (Zoback 2007), which has implications
for wellbore trajectory design (Ehlig-Economides et al. 2000; Verma et al. 2007; Franquet et al. 2008;
Aghajanpour et al. 2018).

Detailed knowledge about pre-existing natural fractures is crucial for hydraulic stimulation operations
in the context of permeability enhancement (McClure and Horne 2014; Wang et al. 2018). Shear stimu-
lation is often considered for geothermal EGS projects (McClure and Horne 2014), hosted in naturally
fractured lithologies in order to improve hydraulic inter-well connectivity (Committee on Fracture Char-

acterization and Fluid Flow 1996; Zimmermann et al. 2010; Chabora et al. 2012).
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The Ruhr region with a population of 5.1 million, is the most densely populated area in Germany, being
part of Europe’s largest district heating infrastructure (EnergieAgentur.NRW 2014). With the German
heat demand largely covered by fossil fuels (Biische 2014; IEA 2020), the decarbonization of the heat
system is urgently needed in the context of reaching the European Green Deal and the German climate

protection targets (Bundesministerium der Justiz 2019; European Commission 2020; IEA 2020).

Utilizing geothermal heat to cover the heat demand with renewable energies, is demonstrated by the
City of Munich as a leading example (Biische 2014; Weber et al. 2019). Following this concept, the City
of Vienna is planning to use geothermal heat production with the aim to reach its decarbonization targets
by 2040 (Pramer 2021). In addition to cities such as Paris and Hamburg (Antics et al. 2005; Biische
2014; Richter 2021, 2022), the Ruhr area is planning to rely increasingly on heat from deep geothermal
energy (Richter 2019). Utilization of karstified and locally dolomitizied and fractured carbonates of the
Lower Carboniferous (Becker et al. 2014) and Middle to Upper Devonian (Balcewicz et al. 2020) for
geothermal heat production in the Ruhr area are explored (Arndt et al. 2020; Oswald et al. 2021; geome-
con GmbH 2022). Future exploration strategies may also incorporate the naturally fractured Upper Car-
boniferous sandstones as a potential target (rubitec GmbH 2003), but should also consider subsurface

galleries from hard coal mining in the region (Bussmann et al. 2019; Biicken et al. 2022).

Since the rock matrix of these Upper Carboniferous sandstones is generally characterized by poor res-
ervoir qualities (Wiistefeld et al. 2017; Becker et al. 2019a; Greve et al. 2023), permeability is primarily
controlled by fractures (Busch et al. 2019). Kruszewski et al. (2021) analyzed discontinuities on dip-
meter logs of wellbores located in the Ruhr basin, considering all discontinuities such as bedding and
fractures. In contrast, this work uses dipmeter log filtering for near-vertical fractures, to exclude bedding
planes and sedimentary structures. Additional filtering for only sandstone hosted fractures will be ap-

plied.

This study aims to characterize the attributes of the natural fracture network of Upper Carboniferous
sandstones (Namurian C and Westphalian A) by using an integrated approach combining outcrop data
(digitized 3D outcrop models from drone imagery) and wellbore data (dipmeter log, core description).
Critical stressed fracture analysis is performed for fractures detected ina 1211.58 m TVD deep wellbore
in order to identify potentially hydraulically conductive fractures under present day stress conditions.
All these results will feed into a detailed fracture model of the Upper Carboniferous sandstone units,
providing a data base for future discrete fracture network modelling as well as geothermal exploration

and design of stimulation operations.
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2.3 Geological Setting

The Ruhr Basin is part of the Variscan external fold and thrust belt and stretches over 150 km by 80 km
(Drozdzewski 1993; Ziegler 1982; Drozdzewski et al. 2009). The Ruhr basin hosts the major German
hard coal mining area, with the last mine dismantled in 2018 (Drozdzewski 1993; Meschede and Warr

2019).

Upper Carboniferous clastic sequences were deposited in the Subvariscan foreland retroarc basin north
of the NW-migrating Variscan orogeny. Sedimentary rocks were deformed by the Variscan fold-and-
thrust belt (Drozdzewski et al. 2009; Meschede and Warr 2019). The Upper Carboniferous sedimentary
rock sequences reaches maximum thicknesses of over 4000 m in the Ruhr basin (Meschede and Warr
2019), with up to 3500 m of coal-bearing horizons (Schifer 2019). Cyclically occurring sandstones,
siltstones, shales and coal seams building up the Upper Carboniferous succession (Richter 1971; Hamp-
son et al. 1999; Suess et al. 2007). Coal formation occurred from Namur C to Westphalian D (Bashkirian
— Moscovian, 320 — 300 Ma) in a depositional environment that changed from marine deltas to alluvial
plains (Schéfer 2019). The Upper Carboniferous is unconformably overlain by subhorizontal Cretaceous
marine sediments. The thickness of the Cretaceous succession increases towards the NW with a maxi-

mum of 2000 m in the Miinsterland region (Richter 1971; Drozdzewski 1993).

The Upper Carboniferous Variscan fold and thrust belt in the Ruhr basin hosts NW-verging folds and
overall SE-dipping thrust planes (Drozdzewski 1993; Drozdzewski et al. 2009). The Carboniferous was
later displaced into horst and graben structures by mainly NW-SE striking normal faults (Drozdzewski
et al. 1980). Vertical fault displacements in the order of several 100 m can be observed with a maximum

of up to 1000 m (Pilger 1956; Richter 1971; Drozdzewski et al. 1980).

WNW-ESE and N-S oriented strike-slip faults are additional features of the structural inventory of the
Ruhr basin (Richter 1971; Drozdzewski et al. 1980; Hilden 1995). Normal faults are reported to have a
maximum fault activity during the Triassic (Drozdzewski and Wrede 1994). After the extensional phase
between the Permian and the Jurassic (Lohr et al. 2007), the Mid-Cretaceous inversion led to the reac-

tivation of the normal and strike-slip faults (Wolansky 1950; Drozdzewski et al. 1980).
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Figure 2.1: Geological map of the Ruhr basin in Germany representing the Top Carboniferous. Tectonic inventory
comprises normal, thrust and strike-slip faults. Anticlines and synclines strike perpendicular to NW-SE oriented
normal faults. The locations of the outcrop Nachtigall and Hattingen as well as the Bork 10 wellbore are high-
lighted (modified after Drozdzewski et al. 1982).

2.4 Methods

Fracture analysis was conducted on two digitized outcrops and subsurface data from one wellbore. Due
to the high vegetation density within the Ruhr basin, there are only a few Upper Carboniferous outcrops,
which additionally are suitable for fracture detection. The chosen outcrops are located in the southern
part of the Ruhr Basin, as the Upper Carboniferous in the rest of the basin is unconformably overlain by
the Cretaceous series (Richter 1971; Drozdzewski 1993). (i) The Kaisberg sandstone of the Kaisberg
formation (Namurian C) exposed in Hattingen (WGS84: 51.379228, 7.141390) with the outcrop being
located on the southeastern limb of the Stockum main anticline (Figure 2.1). (ii) The Finefrau sandstone
of the Witten formation (Westphalian A) exposed at the site of the former coal mine Nachtigall (WGS84:
51.426775, 7.312662). Located within the Witten main syncline, the outcrop is part of the northwestern

limb of the lower order Herbeder anticline (Figure 2.1).

The Bork 10 is a vertical coal exploration wellbore targeting the Upper Carboniferous, located on the
south-eastern flank of the Gelsenkirchen main anticline (Figure 2.1). The wellbore, drilled in 1980, pen-
etrates the Cretaceous strata before encountering the Upper Carboniferous at 575.55 m TVD. The Bork
10 wellbore reaches a final depth of 1211.58 m TVD with a deviation in the Upper Carboniferous of
38.13 m at an azimuth of 359°. The entire Upper Carboniferous drill section was cored and covers the

Bochum and Witten Formations (Westphalian A). Bedding observed within the Bork 10 varies, with dip
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2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

angles ranging from 9 to 22.5° in depths shallower than 1155 m MD, before increasing to 22.5 — 27° for

the deeper sections.

Digitized 3D outcrop models were created using a DJI Mavic 2 Enterprise as well as a DJI Phantom 4
Advanced to collect aerial images for point cloud generation using Agisoft PhotoScan (now MetaShape).
During point cloud generation the desired quality was set to very high and the depth filtering was set to
mild. Further point cloud processing following export from PhotoScan is done with CloudCompare for
subsampling and manual fracture detection (Girardeau-Montaut 2017). Manual fracture detection is per-
formed by fitting a plane on the exposed fracture surface using CloudCompare’s compass tool. In this
way, geometric attributes such as dip azimuth, dip angle as well as the exact spatial position are deter-
mined. The outcrop fracture networks are characterized with regard to their fracture geometry, orienta-
tion and frequency (Odling et al. 1999; Zhang et al. 2013; Lei et al. 2017). Orientation data is processed
by using Stereonet 11 to subdivide the fractures into different sets. Each fracture set is described by a

mean strike direction and average dip angle as well as associated standard deviations.

Fracture geometry is obtained in theory by measuring the length and height in dismantled outcrops
(Priest 1993). Since reservoir analogs used in this study are only laterally exposed, fracture length must
be derived from measuring fracture height and assuming a constant aspect ratio (height-to-length ratio)
(Wistefeld et al. 2018; Milad et al. 2018). Bed-boundedness is studied by distinguishing between un-
bounded, perfect bed-bounded, top- or base-bounded and confined fractures following Wang and Gram-
mer (2019) (Figure 2.2). However, the assessment of bed boundedness is also affected by the position
along a fracture in 3D, as cutting effects may not expose the centroid of the fracture. Topological infor-

mation cannot be obtained due to the absence of lateral exposure of the reservoir analogs.

Layer 1

Layer 3

(- [ L e —

perfect bed-bounded  top- or base-bounded confined unbounded

Figure 2.2: Relationship between near-vertical fractures and layer interfaces describes the bed boundedness type
(modified after Wang and Grammer 2019).

Fracture intensity is derived for each set individually by following the Pxy scheme, where X represents
the dimension of the sample and Y the measurement dimension (Dershowitz 1985; Dershowitz and
Herda 1992). The linear fracture intensity (P10) describes the number of fracture intersections per length
unit along a scanline or wellbore. To account for the underrepresentation of scanline-parallel fractures,
the Terzaghi correction is applied (Terzaghi 1965; Sanderson and Nixon 2015). Due to the alignment of

both outcrops, it is not possible to place orthogonal scanlines in order to cover the full set of possible
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2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

fracture orientations. Therefore, one scanline is placed for each outcrop. In addition to outcrop studies,
data of the Bork 10 wellbore were taken from core description and tadpole information from a dipmeter
log. Since dipmeter logging measures structural and sedimentary features, it is challenging to distinguish
only structural features during data interpretation (Rider and Kennedy 2011). The term fracture used for
this study encompasses joints, veins and shear fractures representing faults with minor offset (Fossen
2010). In order to identify fractures in the set of dipmeter measurements, we searched for well-defined
tadpole patterns. Within a section of constant shallow dipping bedding tadpoles, an abruptly steeply
dipping feature is classified as a fracture. For this, following the approach of Samantray et al. (2010),
only tadpoles with dip angles greater than 45° are considered. Dip tadpoles are available for a step width
of 50 cm, leading to an underestimation of the fracture quantity. In addition, if fractures and bedding
planes spatially coincide, the feature with the lower dip is automatically selected for the dip calculation,
causing certain fractures to be missed out (Rider and Kennedy 2011) (Figure 2.3). In addition, a detailed
description of approximately 600 m of oriented core material is available for wellbore Bork 10 providing
a promising data base to study fractures and their properties. The core description does not provide any

information on fracture types or aperture.
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Figure 2.3: In case of spatially simultaneous occurrence of a low-angle (bedding) and a high-angle (fracture) struc-
tural feature, the dipmeter log will only detect the low-angle feature (based on description by Rider and Kennedy
(2011)).

Fracture intensity (P1o) calculation for the Bork 10 wellbore fracture population was conducted in ac-
cordance to van der Voet et al. (2020). To avoid the large proportional errors of the Terzaghi correction
factor for wellbore-parallel fracture configurations, angles greater than 80° between the vertical wellbore
and the fracture normals are neglected (Wang and Mauldon 2006). No correction for the azimuthal sam-

pling bias is applied for the vertical wellbore configuration following Barr (2007).

In order to identify fractures favorably aligned for reactivation in the present-day stress field, slip and
dilation tendency values are used as proxies (Morris et al. 1996; Ferrill et al. 1999; Moeck et al. 2009;
Becker et al. 2019b). Slip tendency can be utilized to identify potentially conductive fracture orientations

at present-day stress conditions following the concept of critically stressed fractures. A critically stressed
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2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

fracture analysis (CSF analysis) is conducted to identify fractures with its ratio of shear (t) to effective
normal stress (o) exceeding the frictional strength of the fracture () (1). These fractures are considered
as critically stressed and therefore to be mechanically active, having an increased likelihood to be hy-
draulically conductive (Barton et al. 1995; Zoback and Kohli 2019). The slip tendency Ts gives the

likelihood for a fracture to be reactivated in shear mode assuming no cohesion (Morris et al. 1996):

T,=—>u 1)

The likelihood of a plane to open (to dilate) in tensile mode is given by the dilation tendency Tp defined
by following equation (2) (Ferrill et al. 1999):

_(@—0) @
(01 — 03)

Where o, is the maximum principal stress, o3 is the minimum principal stress and o, is the resolved

normal stress (Ferrill et al. 1999).

Slip tendency versus dilation tendency patterns are useful proxies to assess fracture behavior under pre-
sent-day stress conditions (Ferrill et al. 2020a). Reactivation in shear mode is generally linked to high
slip tendency and moderate to high dilation tendency (Ferrill et al. 2020a). Shear slip on pre-existing
fractures can cause permanent permeability enhancement, since the misalignment of the fracture walls
can lead to a sort of self-propped fracture (Zoback and Kohli 2019; Zimmermann et al. 2019; Cheng and
Milsch 2021).

Published stress data are taken from Kruszewski et al. (2021), since no stress measurements were avail-
able for the Bork 10 wellbore. Based on re-evaluation of published data and results from several wells
drilled in the Ruhr basin, Kruszewski et al. (2021) determined following linearized stress gradients: i) a
maximum horizontal stress gradient (Sumax) of 33.6 £ 9.6 MPa km™', ii) a vertical stress gradient (Sv)
of 23.1 £ 1.3 MPa km™ and iii) a minimum horizontal stress gradient (Shmin) of 16.1 + 4.3 MPa km™.
The pore pressure gradient accounts for 10.8 + 1.0 MPa km™' (Kruszewski et al. 2021). Kruszewski et
al. (2021) observed a transition from a transpressional to a strike-slip faulting regime within 600 to
1000 m depth, with data suggest a strike-slip regime present up to a depth level of around 2000 m. The
stress state of the Ruhr basin is generally derived from stress measurements conducted in coal explora-

tion wells, which typically do not exceed depths of more than 1500 m, limited by the depth of interests
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2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

for hard coal mining. Hence, depth-dependent changes of the stress field are not determined for depth

levels below approximately 2000 m.

Today’s maximum horizontal stress orientation is taken from Niederhuber et al. (2023a) given as
Stmax = 154° + 33°. To account for the relatively high standard deviation of 33°, three orientation sce-
narios are calculated to cover the possible Sumax Orientation range: scenario 1 (Sumax = 154°), scenario 2

(SHmax = 121°) and scenario 3 (Sumax = 187°).

Slip tendency analysis often assuming a coefficient of friction of p = 0.6 (Worum et al. 2004; Becker et
al. 2019b; Kinoshita et al. 2019; Ferrill et al. 2020b) following Byerlee (1978). Since detected fractures
are hosted in Upper Carboniferous sandstone units, a coefficient of friction (p) of 0.67 for fractured

Ruhr sandstone is used (Kruszewski et al. 2021).

2.5 Results

2.5.1 Upper Carboniferous sandstones

The Kaisberg sandstone unit (Namurian C) in Hattingen is exposed in NNE-SSW direction over a length
of approximately 60 m and a vertical extend of 17 m (Figure 2.4a). The exposed sandstone unit is dip-
ping towards ESE (117°) with 31°, representing the base of the coal-bearing Upper Carboniferous. Sand-

stone layers up to 7.2 m thick are building up the fluvio-deltaic sandstone unit.

The outcrop exposing the Finefrau sandstone of the Witten formation (Westphalian A) is oriented in W-
E direction with a horizontal extent of approximately 100 m (Figure 2.4b). The bedding dips towards
NNW (331°) at a dip angle of approximately 12°. The fluvio-deltaic Finefrau sandstone is up to 7 m

thick and characterized by its channel architecture with interbedded fine-grained material.

Thickness comparison of the Finefrau sandstone (Westphalian A) exposed in the outcrop as well as
drilled by the Bork 10 wellbore indicates lateral thickness variations across the Ruhr basin. While the
sandstone unit exposed in the outcrop is at least 7.2 m thick, the Finefrau sandstone drilled in the Bork 10
wellbore at 1029.25 m TVD decreases towards 1.3 m. Analysis of the 638.10 m of Westphalian A strata
(Bochum and Witten Formation) drilled by the Bork 10 wellbore revealed a net-to-gross ratio of 33 %
with 210.33 m of sandstone.

2.5.2 Fracture network characterization
2.5.2.1 Outcrops

Orientations derived from scanline fracture detection performed on the digital outcrop model for the
Kaisberg sandstone (138 fractures) (Figure 2.4a) can be divided into three main sets. Set 1 strikes NNE-
SSW to NE-SW (Figure 2.5a, b) (n = 39 fractures, mean strike of 35° £ 17°) at a mean dip angle of
70° £ 13° (Table 2.1). The fracture set 1 represents 28 % of the entire fracture population. Fracture set
2 trends WNW-ESE (Figure 2.5a, b) (n = 63 fractures, mean strike of 114° + 10°) at a mean dip angle
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2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

of 82° + 6° (Table 2.1). Fracture set 2 is the largest set, accounting for 46 % of the detected fracture
population. Fracture set 3 strikes NNW-SSE to N-S (Figure 2.5a, b) (n = 36 fractures, mean strike of
168° £ 13°) at a mean dip angle of 78° £ 10°, representing 26 % of the fracture population (Table 2.1).

Table 2.1: Summarized orientation statistics of the fracture detection run on the Kaisberg sandstone exposed in
Hattingen.

Data set n % Meanstrike Stdev. [°] Mean dip [°] Stdev.
[°] [°]
Hattingen, Set1l 39 28 35 17 70 13
Kaisberg
sandstone Set 2 63 46 114 10 82 6
Set 3 36 26 168 13 78 10

The mean fracture height accounting for all detected fractures is 2.09 m, with mean heights per fracture
set of 1.71 m, 2.45 m and 1.91 m for set 1 to 3 respectively (Figure 2.5 ¢ — f). Fracture height is con-
trolled by the thickness of the sandstone layer ranging from 3.4 up to 7.2 m. The maximum fracture
heights per set never exceed 9 m with maximum values of 6.2 m (set 1), 9 m (set 2) and 6.1 m (set 3)

(Figure 2.5¢ - f).

Bed boundedness investigations for the scanline derived fractures indicate 73 % of the detected fracture
population to be of confined character (Figure 2.6). Approximately 20 % are bounded at the top or base
by bedding interfaces (Figure 2.6). Perfect bed-bounded (1 %) and unbounded fractures (5 %) are only
rarely observed. No significant differences in the bed boundedness type between all three fracture sets

is observed (Figure 2.6).
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2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

Figure 2.4: a) Section of the 3D model of the Hattingen outcrop (Kaisberg sandstone, Namurian C). The NNE-
SSW trending scanline was placed in the lower part of the outcrop. White fracture traces demonstrate their vertical
extend and do not represent the actual picked fracture surfaces. Also the quantity of detected fractures cannot be
deduced from the shown fracture traces. b) The Finefrau sandstone (Westphalian A), exposed in the Nachtigall
outcrop, is build up by fluvial channels. The vertical fracture extend is indicated by white traces, which do not
represent the detected fracture data set. Dashed line — bedding, blue line — scanline.
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Figure 2.5: a) Scanline detection conducted for the Kaisberg sandstone (Namurian C, outrop Hattingen) revealed
138 fractures subdivided into sets based on strike orientation. Data presented on a rose diagram showing three
major fracture sets. b) Stereographic projection on a Schmidt net (lower hemisphere) comprising fracture poles
and outcrop bedding Sy (117/31). ¢) Fracture height distribution accounting for all detected fractures at the outcrop.
Data presented using 0.2 m bin width. d) Fracture height distribution of set 1 showing a mean height of 1.71m. ¢)
Largest mean height is observed for set 2. f) Fracture set 3 is characterized by a mean height of 1.91 m.
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Figure 2.6: Confined fractures dominate within the placed scanline at the Kaisberg sandstone outcrop (Namu-
rian C). No clear differences in bed boundedness are observed between all three fracture sets.

Fracture detection of the Finefrau sandstone (Westphalian A) (Figure 2.4b) revealed 151 fractures, which

can be subdivided into three sets (Figure 2.7a). Fracture set 1 strikes NE-SW (Figure 2.7a, b) (n = 43

fractures, mean strike of 40° + 11°) at a mean dip angle of 74° + 9°, representing 28 % of the entire
fracture population (Table 2.2). Fracture set 2 strikes WNW-ESE (Figure 2.7a, b) (n = 76, mean strike of
113° £ 16°) with a distinct additional NW-SE trend, making up 50 % of the detected fracture population.
The observed mean dip angle is 81° & 6° (Table 2.2). The N-S trending fracture set 3 (Figure 2.7a, b) is
described by a mean dip angle of 81° + 7° (n =32 fractures, mean strike of 180° + 11°) (Table 2.2).

Fracture set 3 represents 21 % of the Finefrau sandstone outcrop fracture population.

Table 2.2: Orientation statistics of the fracture network detected within the exposed Finefrau sandstone at the
outcrop Nachtigall.

Data set n % Meanstrike  Stdev. [°] Mean dip [°] Stdev.
[°] [°]
Nachtigall, Setl 43 28 40 11 74 9
Finefrau
sandstone Set 2 76 50 113 16 81 6
Set3 32 21 180 11 81 7

Fracture height measurements show a mean height of 0.95 m for all detected fractures (Figure 2.7c¢).
Set 1 is characterized by a mean height of 0.86 m with a maximum value of 3.4 m (Figure 2.7d). The

largest fractures are observed within fracture set 2 with a maximum of 3.7 m and a mean of 1.03 m
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(Figure 2.7¢). The mean height of fracture set 3 is 0.88 m with a maximum of 2.5 m (Figure 2.7d).
Variation in fracture height of strata-bound fractures is partially controlled by the sedimentary architec-
ture of the fluvial channels building up the Finefrau sandstone (Figure 2.4b). Generally, larger fractures
are observed in the thickest central part of the several channels building up the Finefrau sandstone in the

Nachtigall outcrop.

Accounting for the Finefrau sandstones fracture networks relation to bed interfaces, 49 % of the detected
fractures are of confined character (Figure 2.8). Top- or base-bounded fractures account for 30 % with
17 % being perfectly bed-bounded (Figure 2.8). Roughly 4 % of the fractures are unbounded. Differ-
ences in the bed boundedness type between the three fracture sets are observed for perfect bed-bounded
endmember types, with fracture set 3 being approximately 10 % higher compared to fracture set 2 and 3

(Figure 2.8).
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2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

Figure 2.7: a) Scanline detection of the Finefrau sandstone (Westphalian A, outcrop Nachtigall) resulted in 151
detected fractures, subdivided into fracture sets. Fracture strike orientation shows three major fracture sets, high-
lighted by blue, red and orange colors. b) Fracture poles and outcrop bedding plotted on a Schmidt net. c¢) Fracture
height distribution for the outcrop Nachtigall presented using a bin width of 0.2 m. Measured mean height ac-
counting for all detected fractures is 0.95 m. d) Fracture set 1 is characterized by a mean height of 0.86 m and a
maximum of 3.4 m. e) Fracture height distribution for fracture set 2 showing a mean height of 1.03 m. f) Mean
fracture height of fracture set 3 is 0.88 m.
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Figure 2.8: Bed boundedness of all detected fractures of the the Finefrau sandstone (Westphalian A). Confined and
top- or base-bounded fractures are dominant.

Measured average fracture density (P1¢) along the scanlines indicates differences between the three frac-
ture sets within both outcrops. Average fracture densities (P1o) vary dependent on the fracture set orien-
tation. Accounting for the Kaisberg sandstone (Namurian C), fracture set 1 exhibits the highest Terzaghi
corrected fracture density with Pjo = 2.02 m™! (uncorrected P1o = 0.67 m™). Terzaghi corrected densities
for fracture set 2 and 3 are Pyp=1.21 m™! (uncorrected Pip = 1.08 m™') and Pip = 0.73 m™' (uncorrected

Pio=0.62 m™), respectively.

Highest average fracture density for the Finefrau sandstone (Westphalian A) is observed for fracture set
2 with Terzaghi corrected P1o = 3.12 m™! (uncorrected P1o = 0.90 m™). The fracture sets 1 and 3 exhibit
generally lower Terzaghi corrected average fracture densities with Pjp=0.58 m™ (uncorrected

Pio=0.51 m") and P = 0.40 m™' (uncorrected P1p = 0.38 m™).

2.5.2.2 Bork 10 wellbore

Dipmeter log interpretation revealed 62 fractures hosted in Upper Carboniferous sandstone units of the
Westphalian A (Figure 2.9a, b). The derived fracture orientation statistics show a dominant N-S to NW-
SE striking fracture set (Figure 2.9a, b). While the WSW-ENE strike direction is distinctively pro-
nounced, a NE-SW set is only subordinately developed (Figure 2.9a, b). A comparison of the fracture

orientation statistics between the detected subsurface fracture network from dipmeter log interpretation
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(n = 62) vs. core description (n = 119) indicates differences. The core description derived fracture pop-
ulation shows a dominant W-E fracture set alongside N-S striking fractures and only subordinately de-

veloped NW-SE as well as NNE-SSW trending fractures (Figure 2.9c¢, d).

The dominant N-S striking (£ 20°) fracture set (n = 29) is characterized by a mean strike of 179° 4+ 9°
and a mean dip angle of 66° + 8° (Table 2.3). The N-S striking set accounts for 24% of the entire fracture
population. The W-E striking (+ 20°) fracture set is made up of 64 fractures representing 54 % of the
Bork 10’s fracture population, described by a mean strike of 91° + 5° and a mean dip angle of 60° + 11°
(Table 2.3). The weakly developed NNE-SSW trending fracture set (n = 11) corresponds to 9 % of the
entire fracture population. It is characzterized by a mean strike of 36° + 14° and a mean dip angle of
56° + 13° (Table 2.3). With representing 13 % of the Bork 10’s fracture population, the NW-SE fracture
set (n=15) is also only weakly developed. This fracture set shows a mean strike of 140° + 13° and a

mean dip angle of 58° + 13° (Table 2.3).

Table 2.3: Fracture set orientation statistics for fractures detected via core description of the Bork 10 wellbore.

Data set n % Meanstrike  Stdev. [°] Mean dip [°] Stdev.
[°] [°]
Bork 10 N-S set 29 24 179 9 66 8
wellbore
NNE-SSW | 11 9 36 14 56 13
set
W-E set 64 54 91 5 60 11
NE-SEset | 15 13 140 13 58 13
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Figure 2.9: a) The dipmeter log interpretation revealed 62 fractures. Data plotted in 10° classes on a rose diagram
indicating fracture strike orientation. b) Poles of dipmeter log derived fractures plotted on a Schmidt net. c) Core
description analysis of the Bork 10 wellbore revealed 119 fractures with dominant N-S and W-E strike orientations.
d) Fracture poles and average bedding (135/18) plotted on a Schmidt net

Dipmeter log derived fractures match core description derived fractures in depth location (= 6 m) and
dip azimuth (& 25°) in 7 cases. This corresponds to a match of 11 %, while the remaining 89 % of the
fractures from the dipmeter log interpretation fall outside this matching range (Figure 2.10a). In addition,
the quantity of detected fractures is significantly lower in the case of the dipmeter log interpretation
(n = 62) compared to the number of fractures from core description (n = 119). The depth distribution of
core derived fractures show differences, with most of the reported fractures being located within the
depth interval from 650 m to approximately 1025 m (Figure 2.10, a). Below that depth, the core descrip-
tion becomes incomplete and sandstone units drilled by the Bork 10 wellbore generally decrease in

thickness and frequency.

Fracture intensity (Pi0) along the wellbore is calculated for the two dominant N-S (+ 20°) (n = 29 frac-
tures, mean strike of 179°) and W-E (+ 20°) (n = 64 fractures, mean strike of 91°) trending sets, taking
only fractures hosted in sandstones into account. Pio varies with depth with the highest intensity ob-

served for the W-E set at a depth interval from 794 to 831 m MD, where a maximum of 4 m™ is reached
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(Figure 2.10c). Fracture densities of the N-S set is in the range of 0 to 3 m™ (Figure 2.10b). Terzaghi
corrected fracture intensities P1o show generally higher values in the range of 0 to 9.1 m™ (N-S set) and
0 to 8.8 m! (W-E set) (Figure 2.10d, ¢). Fracture intensity (Pio) averaged over the total thickness of
Upper Carboniferous sandstone units (210.33 m) amounts to 0.14 m™ (N-S set) and 0.30 m™' (W-E set)
respectively after Terzaghi correction to 0.38 m™ (N-S set) and 0.70 m! (W-E set).

Fracture intensity data could not be derived for the Finefrau sandstone drilled at 1095 m MD, respec-
tively 1029.25 m TVD. No fractures are reported in core material for the approximately 1.3 m thick
sandstone, with dipmeter log interpretations only hosted in the silt- and claystones above and below the

Finefrau sandstone.

3 et 9 b 9 mh 2P m!
Dip azimuth [°] 10 m] 10 ] 10 corrected ] 10 corrected m"]
0 45 90 135180 225 270 315 360 01 2 3 4 5 01 2 3 4 5 0 2 4 6 8 10 0 2 4 6 8 10
650 e e e e T 50 T T 1 S0 =TT 60 =—T—T7 50
i I _
700 - M 700 =— N-S set 700 - W-E set 700 — N-S set 700 L W-E set
750 * 5 750 =——r bl 750 - b 750 Em—0or—"o— 750 - b
800 = i e - 800 p— b 800 =~ b 800 po—oo—r b 800 ==—=———
=
. s == =_—
850 - ] 850 - & 850 - = 850 - H 850 - “
e |- — —
900 900 F— 10— 1 e0F— 4 900 1
E E E B= E E
£ 950 gl 41 5 950+ 4 £ 950+ 4 £ 950 — 41 £ 950F B
=4 . = =3 = =4
o r © _ @ - ) 5 L
a [a)] [ [s] — [a] o T
1000 F T b 1000 - b 1000 b 1000 - b 1000 [
1050 - 1 1050 - b 1050 - a 1050 | b 1050 - 1
Finefrau sandstone i
1100 F B 1100 - b 1100 - A 1100 | B 1100 [~ B
1150 [ = S| 1150 - g 1150 —— . 1150 - B 1150 ——= B
1200 - . s L = 1200 - | 1200 - b 1200 =1 1200 &
= Dipmeter log
= o
1250l [% Coredescriplion] 0| | - 1250 1250 L1 1260 L1 1

Figure 2.10: a) Comparison of detected fractures from dipmeter log and core description show a poor match re-
garding depth location and dip azimuth. The zones marked in yellow refer to sections composed mostly to exclu-
sively of sandstone, while low thickness sandstone layers are neglected in this figure. b) Fracture intensity (P1o)
along the cored wellbore section for the N-S set reaches a maximum of 3 m'L. ¢) Py representing the W-E fracture
set varies with depth. d) Terzaghi corrected fracture intensity (N-S set) reaches a maximum of 9.1 m™'. ¢) Highest
Terzaghi corrected Pyo observed at 8.8 m™! for the W-E set.
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2.5.3 Geomechanical fracture analysis

The critically stressed fracture (CSF) analysis was performed for fractures detected in the Bork 10 well-
bore, hosted in Upper Carboniferous sandstone units. While fractures were detected within a depth rang-
ing from 650 m to 1278 m MD, the stress magnitudes considered for the CSF analysis correspond to a

depth of 1000 m.

Scenario 1

The slip tendency calculated for scenario 1 (Sumax = 154°) is highly variable, with values ranging from
Tsmin = 0.22 to Tsmax = 0.77 (Figure 2.11d, e). Higher slip tendencies are associated with fractures ori-
ented at an angle of approximately 30° to Sumax (154°) and subjected to higher shear stresses (Figure
2.11b). Critically stressed fracture analysis identified 10 % (n = 12) of the detected fractures (n = 119)
to be critically stressed with slip tendencies exceeding the coefficient of friction p=0.67 (Figure
2.11a, Figure 2.14a). N-S as well as NW-SE striking fractures exhibit highest slip tendencies, partially
being critically stressed. These strike directions are likely to be mechanically active and therefore hy-

draulically conductive.

Fractures striking perpendicular to Sumax are characterized by low dilatation tendencies. 31 % (n = 37)
of the detected fractures (n = 119) exhibit high dilation tendencies with Tp exceeding 0.7. Only 3 %
(n = 4) of the fractures are subject to highest dilation tendencies of Tp > 0.9 (Figure 2.11d).

The combination of slip and dilation tendency results highlights following: (i) W-E to WSW-ENE strik-
ing fractures (green to turquoise points, Figure 2.11d) exhibit low to moderate slip and dilation tenden-
cies, making them unfavorably oriented for reactivation in the contemporary tectonic stress field. An
increase in dip angle for W-E trending fractures results in lower dilation tendencies (Figure 2.11e). (ii)
WNW- ESE and NNE-SSW to NE-SW striking fractures (yellow and blue points, Figure 2.11d) are
subject to moderate to high slip tendencies and moderate dilation tendencies. (iii) N-S, NNW-SSE to
NW-SE trending fractures exhibit medium to high slip tendencies combined with high dilation tenden-
cies (dark blue and orange to red points, Figure 2.11d). NNW-SSE striking fractures exhibit the highest
dilation tendencies since being oriented approximately parallel to Sumax, While experiencing only mod-

erate slip tendencies.

39



2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

14 T T T T
a) —pu=067/| P Ts
12 scenario 1 i
— _ y/ b
T oln=119 ] .
é .
g 8F ee %o o s 4 S
8 e ' .
6 6 e i . L2 T y ‘"‘. \ é: 06 §
® * . e
il A A a
2 > = oy [ 105 §
o oL ] \__SHmax (154°) ©
2 9 1 5
g D g 0.4
= 0 e Shmi o
M 5 03 02 01 ;‘"‘ . - e 0.3 0
4 , s . s T —— 0.2
0 5 10 15 20 25 ’ .
Effective Normal Stress [MPa] 0.1
0 20 40 60 80 100 120 140 160 180 $ 0
Strike [°] Shmax (154°)
1 180 1 90
d) ] e) °
:0.0-:'..” 160 '0'0’ 80
L]
0.8} A 140 0.8 ‘e 70
> >
% . 120 % . 60
t L] . ° [
g 06 i A w0 206 . : 50 ©
3 g @ - :
< » 180 & = x A 40T
S04t % 204 0 o
e ¢ 60 e s 30
o (a)] ]
40 s 20
0.2} . 0.2 )
L]
¥ 20 o 10
—u=067
0 0 0 - - 0
0 0.2 0.4 0.6 0.8 q 0 0.2 0.4 0.6 0.8 1

Slip Tendency Slip Tendency

Figure 2.11: a) Critically stressed fracture analysis conducted for fractures hosted in sandstone detected in the Bork
10. Fractures with shear to effective normal stress ratios exceeding 0.67 plot above the failure envelope (u=0.67)
and are considered to be critically stressed. The colour code denotes the strike of the fractures in the Bork 10
wellbore. b) Slip tendency as color code indicating fracture poles exceeding Ts = 0.67 to be in a critically stressed
state, plotted as poles in lower hemisphere stereographic projections. c¢) Dilation tendencies for the detected frac-
tures of the Bork 10 displayed in stereographic projection identifying NNE-SSW trending fractures to be associ-
ated with highest dilation tendencies. d) Slip versus dilation tendency plot with associated strike orientation high-
lights N-S striking fractures to experience high Tp while being partially critically stressed. ¢) Influence of the dip
angle on Ts versus Tp pattern depends on strike direction.
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Scenario 2
Scenario 2 accounts for the lower bound of possible Sumax-directions (Sumax = 121°) with slip tendencies
ranging from Tsmin = 0.18 t0 Tsmax = 0.76. CSF analysis revealed 16.8 % of the fractures to be critically

stressed with slip tendencies exceeding the coefficient of friction (Figure 2.12a).

Maximum dilation tendencies for scenario 2 are associated with WNW-ESE to NW-SE strike directions
(Figure 2.12c). Values show a range from Tpmin = 0.09 to Tomax = 0.94 with 44 % (n = 52) of the fractures
exceeding Tp = 0.7, respectively 0.8 % (n = 1) exceeding Tp = 0.9 (Figure 2.12¢).

Analysis of slip versus dilation tendency results highlights, that (i) N-S to WSW-ENE striking fractures
exhibit low to moderate slip and dilation tendencies (dark blue to light blue and dark red points, Figure
2.12d), with the combination of the lowest slip and dilation tendencies observed for the NNE-SSW strike
direction. (ii) NW-SE to NNW-SSE as well as W-E to WNW-ESE striking fractures are subject to high-
est slip tendencies, partially exceeding TS = 0.67 (orange to light red and green to yellow, Figure 2.12d).
Highest dilation tendencies are linked to WNW- ESE trending fractures. The dip angle controls the slip
tendency for W-E and NW-SE striking fractures, with steeply dipping ones experience higher slip
tendencies (Figure 2.12d and e).
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Figure 2.12: a) CSF analysis for scenario 2 indicates W-E and NNW-SSE striking fractures to be partially critically
stressed. b) Stereo diagram for scenario 2 with 16.8 % of the detected fractures to be critically stressed. c) WNW-
ESE to NW-SE strike direction is associated with highest dilation tendencies. d) TS-TD pattern highlight W-E and
NNW-SSE strike direction to be associated with medium to high dilation tendencies. e) Dip angle controls TS-TD
pattern in dependency of the strike orientation.

Scenario 3

With scenario 3 defined by the upper bound of possible Spmax orientations (Sumax = 187°), slip tendencies
fall into a range from Tsmin = 0.11 t0 Tsmax = 0.72. With only 2.5 % of the detected fractures being criti-
cally stressed, NNW-SSE and NE-SW to NNE-SSW striking fractures exhibit the highest slip tendencies
(Figure 2.13D).

N-S striking fractures experience the highest dilation tendencies under scenario 3 stress conditions (Fig-
ure 2.13c). Calculated dilation tendencies show a spread from Tpmin = 0.03 to Tpmax = 0.97 with 29.4 %
(n = 35) of the fractures having dilation tendency exceeding Tp = 0.7, respectively 14.3 % (n=17) ex-
ceeding Tp = 0.9.
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Slip versus dilation tendency analysis reveal, that (i) W-E to WNW-ESE striking fractures are charac-
terized by low to moderate slip and dilation tendencies (green to yellow points, Figure 2.13d), whereby
the lowest slip and dilation tendencies are observed for near-vertical W-E trending fractures (Figure
2.13d, e). (ii)) NE-SW to WSW-ENE and NW-SE striking fractures exhibit moderate to high slip tenden-
cies in combination with moderate dilation tendencies (medium blue to light blue and medium red to
light red points, Figure 2.13d). Shallowly dipping fractures generally show lower slip tendencies (Figure
2.13e). (iii)) NNW-SSE over N-S to NNE-SSW striking fractures are subject to moderate to high slip
tendencies along with high dilation tendencies (dark red and dark blue points, Figure 2.13d). NNW-SSE
and NNE-SSW striking fractures are characterized by the highest slip tendencies combined with mod-
erate dilatation tendencies. N-S striking fractures show moderate slip tendencies but highest dilatation
tendencies (Figure 2.13d). An increase in dip angle comes along with higher dilation tendencies for N-S

trending fractures (Figure 2.13¢).
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Figure 2.13: a) CSF analysis revealed only 2.5 % of the detected fractures to be in a critically stressed state. b)
Assuming scenario 3 Sumax-direction, NNW-SSE and NE-SW to NNE-SSW strike direction is subject to highest
slip tendencies. ¢) Fractures perpendicular to Spmax exhibit highest dilation tendencies d) Ts-Tp pattern reveals
medium to high dilation tendencies for critically stressed fractures. e) Influence of dip angle on Ts and Tp is
controlled by the strike orientation.

2.6 Discussion

2.6.1 Fracture orientations

Valuable information on the suitability of outcrops as reservoir analogs can be derived from outcrop-to-
wellbore comparisons of fracture orientation statistics (Becker et al. 2018). Fracture set 1 matches for
the Kaisberg (mean strike of 35° £ 17°) and Finefrau sandstone (mean strike 40° £+ 11°) and is addition-
ally present as weakly developed NNE-SSW striking fractures in the Bork 10 data set (mean strike of
36° £ 14°) (Table 2.4). Fracture set 2 shows comparable orientation statistics for the Kaisberg (mean
strike 114° + 10°) and Finefrau sandstone (mean strike 113° + 16°) and can be compared with the W-E
striking fractures (mean strike 91° £ 5°) of the Bork 10 wellbore, assuming an angular core measurement
error of 25° (Table 2.4). Therefore, also the fracture set 3 of both outcrops (Kaisberg sandstone: mean

strike 168° + 13°, Finefrau sandstone: mean strike 180° = 11°) can be linked to the N-S striking fractures
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(mean strike 179° + 9°) of the Bork 10 dataset (Table 2.4). Solely the NW-SE trending fracture subset
of fracture set 3 present in the Finefrau dataset are missing in the Kaisberg sandstone fracture population.
However, this fracture orientation is weakly developed in the fracture population of the Bork 10 wellbore
as NW-SE set (mean strike 140° + 13°). Detected outcrop fracture data show similarities in their orien-
tation distributions, despite the different positions within the southern margin of the Ruhr basin (see
Figure 2.1) as well as different stratigraphic levels (Hattingen: Stockum anticline, Namurian C, Kaisberg
sandstone; Nachtigall: Witten syncline, Westphalian A, Finefrau sandstone). Only the NW-SE trending

fractures of the Finefrau sandstone outcrop are absent at the Kaisberg sandstone outcrop.
Fracture orientation and variations in dip may generally indicate different fracture generations ranging

from those formed normal to bedding to inclined fracture sets.

Table 2.4: Summarized orientation statistics (strike, dip) and associated standard deviations for the fracture sets
1 — 3 of both outcrops as well as the fracture sets of the Bork 10 wellbore.

Data set n % Meanstrike  Stdev. [°] Mean dip [°] Stdev.
[°] [°]
Hattingen, Set 1l 39 28 35 17 70 13
Kaisberg
sandstone Set 2 63 46 114 10 82 6
Set 3 36 26 168 13 78 10
Nachtigall, Setl 43 28 40 11 74 9
Finefrau
sandstone Set 2 76 50 113 16 81 6
Set 3 32 21 180 11 81 7
Bork 10 N-S set 29 24 179 9 66 8
wellbore
NNE-SSW 11 9 36 14 56 14
set
W-E set 64 54 91 5 60 11
NW-SEset | 15 13 140 13 58 13
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2.6.2 Fracture intensity

To derive outcrop-to-reservoir relationships, fracture intensity comparison between wellbore and out-
crop data is of interest. We emphasize that only vertical intensity is measurable for the Bork 10 wellbore,
which is not equally to intensity measured parallel to bedding (Gale et al. 2014). However, it can provide
an insight into fracture abundance under subsurface conditions. Therefore, fracture intensities averaged
over the total thickness of the drilled Upper Carboniferous sandstone units of the Bork 10 wellbore are

set into relation to outcrop derived fracture intensities.

The orientations of the outcrop fracture sets 2 and 3 compare rather well to the W-E, respectively N-S
fracture sets of the Bork 10 wellbore (Figure 2.5a, Figure 2.7a, Figure 2.9a). Accounting for the W-E
set/set 2, the averaged Terzaghi corrected Pyo of the Bork 10 wellbore (0.70 m™) is lower than the meas-
ured averaged intensities at both reservoir analogs (Hattingen: 1.21 m!, Nachtigall: 3.12 m™") (see Table
2.5). Deviations between subsurface and reservoir analog intensities are smaller for the N-S set/set 3,
with the Bork 10s’ Terzaghi corrected P (0.38 m™') approaching the corresponding fracture intensity of
the Nachtigall outcrop (0.40 m™), still being more than two times lower than at the outcrop Hattingen

P10 (0.73 m™) (Table 2.5).

In general, outcrop derived Terzaghi corrected average fracture intensities are between 1.1 to 4.5 times
higher than wellbore derived P1o values. Beside the underestimation of the fracture quantity caused by
the sampling challenge of the vertical wellbore (Narr 1996; Gale et al. 2014), surface stress relief asso-
ciated fracturing as well as the horizontal scanline configuration might lead to higher fracture intensities

in both outcrops (Gale et al. 2014; Becker et al. 2019b; Arndt et al. 2020).

Table 2.5: Terzaghi corrected fracture intensity averaged either for the length of the scanline or the total thickness
of drilled Upper Carboniferous sandstone.

Fracture Outcrop Hattingen Outcrop Nachtigall Bork 10 wellbore

orientation | (Kaisberg sst, Namurian C)  (Finefrau sst, Westphalian (Westphalian A)
A)

Corrected mean fracture intensity Pio [m™]

Setl 2.02 0.58 -
Set 2 or W-E 1.21 3.12 0.70
Set 3 or N-S 0.73 0.40 0.38

46



2. Fracture network characterisation of the naturally fractured Upper Carboniferous sandstones

2.6.3 Fracture height

Fracture height analysis could only be performed for the outcrop fracture networks. Borehole fracture
height identification is difficult even if image log data would be available. Measured fracture height
distributions can be used to derive three-dimensional fracture geometries, assuming a constant aspect
ratio (height-length ratio) (Wiistefeld et al. 2018; Milad et al. 2018). Scanline derived fracture orienta-
tion data subdivided into three sets for detailed fracture network parameter characterization show no
significant differences in measured height for both outcrops. Bed boundedness analysis revealed the
Kaisberg sandstone fractures tend to follow a top bounded height distribution pattern after Hooker et al.
(2013). Most of the tallest fractures end at mechanically significant interfaces, respectively bedding
interfaces, with a wide range of smaller fractures to exist within the sandstone layer (Figure 2.6). There-
fore, approximately 93 % of the detected fracture population either is restricted by the bed thickness
(top- or base-bounded and perfect bed-bounded types) or is present within the layer itself (confined
type). Only 5 % of the fractures are unbounded, thus cross the bedding interface (unbounded type) (Fig-
ure 2.6). The bed boundedness characteristics are mostly consistent between all three sets. However,

unbounded, thus cross-bedding fractures are largely observed for set 2.

The Finefrau sandstone fractures appear to follow a top bounded height distribution pattern after Hooker
et al. (2013) with approximately 96 % of the detected fracture population to be bed restricted (Figure
2.8). Therefore, bed-bounded fractures within fluvial channels are controlled by the variation in bed
thickness along channel fills (Figure 2.4b). However, compared to the Kaisberg sandstone fracture net-
work, the share of top- or base-bounded and perfect bed-bounded fractures is higher, with less fractures
being of confined character (Figure 2.8). This might be related to the generally lower bed thickness of

the exposed Finefrau sandstone.

2.6.4 Dipmeter log vs core description comparison

For the Bork 10 borehole a dipmeter log as well as detailed core description is available. However, the
comparison of fracture depth location and dip azimuth indicates a mismatch between core and dipmeter
log data (Figure 2.10a). The angular mismatch in dip azimuth might result from the 3-arm caliper tool
(101 mm diameter) used for the dipmeter log. We infer that the picking of the fracture orientation in the
dipmeter log has at least an error of 25°. The error in the determination of the dip azimuth at the drill
core might be in a similar range. Additionally, it might be possible that the depth indications could be

biased by core loss. Therefore, we assume an error of 6 m for the depth location of the core description.

Considering fractures observed at drill cores as reliable hard data, the quality of fracture interpretations
from the dip meter log can be evaluated. Results indicate a limited suitability of the dipmeter log for
fracture detection in this study, with neither the quantity of fractures nor their orientation and depth

location are matching the hard data satisfactorily.
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Drilling induced fractures (DIF) need to be removed from the core derived fracture population to avoid
a bias. With only core descriptions available, no detailed distinction between DIF and natural fractures
on the core material itself could be carried out. Since DIFs generally being oriented parallel to Stmax
(154°) (Aadney and Bell 1998; Tingay et al. 2008), this fracture orientation is only rarely observed
within the Bork 10 data set (Figure 2.9a). Therefore, a potential DIF bias appears to be negligible.

2.6.5 (Critically stressed fracture analysis

Petrophysical data from the Upper Carboniferous Westphalian strata in the region (Greve et al. 2023)
suggests the rock matrix to be generally tight (mean 6.8%; 0.18 mD). Thus, the reservoirs fracture net-
work most likely controls the fluid flow in the Upper Carboniferous strata. Based on the correlation of
critically stressed fractures with hydraulic conductivity demonstrated by Barton et al. (1995), fracture

orientations with elevated likelihood to control fluid flow can be deduced.

The stress field described by scenario 1 (Sumax = 154°) represents the most likely Sumax orientation, high-
lighting near-vertical N-S and NW-SE striking fractures to be mechanically active and therefore having
an elevated likelihood to be hydraulically conductive. While the NW-SE strike orientation is only rarely
observed (13 % of the entire population) in the Bork 10 wellbore data set, N-S trending fractures are
dominant (24 % of the entire population). Taking the standard deviation of Sumax into account, scenario 2
(Shmax = 121°) represents the lower bound of stress orientation. Since highest slip tendencies are ob-
served for strike directions + 30° to Sumax, near-vertical W-E and NNW-SSE to NW-SE trending frac-
tures are partially critically stressed. Considering scenario 2, mostly W-E trending fractures seem to
control fluid flow in the reservoir. The number of NNW-SSE to NW-SE trending fractures are low, thus
they have only minor impact on fluid flow. The upper bound of possible Simax orientations (Sumax = 187°)
(scenario 3) revealed NNW-SSE and NE-SW to NNE-SSW striking fractures to be partially critically
stressed. These orientations generally exhibit low frequencies within the detected fracture population of

the Bork 10 wellbore.

2.6.5.1 Slip- and dilation tendency

The interaction of slip and dilation tendency controls the potential failure mode of fracture reactivation
(Ferrill et al. 2020a). Generally, reactivation in shear mode is considered to be associated with fractures
that exhibit moderate Tp and high Ts. Pure shear motion is linked to neutral volume change, assuming
perfectly flat fracture surfaces. However, natural fractures are rough. Shear displaced fractures show
shear dilation caused by the misfit between both rough fracture surfaces (Barton et al. 1985). This can
lead to stress-resistant permanent permeability enhancement (Zimmermann et al. 2019; Cheng and
Milsch 2021). Cheng and Milsch (2021) highlight the relationship of the increase in fracture aperture
and hydraulic conductivity with the fracture surface roughness, as well as a generally higher self-prop-
ping potential for harder sedimentary rocks. Therefore, fractures reactivated in shear mode within the

period of active present-day stress field may be responsible for today’s fracture permeability.
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In accordance to the results of the critically stressed fracture analysis, fracture orientations exhibiting
highest slip tendencies, also experience moderate to partially high dilation tendencies. N-S and NW-SE
striking fractures meet the requirements for reactivation in shear mode (high Ts and moderate Tp) under
present-day stress conditions for the most reasonable stress scenario 1 (Figure 2.11). Regarding the
standard deviation of Symax, W-E and NNW-SSE to NW-SE strike direction for scenario 2 as well as
NNW-SSE and NE-SW to NNE-SSW strike direction for scenario 3, are identified to be favorably ori-
ented for shear reactivation. Depending on the stress field scenario, these fracture orientations represent

potential fluid pathways created by combined shear and dilation (Barton et al. 1985).

2.6.5.2 Tsand Tp sensitivity to Sumax Orientation

Comparison of the Ts and Tp results for scenario 1, 2 and 3 shows the detected fracture population’s
sensitivity to the Sumax direction. With Sumax being associated with a quantified uncertainty of + 33°,
scenario 2 and 3 covers the possible range of Sumax Orientation under the assumption of a pure strike-

slip faulting regime.

Analysis indicates a larger share of the detected fracture population (Bork 10) to exhibit slip tendencies
exceeding pu = 0.67 (Ruhr sandstone) for a Sumax orientation of 121° (Figure 2.14a). With 3 % (n = 3) of
the fracture population exceeding = 0.67 for Sumax = 187° (scenario 3), these numbers increase for a
Stmax orientation of 154° (scenario 1) with 10 % (n = 12) being critically stressed. The highest share of
fractures exceeding p = 0.67, respectively being critically stressed (17 %, n=20) is observed for

Stmax = 121° (scenario 2) (Figure 2.14a).

Dilation tendency exceeding Tp = 0.9 is most frequently observed for a Sumax orientation of 187° (sce-
nario 3) with 14 % (n=17) of the detected fracture network of the Bork 10 wellbore exceeding this
threshold (Figure 2.14b). Significantly lower proportions of the fracture population with dilation tenden-
cies greater than 0.9 are observed for scenarios 1 and 2 (3 % (n = 4) respectively 1 % (n = 1)) (Figure

2.14b).
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Figure 2.14: a) Relative frequency of the slip tendency calculated for different Symax scenarios. b) The relative
frequency of dilation tendencies derived for the detected fractures of the Bork 10 wellbore show differences for
varying Smax Orientations.
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2.6.5.3 Coefficient of friction

CSF analyses utilize slip tendency in relation to the rocks coefficient of static friction (p) for cohesion-
less surfaces, to distinguish between critically and non-critically stressed states. Therefore, the choice
of this material parameter controls the percentage of detected fractures classified as mechanically active.
The coefficient of static friction (1 = 0.67) used in this study corresponds to fractured Ruhr Sandstone
(Kruszewski et al. 2021). Stoeckert et al. (2020) indicate lower coefficients of friction for Carboniferous
sandstones containing coal (down to p = 0.55) or fractures containing clay mineral precipitates (down
to p=0.12). This could justify the application of lower friction coefficients, which in turn would lead
to more critically stressed fractures. Furthermore, Byerlee (1978) described a range for coefficients of
friction starting from 0.6. Thus, the coefficient of friction of p = 0.67 applied in this study can be con-

sidered as a conservative approach.

2.6.6 Considerations on exploration strategy

Amongst aspects of borehole stability and availability of drilling locations, the wellbore design generally
depends on the wellbore connection to the reservoir fracture network (Ehlig-Economides et al. 2000;
Mahmoodpour et al. 2022). In this respect, the orientation of hydraulically conductive fracture trends is
a key information. As for a pure strike-slip faulting regime, near-vertical fractures exhibit the highest
likelihood to be partially critically stressed, dependent on their strike direction relative to the Sgmax ori-
entation, a horizontal wellbore configuration will maximize the number of intersected fractures. Addi-
tionally, wellbore trajectories should be aligned perpendicular to conductive fracture directions for max-

imum wellbore productivity (Ehlig-Economides et al. 2000).

The Upper Carboniferous of the Ruhr basin hosts natural gas from coal seams with generally lower gas
contents associated with normal faults (Juch et al. 2004; Mdsle et al. 2009). NW-SE striking normal
fault segments may exhibit higher slip tendencies within the present-day stress field according to stress
scenario 1 (Sumax 154°). Further, NW-SE striking normal faults are reported to be fluid migration path-
ways (Hahne and Schmidt 1982; Hinderfeld et al. 1993), which would match the finding of the sce-

nario 1 CSF analysis on a larger scale.

Future potential geothermal exploration would need to concentrate on depth levels of around 4000 m to
ensure sufficient reservoir temperatures. Depth-dependent changes in the stress regime could result in

deviations from the strike-slip regime used in this study.

While the Finefrau sandstone has a thickness of 7.2 m, measured at the Nachtigall outcrop, its thickness
decreases towards 1.3 m observed in the Bork 10 wellbore. With the Nachtigall outcrop located at the
south-eastern edge of the Ruhr basin and the Bork 10 wellbore in a more basinwards position (Figure
2.1), a lower thickness of the Finefrau sandstone is observed for the more distal position within the Ruhr
basin. This coincides with reported sediment transport directions ranging from south towards north to

cast towards west (Drozdzewski 2005; Schifer 2019).
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2.6.7 Impact on mine flooding in the Ruhr basin

A detailed understanding of the Upper Carboniferous fracture network might be beneficial in the context
of rising mine water levels following the end of hard coal mining in the Ruhr basin (Drobniewski et al.
2017; Westermann et al. 2020; Rische et al. 2021, 2023). To better assess the spatial evolution of in-
creasing pore pressure, knowledge of the influence and attributes of structural fluid migration pathways

is required.

Fluid flow is expected to be mostly layer restricted with less than 5% of the fractures are unbounded and
crossing different sandstones beds in an overall tight sandstone (average porosity of 8 % and a permea-
bility up to 3 mD (Greve et al. 2023)) in a multibarrier system of sandstone shale cycles. Wellbore de-
rived fracture intensities of up to 9.1m! indicate the degree of fracturing of the host Upper Carbonifer-

ous.

Although N-S and NW-SE striking fractures might contribute in the context of rising mine water levels
(following stress scenario 1), fluid flow is mainly restricted to galleries and shafts. A zone of construc-

tion-related tensile and shear fractures close to the walls might be present (Shen and Barton 2018).
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2.7 Conclusion

Fracture network characterization of the Kaisberg (Namurian C, outcrop Hattingen) and Finefrau sand-
stone (Westphalian A, outcrop Nachtigall) revealed comparable outcrop fracture orientation statistics for
three dominant fracture sets at different stratigraphic intervals and geographic positions within the south-
ern margin of the Ruhr basin: NNW-SSE to N-S, NNE-SSW to NE-SW and WNW-ESE. Additionally,
both outcrop fracture networks show top bounded height distribution patterns with fracture height gen-
erally limited by bed thickness. Corrected fracture intensities (P1o) differ between all fracture sets as

well as both outcrops, ranging from a minimum of 0.40 m™! to a maximum of 3.12 m™".

Fractures detected in core material of the Bork 10 wellbore strike in two dominant orientations: N-S and
W-E. Both fracture trends match the orientations of the outcrops fracture sets 2 and 3. Weakly pro-
nounced NNE-SSW and NW-SE striking fractures are present in the detected fracture population, with
the NNE-SSW trending set matching the outcrop’s fracture set 1. The averaged fracture intensity in the
Bork 10 wellbore is up to 4.3 times lower than observed at the outcrops. The comparison of dipmeter
log fracture interpretation with core descriptions of the Bork 10 wellbore suggests dipmeter logs as a

less suitable tool for in this study.

Fluid flow within the Upper Carboniferous sandstone units is most likely governed by the reservoirs
fracture network due to the low matrix permeability. 10% of the detected fractures within the Bork 10
wellbore are critically stressed, considering a pure strike-slip faulting regime (scenario 1, Sumax = 154°).
N-S as well as NW-SE striking near-vertical fractures are expected to be hydraulically conductive.
NNW-SSE striking fractures are subject to the highest dilation tendencies and therefore preferably ori-
ented for dilation under present-day stress conditions with 3 % of the entire fracture population exceed-

ing dilation tendencies of 0.9 (scenario 1, Sgmax = 154°).

Taking the uncertainties of Sumax Orientations into account, CSF analysis identified either W-E and
NNW-SSE to NW-SE striking fractures (scenario 2, Spmax = 121°) or NNW-SSE and NE-SW to NNE-
SSW trending fractures (scenario 3, Sumax = 187°) as potentially hydraulically conductive under the
given stress conditions. Dilation is most likely for either WNW-ESE to NE-SE striking fractures (sce-
nario 2, Sgmax = 121°) or N-S trending fractures (scenario 3, Sumax = 187°). Overall, mine flooding is
focused on shafts and galleries, while rising water levels in the host rock are controlled by the natural

fracture network.

2.8 Bedding dip removal for better comparability

In extension of the published study by Allgaier et al. (2023), bedding dip removal is applied for the

analyzed fracture data sets in order to assess the angular relationship between fracture and bedding.

After bedding dip removal, the analyzed Hattingen and Nachtigall outcrops are predominantly com-

posed of high-angle fractures with respect to bedding (dip angle > 75°) (Figure 2.15 a, b), comprising
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89 % and 70 % of the respective outcrop datasets (Figure 2.15 e, f). Fractures with an intermediate angle
to bedding (dip angle between 45° and 75°) occur significantly less frequently for the Hattingen (30 %)
and Nachtigall (11 %) datasets.

Fractures of the Bork 10 core description dataset show a range of dip angle with respect to bedding
(Figure 2.15 ¢, g). The majority (64 %) is represented by intermediate-angle fractures (45° to 75°), fol-
lowed by high-angle fractures (25 %) (>75°) and low-angle fractures (11 %) (<45°). The dipmeter log
fracture dataset is dominated by high-angle fractures (44 %) and intermediate-angle fractures (44 %),

followed by low-angle fractures (13 %) (Figure 2.15 d, h).

a) Hattingen outcrop dataset b) Nachtigall outcrop dataset c) Bork-10 core descr. dataset d) Bork-10 dipmeter log dataset
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Figure 2.15: a, b, ¢, d: Fracture pole plots of the outcrop and well datasets after bedding dip removal. e, f, g, h:
Histograms (bin size of 3) highlighting the dip angle distribution of the analyzed datasets before and after bedding
rotation. Bedding orientation varies between the outcrops Hattingen (117/31) and Nachtigall (331/12). Bedding
within the Bork 10 well changes with depth as the dip azimuth ranges between 115° and 145°, while bedding dip
varies between 5° and 28°.

Both outcrops as well as the Bork 10 well share a comparable structural setting as they are located on
gently dipping (up to 31°) fold limbs, dipping either to the NNW (Nachtigall outcrop) or ESE (Hattingen
outcrop and Bork 10 well). In addition, they are hosted within the Upper Carboniferous sequence and
therefore share the same lithological setting (Namurian C to Westphalian A). Both outcrops are domi-
nated by high-angle fractures with respect to bedding, while the subsurface datasets are characterized
by a mixture of high and intermediate-angle fractures. The lower relative share of high-angle fractures
observed for the subsurface datasets might be due to the sampling challenge of detecting near-vertical
fractures within a vertical well (Terzaghi 1965; La Pointe et al. 1993; Laubach et al. 2000). In addition,
this might be explained by the different uplift histories, as both outcrops lack significant horizontal and
vertical confining pressure due to its surface exposure. Stress relief-induced fracturing at low differential
stresses might have introduced the formation of extensional high-angle fractures, which are absent in
the subsurface dataset. Furthermore, it is noticeable that in both outcrop datasets, intermediate-angle

fractures are significantly underrepresented compared to the subsurface datasets.
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3 Post-mining related reactivation potential of
faults hosted in tight reservoir rocks around
flooded coal mines, eastern Ruhr Basin, Ger-
many

3.1 Abstract

The cessation of hard coal mining in the Ruhr Basin in 2018 marked the region's transition to the post-
mining phase. Controlled mine water rebound induces changes in the subsurface stress conditions, as
pore pressure increases locally. Presently, mine water rebound is observed in the eastern Ruhr Basin
(water province “Haus Aden”) along with associated microseismicity. Furthermore, post-mining chal-
lenges might comprise the potential risk of fault reactivation, which is addressed in this study by con-

ducting a fault slip assessment.

Based on subsurface coal seam mapping data, a 3D structural model for the NE part of the “Haus Aden”
water province has been constructed to serve as the basis for identifying the most vulnerable fault trends
and types of the structural inventory. Slip tendency analysis, considering normal faulting conditions,
revealed NW-SE to NNW-SSE trending normal faults to be most susceptible to reactivation. Probabil-
istic fault slip assessment, focused on NW-SE to NNW-SSE trending normal faults mapped within the
“Heinrich-Robert” colliery, show no fault reactivation potential for a mine water rebound up to a level
of 640 m below ground. Assuming hydrostatic conditions in the vicinity of the faults, friction coeffi-

cients are only partially exceeded for high differential stresses.

In addition, a novel workflow is used to model the spatial variability of the frictional fault strength as
input for a fault stability analysis, exemplified for a selected NNW-SSE trending normal fault. For con-
sidering hydrostatic pore pressure, results show that the fault consists mainly of stable, but also unstable,
horizontally elongated patches. These findings question the conventional simplified approach of using

a single constant friction coefficient for fault stability analysis.

3.2 Introduction

With the final cessation of hard coal mining in the Ruhr Basin, Germany, in 2018, the region entered the
post-mining phase (Kretschmann et al. 2017; Balzer and Roth 2019; Aristizabal-H et al. 2023). Due to
the resulting technical-operational obsolescence of mine water pumping, mine water levels were inten-
tionally allowed to rise up to predefined levels (RAG AG 2014). Consequently, the controlled mine

water rebound increases the in situ pore pressure state (Donnelly et al. 2008), as former hard coal mining
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3. Post-mining related reactivation potential of faults hosted in tight reservoir rocks around flooded coal mines

activities locally required the lowering of water levels through pumping to achieve dry working condi-
tions. Post-mining challenges associated with the alteration of the local stress conditions might comprise
mine water rebound-induced fault reactivation, as observed for hard coal mining in other areas world-
wide (Donnelly 2006; Klose 2007; Donnelly et al. 2008; Kinscher et al. 2018; Zhao and Konietzky
2021).

At present, mine water rebound is taking place in the eastern Ruhr Basin (water province “Haus Aden”),
with associated microseismicity being documented (Rische et al. 2023). To date, detailed fault reactiva-
tion studies have been conducted for the Ruhr Basin (Kruszewski et al. 2022a; Kruszewski et al. 2022b;
Kruszewski et al. 2023), assuming strike-slip faulting conditions, however, a detailed analysis for the
fault system in the water province “Haus Aden” is still lacking. Based on the work of Niederhuber et al.
(2023a), it is clear that the stress field in the Ruhr Basin is not uniformly distributed, which emphasizes
the importance of site-specific stress field analyses over large-scale approaches. The published stress
data of Stelling and Rummel (1992), collected around the “Haus Aden” colliery, indicate normal faulting
conditions. This is consistent with published data from Niederhuber et al. (2023b), enabling an in-depth

examination of the post-mining fault reactivation potential.

Fault reactivation potential is generally evaluated by applying the slip tendency approach (Moeck et al.
2009; Worum et al. 2004; Lee et al. 2017) developed by Morris et al. (1996). Therefore, a detailed
structural description of the study area is essential as slip tendency magnitudes depend among others on
fault geometry characteristics (strike and dip) (Ferrill et al. 2020b). Beside deterministic slip tendency
analysis, probabilistic approaches additionally account for input parameter uncertainties (Healy and
Hicks 2022). While fault reactivation analyses typically consider Mohr-Coulomb frictional failure the-
ory and a homogeneous value for the friction coefficient (Moeck et al. 2009; Lopez 2012; Vadacca et al.
2021; Ekpo Johnson et al. 2023; Zhang et al. 2023), outcrop studies suggest a heterogeneous spatial
distribution of the frictional fault strength along faults (Childs et al. 1997; Kato and Hirono 2016). Since
the spatial variability of the frictional strength of subsurface faults cannot be studied due to inaccessi-
bility, a clay content prediction algorithm based on a perfect clay mixing model can be utilized to either
derive the spatial distribution of fault rock types (Meng et al. 2017) or frictional coefficients (Jin et al.
2023). However, Freeman et al. (2008) suggest non-perfect clay mixing models as more suitable, since

outcrop observation could be matched more satisfactorily.

Within this study, we first construct a structural 3D model covering the NE part of the water province
“Haus Aden” based on 2.5-dimensional legacy data, acquired during decades of active hard coal explo-
ration and mining (Juch 1996). Additionally, we validate the derived 3D model with depth structure map
information. Applying slip tendency analysis on the constructed fault model enables us to identify the
most susceptible fault trends and types. We incorporate probabilistic fault slip assessment for the iden-
tified most vulnerable fault trend to account for input parameter uncertainties (stress magnitudes and

orientation as well as geometric fault attributes). A workflow is proposed to assess fault stability based
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on spatially heterogeneous frictional fault strength model. We exemplarily model the spatial variability
of the friction coefficient for a selected fault based on well log data, using a non-perfect clay mixing
model. Beside the assessment of the potential of post-mining related fault reactivation, the derived re-
sults might also provide beneficial insights for the current roll-out of deep geothermal exploration in the

Ruhr Basin, within the context of the discussed German Heat Transition.

3.3 Geological setting

The Ruhr Basin, as a molasse-type foreland basin formed during the Variscan orogeny, extends laterally
for 150 km along-strike in NE-SW direction and 80 km across-strike (Drozdzewski 1993; Drozdzewski
et al. 2009). The Ruhr region was once the primary hub of hard coal mining in Germany (Drozdzewski
1993; Drozdzewski and Wrede 1994; Meschede and Warr 2019), with a maximum annual production of
123.000 t hard coal in 1957 (Statistik der Kohlenwirtschaft e.V. 2019). Basin initiation was caused by
the Late Palaeozoic convergence of Gondwana and Laurussia (Ziegler 1982). The Variscan deformation
front migrated NW-ward contemporaneous to sedimentation in the foreland basin (Drozdzewski 1993),
with the Upper Carboniferous molasse sediments reflecting the latest stage of the Variscan orogeny
(Drozdzewski and Wrede 1994). The depositional environment in the foreland basin developed from
marine to shallow-marine through coastal plain to deltaic conditions (Drozdzewski 1993), with coal-
formation taking place between the Namurian C and Westphalian D (Bashkirian — Moscovian, 320 —
305 Ma) (Drozdzewski and Wrede 1994; Suess et al. 2007; Schéfer 2019). Thus, the up to 3500 m thick
coal-bearing Upper Carboniferous strata (Schéafer 2019) consists of cyclically occurring sandstones, silt-
stones, claystones and coal seams (Richter 1971; Suess et al. 2007), building up the 5000 to 7000 m
thick sedimentary infill of the Ruhr Basin (Drozdzewski and Wrede 1994). The NW-migrating Variscan
deformation front tectonically overprinted the sediments of the Ruhr Basin as a foreland fold-and-thrust
belt, with deformation of post-Westphalian age (Drozdzewski 1993). Variscan shortening of up to 50 %
near the Variscan orogen decreases to 5-10 % towards the NW (Brix et al. 1988).

The post-Variscan development of the Ruhr Basin is marked by uplift and erosion of the Variscan orogen
in the Rotliegend (Permian) (Drozdzewski and Wrede 1994), followed by a subsidence phase from the
Late Permian that lasts until the Early Jurassic. Inversion affected the Ruhr Basin in the Late Jurassic
and Early Cretaceous, followed by repeated sediment deposition in the Late Cretaceous (Biiker 1996).
This is reflected in the bedding conditions, with the folded Upper Carboniferous being unconformably
overlain by subhorizontal transgressive marine sediments of Cretaceous age (Richter 1971;
Drozdzewski 1993; Drozdzewski and Wrede 1994). With a maximum thickness of 2000 m in the Miin-
sterland region, the Cretaceous basin infill thickens towards NW (Richter 1971; Drozdzewski 1993).

Late- to post-Variscan normal faults subdivide the folded Upper Carboniferous into horst and graben
systems in the study area, trending WNW-ESE to NW-SE (Drozdzewski and Wrede 1994; Geologischer
Dienst NRW 2020) (Figure 16). The fault activity peaked during the Upper Triassic and Upper Jurassic
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(Drozdzewski and Wrede 1994; Geologischer Dienst NRW 2020), with additional post-Cretaceous ac-
tivity reported for the normal faults Kénigsborner Sprung (Bértling 1921) and Fliericher Sprung (Stach
1923) in the studied area. Normal faults are often characterized by oblique slip kinematics, with dip slip
displacement magnitudes of up to thousand meters (Pilger 1956; Richter 1971; Drozdzewski and Wrede
1994; Geologischer Dienst NRW 2020) and sinistral as well as dextral horizontal slip kinematics
(Drozdzewski and Wrede 1994; Geologischer Dienst NRW 2020). Steeply dipping W-E and N-S trend-
ing strike-slip faults occur as additional tectonic feature in the Ruhr Basin (Figure 16) (Geologischer
Dienst NRW 2020). Dextral kinematics are reported for the E-W fault trend, while N-S trending strike-

slip faults are associated with sinistral movement (Drozdzewski and Wrede 1994).

The water province “Haus Aden” hosts the former “Bergwerk Ost” colliery, which was established by
the merger of the formerly independent collieries “Monopol” (M), “Haus Aden” (HA) and “Heinrich-
Robert” (HR) in 1998 (Scheidat and Kirsch 2000) (Figure 16b). The study area is located within the
Bochum syncline, which is characterized by overall low-angle bedding (Figure 16¢) (Drozdzewski and
Wrede 1994; Geologischer Dienst NRW 2020). Due to the geological segmentation into horst and graben
structures, mining operations were conducted at various depth levels (down to -1500 m) within the

"Bergwerk Ost" colliery.
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Figure 16: a) The Ruhr Basin located in west Germany is a Variscan foreland basin. Blacked-out areas are referred
to as coal provinces (modified after Drozdzewski and Wrede (1994)). b) Overview of the eastern part of the Ruhr
Basin, subdivided into characteristic NNW-SSE trending horst and graben structures (modified after Geologischer
Dienst NRW (2020)). c) Simplified cross-section in NW-SE orientation (modified after Drozdzewski and Wrede
(1994)).
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3.4 Methods

3.4.1 Structural model

A structural 3D model of the NE part of the water province “Haus Aden” is constructed to analyze the
structural inventory of the study area. The modeling task is performed based on the existing KVB model
(KVB = Kohlenvorratsberechnung = coal resources calculation) of the geological survey of North
Rhine-Westphalia (Juch 1996). This digital 2.5-dimensional model has been developed based on a geo-
metrical approximation of the spatial position of undisturbed coal seam sections to serve for a detailed
hard coal resource assessment (Juch 1996). Since the folds in the Ruhr Basin are mostly characterized
as chevron-type or box-type (Brix et al. 1988), the coal seam sections can be approximated by planar
polygons (Juch 1996). Thus, the KVB model provides a promising data base describing the structural

configuration of the Upper Carboniferous of the Ruhr Basin.

Structural modeling is performed using the Petrel software suite (SLB). In order to construct the struc-
tural framework, horizon geometries are modeled based on the coal seam polygons extracted from the
KVB model. Because there is no spatial information within the individual coal seam polygons, we need
to augment each polygon with randomly generated points distributed within its area to avoid artefacts
when performing horizon modeling. This preprocessing step is accomplished using a custom Matlab

script. Vertical offset between individual coal seam polygons are interpreted as faults.

A detailed depth structure map of the Sonnenschein coal seam (Westphalian A) is utilized to study small-
scale tectonics, which might be not resolved in the KVB model. The coal seam depth map covers the
Hammer horst structure between the normal faults Fliericher Sprung and Radbod Sprung in the east of

the studied area. Thus, the area between the large faults can be structurally resolved in greater detail.

3.4.2 Fault slip assessment

Slip tendency (Ts) is used as proxy to assess the likelihood of fault reactivation in shear mode. Calcu-
lated based on effective principal stresses, the slip tendency (Ts) is defined as the ratio of resolved shear
stress (t) to normal stress (on), acting on a plane of interest. Conditions for reactivation in shear mode
are given if slip tendency (Ts) exceeds the coefficient of static friction (i), acting as frictional resistance

against slip initiation between two non-moving rigid bodies (Morris et al. 1996):

T,=—>u 1)

Slip tendency is deterministically computed for the tectonic inventory of the constructed 3D fault model
using the Stress Analysis tool of the MOVE Software Suite (Petroleum Experts Ltd.) to highlight the
spatial Ts distribution along the modeled fault surfaces as well as to identify the most exposed fault
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trends within the NE part of the water province “Haus Aden”. In a next step, a probabilistic slip tendency
analysis (1000 Monte Carlo realizations) is conducted for the identified critical fault orientations in order
to account for the input parameter (stress field model and fault geometry) uncertainties. For this purpose,

the probabilistic fault slip Python script developed by Healy and Hicks (2022) is employed.

The magnitudes and orientation of the in situ stress field of the Ruhr Basin were subject to several studies
(Stelling and Rummel 1992; Kruszewski et al. 2021; Kruszewski et al. 2022a; Niederhuber et al. 2023a).
The Stelling and Rummel (1992) dataset is part of the published stress data compilation of Kruszewski
et al. (2022a), feeding into an averaged stress model (strike-slip faulting regime) for the entire Ruhr
Basin. However, the stress field in the Ruhr Basin is not uniformly distributed as indicated by Niederhu-
ber et al. (2023a). Therefore, the location-specific stress data set of Stelling and Rummel (1992) is cho-
sen as input for this study, indicating normal faulting conditions. Stelling & Rummel (1992) investigated
the primary stress state in the Upper Carboniferous based on hydraulic fracturing measurements, con-
ducted in the then still untested northern field of the “Haus Aden” mine. Based on two horizontal (B1/H,
B2/H) and vertical (B3/V, B4/V) boreholes, starting from the -940 m level (1000 m below ground), the
minimum and maximum horizontal as well as the vertical stresses were determined, describing a normal

faulting regime.

We filtered the data set to use only stress measurements taken at least at 20 m distance to the gallery to
ensure the representation of the primary stress state, as proposed by Stelling and Rummel (1992). In
addition, the stress measurements were checked for plausibility. Therefore, the following stress magni-
tudes and associated standard deviations (at 1000 m below ground) are calculated based on the B1/H
and B3/V wells with the exception for ov, for which we assume a standard deviation of 0.5 MPa due to
the lack of variability in the measured values: ov =23.6 + 0.5 MPa, Gumax =21.4 + 0.8 MPa and on-
min = 16.6 £ 1.4 MPa (Table 6).

The regional stress orientation, representative for the study area, is taken from Niederhu-
ber et al. (2023a) with a Gumax direction of N156°E =+ 13°. Niederhuber et al. (2023a) derived the regional
stress orientation from hydraulic fracturing measurements within coal mines from various reports and
applied data filtering for measurements influenced by mining operations or stress changes around mine
infrastructure. The Gumax direction (N156°E £ 13°) can be converted to a Von Mises distribution via the
Stereonet software tool (Allmendinger 2023), described by a mean of 156° and a shape parameter (k) of

16.9 (as a measure of concentration around the mean) (Table 6).

The spatio-temporal pore pressure evolution (Pp) in the study area is impacted by mine water drainage
during active mining. Dry conditions are achieved within the mining area by pumping, while hydrostatic
conditions might prevail at unspecified distances around it. This hypothesis might be supported by the
fact, that the Upper Carboniferous sedimentary succession is characterized as hydraulically tight (Greve
etal. 2023), which might delay pore pressure re-equilibrate over wider distances. During the post-mining

phase, the mine water rebound is designed to rise up to a depth level of 640 m below ground (RAG AG
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2014), re-introducing pore pressure within the mining areas (3.7 MPa at 1000 m below ground). The
water level will be kept at that level forever by pumping out excess water (eternity costs) (RAG AG
2014). Still hydrostatic conditions might prevail outside the affected area. Thus, the effective pore pres-
sure in the vicinity of the faults fall somewhere between near-hydrostatic to hydrostatic conditions. The
mine water levels have been rising since 2020 at the “Heinrich-Robert” colliery, currently at 790.7 m
BMSL, respectively =~ 850 m below ground (as of August 29, 2023) (RAG-BID 2023). Deeper mining
levels of the former “Bergwerk Ost” colliery are already flooded, according to Rische et al. (2023).

Table 6: The stress field of the NE-part of the water province “Haus Aden” (considered depth level of 1000 m be-
low ground), characterized by a normal faulting regime.

Parameter Mean Std. Distribution
type
ov 23.6 MPa 0.5 MPa Normal
OHmax 21.4 MPa 0.8 MPa Normal
Ohmin 16.6 MPa 1.4 MPa Normal
Pp 10.4 MPa -
3.7 MPa -

OHmax azimuth 156° 13° Normal

Mean K

156° 16.9 Von Mises

The fault slip assessment requires a frictional fault strength criterion to determine the likelihood of fault
reactivation. Since the Upper Carboniferous lithologies comprise mostly of sandstones, siltstones, clay-
stones, mudstones and coal seams (Greve et al. 2023), the upper limit for the frictional fault strength is
given by a coefficient of static friction () of 0.67, measured under laboratory conditions for fractured
Ruhr sandstone (Kruszewski et al. 2021). The lower limit is assumed by a coefficient of static friction
(w) of 0.5, representative for Upper Carboniferous shales from the Groningen gas field (Hunfeld et al.
2017).

3.4.3 Distance-to-failure analysis

Faults conceptually consists of hanging and footwall damage zones surrounding the fault core, where
most of the strain is localized (Chester and Logan 1987; Caine et al. 1996; Shipton and Cowie 2001). In
this zone, different fault rock types can develop depending on the clay content of the faulted host lithol-
ogies (Yielding et al. 2010). Here, fault gouge is assumed as the main fault rock type for the Upper
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Carboniferous sequence. The frictional strength of the fault gouge depends, among other factors, on its
mineralogical composition (Takahashi et al. 2007; Tembe et al. 2010; Kohli and Zoback 2013; Bedford
et al. 2022), which is controlled by the faulted host lithologies and thus, on fault displacement. As fault
displacement generally varies along-strike (Lewis et al. 2009; Torabi et al. 2019), a heterogeneous pat-

tern of the frictional fault strength along fault zones is likely (Meng et al. 2017; Jin et al. 2023).

To methodically and exemplarily study this phenomenon, we analyze the fault stability of a selected
critically-oriented NNW-SSE trending fault in the vicinity of the “Heinrich-Robert” colliery (located on
the Hammer horst) by modeling the spatial variability of the friction coefficient. This is done by esti-
mating the fault clay content using the Effective Shale Gouge Ratio (ESGR) algorithm, performed within
the Petrel software suite (SLB). A simple geomodel is set up, spatially located on the Hammer horst
(Figure 16), with well log data (Bork 10 well) originating from neighbouring regions. The shale volume
(Vsn) is derived from gamma ray (GR) log data using the Clavier equation (Clavier et al. 1971) based on
the previous calculated gamma ray index (IGR) (Rider and Kennedy 2011):

_ GRlag - GRshale
GRsand - GRshale

IGR

with GRyo, representing the GR reading in the zone of interest. The sand line (GRganq) is defined at 70 API
as the Upper Carboniferous sandstones contain significant amounts of detrital fragments rich in sheet
silicates (shale rock fragments, phyllites) (Greve et al. 2023). The shale line is set at 205 API as the
Upper Carboniferous claystone sequences show extreme high GR readings (up to 240 API). The Vg

calculation after Clavier is defined as (Clavier et al. 1971):

Ven = 1.7 —4/3.38 — (IGR + 0.7)2

Based on a stochastically populated Vg, property model, the clay content for any point on the fault is
predicted by using the Effective Shale Gouge Ratio (ESGR) algorithm (Knipe et al. 2004):

2 Vi x Az x wy)

ESGR =
XAz x w;

With the summation over all slipped units i taking the clay content (V) Vi, the thickness Az; and the

weighting factor w; (Petrel default weighting function) into account (Freeman et al. 2010).

To establish the relationship between the friction coefficient and fault rock clay content requires a study-
tailored measurement campaign, which is outside the scope of this study. Hence, the function proposed
by Jin et al. (Jin et al. 2023) is taken for modeling, linking the predicted clay content to the static friction
coefficient (p):

pu = 0.1703 tan~1(=7.022V,, + 3.131) + 0.5013
Here, 0 % clay content relates to a friction coefficient of u=0.72, which is consistent with published

data for fractured Ruhr sandstone (pn = 0.67) (Kruszewski et al. 2021).
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To assess fault stability, we quantify the Failure Criterion Stress (FCS) by utilizing the Distance-to-
failure tool within the Petrel software suite (SLB). The Failure Criterion Stress (FCS) is defined as the
shortest distance between the Mohr-Coulomb failure criterion and the point on the Mohr circle repre-

senting the fault of interest (Figure 17). Here, given for optimally oriented faults (Shapiro 2015):
FCS = 0.504 — sings(oy — P,) — Cccosey

Where 04 = 01 — 03 is the differential stress, ¢y is the friction angle (W = tangy), o, = (07 + 03)/2
is the mean stress, P, is the pore pressure and C. is the cohesion. To follow the FCS sign convention,
scalar multiplication by -1 is applied to the Distance-to-failure results, as Petrel uses the reverse sign
convention. Stable stress conditions are indicated by negative FCS values, while positive FCS values

imply unstable stress states.

0.504

Figure 17: The Failure Criterion Stress (FCS) is defined as the shortest distance between the failure envelope and
the point, representing the fault of interest. Here, displayed for the optimal fault orientation.

3.5 Results

3.5.1 Structural model

Based on the KVB model, individual coal seams have been identified, along with all associated coal
seam segments. Data has been transferred into Petrel in order to display the 3D subsurface geometries
(Figure 18a). A fault model has been constructed based on the offset between individual segments of
several coal seams and validated against geological maps (Figure 18b). To derive 3D subsurface geom-
etries, horizon modeling has been performed for the spatial extent of the Bochumer main syncline, based

on the coal seam segments and constructed faults (Figure 18c¢).

Thus, the derived structural 3D model describes the large-scale tectonic features of the study area.
NW-SE to NNW-SSE trending normal faults, subdividing the study area into a horst and graben system,
are the dominant structural feature (Figure 19a). N-S and WNW-ESE trending faults represent a subor-
dinate part of the 3D model (Figure 19b). Folding is documented by anti- and synclines with WSW-ESE
trending fold hinges (Figure 19b).
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Figure 18: a) KVB model polygons of the coal seam Sarnsbank (Sprockhével-Fm., Namurian C, FLZ 0654/107)
(CRS: UTM WGS84 32U). b) Coal seam polygons with constructed fault network of the study area. c) Modeled
coal seam horizon (Sarnsbank). d) Input data and modeling results shown together.

The structural inventory described by the depth map of the Sonnenschein coal seam (Westphalian A)
comprise normal, strike-slip and thrust faults (Figure 19¢). While dip slip kinematics are reported for
the normal and thrust faults, no shear sense indication is given for the strike-slip faults. Orientation
statistics reveal a dominant NW-SE to NNW-SSE trend, with N-S and W-E striking faults subordinately
developed (Figure 19d). While the normal faults generally trend NW-SE (N143.5°E) (Figure 19e),
strike-slip faults occur at various orientation, with roughly NW-SE to N-S and W-E trends dominating
(Figure 19f). Mapped fold axes and thrust faults appear at NE-SW to WSW-ESE orientation (Figure
19g). The Hammer horst as part of the km-scale characteristic horst and graben structures in the Ruhr

Basin comprises lower-order horst and graben structures within (Figure 19c).
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Figure 19: a) Depth structure map of the Sonnenschein coal seam (Bochum fm., Westphalian A) with parts of the
mining areas of the “Heinrich Robert” colliery, shown as shaded polygons (CRS: GauB3-Kriiger zone 3). b) 2D top
view of the constructed fault model based on the KVB model. ¢) Structural features of the 3D fault model are
plotted on a Rose diagram. d) Orientation statistics of the identified structures on the depth structure map. e)
Isolated plot for fold axes and thrust faults observed on the depth structure map striking ENE-WSW to NE-SW. f)
Strike-slip fault orientation statistics show NW-SE to N-S and E-W trends. g) Normal faults mapped on the depth
structure map generally strike NW-SE to NNW-SSE.

3.5.2 Fault slip assessment

A deterministic slip tendency analysis was performed for the constructed fault model, considering an
average onmax orientation of N156°E and hydrostatic pore pressure conditions (Figure 20a). Within the
normal faulting regime, slip tendency is highest for umax parallel fault trends (here roughly NNW-SSE)
with dip angles of 60° and generally lowest for ENE-WSW strike direction (Figure 20b). Thus, NW-SE
to NNW-SSE trending normal faults exhibit highest slip tendencies of the study area’s structural inven-
tory, with slip tendencies ranging from 0.02 to 0.37. Thrust faults striking NE-SW to WSW-ENE exhibit

the lowest slip tendencies due to their perpendicular alignment in relation to the horizontal compression.
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Figure 20: a) Calculated slip tendency color coded on the constructed fault model. b) Stereo plot with fault poles

indicating NW-SE to NNW-SSE trending normal faults to be subject to highest slip tendencies.

Slip tendency is probabilistically assessed (1000 Monte Carlo realizations) considering two pore pres-
sure scenarios, for a referential depth of 1000 m below ground, representing former hard coal mining
levels. Considering the highest slip tendencies are observed for NW-SE to NNW-SSE trending normal
faults (Figure 20b), we use the von Mises orientation statistics of the mapped normal faults
(mean = 143.5°, k = 16.9) from the depth structure map around the “Heinrich Robert” colliery as input
(Figure 21e), as this part is subject to mine flooding since 2020. With no data available on the dip angle
of the mapped faults, a von Mises distribution is assumed, described by a mean dip value of 60° and a
shape parameter k of 200 (Figure 21f). The stress field data (gradients and oumax Orientation) are taken as

described in the methods section (Figure 21a, b, ¢, d).

Considering the expected mine water rebound with water levels to rise up to approximately 640 m below
ground, pore pressure amounts to 3.7 MPa at 1000 m below ground. Effective principal stresses amount
to overr= 19.9 MPa, Ghmaxerr = 17.7 MPa and Guminerr = 12.8 MPa (Figure 22a). Slip tendency results
range from 0.05 to 0.44 (Figure 22c¢), with no slip tendency exceeding the referential frictional strength

threshold of either u = 0.5 nor p = 0.67 (Figure 22c, d).

Considering hydrostatic pore pressure conditions (Pp=10.4 MPa) at a depth level of 1000 m below
ground (Figure 22h), effective principal stresses comprise Gy = 13.2 MPa, Grmaxer = 11.0 MPa and on-
mineff = 6.2 MPa (Figure 22b). Slip tendency results range from 0.01 to 0.91, with 19 % of the slip ten-
dency realizations exceeding the referential frictional strength for Carboniferous shales of p = 0.5 (Fig-
ure 22d, e). Furthermore, 5 % of the slip tendency result exceed the frictional strength criterion for frac-

tured Ruhr sandstone of u= 0.67 (Figure 22d, ¢).
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Figure 21: a), b), ¢) Absolute principal stresses 61 (Gv), 62 (GHmax) and 63 (Ghmin) as input parameters for the proba-
bilistic fault slip assessment given as distributions. The mode value is indicated by the red line. d) Orientation
statistics for the maximum horizontal stress component. ¢) The normal fault strike distribution is derived from the
analysis of the depth structure map of coal seam Sonnenschein. f) As dip angle could not be measured for the

mapped normal faults, the distribution is assumed.
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Figure 22: a) Stress conditions for a referential depth of 1000 m below ground assuming a pore pressure of
3.7 MPa, representing a mine water level at 640 m below ground. The failure envelopes are not touched by the
Mohr circles. b) Considering full hydrostatic conditions, the Mohr circles partially cross the failure envelopes. c)
Slip tendency calculated for the analyzed set of NNW-SSE to NW-SE trending normal faults do not exceed the
friction coefficients. d) Cumulative distribution functions (cdf) of the calculated slip tendencies for both pore pres-
sure scenarios. Blue color refers to c¢); green color refers to e). e) Slip tendency distribution for hydrostatic condi-
tions, partially exceeding the friction coefficients.
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3.5.3 Distance-to-failure analysis

The Upper Carboniferous sequence of the Bork 10 well (650 m to 1000 m MD) is used as data input for
property modeling, since it partially covers the stratigraphy of the study area. The lithological column
comprises alternating sandstone and claystone beds of variable thicknesses (up to 20-40 m), occasion-
ally containing interbedded coal seams (Figure 23a). The gamma ray log response matches the litholog-
ical core description (Figure 23a). The constructed geomodel covers the vertical extent of available well
log information and consists of multiple zones to honor the vertical lithological architecture. This is
reflected in the Vg, property model (Figure 23b), with Vg, values ranging from 0 to 100 % (Figure 23c¢).
Spatially, the model comprises of a section of a NNW-SSE trending normal fault located on the Hammer
horst structure, previously identified as the fault trend most susceptible to reactivation. Fault throw in-
creasing towards SSE, as the fault is only partially modeled since it extends beyond the boundaries of

the structural 3D model.

The predicted clay content (V) along the fault of interest (using the ESGR algorithm) ranges in between
0 and 100 %, following a normal distribution character (Figure 23d, e). Generally, the Vg, property is
heterogeneously distributed over the modeled fault surface, with characteristic elongated patches of
higher and lower clay content (Figure 23d, €). Lowest predicted Vg, values are attributed to sandstone-
sandstone juxtapositions. Consequently, the resulting spatial distribution of the friction coefficient fol-
lows the observed Vg, pattern (Figure 23f). Thus, elongated fault patches of various friction coefficient
magnitudes are characteristic. The modeled friction coefficient distribution ranges from 0.28 to 0.72

with a mean of 0.47 (Figure 23g).
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Figure 23: a) The analyzed Upper Carboniferous succession consists of sandstone (sst) and claystone (cst) beds of
various thickness with interbedded coal seams. Gamma ray log and corresponding Vi, log are displayed. A discrete
litho-log is derived from core description. b) The Vg, property model is build-up of multiple zones to reflect the
characteristic lithological architecture of the analyzed Upper Carboniferous succession (1.5 times vertical exag-
geration). ¢) The Vy, distribution of the property model is based on the upscaled well data, reflecting the lithological
composition. d) The predicted fault clay content property (V) shows a heterogeneous pattern of elongated patches
(1.5 times vertical exaggeration), with the associated distribution following a normal distribution character (e). f)
The modeled spatial distribution of the friction coefficient follows the fault clay content (V) pattern (1.5 times
vertical exaggeration), with values ranging from 0.28 to 0.72 (g).

Fault stability is assessed by quantifying the Failure Criterion Stress (FCS) on the assumption of hydro-
static pore pressure conditions, using the same stress field dataset as for the probabilistic fault slip as-
sessment. The approach of assuming two constant frictional fault strength thresholds (n=0.5 and
u=0.67, as used in the fault slip assessment) is compared to the approach of modeling the spatial vari-

ability of the friction coefficient (Figure 24a, b, c, d).

For constant friction coefficients, the resulting Failure Criterion Stresses (FCS) are negative with values
ranging from -0.95 to -1.15 MPa (for a p = 0.5) and -1.96 to -2.24 MPa (for a p = 0.67) respectively,

indicating stable conditions (Figure 24a, c, ¢).

Considering the geologically more realistic scenario, the friction coefficient for every point on the fault
is derived as a function of the predicted fault clay content (V) (Figure 24b). Horizontal patches of
positive FCS are associated with lower friction coefficients and thus, higher clay contents (V) reaching
up to 0.65 MPa (Figure 24b, g). Negative FCS values range down to -2.43 MPa (Figure 24b, g), with
72.6 % of the modeled fault below the critical FCS threshold of 0 MPa (Figure 24f). These stable zones

are linked to intermediate to high friction coefficients and thus, intermediate to low clay contents (V).
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Fully stable conditions are reached when additionally considering fault rock cohesion (1 MPa) (Figure
24d). The resulting FCS values range between -0.31 and -3.24 MPa (mean of -1.67 MPa), spatially dis-
tributed along the same characteristic elongated patches (Figure 24d), without exceeding the critical

FCS threshold of 0 MPa (Figure 24f, g).
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Figure 24: Frictional Criterion Stress (FCS) results for considering constant friction coefficient of p=0.5 (a) or
pu = 0.67 (c) compared to the predicted frictional strength for cohesionless (b) and cohesive conditions (d). e)
Resulting FCS values range from -0.95 to -1.15 MPa (u = 0.5) and -1.96 to -2.24 MPa (n = 0.67) assuming con-
stant friction coefficients, without exceeding the critical FCS threshold of 0 MPa. f) Cumulative distribution func-
tions color-coded for all four scenarios. g) FCS distributions for both scenarios of modeled spatially heterogeneous
frictional fault strength.

3.6 Discussion

3.6.1 Structural model

The constructed 3D model represents the structural configuration of the study area water province
"Haus-Aden". As data basis, the 2.5-dimensional KVB model is associated with a limited three-dimen-
sional resolution, since the coal seams were vertically interpolated following a geometric approach (Juch
1996) and thus, does only locally rely on hard-data. However, it provides a three-dimensional impression
of the structural configuration of a tight reservoir analogue based on subsurface mapping in coal mines.
Analysis of the depth structure map (Sonnenschein coal seam) provides additional insight into the fault

zone architecture of the NE border fault of the Kénigsborner Graben (Fliericher Sprung). As fault zones
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are represented as discrete planar surfaces for the sake of reservoir modeling, detailed depth structure
information indicates a complex fault zone architecture comprising several syn- and antithetic fault seg-
ments, in alignment with fault zone examples worldwide (Caine et al. 1996; Childs et al. 2009; Richard
et al. 2014; Delogkos et al. 2017). However, this level of structural detail is not resolved in the structural

3D model.

Due to decades of active coal mining exploration and exploitation, a significant amount of legacy data
has been acquired, which could potentially be employed for future subsurface utilization such as geo-
thermal energy extraction from mine waters (Greve et al. 2023). Therefore, the methodology developed
in this study could be applied for deriving 3D models of the deeper subsurface for the vertical extent of
available data. This cost-effective exploration option allows for the assessment of the target area’s over-

all structural configuration prior to committing to cost-intensive 3D seismic data acquisition.

3.6.2 Fault slip assessment

The slip tendency analysis for the tectonic inventory of the constructed 3D model revealed NW-SE to
NNW-SSE trending normal faults to experience highest slip tendencies. The probabilistic fault slip as-
sessment performed for the identified NW-SE to NNW-SSE trending normal fault set considered two
pore pressure scenarios (Pp of 3.7 MPa or 10.4 MPa) to cover the range of possible in situ pore pressure
states. Taking into account a mine water level of 640 m below ground and a resulting pore pressure of
3.7 MPa at 1000 m below ground, the calculated slip tendencies do not exceed the friction coefficients.
For hydrostatic conditions, 19 % of the Monte Carlo simulations exceed the frictional strength criterion
for Carboniferous shales. However, the frictional strength of fractured Ruhr sandstone of p = 0.67 is

exceeded in only 5 % of the realizations, which is the case for highest differential stresses (4 > 7 MPa).

The performed fault slip assessment assumed only frictional resistance to sliding as faults are considered
as incohesive. However, postseismic fault healing by fluid-rock interactions can lead to cohesive
strengthening of fault rocks (Tenthorey and Cox 2006; Casas et al. 2022). As fault rock cohesion would
additionally stabilize the analyzed faults, the chosen approach can be considered as conservative. A
heterogeneous spatial distribution of the frictional fault strength is likely, depending on the faulted li-
thologies and along-strike throw distribution (Meng et al. 2017; Jin et al. 2023) as the phyllosilicate
content of the fault gouge controls the frictional strength (Takahashi et al. 2007; Kohli and Zoback 2013;
Meng et al. 2017; Hunfeld et al. 2017; Bedford et al. 2022). This could be demonstrated exemplary for
a selected fault by the application of a non-perfect clay mixing model (ESGR) with the modeled friction

coefficient varying spatially along the fault surface.

The ESGR modeling result indicates a heterogeneous clay content distribution along the fault charac-
terized by horizontally elongated patches. However, sandbox modeling results of Vrolijk et al. (2016)
show unstructured patterns of clay mixing along the fault surface, which cannot be resolved using the
ESGR approach. The same applies to fault outcrop observations in a mixed Carboniferous sandstone
shale sequence, where rapid variation in fault rock content is described (Childs et al. 1997). Furthermore,
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unresolved fault zone architectural complexity challenges the application of deterministic clay mixing
models (Childs et al. 1997). As such, the employed ESGR approach provides an improved resolution of
the spatial change in the frictional fault strength, albeit considering the mentioned limitations. Conse-
quently, this questions the application of a single friction coefficient for fault slip assessments. Consid-
ering the spatial variability of frictional fault strength is crucial, particularly as the heterogeneity of fault
gouge clay content along faults can lead to an overall reduction in fault strength, as demonstrated by

Bedford et al. (2022).

While the employed function (i) = Vg, is not derived from a measurement campaign specific to the
studied Upper Carboniferous lithologies, the function converges to a value of p = 0.72 for the 0 % Vg,
endmember, aligning with experimentally measured friction coefficient for fractured Ruhr sandstone

(n=10.67) (Kruszewski et al. 2021).

Distance-to-failure analysis, based on the generated friction coefficient model, highlights that the ana-
lyzed fault is characterized by stable (FCS < 0, 72.6 %) and unstable (FCS > 0, 27.4 %) zones, assuming
no cohesive fault strength is considered. Here, fault stability is directly controlled by the spatial distri-
bution of the friction coefficient. Unstable zones (FCS > 0) are spatially linked to lower friction coeftfi-
cients, while stable fault patches (FCS < 0) are associated with intermediate to high friction coefficients.
However, when additionally considering a cohesive fault strength (1 MPa), the entire modeled fault

reaches stable stress conditions.

While unstable zones (FCS > 0) imply an existing potential for fault reactivation, it remains unclear to
what extent stabile fault patches (FCS < 0) contribute to the stabilization of the fault. If unstable zones
were to trigger fault reactivation, these low frictional strength zones might be dominated by aseismic
creep rather than seismic slip, as high clay content fault gouges often show rate-strengthening frictional
behavior (Ikari et al. 2009; Kohli and Zoback 2013; Collettini et al. 2019; Bigaroni et al. 2022; Ashman
and Faulkner 2023). The proposed workflow for modeling the spatial variability of the frictional fault
strength offers an approach to study fault stability based on a geologically more realistic frictional fault

strength model, compared to the consideration of a single constant friction coefficient.

Generally, the mining areas were spatially bounded by major fault zones where the in situ pore pressure
in the vicinity of the faults is unknown, as no measurements have been conducted. If the area surround-
ing the faults was influenced by mine water management and thus also by the expected mine water
rebound, pore pressures below hydrostatic conditions are conceivable (Pp 3.7 MPa at 1000 m below
ground). Therefore, fault slip is unlikely as probabilistically computed slip tendencies do not reach the

proposed failure criteria.

If faults were not influenced by mine drainage, hydrostatic pore pressure conditions are conceivable
since the hydraulically tight Upper Carboniferous rock matrix (Greve et al. 2023) could have delayed
pore pressure re-equilibration between high and low pressure zones. However, this assessment neglects

the influence of fracture networks in the Upper Carboniferous lithologies (Allgaier et al. 2023) on fluid
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distribution in the subsurface. With respect to the effective mean principal stresses, fault slip is not likely
for the considered range of frictional fault strength. In case of high differential stresses, fault slip might
be possible. However, potential cohesive fault rock strength is not considered here and provides addi-
tional safety buffers. This is in agreement with stability analysis performed for an exemplary fault, based
on a spatially heterogeneous frictional fault strength model. Most of the modeled fault is stable

(FCS < 0), with fault stability being improved by assuming cohesive strength.

Overall, the fault slip assessment indicates fault slip for NW-SE to NNW-SSE trending normal faults
within the NE part of the water province “Haus Aden” to be unlikely within the present-day stress field.
This is in alignment with the German seismic hazard map (Gruenthal and Bosse 1996), indicating no

natural fault activity to be expected.

3.7 Conclusion

A structural 3D model of the NE part of the water province “Haus Aden” (eastern Ruhr Basin) has been
constructed utilizing 2.5-dimensional legacy data. The derived model serves as basis to identify the most
exposed fault trends and types of the structural inventory by calculating slip tendency, revealing NW-
SE to NNW-SSE trending normal faults.

Probabilistic fault slip assessment revealed no reactivation potential for a mine water rebound up to a
level of 640 m below ground. Assuming hydrostatic conditions around the faults, NW-SE trending nor-
mal faults exceed the failure threshold only partially for high differential stresses (Ts > p=0.67 in 5 %
of the cases; Ts > pn = 0.5 in 19 % of the cases).

This aligns with fault stability analysis conducted for an NNW-SSE trending fault within the study area,
utilizing a spatially heterogeneous frictional fault strength model. The results indicate that the majority
of the modeled fault is stable, with the fault being characterized by a mixture of stable patches (FCS < 0)
and unstable zones (FCS > 0). Enhancements to the conventional approach of using a single friction
coefficient for fault stability analysis might be achieved by adopting the proposed workflow, which
models the spatial heterogeneity of the frictional fault strength through the application of a non-perfect

clay mixing model
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4 Fault leakage and reservoir charging in the Up-
per Rhine Graben, Germany - Assessment of
the Leopoldshafen fault bend

4.1 Abstract

Faults control subsurface fluid flow in sedimentary basins worldwide, often affecting hydrocarbon mi-
gration as well as geothermal fluid circulation. Since the Upper Rhine Graben hosts geothermal, lithium
brine, and hydrocarbon resources, the role of faults on fluid flow in the basin is of great interest. To
better understand structurally controlled fluid flow in the central Upper Rhine Graben, this study inves-
tigates the hydrocarbon migration of the fault-related Leopoldshafen oil field. As fault geometry can
change along-strike, fault conductivity might also vary spatially as it depends on, among others, the fault
orientation relative to the active stress field. Therefore, slip and dilation tendencies are used as proxies
for stress-controlled fault conductivity, computed for a strike-slip faulting regime with NW to NNW
oriented oumax. Fault Response Modelling is applied to derive subsurface strain distributions, associated
with fault activity during the Miocene phase of basin development. The Leopoldshafen fault, as a fun-
damental element of the fault-related three-way dip closure trap structure, is characterized by a changing
along-strike geometry with NNE-SSW trending fault segments linked by a NNW-SSE trending left-
stepping fault bend. Slip and dilation tendencies are highest around the fault bend segment, with a range
of considered oumax Orientations. As Expansion Index analysis indicates across-fault thickening and thus
fault activity of the Leopoldshafen fault during the main phase of graben rifting (Late Eocene to Oligo-
cene), subsurface strain distribution pattern associated with Miocene fault activity highlight strain con-
centrations around the fault bend segment, which has acted as a releasing bend. Thus, based on slip and
dilation tendency analyses, as well as Fault Response Modelling, the fault bend segment is identified as
the up-fault fluid migration zone along the Leopoldshafen fault. This underscores the importance of
comprehending the structural inventory of the Upper Rhine Graben for the prospect of future subsurface

exploration and alternative post-oil utilization.

4.2 Introduction

Faults play an important role in extensional sedimentary basins, controlling subsidence, sediment rout-
ing, fluid migration and heat transport (Person et al. 1996; Gupta et al. 1998; Gawthorpe and Leeder
2000; Bachler et al. 2003; Michael et al. 2013; Henstra et al. 2016; Walsh et al. 2018). Fault development
has been studied intensively, demonstrating the concepts of fault segmentation and linkage (Childs et al.
1995; Cartwright et al. 1996; Peacock 2002; Rotevatn et al. 2019; Fossen 2020) forming complex along-

strike fault geometries. Furthermore, the structural control on potential elevated structural permeability
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4. Fault leakage and reservoir charging in the Upper Rhine Graben

is often linked to fault interactions, fault bends and transfer zones (Faulds and Hinz 2015; Brogi et al.
2021). With respect to strike-slip faults, releasing bends are often associated with enhanced fluid flow
and mineralization (Sibson 1996; Muchez and Sintubin 1998; Stephen 2005; Zhang et al. 2008). Addi-
tionally, fault-controlled hydrocarbon migration has been studied in detail (Hooper 1991; Moretti 1998;
Smeraglia et al. 2022), with fluid flow along faults being sensitive to the prevailing stress field (Barton
et al. 1995; Wiprut and Zoback 2000).

In the context of a multi-phase deformation history, the impact of reactivation on normal faults is often
studied for reverse, respectively up-dip reactivation (McClay 1989; Chapman and Meneilly 1991; Kelly
et al. 1999). Rotevatn and Peacock (2018) investigated the strike-slip reactivation of normal faults, high-
lighting the implications for fluid flow caused by the presence of either releasing or restraining bends

depending on the along-strike geometry of the reactivated normal fault.

The Upper Rhine Graben is an extensively studied Cenozoic intra-continental rift basin with a long
history of hydrocarbon and geothermal exploration and production (Schad 1962; Durst 1991; Agemar
et al. 2014; Reinhold et al. 2016; Genter et al. 2016), and faults playing an important role for basin-scale
fluid migration and heat flow (Bruss 2000; Béchler et al. 2003; Bocker et al. 2017). This is reflected by
still ongoing production from oil fields in the Upper Rhine Graben (Durst 1991; Reinhold et al. 2016;
Bocker et al. 2017). Natural resource exploration in the region also relies on fault zones at 3 to 5 km
depth in sedimentary as well as crystalline rocks for deep geothermal exploration and aims for lithium

brine mining from geothermal waters (Baujard et al. 2021; Fries et al. 2022).

This work uses the geomechanical concepts of slip and dilation tendency as proxies to identify locations
along the Leopoldshafen fault which might have acted as fluid migration pathways. First, we will con-
struct a 3D geological model on which we conduct slip and dilation tendency analysis. Then, we will
perform Fault Response Modelling to provide additional insights in the spatial distribution of subsurface
strain induced by transtensional strike-slip reactivation of the Leopoldshafen fault within the Miocene
stress field. Subsequently, the fault-controlled charging of the stacked Leopoldshafen oil reservoirs and
potential geothermal utilization will be discussed, considering the interactions of stress- and fault orien-

tations which may benefit the future successful exploration and utilization of the subsurface.

4.3 Geological Setting

The study area is located within the central part of the Upper Rhine Graben between Karlsruhe and
Heidelberg, Germany (Figure 4.1a, b). The overall NNE-SSW striking passive continental rift is bound
by major normal faults to the east and west and can be spatially subdivided into a northern, central and
southern part (Schumacher 2002) (Figure 4.1b). The 300 km long and 40 km wide Upper Rhine Graben
is part of the European Cenozoic rift system, which extends over 1100 km from the North Sea to the

Mediterranean Sea (Schumacher 2002; Meschede and Warr 2019) (Figure 4.1a).
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4. Fault leakage and reservoir charging in the Upper Rhine Graben

The crystalline basement was overprinted by the Variscan Orogeny with Late Carboniferous extension
leading to the formation of WSW-ENE striking intramontane basins, where eroded material was depos-
ited until the late Permian (Illies 1972; Ziegler and Dézes 2005; Eisbacher and Fielitz 2010). A NNE-
SSW striking fault system was set in place during Variscan times and is related to Permian volcanism

(Ilies 1978; Schumacher 2002; Edel et al. 2007).

The Mesozoic pre-rift series, comprising of Triassic and Jurassic age sedimentary rocks, was deposited
on the peneplained Variscan orogen, unconformably overlying the Permian sedimentary rocks and the
older crystalline rocks (Schumacher 2002). The Mesozoic pre-rift sediment series was deposited under
marine and continental conditions. While terrestrial depositional conditions prevailed in the Lower Tri-
assic Buntsandstein (Induan to Early Anisian) (Aigner and Bachmann 1992; Bourquin et al. 2006; Mes-
chede and Warr 2019), the transgressive Middle Triassic Muschelkalk (Early Anisian to Early Ladinian)
period was characterized by a shallow marine environment (Aigner and Bachmann 1992; Warnecke and
Aigner 2019; Meschede and Warr 2019) that changed to terrestrial conditions in the Upper Triassic
Keuper (Early Ladinian to Rhaetian) (Aigner and Bachmann 1992). The Triassic is followed by the
transgressive phase of the Jurassic, where marine conditions prevailed throughout South Germany and
led to the deposition of mainly limestones, marls, and dolomites (Pienkowski et al. 2008). Important
Jurassic age source rocks comprise the Lias o and the Posidonia Shale (Lias €) with oil shales and bitu-
minous marls characterized by good to excellent source rock potential in the Upper Rhine Graben (URG)

(Schad 1962; Bruss 2000).

Sedimentation of the Cenozoic syn-rift sequences was controlled by tectonic activity as well as by trans-
gressive phases (Derer et al. 2005; Perner et al. 2018). The Oligocene and Miocene syn-rift sequence
comprises mostly of fine-grained sediments with intercalated sand layers (Reinhold et al. 2016). Coarser
sediments were deposited along the rift-basin margins (Derer et al. 2005) with sedimentation and palae-
oenvironmental conditions being controlled by syn-sedimentary fault activity of the boundary faults
(Derer et al. 2005; Reinhold et al. 2016; Perner et al. 2018). Sedimentation of the Oligocene and Miocene
syn-rift series was controlled by several transgressive phases alternating with continental sedimentation
conditions (Berger et al. 2005b; Berger et al. 2005a) (Figure 4.2). Generally, the transgressive sequences

represent the main Cenozoic source rock unit of the rift-basin (Perner et al. 2018).

The development of the Cenozoic Upper Rhine Graben is associated with a changing stress field and
the reactivation of deep-ranging Permo-Carboniferous NNE-SSW trending fault systems (Ziegler 1990,
1992; Schumacher 2002). The main rift phase of the Upper Rhine Graben took place during the Oligo-
cene, when the evolving Upper Rhine Graben was subject to W-E to WNW-ESE extension (Buchner
1981; Schumacher 2002; Dézes et al. 2004). A major reorientation of the stress field during the Miocene
caused by the Alpine orogeny, led to a sinistral strike slip movement along the boundary faults of the
Upper Rhine Graben in response to the NNW-SSE to NW-SE oriented direction of the maximum prin-
cipal stress o; (Illies 1978; Buchner 1981; Schumacher 2002; Dézes et al. 2004). Therefore, NNE-SSW
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4. Fault leakage and reservoir charging in the Upper Rhine Graben

trending main faults within the Upper Rhine Graben have also been reactivated in the same shear sense
(Rotstein et al. 2005). As a result, the central part of the Upper Rhine Graben is acting as restraining
bend (Schumacher 2002).

The structural style of the Upper Rhine Graben is characterized by complex horst and graben structures,
formed by antithetic and synthetic normal faults (Durst 1991) (Figure 4.1d). The tectonic inventory is
influenced by the multiphase Cenozoic deformation history. Main rifting in the Oligocene occurred in
response to W-E to WNW-ESE extension in a normal faulting stress regime and involved the formation
of NNE-SSW trending graben-parallel faults with fault lengths up to tens of km. Miocene deformation
occurred in a strike-slip stress regime, dominated by sinistral strike-slip kinematics and formation of
smaller faults with overall NNW-SSE strike direction. While the major NNE-SSW trending faults often
displace the whole Cenozoic sequence, the NNW-SSE oriented faults abut against these major faults
(Reinhold et al. 2016). Generally, the Upper Rhine Graben is structurally characterized by a cross-sec-
tional asymmetry, with higher subsidence observed at the eastern side of the central Upper Rhine Graben
(Figure 4.1d). Subsidence patterns vary within the rift basin with a few hundred meters’ difference be-
tween structural highs and lows even within the graben center (e.g. Illies 1972, Boigk 1981) affecting
reservoir quality (Busch et al. 2022b).

The present-day stress field (direction of principal stresses and magnitudes) for the central part of the
Upper Rhine Graben derived from wellbore data at the Bruchsal geothermal site is described as a normal
faulting regime with a transition to strike-slip, with Gumax striking roughly NW-SE (Meixner et al. 2014).
Generally, the Upper Rhine Graben is characterized by low- to medium intra-plate seismicity (Peters et

al. 2005), with lower seismic activity observed for the central part (Doubre et al. 2021).
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Figure 4.1: a) Simplified map of the European Cenozoic Rift System with rift-related sedimentary basins high-
lighted in light grey (modified after Dézes et al. (2004)). b) The Upper Rhine Graben is subdivided into a southern,
central and northern part, with the study area located N of the city of Karlsruhe (modified after Bocker et al.
(2017)). Prominent oil fields are marked in green. ¢) Depth structure map of the Top Niederrdderner beds with
contour lines given as depth below ground level (after Sauer and Nigele (1981)). The Leopoldshafen wells target-
ing the Cenozoic in the footwall of the Leopoldshafen fault are shown in green. d) WNW-ESE oriented cross-
section (2x vertical exaggeration) through the central Upper Rhine Graben reveals the asymmetric style of the rift

basin (LGRB-Kartenviewer 2021).
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Figure 4.2: Stratigraphy of graben fill and associated depositional environment (after Deutsche Stratigraphische
Kommision 2016). Elements of the the Cenozoic petroleum system of the central Upper Rhine Graben (after Rein-
hold et al. (2016) and Bocker et al. (2017)) without the Jurassic source rocks displayed in the figure. The multi-
phase deformation history of the Upper Rhine Graben is taken from Dézes et al. (2004).

4.3.1 Leopoldshafen oil field

This study focuses on the former Leopoldshafen oil field, which produced a total of 1,481,953 bbl from
1957 to 1986 (Reinhold et al. 2016). The considered field is located approximately 10 km north of the
city of Karlsruhe (Figure 4.1b). As a fault-related trap (Durst 1991; Reinhold et al. 2016), the Leopold-
shafen oil-field is characterized as a three-way dip closure, bounded by the Leopoldshafen fault to the
west (Reinhold et al. 2016) (Figure 4.3). Bruss (2000) identified Jurassic (Liassic black shales) and
Cenozoic (Fish shale) source rocks to feed a multi-level reservoir system with producing units located
in the Rupelian Cyrena Marls, Meletta Beds as well as the Chattian Bunte Niederroderner Beds (Boigk
1981; Durst 1991) (Figure 4.3). In case of the Meletta sandstone beds from the Froidefontaine Fm. the
reservoir rocks comprise laterally confined sandstone bodies, with a vertical extent of up to 5 m sepa-
rated by marl (Boigk 1981). Reservoir quality of the laterally limited Meletta sandstone bodies (Meletta
Beds) is made up of variable porosity (®: 8.7 -25.6 %) and permeability (k: 1.3 — 64 mD) (Sauer and
Négele 1981). Bocker et al. (2017) concluded on the basis of geochemical analyses, that Liassic oil (Lias
g, respectively Posidonia Shale) accounts for the major part of the Leopoldshafen oil admixture. Ac-
cording to Reinhold et al. (2016) and Bocker (2017), the main phase of Liassic oil expulsion took place

in the Miocene. Significant kitchen areas are located in the graben center around Karlsruhe, with the
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Posidonia Shale (Lias €) reaching the wet gas window, indicated by a vitrinite reflectance of VR, > 1.3 %
(Bocker and Littke 2016). Hydrocarbon charge might be fault-controlled (Bruss 2000) while transgres-

sive intra-formational sequences are believed to form major seals (Bocker et al. 2017).
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Figure 4.3: Schematic profile through the Leopoldshafen oil field with the hydrocarbon accumulation in the foot-
wall (after Wirth (1962)).

4.4 Materials and Methods

4.4.1 Geomodel

The fundamental structural framework of the Leopoldshafen site is derived from regional-scale depth
maps of several Cenozoic (Base Landau Fm., Base Froidefontaine Fm. & Base Tertiary) and Mesozoic
(Base Keuper & Base Muschelkalk) stratigraphic horizons as part of the GeORG data set (Sokol et al.
2013). Initiated by the geological surveys of Germany (Baden-Wiirttemberg, Rhineland-Palatinate),
France and Switzerland, the regional scale 3D model of the Upper Rhine Graben (GeORG) has been
constructed, based on seismic data, borehole information and depth structure maps (Sokol et al. 2013).
Furthermore, the Leopoldshafen 1 well report, available at the LGRB (federal geological survey of Ba-
den-Wiirttemberg), was used to constrain the vertical extent of the reservoir zone. Results were evalu-
ated against older 2D depth structure map data of the field, which allowed for the comparison of strike
and dip direction of the Leopoldshafen fault considered in this study (Sauer and Négele 1981). The
authors are aware that the GeORG data come with limitations as compared to unpublished 3D seismic

acquired by Rhein Petroleum GmbH in 2012 (Deutsche Rohstoftf 2012), which will be discussed below.
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4.4.2 Expansion index analysis

To better understand the fault activity of the Leopoldshafen fault, the Expansion Index (EI) established
by Thorsen (1963), is used to identify periods of fault growth (Pochat et al. 2009; Jackson and Rotevatn
2013; Cong et al. 2020). Defined as the ratio of thickness variation between foot- (FW,) and hanging
wall (HW,), an EI > 1 indicates across-fault thickening and thus, fault activity during sediment deposi-

tion.

HW, (1)

4.4.3 Slip & dilation tendency analysis

To identify the location of fault-controlled fluid migration pathways, slip and dilation tendency are used
as proxies, calculated with the Stress Analysis tool of the MOVE Software Suite (Petroleum Experts
Ltd.).

Slip tendency Ts is utilized to identify critically stressed fault segments, which could potentially be
permeable under certain stress conditions (Barton et al. 1995; Wiprut and Zoback 2000). Based on ef-
fective principal stresses, the slip tendency Ts (not normalized with respect to u) is computed as the ratio
of resolved shear (1) to normal stress (o,) acting on a surface of interest. A fault is considered as critically
stressed if its slip tendency values exceed the coefficient of static friction (). The slip tendency Ts

describes the likelihood for a cohesionless fault to be reactivated in shear mode (Morris et al. 1996):

Iy=—2=2pn 2)

Dilation tendency Tp gives the likelihood of a surface to dilate, respectively to open, in tensile mode

(Ferrill et al. 1999):

0L~ On ®3)

Slip and dilation tendency cross-plots are utilized to analyse failure behavior along the modeled fault
surface and associated implications for volume changes, following the approach of Ferrill et al. (2020a)

(Figure 4.4).
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Figure 4.4: Slip and dilation tendency cross-plot linked with failure modes and implications for volume changes
(modified after Ferrill et al. (2020a)).

The Miocene stress field is characterized as a strike-slip faulting regime, inducing left-lateral reactiva-
tion of favorably oriented faults (Illies 1978; Buchner 1981; Schumacher 2002; Dézes et al. 2004).
Schumacher (2002) describes a 6umax (01) orientation of NNW-SSE (N158°E) for the Early Miocene,
which rotates towards NW-SE (N135°E). Rotstein and Schaming (2011) proposed a NNW-SSE
(N158°E) oriented Grmax, while Buchner (1981) suggest NW-SE (N135°E) oriented horizontal compres-
sion. To account for the possible oumax Orientations, three scenarios (N135°E, N146°E, N158°E) are

calculated covering the range between a NW-SE and NNW-SSE orientation.

Since no historic stress gradients are published, ov and onmin gradients are taken from Meixner et al.
(2014), who characterized the present-day stress field at the Bruchsal geothermal site as normal faulting
regime with transition to strike-slip. The oumax gradient is guessed considering the requirement of Grmax

> ov, to meet the conditions for a strike-slip regime.

Published stress gradients comprise a density-log derived vertical stress gradient oy of 23.8 MPa km'!
as well as a minimum horizontal stress gradient of 15.3 MPa km™!, derived from leak-off tests, conducted
in the Middle Keuper (Meixner et al. 2014) (Table 4.1). Considering a strike-slip faulting regime for the
Miocene (Illies 1978; Buchner 1981; Schumacher 2002; Dézes et al. 2004), the possible range of Grimax
has a lower bound of Gumax = 1* ov and an upper bound of 6 umax = 1.42*ov according to the stress
polygon concept (Meixner et al. 2014). Slip and dilation tendencies are calculated using the averaged

Otmax gradient of Gumax = 1.21* oy = 28.8 MPa km™' (Table 4.1).
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Table 4.1: The strike-slip stress model for the Miocene taking the uncertainty of the Gumax Orientation into account.

Age Faulting regime Gradients (MPa/km) OHmax Orientation
()Y} GO Hmax Ghmin Pp
Miocene | Strike-slip 23.8 28.8 153 102 N146°E + 11°

To assess fault stability, slip tendency analyses often assume the frictional fault strength, given by the
coefficient of static friction p, as p = 0.6 (Worum et al. 2004; Becker et al. 2019b; Kinoshita et al. 2019;
Ferrill et al. 2020b). This followes Byerlee (1978) who proposed a range for u of 0.6 to 0.85. This is
valid as upper limit with the friction of fault gouge can be as low as < 0.2 as demonstrated by Ferrill et
al. (2017b). The fault’s frictional strength depends on, among others, on the mineralogical content of the
fault gouge and therefore on the faulted host-rock lithology (Zhang 2019). Research shows a decrease
of the coefficient of friction with increasing clay mineral content (Takahashi et al. 2007; Tembe et al.
2010; Kohli and Zoback 2013; Kato and Hirono 2016; Zhang 2019; Bedford et al. 2022). Moreover, the
coefficient of static friction can be reduced by the presence of water, demonstrated for sandstone samples

by Noél et al. (2021).

Since no samples or information on the mineralogical composition of the Leopoldshafen fault gouge
material is available, two failure envelopes are used to cover the possible range of fault strength. With
the faulted Cenozoic sedimentary succession consisting mostly of marlstones and mudstones with inter-
calated sandstones (Perner et al. 2018), a coefficient of static friction of 0.4, representing a clay-rich
fault gouge is chosen as lower bound of possible fault strength (Verberne et al. 2010). The upper bound
is represented by a coefficient of static friction of p = 0.6 which is more likely for Mesozoic sedimentary

rocks.

4.4.4 Fault Response Modelling

The Fault Response Modelling tool within the MOVE Software Suite computes fault-induced displace-
ment, stress and strain in an ambient elastic medium based on elastic dislocation theory. Complex fault
geometries can be resolved by the use of triangular dislocation elements. Fault slip induced deformation
within the elastic medium causes a displacement field, from which the corresponding strain and stress
fields can then be deduced. Displacement boundary conditions can be defined as slip vectors, with het-
erogeneous slip distributions derived from fault throw analysis often considered as input data (Maerten
et al. 2006). However, this approach is only applicable for pure dip slip kinematics. As transtensional
strike-slip or pure strike-slip movement is assumed for the Miocene activity of the Leopoldshafen fault,
the horizontal slip distribution cannot be quantified. Instead, a uniform slip distribution, respectively a
constant slip vector is assumed. The maximum principal strain axis e; (by convention: e; > e; > €3) as
well as dilation (= e; +e; +e3), as a measure of volumetric strain, are used as two- and three-dimensional
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observation attributes. We model the spatial magnitude distribution for e; and dilation to identify strain

concentrations around the fault.

To cover the range of possible fault slip kinematics, three scenarios are calculated. Scenario 1 describes
pure sinistral strike-slip kinematics, which is in agreement with the general assumption of a sinistral
strike-slip reactivation of the Upper Rhine Graben (Illies 1978; Schumacher 2002; Dézes et al. 2004).
Scenario 2 and 3 represents transtensional sinistral strike-slip kinematics with an overall oblique slip
vector consisting of a horizontal slip and a vertical dip slip component. This is in agreement with pale-
oseismological observations in the central Upper Rhine Graben (Reicherter et al. 2021; Ritz et al. 2021).
As the Upper Rhine Graben is still active, but Miocene slip rates are not available, published neotectonic
slip rates are taken instead as an approximation. The authors are aware, that neotectonic slip rates, meas-
ured over geologically short time frames, but extrapolated for the Miocene period, might introduce some
uncertainty. This issue will be discussed below. Quantified vertical as well as horizontal displacement
is given by Pena-Castellnou et al. (2023) derived from paleoseismological trenching at the eastern
boundary fault within the central Upper Rhine Graben segment. They documented oblique left-lateral
kinematics with a vertical slip rate of 0.02+ 0.005 mm yr! and a horizontal slip rate of

0.1 +£0.01 mm yr! over a time period of 65 ka.

With the stress field reorientation in the Early Miocene at around 20 Ma ago (Illies 1978; Schumacher
2002; Dézes et al. 2004), and the fault activity of the Leopoldshafen fault ceased roughly 5 Ma ago
(Figure 4.2), absolute slip magnitudes can be calculated based on the considered slip rates. The slip
vector for scenario 1 amounts to a horizontal component of 1500 m (Table 4.2) (Figure 4.5). In addition
to the horizontal slip vector of 1500 m, scenario 2 considers a vertical dip slip component of 300 m, to
form an overall oblique slip vector (Table 4.2) (Figure 4.5). Scenario 3 represents a vertical slip compo-

nent of 300 m and a lower variation of the horizontal component of 500 m (Table 4.2) (Figure 4.5).

Table 4.2: Fault Response Modelling input data given as slip vector for three scenarios covering sinistral strike-
slip kinematics, with a dip slip component considered for scenario 2 and 3. Here we define h = horizontal and
v = vertical.

Sce- Kinematics Slip vector
nario

1 Sinistral strike-slip h =1500m

2 Sinistral strike-slip + dip h =1500m, v = 300m
slip

3 Sinistral strike-slip + dip h =500m, v =300m
slip
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Figure 4.5: Kinematical scenarios for the movement of the hanging wall of the Leopoldshafen fault during Miocene
reactivation ranging from pure sinistral strike-slip (scenario 1) to transtensional sinistral strike-slip with dip slip
components (scenario 2 and 3).

4.5 Results

4.5.1 Geomodel
The GeORG depth structure maps indicate two major NNE-SSW trending, WNW-dipping normal faults

(Leopoldshafen and Stutensee fault) in the study area, which both displace the Cenozoic and Mesozoic
horizons, forming a tilted fault block (e.g., Base Froidefontaine Fm. horizon) (Figure 4.6a). The distance
between the major normal faults, the horizontal extent of the rigid fault block measured perpendicular

to the general fault strike, totals 3 to 5 km (Figure 4.6a).

The former Leopoldshafen oil-field is located in the footwall of the Leopoldshafen fault, which appears
to consist of two NNE-SSW trending segments, linked by a left-stepping N-S to NNW-SSE striking
fault bend segment (Figure 4.6a). The bend segment zone has a width of approximately 1500 m, meas-
ured on the Base Froidefontaine Fm. depth map. The step angles range between 20° and 25° (Figure
4.6a).

To investigate the complex geometry of the Leopoldshafen fault and its impact on vertical fluid migra-
tion, a fundamental structural reservoir model is constructed, capturing the surrounding area (Figure
4.6a). With a horizontal extent of 7 km in WNW-ESE and 14 km in NNE-SSW direction, the model
represents a model alignment subparallel to the overall Upper Rhine Graben strike. The geomodel in-
corporates four major Cenozoic horizons (Base Iffezheim Formation, Base Landau Formation, Base
Froidefontaine Formation & Base Tertiary) and two major Mesozoic horizons (Base Keuper and Base

Muschelkalk), normal-displaced by the Leopoldshafen fault.

A reservoir zone is constructed to constrain the vertical position of the multi-level reservoir system. The
zone’s vertical extent is calculated using thickness information from the Leopoldshafen-1 well report.
With the producing reservoir intervals located in the Froidefontaine Formation (Rupelian Cyrena Marls
& Meletta Beds) and Niederrodern Formation (Chattian Bunte Niederréderner Beds), the reservoir zone

extents from the referential Base Froidefontaine Fm. horizon until a constructed Top Niederrédern Fm.
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horizon. Therefore, this reservoir zone has a vertical extent of 646 m, assuming a constant thickness for

the modeled area.

a)
Depth b)
= N
- -800 Leopoldshafen fault Leopoldshafen fault 4
b 1200 G

I -1600

25%

Figure 4.6: a) The structure map of the Base Froidefontaine Formation, given as depth below sea level, highlights
two major NNE-SSW trending normal faults. b) Rose plot indicates an overall NNE-SSW trend for the Leopold-
shafen fault with a NNW-SSE striking bend segment. c¢) Poles of the modeled Leopoldshafen fault along strike
plotted on a Schmidt net (lower hemisphere) indicating an overall WNW-dipping fault.

4.5.2 Expansion Index (EI) analysis

Expansion Index (EI) analysis is conducted for a W-E oriented line across the Leopoldshafen fault bend,
oriented roughly normal to the fault bend trend, (Figure 4.7a), to be able to temporally resolve the fault

activity. The studied formations are grouped into zones (from top to bottom):
Zone I: Base Iffezheim Fm. to Base Landau Fm.

Zone II: Base Landau Fm. to Base Froidefontaine Fm.

Zone III: Base Froidefontaine Fm. to Base Tertiary

Zone 1V: Base Tertiary to Base Keuper

Zone V: Base Keuper Fm. to Base Muschelkalk

Across-fault thickening is observed for zone I, I and 11, indicated by an Expansion Index EI > 1 (Figure
4.7b, c). The zones IV and V show EI values roughly around 1 (Figure 4.7c). The Leopoldshafen fault

zone terminates vertically below the Base Iffezheim Fm., which appears not to be faulted (Figure 4.7b).
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Figure 4.7: a) Overview map of the Base Froidefontaine Fm. depth structure map with the cross-section highlighted
by the black line. b) Cross-sectional view in W-E orientation. Assigned ages are taken from Deutsche Stratigra-
phische Kommission (2016). ¢) Expansion index (EI) calculated to highlight across-fault thickening.

4.5.3 Slip and dilation tendency analysis

Scenario 1 6amax N135°E (NW-SE)

Slip tendencies calculated for the Leopoldshafen fault, considering NW-SE (N135°E) horizontal com-
pression, range between Tsmin = 0.10 and Tsmax = 0.69, with a mean of Tsmean = 0.29 (Figure 4.8a, e). Slip
tendencies for the modeled fault exceeding the referential coefficient of static friction of p = 0.6 amount
to 10 %. Considering a frictional fault strength of pu = 0.4, 22 % of the modeled Leopoldshafen fault is
subject to slip tendencies of Ts > 0.4. With respect to a depth level of 1000 m, representing roughly the
position of the Base Froidefontaine Fm. footwall trace, slip tendencies of Ts > 0.4 are observed (17 %)

but no Ts > 0.6 (Figure 4.8a, c, d).

A heterogeneous spatial distribution of Ts on the modeled fault surface is observed (Figure 4.8a). High-
est slip tendencies (Ts > 0.4) are located within the NNW-SSE to N-S trending fault segment, while the
NNE-SSW trending fault segments are subject to lower slip tendencies (Figure 4.8a). An increase in Ts

magnitude with depth is also evident for the fault bend segment (Figure 4.8a).

Dilation tendencies range between Tpmin = 0.05 and Tpmax = 0.91, with a mean of Tpmean = 0.27 (Figure
4.8f). The calculated dilation tendency is spatially heterogeneously distributed along the fault, with high-
est Tp located within the NNW-SSE to N-S trending fault bend segment (Figure 4.8b). 20 % of this fault
segment exceeds dilation tendencies of 0.8. As depth increases, the Tp magnitude increases, which is

observable within the fault bend segment (Figure 4.8b).

Combining these results, the NNW-SSE trending fault bend segment at a depth level of
around -1000 m + 200 m was subject to high slip (Ts > 0.4) and moderate dilation tendencies (Tp < 0.8)
(Figure 4.9a, d). Slip and dilation tendencies can be even higher (Ts > 0.6 and Tp > 0.8) for the steep
dipping fault areas at deeper levels (Figure 4.9a, d). Within the NNE-SSW trending fault segments low-
est slip (Ts < 0.4) and dilation tendencies (Tp < 0.4) are observed (Figure 4.9 a, d).
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Scenario 2 6umax N146°E

Slip tendencies calculated for the Leopoldshafen fault, considering N146°E horizontal compression,
range between Tsmin = 0.14 and Tsmax = 0.68 (Tsmean = 0.36) (Figure 4.8g, k). Slip tendencies exceeding
the referential coefficient of static friction of p = 0.6 amount to 5 %, while 33 % exceed n = 0.4 (Figure
4.8k). Around the depth level of the Base Froidefontaine Fm. footwall trace, respectively roughly
1000 m depth, slip tendencies of Ts > 0.4 are observed (27 %) but no Ts > 0.6 (Figure 4.8g, 1, j).

A heterogeneous spatial distribution of Ts on the modeled fault surface is evident (Figure 4.8g). Spatial
anomalies of higher slip tendencies (Ts > 0.4) are located within the NNW-SSE to N-S trending fault
segment, while the NNE-SSW trending fault segments are subject to relatively lower slip tendencies
(Figure 4.8g). An increase in Ts magnitude with depth is additionally observed for the fault bend seg-
ment (Figure 4.8g).

Dilation tendencies fall in a range between Tpmin = 0.09 and Tpmax = 0.98, with a mean of Tpmean = 0.36
(Figure 4.8f). The calculated dilation tendency is spatially heterogeneously distributed along the fault,
with highest Tp located within the NNW-SSE to N-S trending fault bend segment (Figure 4.8b). 41 %
of this fault segment exceeds dilation tendencies of 0.8. With increasing depth, the Tp magnitude in-

creases, evident within the fault bend segment (Figure 4.8b).

For scenario 2, the NNW-SSE trending fault bend segment at a depth level of around -1000 m + 200 m
was subject to high slip (Ts > 0.4) and moderate dilation tendencies (Tp < 0.8) (Figure 4.9b, e). Within
the steep dipping fault areas at deeper levels, slip and dilation tendencies can be even higher (Ts > 0.6
and Tp > 0.8) (Figure 4.9b, e). Lowest slip (Ts < 0.4) and dilation tendencies (Tp < 0.4) are observed for
the NNE-SSW trending fault segments (Figure 4.9b, e).

Scenario 3 6umax N158°E (NNW-SSE)

Analysis for the NNW-SSE horizontal compression scenario reveals slip tendencies within the range of
Tsmin = 0.11 to Tsmax = 0.66 (Tsmean = 0.43) (Figure 4.8m, q). Results indicate 5 % of the modelled Leo-
poldshafen fault to be subject to slip tendencies Ts > 0.6, while 62 % exceeds a Ts of 0.4. With respect
to a depth level of -1000 m, representing roughly the position of the Base Froidefontaine Fm. footwall
trace, slip tendencies of Ts > 0.4 are observed (51 %) but no Ts > 0.6 (Figure 4.8m, o, p).

The spatial slip tendency distribution on the Leopoldshafen fault is heterogeneous (Figure 4.8m) with
higher slip tendencies located around the N-S trending edges of the bend segment (Figure 4.8m). Com-
parably lower slip tendencies are observed for the NNE-SSW striking segments of the Leopoldshafen
fault (Figure 4.8m).

Computed dilation tendencies are in a range between Tpmin = 0.16 and Tomax = 1 (Tpmean = 0.49) (Figure
4.8f). Dilation tendency is spatially heterogeneously distributed along the Leopoldshafen fault. Highest
Tp are observed within the NNW-SSE to N-S trending fault segment (Figure 4.8b), with 62 % of this
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segment exceeding dilation tendencies of 0.8. Generally, the Tp magnitude increases with depth, evident

within the fault bend segment (Figure 4.8b).

For scenario 3, the NNW-SSE trending fault bend segment was subject to high slip (Ts > 0.4) and mod-
erate to high dilation tendencies (Tp > 0.8) at a depth level of around -1000 m + 200 m (Figure 4.9c, f).
Modeled slip and dilation tendencies may be even higher (Ts > 0.6 and Tp > 0.8) for the steeply dipping
fault areas at deeper levels (Figure 4.9c¢, f). The lowest slip (Ts < 0.4) and dilation tendencies (Tp < 0.4)
are observed for the NNE-SSW trending fault segments (Figure 4.9c, f).
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Figure 4.8: a), b), g), h), m), n) Spatial distribution of slip (Ts) and dilation (Tp) tendencies on the modeled Leopoldshafen fault for three different oumax orientations. c), d), 1), j), 0), p) Stress
conditions at 1000 m depth given as Mohr diagram and stereographic plot considering two static friction coefficients (n = 0.4 and p = 0.6). e), ), k), 1), q), r) Slip and dilation tendency distributions
of the modeled fault surface for each Gumax scenario.
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Figure 4.9: a), b), c) Slip and dilation tendency cross-plot for Gumax Scenarios 1-3 color-coded for the dip angles.
Background data given as circles represent the entire modeled Leopoldshafen fault surface, while depth-restricted
fault data (z =-1000 m + 200 m) is indicated by square signatures. d), e), f) Slip and dilation tendency cross-plot color-
coded for the strike orientation.

4.5.4 Fault Response Modelling

Fault Response Modelling for pure sinistral strike-slip kinematics (scenario 1) indicate a positive volumet-
ric strain (dilation) concentration around the fault bend segment in the hanging and footwall of the Leo-
poldshafen fault for an observation horizon at 1000 m depth (Figure 4.10a). The spatial distribution of the
maximum principal strain e; magnitude highlights strain concentration around the fault bend segment (Fig-
ure 4.10d). With strain generally decreasing away from the fault, the spatial extent is more pronounced in

the hanging wall.

Fault Response Modelling considering an oblique slip vector (plunging 13°) (scenario 2) results in a posi-
tive volumetric strain concentration around the fault bend segment, which is slightly laterally shifted on the
same observation horizon at 1000 m depth (Figure 4.10b). The e; strain pattern is comparable to the one of
scenario 1 with a local strain concentration around the fault bend and a more pronounced zone of interme-

diate strain within the hanging wall of the Leopoldshafen fault (Figure 4.10e).

Considering an oblique slip vector with a lower variation of the horizontal slip component (plunging 35°)
(scenario 3), the resulting volumetric (dilation) and longitudinal strain (e;) change in magnitude but the
spatial strain patterns remain comparable to scenario 1 and 2 on the same observation horizon at a depth

level of -1000 m (Figure 4.10c, f).
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Figure 4.10: Fault Response Modelling simulation results for scenario 1 (a, d), 2 (b, e) and 3 (c, f) shown as volumetric
strain magnitude (dilation) and maximum principal strain magnitude (e;) on an observation horizon at 1000 m depth.
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4.6 Discussion

4.6.1 Geomodel

The geographical location of the studied Leopoldshafen fault has been published in several studies (Sauer
and Nigele 1981; Boigk 1981; Sokol et al. 2013), with the geomodel being based on published data from
the GeORG project (Sokol et al. 2013). The regional-scale GeORG model, whose structural framework is
mostly based on 2D seismic fault interpretations, is occasionally supplemented by fault interceptions from
borehole reports (Sokol et al. 2013). Concerning the uncertainty of the Leopoldshafen fault, Reinhold et al.
(2016) demonstrated the misfit between fault traces derived from 2D seismic interpretations and fault traces
from 3D seismics for the Upper Rhine Graben. With up to 20 wells being drilled for exploration and ex-
ploitation of the former Leopoldshafen oil field, most of the wells intersected the Leopoldshafen fault,
adding confidence in the modeled fault trace of the GeORG model. However, modeled faults and wellbore

fault intersections often could not be matched satisfactorily, according to Sokol et al. (2013).

Relay ramps developed as result of fault growth via horizontal linkage are key components of evolving rift
basins (Fossen and Rotevatn 2016) and described as a substantial part of the Upper Rhine Graben structural
inventory (Le Carlier de Veslud et al. 2005; Reinhold et al. 2016; Kraml et al. 2016). It is therefore likely,
that the Leopoldshafen fault is made up of two hard-linked NNE-SSW trending fault segments with the
fault bend as a breached relay ramp. The detailed structural character of the 1.5 km wide fault bend zone of
the Leopoldshafen fault might be studied in detail with high resolution 3D seismic to identify potential fault

linkage via seismic attribute analysis.

4.6.2 Fault activity

Expansion Index analysis revealed across-fault thickening for zone I — III, identifying these as a syn-rift
sequence. However, given the coarse stratigraphic resolution of the 3D structural model, and the fact, that
fault activity ceased prior to the deposition of the Base Iffezheim Fm. (3.6 Ma), zone I contains parts of the

syn-rift as well as the post-rift sequence.

Considering the coarse stratigraphic resolution of zone I1I, which ranges from 50 Ma (Base Tertiary) to 31
Ma (Base Froidefontaine Fm.), the onset of fault activity falls temporally somewhere in-between. This
implies, that fault activity of the Leopoldshafen fault had started prior to the deposition of the Base Froide-
fontaine Fm. 31 Ma ago (Rupelian/Early Oligocene) (Deutsche Stratigraphische Kommission 2016), and
thus can be linked to the main phase of graben formation during the Oligocene (Schumacher 2002; Dézes
et al. 2004). This is consistent with the general assumption that rifting and basin subsidence primarily oc-
curred during the main phase of graben formation, which was accompanied by basin-parallel normal fault-
ing (Reinhold et al. 2016). Since the activity of the Leopoldshafen fault commenced at least 31 million

years ago, the fault was subject to the stress field reorientation in the early Miocene.
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4.6.3 Slip & dilation tendency analysis

Slip and dilation tendency analysis revealed a spatially heterogeneous distribution along the Leopoldshafen
fault. Since slip and dilation tendency are controlled, among other factors, by the angular relationship be-
tween the along-strike geometry of the fault and the stress orientation (Morris et al. 1996; Ferrill et al.

1999), a range of possible oumax Orientations (NW-SE to NNW-SSE) is tested.

Dilation tendency analysis revealed along-strike Tp anomalies, with the NNW-SSE to N-S trending fault
bend segment to experienced highest dilation tendencies (Tp > 0.8), valid for the considered Gumax Orienta-
tion range (NW-SE to NNW-SSE). However, the percentage of the area where Tp = 0.8 is exceeded, is
highest for a NNW-SSE 6umax fault-bend orientation.

Slip tendency results indicate a spatial anomaly of higher slip tendencies (Ts > 0.4) within the fault bend
segment for a NW-SE (N135°E) oriented oumax. For a maximum horizontal stress direction of N146°E and
N158°E (NNW-SSE), the location of higher slip tendencies (Ts > 0.4) shifts towards the N-S trending edges
of the fault bend segment.

With special emphasis on shallower depth levels (around 1000 m), slip tendencies partially exceed the lower
coefficient of friction of p = 0.4 but do not exceed the frictional threshold of p = 0.6. While for the NW-SE
(N135°E) onmax scenario, mainly the NNW-SSE to N-S trending fault bend segment is subject to Ts > 0.4,
this pattern changes for a NNW-SSE oriented oumax With most of the Leopoldshafen fault experiencing
Ts>0.4.

Whether the fault bend segment was critically stressed depends on the choice of the friction coefficient.
With respect to the lower bound of frictional fault strength criterion (u = 0.4), the fault bend segment was
partially critically stressed since the stress field reorientation of the Early Miocene. However, as slip tenden-
cies do not exceed Ts = 0.6 in any scenario at a depth of 1000 m, the fault can be considered as not critically

stressed with respect to the frictional threshold of p = 0.6.

Fault strength can vary spatially depending on fault rock composition, including clay content (Tembe et al.
2010; Verberne et al. 2010; Meng et al. 2017; Ashman and Faulkner 2023), and thus on faulted lithologies
and fault throw. Because the frictional strength of the Leopoldshafen fault is unknown and therefore ex-
pressed as a range (= 0.4 - 0.6), the results rather qualitatively identify the fault bend segment as a site of
higher slip tendencies along strike. The considered range of fault frictional strength is approximated by the
mechanical properties of the Rotliegend Slochteren sandstone and Ten Boer claystone with coefficients of

static friction of w = 0.6 and p = 0.4 respectively (Hunfeld et al. 2017).

Following the approach of Ferrill et al. (2020a), deformation behavior is controlled by the fault’s exposure
to the prevailing stress field, and thus on slip (Ts) and dilation (Tp) tendencies. Based on Ts-Tp cross-plots,
the NNW-SSE trending fault bend segment is subject to high slip and moderate to partially high dilation

tendencies across all computed Gumax scenarios. The fault bend segment plots within the shear failure zone
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for oumax scenarios of N135°E and N146°E and reaches towards the hybrid failure region for a Gxmax of
N158°E (Ferrill et al. 2020a). Volume gain is associated with hybrid failure but also with shear failure, as
the misalignment of the rough slip surfaces can create a volume gain (Zimmermann et al. 2019; Cheng and
Milsch 2021). As a detailed structural interpretation is key for predicting deformation behaviour along the
fault surface (Ferrill et al. 2020a), the resolution of the regional-scale GeORG model has to be considered

as a limitation.

Both slip and dilation tendencies are controlled by the magnitude of the prevailing stress field and its ori-
entation (Morris et al. 1996; Ferrill et al. 1999; Meng et al. 2017). The Miocene stress field is described by
the stress regime type and the orientation of its three principal stresses (Illies 1978; Schumacher 2002;
Deézes et al. 2004; Rotstein and Schaming 2011). Since no stress information for one of the studied Leo-
poldshafen wells were available, stress data were taken from the Bruchsal site (Meixner et al. 2014), located
at the eastern border fault in the central Upper Rhine Graben, roughly 13 km NE of the Leopoldshafen oil
field. While upper and lower bounds of Grmax gradients valid for a strike-slip faulting regime are provided
by Meixner et al. (2014), an averaged Oumax gradient of ommax = 1.21*cyv was applied for this study. Any
oumax gradient variation within the upper and lower bound would affect the magnitude of calculated Ts, but

not the location.

Meixner et al. (2014) presented two onmin measurements derived from leak-off pressure tests: one conducted
in the consolidated Lower Triassic Middle Buntsandstein and the other in the Upper Triassic Keuper. As
the horizontal stress is highly dependent on the lithology (Warpinski and Teufel 1989; Wileveau et al. 2007;
Gunzburger and Cornet 2007; Takahashi et al. 2007; Zhang 2019), the Gumin gradient derived from the Upper
Triassic Keuper might be more representative for the often unconsolidated, clay-rich, sedimentary Cenozoic

series (Perner et al. 2018).

4.6.4 Fault Response Modelling

Fault bends that locally accommodate extension are referred to as releasing bends (Cunningham and Mann
2007) and can act as dilational jogs (Ando et al. 2004; Zhang et al. 2008). Thereby, the bending geometry
of the fault relative to the slip vector determines whether it is a releasing or restraining bend (Sylvester
1988; Mann 2007). Accordingly, the left-stepping Leopoldshafen fault, associated with transtensional sin-
istral strike-slip kinematics, can be regarded as releasing bend. The localized extensional deformation as-
sociated with releasing bends (Cunningham and Mann 2007) is in agreement with Fault Response Model-
ling results, indicating local positive volumetric (dilation) and maximum principal (e;) strain concentrations
in the hanging and footwall of the bend segment. Therefore, the along-strike geometry of the Leopoldshafen

fault appears as a dominant control on subsurface strain distribution patterns.

It has to be considered, that slip vectors used for Fault Response Modelling are based on published neotec-
tonic slip rates recorded over 65 ka (Pena-Castellnou et al. 2023). The vertical slip rate of 0.02 mm yr!

taken from Pena-Castellnou et al. (2023), derived from paleoseismological trenching in the central Upper
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Rhine Graben, is in good agreement with fault throw observations for the Base Landau Fm. based on the
constructed geomodel. Since the Base Landau Fm. was deposited roughly 24 Ma ago (Deutsche Stratigra-
phische Kommission 2016), one million years prior to the onset of the Miocene, the observed maximum
throw of 280 m yields an averaged vertical slip rate of 0.015 mm yr! for the period until the Pliocene (5
Ma). This might justify the application of averaged neotectonic slip rates in this study. Considering the
observed dip slip fault displacement of the Base Landau Fm., an oblique slip vector (Fault Response Mod-
elling scenario 2 or 3) is generally more reasonable than pure strike-slip kinematics (Fault Response Mod-
elling scenario 1). The magnitude of the horizontal slip vector (1500 m) is also based on paleoseismological
trenching analysis (horizontal slip rate of 0.1 mm yr') (Pena-Castellnou et al. 2023), without any direct
indication to proof the magnitude. To account for this uncertainty, a variation of the horizontal slip magni-
tude was calculated (scenario 3), without altering the location of positive dilation in the fault bend. How-
ever, kinematic sinistral strike-slip components are reported for the graben boundary as well as graben-

parallel faults (Frey et al. 2022).

Although the slip vector of the Leopoldshafen fault during the second phase of the Upper Rhine Graben
graben development is only roughly known, the Fault Response Modellingresults could qualitatively
demonstrate local reactivation-related strain in the fault bend segment for slip vectors ranging from pure

strike-slip to strike-slip with a dip-slip component.

4.6.5 Implications for fault controlled hydrocarbon migration

Releasing bends are commonly associated with complex fracture networks, vein formation and fluid flow,
controlled by fault-related localized dilation (Sibson 1996; Muchez and Sintubin 1998; Stephen 2005; Cun-
ningham and Mann 2007; Zhang et al. 2008). In addition, fault bends are considered potential locations for
hydrocarbon migration (Ligtenberg 2005) as well as prolific structural settings for geothermal systems in
e.g., the Great Basin region (Faulds and Hinz 2015). With Fault Response Modelling indicating strain con-
centrations around the fault bend segment as well as in the hanging wall block, these areas might be more
intensively fractured, as fracture intensity can be linked to high strain concentrations (Dee et al. 2007,

Watkins et al. 2015).

Beside these structural controls on fluid flow, multiple research studies could establish a link between struc-
turally controlled vertical fluid migration and fault alignment within the prevailing stress field (Linjordet
and Skarpnes 1992; Harper and Lundin 1997; Wiprut and Zoback 2000; Ferrill et al. 2017a; Miocic et al.
2020; Smeraglia et al. 2022). Wiprut and Zoback (2000) as well as Miocic et al. (2020) exemplified the

correlation between critically stressed faults and fluid migration.

Combining the results of this study, the Leopoldshafen fault bend segment was subject to highest dilation
tendencies and high slip tendencies since the Miocene stress field reorientation, with the segment being
partially critically stressed when considering a frictional fault strength threshold of p = 0.4. With reported
sinistral strike-slip reactivation of the Upper Rhine Graben (Illies 1978; Schumacher 2002; Dézes et al.
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2004), the fault bend segment acted as releasing bend caused by transtensional strike-slip reactivation, with
Fault Response Modelling results documenting strain concentrations (dilation and e;) within the bend seg-

ment.

These findings identify the bend segment as potential local vertical pathway for hydrocarbon migration
along the Leopoldshafen fault, with a proven oil accumulation in a structurally high fault-dip trapped struc-
ture within the footwall of the NNE trending segment (Durst 1991; Reinhold et al. 2016). Thus, mature pre-
rift source rocks (Posidonia Shale) in the hanging wall or at deeper positions within the graben center
(Bocker and Littke 2016), expelled Liassic oil, which charged the Leopoldshafen structure during the Mi-
ocene (Bocker et al. 2017) likely over localized structural migration pathways along the releasing bend of
the Leopoldshafen fault. This would confirm the assessment of Bruss (2000), who suggested fault-con-
trolled hydrocarbon migration charging the oil reservoirs along the eastern graben boundary. As reservoir
charging might have taken place by vertical migration via the releasing bend, the hydrocarbons might have
entered the reservoir formations to migrate further into the structurally high position along the NNE-SSW
trending segment of the Leopoldshafen fault. Since the oil field is described as a fault-related trap structure
(Durst 1991; Reinhold et al. 2016), the Leopoldshafen fault sealing behavior appears to have changed

along-strike.

This study demonstrates the up-fault fluid flow potential in the Upper Rhine Graben, while highlighting the
importance of structural geological evaluations in addition to structured reservoir quality analyses (Busch
et al. 2022a; Busch et al. 2022b) to assess the integrity of subsurface fluid reservoirs. Such workflow might
contribute to future geothermal exploration, targeting sites of elevated structural permeability to yield eco-

nomical flow rates, and reduce risks.

4.7 Conclusion

This study focuses on the hydrocarbon migration of the fault-related Leopoldshafen oil field to gain a better

understanding of structurally controlled fluid flow in the central Upper Rhine Graben.

Slip and dilation tendency analysis under Miocene stress conditions, demonstrated a spatially heterogene-
ous Ts and Tp distribution along the Leopoldshafen fault, with highest values observed within the left-
stepping fault bend segment. Expansion Index analysis indicates fault activity of the Leopoldshafen fault
to have started during the main rifting phase (Late Eocene — Oligocene) of the Upper Rhine Graben. Thus,
fault activity within the reoriented Miocene stress field might have caused local strain concentrations
around the fault bend segment, which acted as a releasing bend under transtensional sinistral strike-slip

kinematics.

Reservoir charging of the Leopoldshafen oil field is suggested to have occurred via up-fault hydrocarbon

migration along the Leopoldshafen fault bend segment, which might have acted as releasing bend. Thus,
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understanding the structural inventory of the Upper Rhine Graben and its control on fluid flow is crucial

for future subsurface exploration and alternative post-oil utilization
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5 Summary

In this study, the structural control on subsurface fluid flow in two sedimentary basins (Figure 5.1a) has
been investigated: fracture networks hosted in Upper Carboniferous tight sandstones of the Ruhr Basin
(Variscan foreland basin) (Figure 5.1b) as well as fault-related hydrocarbon migration in the Upper Rhine
Graben (Cenozoic rift basin) (Figure 5.1c). Furthermore, the reactivation potential of faults hosted in the
Upper Carboniferous sequence of the Ruhr Basin (NE part of the water province “Haus Aden”) (Figure

5.1b) has been assessed in the context of mine flooding.
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Figure 5.1: a) The study areas are located in west and southwest Germany: the Ruhr Basin (b) (modified after Geolo-
gischer Dienst NRW (2020)) and the Upper Rhine Graben (c¢) (modified after Bocker et al. (2017)).

The fracture networks of Upper Carboniferous tight sandstones have been studied by utilizing digital mod-
els of two outcrops (Hattingen, Nachtigall), located along the southern boundary of the Ruhr Basin (Ger-
many) (Figure 5.1b). Three dominant high-angle (w.r.t. bedding) fracture orientations have been identified
in the Namurian C Hattingen and Westphalian A Nachtigall outcrop: NNE-SSW to NE-SW (set 1), WNW-
ESE (set 2), and NNW-SSE to N-S (set 3) (Figure 5.2a, b). Sandstone bed thickness controls the fracture
geometry as it limits the maximum fracture height. In addition, fractures detected in core material of the
Bork-10 well (575 to 1212 m TVD), located within the basin, are characterized by two dominant (N-S and
W-E) alongside two weakly pronounced trends (NNE-SSW and NW-SE) (Figure 5.2¢). Linking the strike
directions of the outcrop-derived fractures with the fracture trends of the Bork 10 core data set shows an
acceptable match (Figure 5.2a, b, c). Terzaghi-corrected fracture intensities (Pio) vary between both ana-
lyzed outcrops for comparable orientation trends, ranging from 0.4 to 3.1 m™'. Furthermore, it could be
shown that these fracture intensities (Pyo) are 1.1 to 4.5 times higher than for comparable fracture orienta-

tions of the Bork 10 data set.
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Critically stressed fracture analysis has been performed for the Bork 10 core data set, utilizing the geome-
chanical concept of slip tendency, to identify near-vertical N-S and NW-SE striking fractures to show high-
est slip tendencies (Figure 5.2d), with 10 % of the fracture population exceeding the considered coefficient
of static friction of p = 0.67. Highest dilation tendencies are associated with NNW-SSE trending fractures.
The directional preferences for fluid flow in open fractures have been identified for the studied part of the

Rubhr Basin.

To study if fault stability is affected by the flooding of abandoned hard coal mines in the eastern Ruhr Basin,
a 3D structural model of Upper Carboniferous sequence has been constructed for the NE part of the water

province “Haus Aden” (Figure 5.1b).

NNW-SSE to NW-SE trending normal faults (Figure 5.2e) are most susceptible for reactivation in a normal
faulting regime, as indicated by slip tendency analysis for the structural inventory of the 3D model. Since
hard coal mining activities were focused on inter-fault zones, two pore pressure scenarios arise: either the
faults are affected by the mine water rebound up to a level of 640 m below ground, re-introducing low pore
pressures (3.7 MPa at 1000 m below ground) (Figure 5.2f), or hydrostatic conditions still prevail. The prob-
abilistic fault slip assessment (1000 realizations), conducted for the NNW-SSE to NW-SE trend of faults
located around the “Heinrich Robert” colliery (as part of the water province “Haus Aden”), revealed low
fault reactivation potential for considering two frictional fault strength thresholds (n= 0.5, p=10.67) and
hydrostatic pore pressure conditions (Ts > pu=0.67 in 5 % of the cases; Ts> pu = 0.5 in 19 % of the cases)
(Figure 5.2g). Conditions for fault reactivation are only reached for high differential stress in combination

with hydrostatic pore pressure conditions.

Modeling the spatial variability of the frictional strength, performed for a chosen NNW-SSE trending nor-
mal fault, to better capture the heterogeneity is based on fault displacement and clay content of the faulted
host rock. The derived frictional fault strength property fed into a fault stability analysis following the
concept of the Failure Criterion Stress (FCS). It could be demonstrated that the majority (72.6 %) of the
analyzed fault is stable (FCS < 0), beside minor unstable patches (FCS > 0). Stable conditions (FCS < 0)
are associated with horizontally elongated patches of intermediate to high friction coefficients while unsta-
ble zones (FCS > 0) are linked to low friction coefficients. Considering an additional low cohesive fault
strength (1 MPa), full-stable conditions are reached (FCS > 0). This is consistent with the findings of the
probabilistic fault evaluation, demonstrating a low potential for flooding-related reactivation for the most

exposed fault trend.

The stress control on fluid flow has been investigated in case of hydrocarbon migration along the Leopold-
shafen fault that charged the former Leopoldshafen oil field, located in the central Upper Rhine Graben rift
basin (Germany) (Figure 5.1¢). The WNW-dipping normal fault structurally consists of two NNE-SSW
trending segments that are linked by a left-stepping NNW-SSE to N-S striking bend segment (Figure 5.2h).

The Cenozoic multi-level reservoir system is located in the footwall block at a depth of approximately
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800 — 1200 m below ground. The fault bend segment was identified as the location along the analyzed fault
that experienced highest slip and dilation tendency during the strike-slip faulting regime, active since the
Miocene (Figure 5.21). Associated fault activity has been investigated by modeling faulting-induced defor-
mation for a set of possible slip vectors, ranging from pure sinistral strike-slip to oblique slip. The results
highlight elevated volumetric (dilation) as well as longitudinal (e;) strain magnitudes concentrated along
the fault bend segment, suggesting that this part of the fault might have acted as a releasing bend (Figure
5.2j). It could be shown, that the fault bend segment might have provided a local pathway for up-dip hy-

drocarbon migration along the Leopoldshafen fault.
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Figure 5.2: Orientation statistics of fractures hosted in Upper Carboniferous tight sandstones (Ruhr Basin, Germany)
of the Hattingen (a) and Nachtigall outcrop (b) as well as the Bork10 core description data set (¢) indicate comparable
dominant orientation trends. d) Geomechanical analysis, utilizing the concepts of slip and dilation tendency, revealed
N-S as well as NW-SE trending fractures as preferentially oriented to be hydraulically conductive. e) Orientation
statistics of normal faults, mapped in the area of the “Heinrich-Robert” colliery (water province “Haus Aden”, Ruhr
Basin), served as input for the probabilistic fault slip assessment. f) Results of the probabilistic fault slip assessment
indicate no reactivation potential for a mine water rebound up to a level of 640 m below depth. G) Stress conditions
for fault reactivation under hydrostatic pore pressure conditions are given for high differential stresses, with the results
indicate an overall low reactivation potential. h) The WNW-dipping Leopoldshafen fault with the bend segment visible
on a depth structure map (Upper Rhine Graben, Germany). i) Fault Response Modelling indicates localized dilation
around the fault bend segment, induced by sinistral oblique slip (strike-slip kinematics with an additional dip slip
component). Thus, the fault bend segment might have acted as releasing bend associated with fault activity since the
Miocene. j) The fault bend segment was subject to highest slip and dilation tendencies within the strike-slip stress
field since the Miocene.
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6.1 Conclusions

The fracture inventory of Upper Carboniferous tight sandstones is studied based on two outcrops and one
well dataset. Fracture detection, utilizing digital outcrop models of two Upper Carboniferous sandstone
exposures (Kaisberg Sandstone, Namurian C; Finefrau Sandstone, Westphalian A) along the southern edge
of the Ruhr Basin (Germany), revealed three dominant high-angle (w.r.t. bedding) fracture orientations:
NNE-SSW to NE-SW (set 1), WNW-ESE (set 2), and NNW-SSE to N-S (set 3). The majority of the de-
tected fractures are bed-restricted, indicating that bed thickness controls fracture geometry by limiting max-
imum fracture height. The fracture orientation statistics demonstrate comparable characteristics in both
outcrops. Terzaghi-corrected averaged fracture intensities (P1o) vary between both outcrops for comparable
fracture orientations, ranging from 0.4 to 3.1 m™'. The Bork 10 well penetrates the Wesphalian A and pro-
vides a core description dataset that reveals two dominant N-S and W-E fracture trends alongside subordi-
nate NW-SE and NNE-SSW fracture orientations. Linking the strike directions of the outcrop fractures to
the subsurface fracture trends observed in the Bork 10 core description dataset indicates acceptable agree-
ment. Outcrop-derived Terzaghi-corrected averaged fracture intensities (P1o) are 1.1 to 4.5 times higher than
the Pyo values for comparable fracture orientations observed in the Bork 10 well. This is attributed to the
challenges of sampling (near-) parallel-aligned fractures relative to the horizontal outcrop alignment (if no
additional obliquely oriented scanline can be taken) or the vertical wellbore configuration, as well as the
surface stress relief of uplifted rocks exposed on the surface. The analysis of outcrop-derived fracture com-
pared to fractures from cores clearly highlights the overall similarity in strike, but a dominance of high-

angle fractures, respectively the lack of intermediate angle fractures, in outcrops.

Assuming fluid flow in stress-controlled open fractures, near-vertical N-S and NW-SE trending fractures
are subject to highest slip tendencies within a strike-slip faulting regime (Sumax orientation of N154°E),
partially being critically stressed depending on the considered static friction coefficient. Given their preva-
lence in the orientation statistics of the Bork 10 well core dataset, dominant N-S trending fractures play a
primary role in controlling subsurface fluid flow. This might contribute to future geothermal exploration
strategies as trajectory planning relies on identifying fracture orientations that are most likely to be hydrau-

lically conductive.

A 3D structural model of the Upper Carboniferous subsurface of the NE part of the water province “Haus
Aden” (eastern Ruhr Basin, Germany) is established, based on high-resolution subsurface mapping of coal
seams in mines, that fed into a 2.5-dimensional coal resources calculation model. Flooding of abandoned
hard coal mines might affect fault stability as stress conditions change. Slip tendency analysis performed

based on the constructed structural 3D model, representing the structural inventory of the NE part of the
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water province “Haus Aden”, identified NW-SE to NNW-SSE trending normal faults as the most suscepti-

ble fault trend for reactivation.

The fault reactivation potential for this identified fault trend is probabilistically assessed (for a depth level
of 1000 m below ground, representing former mining levels) considering two pore pressure scenarios: ei-
ther full hydrostatic and controlled by a mine water rebound up to a level of 640 m below ground. Under
hydrostatic conditions, only a low fault reactivation potential is determined. The conditions required for
causing fault reactivation are only reached for high differential stresses, but not when considering the mean
principal stresses under both pore pressure scenarios for the two employed Mohr-Coulomb failure enve-
lopes (n = 0.5, p = 0.67). The probabilistic approach accounts for the input parameter uncertainties associ-
ated with the stress model (including magnitudes and orientations) and geometric fault attributes (such as
strike and dip). To capture the uncertainties related to the coefficient of static friction, representing the
frictional strength of the analyzed faults, two scenarios are considered for the probabilistic fault slip assess-

ment (u = 0.5, p=0.67).

However, the frictional strength of faults can be heterogeneous by varying along strike and dip, which is
aimed to be better captured by modeling this phenomenon. Generally, the tested approach is particularly
interesting when a detailed analysis of specific areas along a fault is required (e.g. fluid injection scenarios),
and the frictional fault strength cannot be adequately captured through a single friction coefficient. Utilizing
the constructed friction coefficient fault property model as input for fault stability analysis of a selected
NNW-SSE trending normal fault, results indicate predominantly stable, yet interspersed with unstable hor-
izontally elongated patches along the fault surface. For additionally considering a low cohesive fault
strength, stable conditions are reached along the entire fault surface. Since fault stability analysis usually
assume cohesionless faults (e.g. the conducted probabilistic fault slip assessment), it provides an additional
safety buffer and can therefore be regarded a conservative approach. Overall the indicated low reactivation
potential is in agreement with the observation of no natural seismicity in the eastern Ruhr Basin, which

might be beneficial for future fault-related geothermal applications in the Ruhr area.

The stress control on fluid migration pathways along a fault is exemplary shown for the fault-controlled
hydrocarbon migration of the Leopoldshafen oil field located in the central Upper Rhine Graben (Ger-
many). The Leopoldshafen fault was formed during the Oligocene phase of graben formation, as indicated
by the Expansion Index analysis. The fault is composed of two NNE-SSW trending segments, connected
by a left-stepping NNW-SSE to N-S trending fault bend segment. The highest slip and dilation tendencies
were observed along the fault bend segment, underscoring its preferential alignment for fluid flow within
the strike-slip fault regime that has characterized the Upper Rhine Graben since the Miocene. Fault activity
extended into the Miocene, with the fault likely being reactivated with (oblique) sinistral strike-slip kine-
matics. Geomechanical simulation results show the bend segment to act as a releasing bend, allowing for

vertical hydrocarbon migration. This constrains the hypothesis proposed by Bruss (2000) of fault-controlled
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hydrocarbon migration into Cenozoic reservoirs in the central Upper Rhine Graben. Future exploration for
deep geothermal and lithium brine mining in the Upper Rhine Graben might benefit from this structural

understanding, as fault zones currently are the primary drilling target.

6.2 Outlook

To extend the data base on fractures hosted in the Upper Carboniferous sandstones as well as to enable
spatial comparisons of fracture network attributes between outcrops throughout the Ruhr Basin, a follow-
up study could incorporate additional sandstone exposures. Furthermore, emphasis could be placed on the
influence of faults on fracture network attributes. By quantifying the fracture intensity as a function of the
distance to faults, the empirically derived function could serve as input for the construction of fault-related
DFN models. Additionally, the surface curvature of the folded Upper Carboniferous sequence could be
studied as a potential predictor of fracture style and intensity, which would contribute to facilitate inter-well
predictions for the construction of detailed DFN models (Jolley et al. 2007; Feng et al. 2018). Since fracture
patterns can be controlled by mechanical stratigraphy (Ruf et al. 1998; Underwood et al. 2003; Wennberg
et al. 2006), a follow-up study could focus on the relationship between fracture characteristics and mechan-

ical properties to better understand the spatial fracture distribution in the Upper Carboniferous.

As matrix porosity and permeability in the studied area are low (Greve et al. 2023) the assessment of natural
fractures and their specific influence on fluid migration should be the main focus of future work. Besides
the assessment of the present-day stress control on preferential fracture orientations for hydraulic conduc-
tivity, chemical control on fracture conductivity might be studied to complete the greater picture. If suitable
core material of wells penetrating the Upper Carboniferous is available, analysis of fracture cementation
(sealed versus partially sealed or barren) could add crucial information on the directional dependency of

barren or sealed fractures hosted in the sandstones of the Ruhr Basin.

In the context of the variability of the frictional fault strength, a modeling approach might provide the best
possible approximation, as subsurface faults cannot be accessed and sampled. To increase the precision of
the fault stability analysis, a case-tailored laboratory study (e.g. using Upper Carboniferous rock samples)
of the friction coefficient as a function of the clay content is required. By taking case-specific lithological
data as proxy, modeling the spatial variability of the frictional fault strength could be advantageous for a

safer utilization of the subsurface, as fault stability can be assessed in greater detail.

To take up the use of geomechanical simulation approaches, the orientation and spatial distribution of fault-
ing-related fractures could be modeled based on faulting-induced deformation. Since geothermal projects

often target fault zones (e.g. Upper Rhine Graben, Germany), deep wells could provide fracture datasets
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that could be utilized for model calibration. A successfully calibrated geomechanical model might be ben-
eficial for the prediction of fracture orientation and spatial distribution in order to de-risk future geothermal

exploration.
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8 Appendix

Supplementary technical information on chapters 2 and 3

Supplementary justification for the use of different published Sumax azimuth data in Chapter 2 (‘Fracture
network characterisation of the naturally fractured Upper Carboniferous sandstones combining outcrop and
wellbore data, Ruhr Basin, Germany’) and Chapter 3 (‘Post-mining related reactivation potential of faults

hosted in tight reservoir rocks around flooded coal mines, eastern Ruhr Basin, Germany’).

The published Simax azimuth data from Niederhuber et al. (2023) used in Chapters 2 and 3 differ slightly
(Chapter 2: N154° + 33°; Chapter 3: N156°E + 13°), despite both studies focusing on challenges within the
Ruhr Basin. Chapter 2 examines the potential use of Upper Carboniferous sandstones as a reservoir lithol-
ogy for future deep geothermal utilization in the Ruhr Basin. Given the difficulties in characterizing the
stress field without sufficient deep-reaching offset wells, the Sumax azimuth used in this chapter is derived
from a broader stress indicator dataset, including data from deep boreholes, earthquake focal mechanism,
and hydraulic fracturing measurements in mines. In contrast, Chapter 3 investigates post-mining related
fault reactivation in the area around existing mine infrastructure. For this purpose, an Sumax azimuth
(N156°E + 13°) is employed, based specifically on stress data from hydraulic fracturing measurements

conducted in mines.

In general, there is only a minor deviation between the used Sumax mean values (N154° vs. N156°); however,

the associated standard deviations differ significantly (£ 33° vs. = 13°).
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