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Synopsis (english)

The climate crisis is already causing significant humanitarian and economic impacts that will
intensify in the future if global greenhouse gas emissions are not immediately reduced. Under
the Climate Protection Act, Germany is therefore obliged to achieve net carbon neutrality by
2045. To meet this ambitious target, a far-reaching transformation of the energy sector is
necessary, with imports of fossil fuels being replaced by domestic renewable energy production.
In addition to established energy sources, deep geothermal energy, as a low-emission, base-
load capable, local and scalable solution, will likely become a cornerstone of energy supply in
the upcoming decades. The crystalline basement offers the greatest geothermal potential, which
could be exploited through so-called enhanced geothermal systems (EGS). Particularly
favorable conditions for geothermal utilization exist in the Upper Rhine Graben (URG), where
compared to other regions in Germany higher reservoir temperatures and permeabilities are
observed. To date, however, deep geothermal energy occupies only a small niche due to the
comparatively high costs and risks associated with drilling, development, and operation of
geothermal power plants. In addition, geological uncertainties in the basement are particularly
large, as it has been insufficiently explored by the hydrocarbon industry and previous
geothermal research projects. This thesis aims to quantify and reduce these uncertainties to
promote geothermal development in the northern URG. A comprehensive lithological,
petrophysical and structural reservoir characterization is carried out by combining geological
and geophysical techniques on multiple scales. All relevant data are integrated into a 3D
geothermal model that enables a regional resource assessment for the basement.

In the northern ORG, geologic modeling of the basement faces significant challenges because
well data from the basement are very sparse and 3D seismic data are often not openly available.
Therefore, gravity and magnetic data were additionally considered in a stochastic joint
inversion that provided new insights into the structure and composition of the basement while
also quantifying model uncertainties. The inversion demonstrates that the geologic units of the
graben shoulders can be traced below the sedimentary filling. Comparison of the inverted
petrophysical properties with existing databases and newly collected susceptibility
measurements yielded a map of the predicted basement lithology in the northern URG.
Accordingly, most areas are dominated by granitoids, which tend to have higher permeability
than shales and gneisses and thus are preferred targets of geothermal drilling. In contrast, a
predominantly metamorphic basement can be assumed in the Saxothuringian Zone and at the
northwestern rift margin.

The developed 3D basement model and inversion results were key input for a techno-economic
resource assessment, which furthermore incorporated data from thermal and geomechanical
models, operating geothermal power plants, and financial aspects of geothermal utilization.
Calculation of resources at the regional scale was based on the widely used volumetric 'heat in
place’ method, whereby model uncertainties were quantified by means of Monte Carlo
simulation. The recoverable heat along large-scale fault zones, considered as preferential fluid
pathways, was estimated as a function of the slip and dilation tendency in the recent stress
field. The economically exploitable part of the resources (reserves) was subsequently
investigated by a sensitivity analysis of relevant parameters. The assessment reveals that the
basement in the URG is characterized by a vast resource base, of which between 8 and 16 PWh
are potentially recoverable with current EGS technologies. This could sustainably provide a
significant fraction of the heat and power supply in the northern URG. About 65% of the
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resources were economically recoverable at market conditions in January 2022. In view of the
enormous increases in energy prices resulting from the war in Ukraine, the share is now likely
higher. A comparison of the calculated resources with the socio-economic-environmental
conditions for geothermal utilization at the surface shows a high level of correlation, especially
in the densely populated areas around Mannheim and Darmstadt.

As groundwater flow in the crystalline basement is mainly controlled by open fractures, accurate
knowledge of the natural fracture network is essential for the planning, development and
operation of geothermal power plants. Image logs from deep boreholes provide the most
meaningful information on fracture properties, but these are very rare and often inaccessible in
the URG. A comprehensive structural outcrop analog study was conducted to compensate for
the lack of borehole data. The Tromm Granite in the southern Odenwald was selected as the
study area as it is both a suitable analog for the granitoid reservoirs in the northern URG and a
potential site for the upcoming GeoLaB project. Here, lineament analyses and lidar surveys in
abandoned quarries were combined, resulting in a multiscale description of the basement's
fracture network. Discrete fracture network (DFN) models were then developed based on the
obtained properties to estimate the permeability under assumed reservoir conditions. While the
Tromm Granite is overall intensely fractured and the network is well connected, the density
and orientation of fractures is strongly influenced by nearby fault zones. Fractures cluster
roughly in the N-S direction, parallel to oumax, resulting in an order of magnitude higher
permeability than in the E-W direction.

The structural investigations were complemented by geophysical surveys, designed to map and
characterize the buried faults in the Tromm Granite. As in the regional modelling, potential
field methods (terrestrial gravimetry and aeromagnetics) were applied and additionally the
radon activity concentration was measured along one profile. The gravity data show rather
broad anomalies, which cannot be assigned to single faults, but rather to zones of increased
fault and fracture density. Inversion of the gravity data indicated a fracture related porosity of
up to 9% along the pluton margins. The drone-based aeromagnetic survey, conversely, allows
a more detailed mapping of the fault network. After filtering, the dataset revealed a complex
network of linear anomalies that are interpreted as altered fault zones with increased
reactivation potential, thus representing preferred fluid pathways.

In conclusion, the crystalline basement is an attractive target for deep geothermal exploitation
in the northern URG due to the vast resource base. As part of the dissertation, a new detailed
geothermal 3D model and a regional map of the resources have been developed, providing
politicians, investors, and project engineers with a more reliable basis for decision-making.
Furthermore, the understanding of the fracture network properties and thus of the hydraulic
properties in the northern URG was improved. Nevertheless, significant uncertainties remain at
the local scale that can only be eliminated through targeted exploration measures and coupled
numerical modelling. Besides, the risk of noticeable induced seismicity persists, which is a major
obstacle to the exploitation of deep geothermal energy. Great hope therefore lies in the
development of new safe stimulation techniques for EGS reservoirs, which will be advanced in
particular within the framework of the upcoming GeoLaB project.
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Synopsis (deutsch)

Die Klimakrise zeigt bereits heute erhebliche humanitire und wirtschaftliche Auswirkungen,
die sich in Zukunft noch verstiarken werden, wenn die globalen Treibhausgasemissionen nicht
schnellstens minimiert werden. Gemdild dem Klimaschutzgesetz ist Deutschland daher
verpflichtet, bis 2045 klimaneutral zu werden. Um dieses ehrgeizige Ziel zu erreichen, ist ein
tiefgreifender Umbau des Energiesektors notwendig, bei dem Importe fossiler Energietréager
durch heimische erneuerbare Energieerzeugung ersetzt werden. Neben den etablierten
Energiequellen wie Wind, Sonne, Wasser und Biomasse wird die Tiefengeothermie als
emissionsarme, grundlastfihige, lokale und skalierbare Anwendung in den kommenden
Jahrzehnten vermutlich zu einem Eckpfeiler der Energieversorgung aufsteigen. Das grof3te
geothermische Potenzial bietet das kristalline Grundgebirge, das durch sogenannte Enhanced
Geothermal Systems (EGS) erschlossen werden konnte. Besonders giinstige Voraussetzungen
fir die geothermische Nutzung bestehen im Oberrheingraben (ORG), wo die
Reservoirtemperaturen und -permeabilitdten im Vergleich zu anderen Regionen Deutschlands
generell erhoht sind. Aufgrund der relativ hohen Kosten und Risiken, die mit Bohrung,
ErschlieBung und Betrieb von Geothermiekraftwerken verbunden sind, nimmt die
Tiefengeothermie bisher jedoch nur eine kleine Nische ein. Zudem sind die geologischen
Unsicherheiten im  Grundgebirge  besonders grol3, da dieses durch die
Kohlenwasserstoffindustrie und vorangegangene geothermische Forschungsprojekte nur
unzureichend erkundet wurde. Ziel dieser Arbeit ist es, diese Unsicherheiten im nordlichen ORG
zu quantifizieren und zu reduzieren, um die geothermische Entwicklung in der Region
voranzutreiben. Es erfolgt eine umfassende lithologische, petrophysikalische und strukturelle
Reservoircharakterisierung durch die Kombination strukturgeologischer und geophysikalischer
Ansétze auf multiplen Skalen. Alle verfiigbaren Daten werden in ein 3D Modell integriert, das
eine regionale Ressourcenbewertung fiir das Grundgebirge ermdglicht.

Im nordlichen ORG steht die geologische Modellierung des Grundgebirges vor grofden
Herausforderungen, da nur sehr wenige Bohrlochdaten aus dem Grundgebirge existieren und
3D-seismische Daten haufig nicht offen zugénglich sind. Daher wurden zusétzlich Schwere- und
Magnetikdaten in einer gemeinsamen stochastischen Inversion beriicksichtigt, die neue
Einblicke in die Struktur und Zusammensetzung des Grundgebirges liefert und gleichzeitig die
Modellunsicherheiten quantifiziert. Die Inversion zeigt, dass die geologischen Einheiten der
Grabenschultern unterhalb der sedimentédren Fiillung nachverfolgt werden konnen. Durch
einen Vergleich der invertierten petrophysikalischen FEigenschaften mit bestehenden
Datenbanken und neu erhobenen Suszeptibilititsmessungen konnte eine Karte der
voraussichtlichen Grundgebirgslithologie im nérdlichen ORG erstellt werden. Demnach werden
die meisten Gebiete von Granitoiden dominiert, die tendenziell eine hohere Permeabilitit als
Schiefer und Gneise aufweisen und somit bevorzugte Ziele geothermischer Bohrungen
darstellen. Im Saxothuringikum und am nordwestlichen Grabenrand kann dagegen von einem
iiberwiegend metamorphen Grundgebirge ausgegangen werden.

Das entwickelte 3D-Grundgebirgsmodell und die Inversionsergebnisse waren der zentrale
Bestandteil einer technisch-6konomischen Ressourcenbewertung, in die zudem Daten aus
thermischen und geomechanischen Modellen, aus dem Betrieb geothermischer Kraftwerke und
aus finanziellen Aspekten der geothermischen Nutzung einflossen. Die Berechnung der
Ressourcen auf regionaler Ebene beruht auf der etablierten volumetrischen "heat in place"-
Methode, wobei Modellunsicherheiten mittels Monte-Carlo-Simulation quantifiziert wurden.




Die gewinnbare Warme entlang grof3raumiger Storungszonen, die als bevorzugte Fluidpfade
gelten, wurde als Funktion der sogenannten Slip und Dilatation Tendency im rezenten
Spannungsfeld abgeschitzt. Der wirtschaftlich nutzbare Teil der Ressourcen (Reserven) wurde
anschliefend durch eine Sensitivititsanalyse der relevanten Parameter untersucht. Die
Bewertung zeigt, dass das Grundgebirge im ORG {iber enorme geothermische Ressourcen
verfiigt, von denen zwischen 8 und 16 PWh mit den derzeitigen EGS-Technologien potenziell
gewinnbar sind. Damit konnte ein erheblicher Teil der Warme- und Stromversorgung im
nordlichen ORG nachhaltig gesichert werden. Rund 65% der Ressourcen sind zu
Marktbedingungen im Januar 2022 wirtschaftlich forderbar. Angesichts der enormen
Energiepreissteigerungen infolge des Krieges in der Ukraine diirfte der Anteil inzwischen sogar
hoher sein. Ein Vergleich der berechneten Ressourcen mit den soziookonomisch-6kologischen
Bedingungen fiir die geothermische Nutzung an der Oberfliche zeigt eine hohe
Ubereinstimmung, insbesondere in den dicht besiedelten Gebieten um Mannheim und
Darmstadt.

Da der Grundwasserfluss im kristallinen Grundgebirge hauptsédchlich durch offene Kliifte
gesteuert wird, ist die genaue Kenntnis des natiirlichen Kluftnetzwerkes fiir die Planung, die
Entwicklung und den Betrieb geothermischer Kraftwerke unerlésslich. Die aussagekraftigsten
Informationen tiiber die Klufteigenschaften liefern Image Logs aus Tiefbohrungen, die im ORG
jedoch sehr selten und oft nicht zugénglich sind. Um den Mangel an Bohrlochdaten zu
kompensieren, wurde eine umfassende strukturelle Aufschlussanalogstudie durchgefiihrt. Der
Tromm Granit im siidlichen Odenwald wurde als Untersuchungsgebiet ausgewéhlt, da dieser
zum einen ein geeignetes Analogon fiir die granitoiden Reservoire im nordlichen ORG darstellt
und zum anderen ein potentieller Standort fiir das kommende GeoLaB Projekt ist. Hier wurden
Lineamentanalysen und Lidar-Untersuchungen in fiinf aufgelassenen Steinbriichen kombiniert,
womit eine multiskalige Beschreibung des Kluftnetzes des Grundgebirges erreicht wurde. Auf
der Grundlage der gewonnenen FEigenschaften wurden daraufhin diskrete
Kluftnetzwerkmodelle (DFN) entwickelt, um die Durchlissigkeit des Grundgebirges unter
angenommenen Lagerstiattenbedingungen abzuschétzen. Das Kluftnetzwerk im Tromm Granit
zeigt sich als generell stark gekliiftet und gut verbunden, wobei die Dichte und Orientierung
von Kliiften durch nahegelegene Storungszonen beeinflusst werden. Kliifte clustern in N-S
Richtung, also etwa parallel zu oOwmmax, sodass die Reservoirpermeabilitit etwa eine
Groflenordnung hoher ist als in O-W Richtung.

Die strukturgeologischen Untersuchungen wurden durch geophysikalische Messungen erginzt,
mit denen die iiberdeckten Storungen im Tromm Granit kartiert und charakterisiert wurden.
Wie bei der regionalen Modellierung kamen auch dabei wieder Potenzialfeldmethoden
(terrestrische Gravimetrie und Aeromagnetik) zum FEinsatz und zusétzlich wurde die
Radonaktivitdtskonzentration entlang eines Profils gemessen. Die Schwerefelddaten zeigen
eher breite Anomalien, die nicht einzelnen Verwerfungen, sondern Zonen mit erhohter
Storungs- und Kluftdichte zugeordnet werden kénnen. Die Inversion der Schweredaten deutet
auf eine Kluftporositdt von bis zu 9 % entlang der Plutonrdnder hin. Die drohnengestiitzte
aeromagnetische Vermessung ermoglicht im Vergleich eine detailliertere Kartierung des
Storungsnetzwerkes. Nach der Filterung zeigt der Datensatz ein komplexes Netzwerk von
linearen Anomalien, die als alterierte Storungszonen mit erhohtem Reaktivierungspotenzial
interpretiert werden und somit mogliche Fluidwegsamkeiten darstellen.

Abschliefend ist festzustellen, dass das kristalline Grundgebirge aufgrund der grofden
Ressourcenbasis ein attraktiver Zielhorizont der Tiefengeothermie im nordlichen ORG darstellt.




Im Rahmen der Dissertation wurden ein neues detailliertes geologisches Modell und eine
regionale  Ressourcenkarte  entwickelt, die PolitikerInnen, Investorlnnen und
ProjektingenieurInnen eine zuverldssigere Entscheidungsgrundlage bieten. Zudem wurde das
Verstdndnis der Kluftnetzwerkeigenschaften und damit der hydraulischen Eigenschaften im
nordlichen ORG verbessert. Dennoch verbleiben erhebliche Unsicherheiten auf der lokalen
Skala, die nur durch gezielte Erkundungsmalinahmen und gekoppelte numerische
Modellierung reduziert werden koénnen. Zudem besteht weiterhin das Risiko spiirbarer
induzierten Seismizitdt wahrend der Entwicklung und des Betriebes des Kraftwerkes, die ein
groBes Hindernis fiir den Ausbau der Tiefengeothermie darstellt. Grol3e Hoffnung liegt daher
in der Entwicklung neuer sicherer Stimulationstechniken fiir EGS-Reservoire, die insbesondere
im Rahmen des anstehenden GeoLaB-Projekts vorangetrieben werden sollen.
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Preface

This doctoral thesis was prepared at the Institute of Applied Geosciences of the Technical
University of Darmstadt in cooperation with BRGM (Bureau de Recherches Géologiques et
Minieres) between 2020 and 2023. The research was funded by the Interreg NWE program
(grant no. NWE892) through the "Roll-out of Deep Geothermal Energy in North-West Europe
project" (DGE-ROLLOUT, https://www.nweurope.eu/DGE-Rollout). DGE-ROLLOUT directly
follows up on the previous projects Hessen 3D (1.0 and 2.0) and GeORG (geopotential of the
deeper subsurface in the Upper Rhine Graben). By implementing additional datasets and
advanced modelling techniques, the geological model of the northern Upper Rhine Graben
could be harmonized and substantially refined. Main objectives of the presented thesis were the
multiscale lithological, petrophysical, and structural characterization as well as the integrated
modelling of the crystalline basement in this region. This allowed a more accurate assessment
of geothermal resources, providing investors, policymakers and project developers with a
reliable basis for decision-making. The work is closely linked to the dissertation of Jeroen van
der Vaart, who focused his investigations on the hydrothermal potentials in the Upper Rhine
Graben and applied advanced techniques to quantify model uncertainties.

This thesis is written in a cumulative form, which includes five peer-reviewed publications,
given in the chapters 2 to 6. Note that the order of publications is based on their content,
not publication date. The chapters contain the unchanged content of the original
publication.

Chapter 2

Frey, M., Bér, K., Stober. 1., Reinecker, J., van der Vaart, J., & Sass, I. (2022). Assessment of
deep geothermal research and development in the Upper Rhine Graben. Geothermal Energy,
10(18). https://doi.org/10.1186/s40517-022-00226-2.

This chapter presents a comprehensive literature review of the geological setting in the URG
and previous research efforts with respect to geothermal energy utilization. Nine potential
geothermal reservoir horizons were identified and described in detail with respect to their
lithological, structural, thermal, hydraulic, hydrochemical, petrophysical, and seismic
properties. In addition, all previously implemented deep geothermal projects in the URG are
reviewed followed by a discussion of the lessons learned. Finally, an overview of publicly
available geological 3D models of the Upper Rhine Graben is given. Thus, the review paper lays
the foundation of all research activities in the DGE-ROLLOUT project and future comparable
projects.

Matthis Frey conducted most of the literature review, especially with respect to the geologic
description of the reservoir horizons, prepared the figures, and wrote most of the manuscript.
Kristian Bar supported Matthis Frey with the conceptualization and drafted the petrophysical
rock characterization chapter. Ingrid Stober contributed to the chapters on hydraulic and
hydrochemical reservoir characterization. John Reinecker prepared the chapters on the
structural geologic setting and recent stress field. Jeroen van der Vaart added the aspects of
uncertainty modelling to the discussion. Ingo Sass and the other co-authors reviewed the
manuscript and approved the final version.
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Chapter 3

Frey, M., Weinert, S., Bér, K., van der Vaart, J., Dezayes, C., Calcagno, P., & Sass, I. (2021).
Integrated 3D geological modelling of the northern Upper Rhine Graben by joint inversion of
gravimetry and magnetic data. Tectonophysics, 813, 228927.
https://doi.org/10.1016/j.tecto.2021.228927.

Chapter 3 covers the integrated 3D modelling of the crystalline basement in the northern Upper
Rhine Graben. First, the Hessen 3D and GeORG models were merged and harmonized. The
model was then improved by joint inversion of gravity and magnetic data, which provided new
insights into the structure and composition of the basement. For a realistic model
parameterization, existing petrophysical databases were consulted and additionally over 430
measurements of the magnetic susceptibility were performed on representative rock samples.
The inversion yielded on the one hand the 3D geometry of the basement units including
uncertainties and on the other hand detailed information about the petrophysical properties.
This allowed an interpretation of the basement lithology below the sedimentary cover.

Matthis Frey performed the petrophysical measurements, processed the data, carried out the
modelling and inversion, visualized the results, and wrote the manuscript. Sebastian Weinert
assisted Matthis Frey with the 3D modelling and model parameterization. Kristian Bar gave
support in the conceptualization of the study. Jeroen van der Vaart contributed by providing
his modelling expertise. Chrystel Dezayes and Philippe Calcagno provided the modelling
software and engaged in the discussion of the methods and results. Ingo Sass and Kristian Bar
supervised the research. All co-authors reviewed the manuscript and approved the final version.

Chapter 4

Frey, M., van der Vaart, J., Bér, K., Bossennec, C., Calcagno, P., Dezayes, C., & Sass, 1. (2023).
Techno-Economic Assessment of Geothermal Resources in the Variscan Basement of the
Northern Upper Rhine Graben. Natural Resources Research, 32.
https://doi.org/10.1007/s11053-022-10138-4.

In this chapter, a quantitative resource assessment for the basement in the northern Upper
Rhine Graben is presented based on the inversion results and additional datasets. Emphasis was
placed on the potentials linked to large-scale fault zones, which are generally considered as
fluid conduits in the basement. Model uncertainties were quantified through Monte Carlo
simulation. A sensitivity analysis was subsequently performed to examine the impact of selected
factors on the levelized costs of energy as well as geothermal reserves. By comparing the
calculated resources with the socio-economic-environmental potential at the surface, favorable
sites for geothermal drilling were indicated. The combination of geological, technical,
economic, and societal aspects of geothermal exploitation in the applied approach provides
stakeholders with a useful basis for decision-making.

Matthis Frey carried out the geothermal modelling and resource assessment, visualized the
results, and wrote the manuscript. The study was designed by Matthis Frey, Kristian Bar, and
Jeroen van der Vaart. Claire Bossennec, Chrystel Dezayes, Philippe Calcagno, and Ingo Sass
contributed to the discussion of the applied methods and results. Ingo Sass and Kristian Bar
supervised the research. All co-authors reviewed the manuscript and approved the final version.
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Chapter 5

Frey, M., Bossennec, C., Seib, L., Bér, K., Schill, E., & Sass, I. (2022). Interdisciplinary fracture
network characterization in the crystalline basement: a case study from the Southern
Odenwald, SW Germany. Solid Earth, 13(6), 935-955. https://doi.org/10.5194/se-13-935-
2022.

Chapter 5 comprises an interdisciplinary outcrop analog study of the fracture network in the
basement in the southern Odenwald. The gained insights into the structural framework of the
basement helped to overcome the lack of data from deep wells in the Upper Rhine Graben.
Lidar surveys of quarry walls were combined with lineament analysis to obtain a multiscale
description of the fracture network. This information was direct input for a Discrete Fracture
Network (DFN) modelling, with the purpose to estimate the basement permeability under
assumed reservoir conditions. A refined mapping and characterization of potentially permeable
fractures and faults was furthermore carried out by measuring gravity and radon anomalies.
Based on the findings, recommendations for reservoir development in the northern Upper Rhine
Graben are presented.

Matthis Frey performed the data analysis and visualization and wrote the original draft. Claire
Bossennec gave support in the design of the study, the fieldwork, and the processing of the
structural data. Lukas Seib also contributed to the data acquisition and performed the DFN
modelling. Eva Schill provided the gravimeter and participated in the design of the gravimetric
survey. The work was supervised by Kristian Bar and Ingo Sass. All co-authors reviewed the
manuscript and approved the final version.

Chapter 6

Frey, M., Bossennec, C., & Sass, I. (2023). Mapping buried fault zones in a granitic pluton using
aeromagnetic data. Pure and Applied Geophysics, 180, 2241-2255.
https://doi.org/10.1007/s00024-023-03258-2.

This chapter follows up on the interdisciplinary outcrop analog study in chapter 5, with a
stronger focus on the exploration for GeoLaB. The results of a drone-based aeromagnetic survey
in the southern Odenwald are presented. Different signal filters were compared using a
synthetic model and were then applied to the field data. The filtered anomalies reveal a large
number of magnetic lineaments, which are interpreted as faults and whose distribution partially
correlates with the reactivation potential. The aeromagnetic data consequently provides a high-
resolution map of potentially permeable faults in the study area.

Matthis Frey performed the analysis and visualization of the aeromagnetic data and wrote the
manuscript. The survey was conceptualized by Matthis Frey and Claire Bossennec. Ingo Sass
supervised the research. Both co-authors reviewed the manuscript and approved the final
version.
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In addition to the above-mentioned first-author publications, Matthis Frey contributed to the
following peer-reviewed articles during his time as a PhD researcher:

Bossennec, C., Frey, M., Seib, L., Bér, K., & Sass, I. (2021). Multiscale Characterisation of
Fracture Patterns of a Crystalline Reservoir Analogue. Geosciences, 11(9), 371.
https://doi.org/10.3390/geosciences11090371.

Bossennec, C., Seib, L., Frey, M., van der Vaart, J., & Sass, I. (2022). Structural Architecture
and Permeability Patterns of Crystalline Reservoir Rocks in the Northern Upper Rhine Graben:
Insights from Surface Analogues of the Odenwald. Energies, 15(4), 1310.
https://doi.org/10.3390/en15041310.

Seib, L., Welsch, B., Bossennec, C., Frey, M., & Sass, I. (2022). Finite element simulation of
permeable fault influence on a medium deep borehole thermal energy storage system.
Geothermal Energy, 10(1), 1-21. https://doi.org/10.1186/540517-022-00224-4.

van der Vaart, J., Bér, K., Frey, M., Reinecker, J., & Sass, I. (2021). Quantifying model
uncertainty of a geothermal 3D model of the Cenozoic deposits in the northern Upper Rhine
Graben, Germany. Zeitschrift der Deutschen Gesellschaft fiir Geowissenschaften, 172(3), 365-
379. https://doi.org/10.1127/2zdgg/2021/0286.

Finally, the research was presented at various national and international conferences and
workshops (Note that only first-author contributions are listed below):

Frey, M., Weinert, S., Bér, K., van der Vaart, J., Dezayes, C., Calcagno, P., Schill, E., & Sass, I.
(2020). Verbesserte Modellierung des noérdlichen Oberrheingrabens durch Joint Inversion von
Schwere- und Magnetikdaten. In Der Digital Geothermie Kongress, 9-13 November 2020.

Frey, M., Weinert, S., Bar, K., van der Vaart, J., Dezayes, C., Calcagno, P., & Sass, 1. (2021). 3D
Modelling of the Northern Upper Rhine Graben Crystalline Basement by Joint Inversion of
Gravity and Magnetic Data. In EGU General Assembly Conference Abstracts, 19-30 April 2021.
https://doi.org/10.5194/egusphere-egu21-477.

Frey, M., Bossennec, C., Bér, K., & Sass, I. (2021). Multiscale and -disciplinary Investigation of
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1. Introduction

Man-made climate change is without a doubt the greatest challenge facing the international
community over the coming decades (IPCC 2022a). In the medium to long term, vast stretches
of land around the world will become uninhabitable, be it due to persistent droughts, successive
sea level rise or widespread destruction of ecosystems. This is expected to result in massive
refugee flows especially from developing countries (Biermann and Boas 2008; Farbotko and
Lazrus 2012; Lister 2014), which will potentially lead to severe geopolitical conflicts. In
addition, an increase of extreme weather events, such as the devastating floods in the Ahr Valley
in 2021, is already evident, causing significant economic damage. In Germany alone, the
estimated costs arising from extreme weather amounted to at least 80 billion euros between
2018 and 2021 (Trenczek et al. 2022).

To limit the harmful effects of climate change, 195 countries committed under the Paris
Agreement to keep global warming well below 2 °C compared to pre-industrial times (United
Nations 2015). The Climate Protection Act, which was once again tightened in 2021, defines
the legal framework in Germany for achieving this goal (Bundesregierung 2021a). Accordingly,
at least 65% of yearly greenhouse gas emissions compared to 1990 must be saved by 2030 and
88% by 2040. Net carbon neutrality should be reached no later than 2045. Fig. 1.1 shows the
development of the German greenhouse gas emissions from 1990 to 2021, clearly indicating
that the climate targets will be missed by a wide margin if the current downward trend is
maintained.
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Figure 1.1: Development of greenhouse gas emissions in Germany from 1990 to 2021 split by sectors including emission
targets until 2045 (Bundesregierung 2021a; UBA 2022b). Note that the current downward trend is not sufficient to reach the
climate goals.

The Climate Protection Plan 2050 sets out the strategies for reaching the ambitious targets
(BMU 2016). Essential components of lowering emissions include energetic modernization of
buildings, the introduction of more efficient industrial processes, and the electrification of the
traffic. Even more important, however, is the rapid transition of the energy supply from fossil
fuels to renewable energies. In this context, the public debate usually focusses on electricity
generation, around 47% of which was already secured by renewable energies in Germany at




the beginning of 2022 (Destatis 2022b). Yet, electricity accounts for only about 1/5 of the final
energy consumption. The share of renewable energies in transportation and heating, by
contrast, has stagnated at less than 20% for years (AEE 2020). Thus, substantial efforts are still
required in these sectors to achieve zero greenhouse gas emissions by 2045.

Apart from climate change, the current geopolitical situation illustrates that excessive
dependence on fossil fuel imports can lead to serious economic consequences. The price of gas
already reached a long-term high at the end of 2021 (Destatis 2022a), since global production
capacity had not been ramped up again following the COVID-19 pandemic. The situation
further escalated with the war in Ukraine, when Russia significantly restricted gas deliveries to
the European Union in response to the Western sanctions. Consequently, gas prices increased
four- to fivefold compared to early 2021 (DIE ZEIT 2023), and supply security for households
and industry were threatened. At the same time, the inflation rate rose to a historic high of 10.4
% (October 2022) in Germany (Destatis 2022c), which in the worst case could drive the
economy into a recession. Reliable predictions of fuel prices are unavailable at the moment,
making considerable investments in renewable energies all the more critical. The expansion of
domestic renewable energy generation would create a favorable strategic position, as the
national energy market becomes much less susceptible to external influences (Liutak et al.
2021).

Currently, German efforts concentrate on the development of wind and solar power plants (UBA
2022a; Bundesregierung 2021b), as these technologies have been long established and are
comparatively inexpensive. However, the weather-dependent and seasonal fluctuations of these
energy sources are a major drawback (Lund and Miinster 2003; Spiecker and Weber 2014; Tani
et al. 2014). Especially in the case of solar-thermal energy, there is a significant seasonal
mismatch between production and demand, which requires the construction of huge storage
capacities (Tian and Zhao 2013). Given these challenges, the subsurface will play a key role in
the energy transition by enabling both large-scale energy storage (e.g., in the form of heat or
hydrogen) and heat production (Sanner et al. 2003; Huenges et al. 2013; Chamorro et al. 2014;
Bér et al. 2015; Tarkowski 2019). In addition, the extraction of lithium and rare earths from
geothermal brines (Saevarsdottir et al. 2014) as well as the sequestration of CO- in suitable
geological formations (Benson and Cole 2008) will make an essential contribution to climate
protection.

As a baseload capable, renewable and local energy source, deep geothermal energy offers huge
potentials to accelerate climate protection (Bauer 2014). Hot groundwater is extracted from
400 m to several kilometers deep reservoirs either for direct use, power generation, or combined
heat and power (CHP) production. Depending on the natural hydraulic properties, a formation
is classified as hydrothermal or petrothermal system. Hydrothermal reservoirs are aquifers
mostly in sedimentary or volcanic units that allow high production rates without any
stimulation. Petrothermal systems, on the other hand, are characterized by low natural
permeability, which applies to the crystalline basement or strongly cemented sedimentary rocks.
To make the stored heat usable, artificial reservoirs referred to as Enhanced or Engineered
Geothermal Systems (EGS) are created using hydromechanical, chemical or thermal stimulation
techniques (Tester et al. 2006; Huenges 2016; Olasolo et al. 2016). A comprehensive overview
of the EGS technology is given in subchapter 1.2.

Although the technically usable geothermal resources exceed the total energy demand by
several orders of magnitude, especially in the crystalline basement, deep geothermal energy




accounts for far less than one percent of the German energy mix (Fig. 1.2). Currently, 42
commercial deep geothermal plants are operating in Germany, which together supply about
44 MW of electricity and 354 MW of heat (Bundesverband Geothermie 2022). Considerably
higher capacities are already installed in countries with high enthalpy resources (e.g. Iceland,
Japan, USA, Turkey, Italy) (Ren21 2018). One reason for this slow development is the low
awareness in public and politics of the opportunities presented by geothermal energy. Besides,
high upfront costs and high risk of geothermal drilling in complex geological settings often
discourage private investors. Therefore, a detailed multiscale and interdisciplinary
characterization of the potential target horizons is required to bring risks down to an acceptable
level and to provide stakeholders with a reliable basis for decision-making.
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Figure 1.2: Energy mix in Germany according to AEE (2022): (A) electricity mix in 2021; (B) heat mix in 2020. Note that
geothermal heat production in (B) combines both deep and shallow sources. The share of geothermal energy could be
significantly increased by large-scale exploitation of the crystalline basement through Enhanced Geothermal Systems.

1.1. Geothermal Regime in the Upper Rhine Graben

Geothermal resources are heterogeneously distributed depending on the thermal and hydraulic
properties of the available geological formations. In Germany, three major regions with




increased potential for deep geothermal utilization have been identified in the past (Fig. 1.3)
(Agemar et al. 2010): the North German Basin, the South German Molasse Basin, and the Upper
Rhine Graben (URG). The latter exhibits an exceptionally high geothermal gradient of locally
more than 100 °C/km (e.g. Schellschmidt and Clauser 1996) and is therefore of particular
interest for research and industry.
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Figure 1.3: Overview of the three main regions for deep geothermal utilization in Germany. The reservoir temperatures at
3 km depth were drawn from the model of Agemar et al. (2012). In addition, all operating deep geothermal plants are marked
(Bundesverband Geothermie 2022). CHP — Combined Heat and Power, ATES — Aquifer Thermal Energy Storage.

The URG is an approximately 300 km long and 30-40 km wide passive rift that roughly extends
from the Jura Mountains in the south to the Rhenish Massif in the north (Fig. 1.4). To the east,
the rift is bounded by the Odenwald and the Black Forest, and to the west by the Palatinate and
the Vosges. The URG represents the central segment of the transcontinental European Cenozoic
Rift System (ECRIS) (Ziegler 1992; Ziegler 1994; Dézes et al. 2004), which formed from the
Eocene onward as a consequence of the changing lithospheric stress regime in the Alpine
foreland. Northward compressional movements of the Alpine orogen initiated east-west
oriented crustal extension, starting initially in the southern section and gradually shifting
northward (Ziegler et al. 1995; Ziegler and Deézes 2005). Major pre-existing discontinuities in
the crust that developed during the Variscan orogeny, Permo-Carboniferous, and Mesozoic were
likely reactivated and thereby significantly influenced the orientation and position of the URG
(Schumacher 2002; Edel et al. 2007; Grimmer et al. 2017). During the main extensional phase,
the surface subsided by up to 4 km along numerous roughly N-S-directed faults within the rift
valley, while the rift shoulders were isostatically uplifted (Villemin et al. 1986; Villemin and
Coletta 1990). During the Lower Miocene, a counterclockwise rotation of main horizontal
stresses resulted in a transtensive to transpressive reactivation of the existing normal faults




(Illies 1978; Buchner 1981; Schumacher 2002; Behrmann et al. 2003). This led to laterally
varying subsidence rates and increased the segmentation and pronounced asymmetry of the
URG. The Cenozoic graben was successively filled with heterogeneous fluviatile, marine, and
limnetic deposits (Grimm 2005; Grimm et al. 2011). Crustal extension was furthermore
accompanied by repeated volcanism, of which the Kaiserstuhl is the prime example. A
comprehensive tectonic and geologic description of the URG is given in Chapter 2.
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Figure 1.4: (A) Regional overview of the European Cenozoic Rift System (adapted from Ziegler and Dezes 2005) and (B)
geological map of the Upper Rhine Graben including main tectonic boundaries between the Variscan basement units
(modified after BGR 2016). BG — Bresse Graben, HG — Hessian grabens, LG — Limagne Graben, LRG — Lower Rhine Graben,
MGCH — Mid-German Crystalline High, SNB — Saar-Nahe Basin, URG — Upper Rhine Graben

As a still active extensional area, the URG is assigned to the convection-dominated geothermal
play type, where large-scale faults primarily control the heat transport (Moeck 2014). Localized
temperature anomalies are thus mainly a consequence of the upwelling and downwelling of
fluids along permeable fault zones. Radiogenic heat production in the crystalline basement
enhanced heat flux from the Earth's mantle through the thinned crust, and thermal blanketing
beneath the thick Cenozoic sediments further contribute to the high temperature gradient
(Freymark et al. 2017).

The balneological use of geothermal brines at the URG margins can be traced back to Roman
times, e.g. in Wiesbaden (Umweltamt Wiesbaden 2011). First attempts to exploit the
hydrothermal resources for district heating and power generation were made in Bruchsal, Biihl,
and Cronenbourg in the late 1970s as a reaction to the oil crisis (Bertleff et al. 1988). This was
followed by the European EGS project in Soultz-sous-Foréts (Dezayes et al. 2005), which




substantially contributed to the understanding of artificial reservoirs in crystalline rocks. Today,
seven deep geothermal plants are in operation in the URG, providing a total of 50 MW of heat
and 10 MW of electricity (Bundesverband Geothermie 2022). The planning and implementation
of additional power plants in the region has recently received a significant boost in connection
with lithium extraction from geothermal brine (Saevarsdottir et al. 2014) and the emerging of
so-called Advanced (closed-loop) Geothermal Systems (van Horn et al. 2020).

Potentially exploitable horizons have been identified and comprehensively characterized as part
of numerous research projects in the URG (Sauer and Munck 1979; Dornstadter et al. 1999;
Stober and Jodocy 2009; Sass et al. 2011; Bar 2012; GeORG Projektteam 2013; Bar et al. 2021).
Among the nine suitable geologic units (chapter 2), the crystalline (Variscan) basement
generally exhibits the highest reservoir temperatures. In addition, the URG basement is
intensely faulted and fractured due to the complex deformation history, which leads to a
naturally elevated permeability compared to other German regions. A report from the Office of
Technology Assessment at the German Bundestag (TAB) revealed that the basement accounts
for the bulk (about 95%) of the overall geothermal resources (Paschen et al. 2003). Accordingly,
the technical potential for electricity generation is about 17 PWh, almost 35 times the annual
electricity demand of Germany. However, unlike the Tertiary formations, the basement has
been explored to a much lesser extent by the hydrocarbon industry using wells and reflection
seismic profiles. This thesis additionally integrates potential field data (chapter 3) as well as
analog studies (chapters 5 & 6) into the characterization of the reservoir. This provides new
insights into the structure and composition of the basement while reducing geological
uncertainties.

1.2. Fundamentals of Enhanced Geothermal Systems

Huenges (2016) defines EGS as "geothermal reservoirs that enable economic use of low-
permeability, conductive rock by creating fluid communication in originally low-permeability
rock through hydraulic, thermal, or chemical stimulation methods or advanced well
configurations". While there is still certain controversy on the exact definition and physical
processes underlying EGS (e.g. Li et al. 2022), it is important to note that it always refers to
artificially created or enhanced reservoirs in petrothermal or hydrothermal systems. To date,
this technology faces significant difficulties, such as induced seismicity, uncertain geological
conditions, and high drilling costs, which is why only a small percentage of its vast potential
has been tapped. Nevertheless, starting with the first project at Fenton Hill (New Mexico) in
the 1970s, a steep learning curve is evident, and large-scale commercial application seems
feasible in the near future.

This subchapter summarizes the fundamentals of the EGS technology that are directly related
to reservoir development and operation in the crystalline basement. First, the hydraulic
properties of the basement are reviewed, and the influence of fault zones and the fracture
network is discussed. Then a detailed description of the possible stimulation measures and the
related physical process is given, followed by an overview of the historical development of EGS
with special focus on projects in the URG. Finally, the remaining challenges and tasks are
outlined.




1.2.1. Hydraulic Properties of the Crystalline Basement

Permeability is a main controlling factor for the productivity of geothermal wells and
consequently the economic viability of the power plant. Comprehensive insight into the
hydraulic properties of the natural reservoir is therefore crucial for the design of the well path
and stimulation measures. Traditionally, the basement was regarded as impermeable or low-
permeable (< 107® m2). But in fact, permeability varies by up to 15 orders of magnitude
(Achtziger-Zupancic¢ et al. 2017) depending on geologic formation, depth, orientation, stress
field, fracture network, etc. Over the last decades, several thousand permeability measurements
have been carried out in the crystalline basement worldwide using different measurement
techniques in boreholes (pump tests, packer tests, Lugeon/WD tests, drill stem tests, flow meter
logs) and tunnels (pressure test, discrete tunnel inflow analysis). The theoretical background
of the most common hydraulic tests is summarized in Kruseman and Ridder (1990). In addition,
permeability was indirectly determined by means of thermo-hydraulic modelling and
observations of induced seismicity. The obtained properties may therefore be significantly
biased depending on the selected method. Most in situ measurements were taken from a few
hundred meters depth, whereas data are very sparse below 2 to 3 km depth.

It has been repeatedly shown that the permeability of the basement declines exponentially with
depth as potential fluid pathways are successively closed by the increasing overburden and
cementation. Empirical equations depicting this trend have been published, for example, by
Manning and Ingebritsen (1999), Shmonov et al. (2003), Stober and Bucher (2007), and
Achtziger-Zupanci¢ et al. (2017). Fig. 1.5 shows a compilation of these permeability-depth
curves. In general, a high level of agreement is apparent, especially at greater depth. A
comparison with individual measurements from selected site reveals that the natural range of
values is in fact much greater than suggested by the permeability trends. Permeability varies by
up to 10 orders of magnitude near the surface and by 5 to 7 orders of magnitude at several
kilometers depth (Achtziger-Zupandic et al. 2017).

Apart from the depth dependence of permeability, Achtziger-Zupancic et al. (2017) observed a
significant correlation with the current seismo-tectonic activity as well as the long-term tectono-
geological history on the global scale. At the regional scale, Stober and Bucher (1999)
additionally identified a strong dependence on the lithology. They performed hydraulic tests in
the Black Forest showing that the permeability of gneisses is on average two orders of
magnitude smaller than that of granites. The might be explained by the foliation within the
metamorphic rocks, which on the one hand creates a pronounced permeability anisotropy and
on the other hand accelerates the resealing of fractures.
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Figure 1.5: Comparison of four permeability-depth-relationships for the crystalline basement. Measured permeability ranges
are given for selected test sites (modified after Stober and Bucher 2007 and references therein).

The permeability of the rock matrix is usually very low in the basement (<10!® m?) (e.g. Bar
et al. 2020), meaning that fluid flow is almost exclusively controlled by hydraulically active
fractures and faults. In general, tensile fractures (joints, fissures) and shear fractures are
distinguished (Fossen 2016). Tensile failure occurs when the effective minimum principal stress
exceeds the tensile strength of the rock. This may be caused by cooling of magma, sharp increase
in pore pressure, or exhumation of deep rock. Tensile fractures are always oriented
perpendicular to o3 and parallel to o1. Shear fractures, on the other hand, form at an angle of
20 to 30 ° to o1 when the shear stress exceeds the shear strength of the formation. They are the
most common type of brittle deformation. The characteristics of the fracture network depend
on the depth, lithology, tectonic history, and stress field.

In turn, reservoir permeability is affected by various fracture network properties, such as the
density, length distribution, orientation, connectivity, and hydraulic opening of the fractures
(Long and Witherspoon 1985; Koudina et al. 1998; Mahmoodpour et al. 2022). The latter
influences the hydraulic reservoir properties most, since it is related to permeability via a cubic
law for fractures with relatively low roughness (Oda 1985). However, it is particularly difficult
to accurately determine the hydraulic aperture using borehole logs. Measured values from core
analyses and analog outcrop studies are also not representative of reservoir conditions at larger
depth. The aperture can instead be modeled as a function of the shear and normal stress along
the fracture plane (Barton et al. 1995; Vermilye and Scholz 1995; Bisdom et al. 2017).
Accordingly, fractures perpendicular to os or with a high shear to normal stress ratio tend to
have the largest opening.

Laboratory measurements are generally not suitable to assess the bulk permeability of the
reservoir since the representative elemental volume (REV) is violated. Integration of in situ
hydraulic test data is thus critical for the determination of reliable permeability values.




Faults are macroscopic discontinuities with significant shear displacements ranging from a few
centimeters to several kilometers. They typically consist of a fault core, where most of the slip
is accumulated, and the damage zone, which has a significantly increased fracture density
compared to the undisturbed host rock (Evans et al. 1997). The fracture density often decreases
exponentially with distance from the fault core. As a first approximation, the width of core and
damage zone scales with the total slip (Torabi and Berg 2011). At fault linkages, bends or
terminations, the structural architecture may be much more complex (Fig. 1.6). The fault zone
can therefore also consist of several cores and damage zones as well as multiple subsidiary
faults (Faulkner et al. 2010; Fletcher et al. 2020). In addition, faults may be segmented along
strike or down dip, resulting in an overall complicated mechanical and hydraulic behavior
(Bense et al. 2013). Depending on lithology, deformation history, and confining pressure, the
core consists of breccias, fine-grained gouge, or cataclasites (Sibson 1977). These rocks may
accelerate or impede fluid flow, mainly as a function of phyllosilicate content (Faulkner et al.
2010). In general, the core of inactive faults is considered to be a cross-fault fluid barrier,
whereas in active fault zones fluid pathways can be kept open by continuous deformation. The
damage zone, on the other hand, is seen as an along-fault conduit in which fluid flow is
channeled due to the increased fracture density. Scibek (2020) compiled worldwide
permeability measurements on fault-related rocks of different lithologies. In plutonic rocks, the
bulk permeability of the fault zone averages about 10! m2, but with variations of nine orders
of magnitude. In comparison, the average permeability of the fault core is only about 107 m2.
Caine et al. (1996) concluded that the hydraulic character of the fault zone is mainly
determined by the ratio between the damage zone and the core thickness.
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Figure 1.6: Typically structural setting in extensional domains such as the URG (modified after Bense et al., 2013). (A)
Interference of normal faults, leading to the development of relay ramps. (B) Detailed view of fault and fracture network and
qualitative permeability profile crossing the protolith, damage zone and fault core.

The complex structural situation in URG is the result of a multi-phase evolution (e.g.
Schumacher 2002). The geologic sequence is fragmented by a high density of oblique normal
faults with offsets ranging from tens of meters to several kilometers. In the later development
of the URG, these fault zones were often reactivated by strike-slip deformation. Because of this
repeated deformation over extended time periods, the basement exhibits a high fracture
density. In addition, the current transtensive stress regime tends to keep the existing fractures
open, which likely yields more favorable hydraulic properties for EGS projects than in mainly
undeformed or compressive regions (Ziagos et al. 2013). However, due to the small number of




boreholes that penetrate the basement in this region, an assessment of the actual fracture
network properties is only possible at a local scale (e.g., at Soultz-sous-Foréts) or in outcrop
analogs. Given the lack of in situ test data, this thesis applies a set of non-invasive exploration
methods as well as Discrete Fracture Network (DFN) modelling to further constrain the
hydraulic properties of the basement in the northern URG and to define potentially permeable
zones.

1.2.2. Reservoir Enhancement

As described above, the basement permeability is usually insufficient for direct utilization of
geothermal resources, even in the influence area of major fault zones. The reason for this is that
under reservoir conditions, most fractures are closed due to high overburden or hydrothermal
mineralization. The few hydraulically active fractures moreover rarely connect to a conductive
network. Wells may also be poorly connected to the reservoir, resulting in high pressure drop
and low productivity. In addition, permeability can be progressively reduced due to scaling
during operation. To develop a viable reservoir, targeted stimulation of the crystalline rock is
therefore necessary (Schulte et al. 2010), which either opens new fractures or improves the
permeability of the existing fracture network. A distinction is made between hydraulic,
chemical, and thermal stimulations, most of which were developed by the oil and gas industry
and have been adapted for geothermal purposes. The techniques can be applied either
individually or in combination, depending on the specifications of the reservoir.

Hydraulic stimulation is the most commonly used method for reservoir development and
enhancement in the crystalline basement (Huenges 2016). To date, it is the only technique that
can significantly increase the permeability in a distance of several hundred meters to kilometers
from the wellbore. The stimulation is based on massive water injections with downhole
pressures of up to 50 MPa. This results in the opening of fractures, which can be explained by
two basic mechanisms (McClure and Horne 2014; Gischig and Preisig 2015): hydraulic
fracturing and hydraulic shearing. Hydraulic fracturing describes the tensile failure of the rock
due to the pore pressure increase. This leads to the formation of new tensile fractures and is
mainly applied in tight hydrocarbon reservoirs. Proppants can be added to create fractures with
larger apertures and to keep the fractures permanently open (Barati and Liang 2014). Hydraulic
shearing, in contrast, induces shear displacements along pre-existing fractures. This is the
predominant process in naturally fractured reservoirs, such as the crystalline basement. Natural
fractures are always characterized by a rough and irregular surface. During shear replacement,
this leads to the so-called self-propping effect (Jeffrey et al. 2010), whereby the fractures
become permanently open. Fluid additives or packers may be used to stimulate only certain
well sections and to control the reservoir growth (Mégel et al. 2006; Yakeley et al. 2007).
Induced seismicity is nearly inevitable with hydraulic stimulation (Zang et al. 2014), but the
maximum magnitude of earthquakes can potentially be kept below a predefined threshold by
controlling injection pressure and cyclic treatment (see a detailed discussion below). Hofmann
et al. (2021) recently demonstrated in Iceland that a mild stimulation treatment can effectively
increase reservoir permeability while retaining the magnitude of induced seismic events well
below the perceptual level.

Chemical stimulation is a long-established method that has been used in oil wells since the end
of the 19th century (Portier et al. 2007). It mainly involves acid injection into the reservoir at
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a moderate pressure to remove skin damage caused by the drilling or to dissolve hydrothermal
mineralization in fractures (Morris et al. 1984; Portier et al. 2009). Besides, scaling that
accumulates after months and years of operation can be removed. Hydrochloric acid and
hydrofluoric acid are mostly used in the stimulation, which typically consists of pre-, main-,
post-flush. Particularly good results are achieved in carbonate rocks, where acidification leads
to artificial karstification (Xie et al. 2005). But chemical stimulation of the matrix as well as the
fracture network yields also good results in crystalline rocks (Schulz et al. 2022; Portier et al.
2009). Unlike hydraulic stimulation, however, mainly the near-wellbore permeability is
enhanced (Rose et al. 2007). Acidization is ideally implemented before hydraulic stimulation
to reduce the pressure drop, thus making the massive water injection as effective as possible. A
combination of chemical and hydraulic stimulation is another option to enable deep penetration
of the chemicals into the reservoir.

Thermal stimulation describes the injection of cold water into a hot reservoir with moderate
injection rates, limiting the well head pressure to 1 to 6 MPa (Siratovich et al. 2011). As with
chemical stimulation, this primarily enhances the near-well reservoir and the connection of the
well to the reservoir. Rapid cooling of the reservoir causes contraction of the rock, reducing the
effective stress (Ghassemi et al. 2007; Zhou et al. 2009). This either opens existing fractures or
creates new ones. In addition, debris or mineral deposits from open fractures are removed.
Thermal stimulation is more effective the greater the temperature difference between the
reservoir and the injection fluid. For this reason, with a few exceptions (e.g. in Rittershoffen),
this procedure is used in high-enthalpy systems (Tulinius et al. 2000). But it should be
mentioned that in all EGS reservoirs thermal stresses occur as a co-effect of hydraulic
stimulation and long-term circulation (Grant et al. 2013). Consequently, reservoir productivity
often improves over long time scales, if no significant scaling occurs.

1.2.3. History of EGS Projects

EGS technologies now looks back on a five-decade long history (Breede et al. 2013). The first
project, led by Los Alamos National Laboratory, was undertaken at Fenton Hill (New Mexico)
in the 1970s (Cummings and Morris 1979; Tester et al. 1989; Brown 1997). Drilling operations
began in 1974, followed by various stimulations and hydraulic tests until operations were finally
suspended in 2000. Originally referred to as Hot Dry Rock (HDR) method, the plan was to apply
techniques from the oil and gas industry to develop an artificial heat exchanger in crystalline
rock (Potter et al. 1974). Specifically, hydraulic fracturing was intended to create large, penny-
shaped tensile fractures that would then serve as hydraulic connections between production
and injection wells (Fig. 1.7). However, one of the key findings from Fenton Hill was that the
natural fracture network played a much larger role in reservoir development than anticipated
(Tester et al. 2006). Rather than creating artificial tensile fractures, shear deformation was
induced along existing fractures. Therefore, the original HDR strategy was abandoned and the
Hot Wet Rock (HWR) and EGS concepts were developed.
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Figure 1.7: Comparison of the original Hot Dry Rock concept (A) with the current understanding of Enhanced Geothermal
Systems (B).

Building on the findings of Fenton Hill, further attempts to create a viable reservoir in the
basement followed in the UK (Rosemanowes), Japan (Hijiori and Ogachi) and Australia
(Cooper Basin). The first EGS project of commercial size was developed in European
collaboration at Soultz-sous-Forets (France) starting in 1987. Numerous stimulations and
hydraulic tests provided detailed insights into hydrothermal and hydromechanical processes in
the deep crystalline rocks, which contributed significantly to the progress of the EGS
technology. From the 2000s onward, the number of purely commercial projects gradually
increased, resulting in more than 50 existing EGS reservoirs worldwide in 2022. Still, the share
of EGS technology in the total energy supply has been small so far, mainly due to the technical
challenges involved in the reservoir development (Ren21 2018). It is therefore particularly
important to learn from the difficulties encountered in previous projects. The EGS projects
targeting the crystalline basement in the URG are described in detail below.

Soultz-sous-Foréts

Since the late 1980s, the recovery of heat from the crystalline basement using HDR/EGS
technologies has been tested in Soultz-sous-Foréts (Alsace) (Gérard and Kappelmeyer 1987;
Dezayes et al. 2005; Cuenot et al. 2008; Genter et al. 2010), involving research teams from
France, Germany, the UK, Switzerland, Sweden, Italy, the USA, and Japan. The abandoned
Pechelbronn oil field was selected as a suitable site because the geological sequence was already
well explored and the geothermal gradient near the surface reached over 100 °C/km in this
area. The first well GPK1 was drilled in 1987 to a depth of about 2 km and encountered the
granitic basement at 1.4 km below surface. Instead of the expected reservoir temperature of
200 °C, only 140 °C was measured at the base, which was attributed to dominant convective
heat transport between 1.5 and 3.5 km depth. The well was initially stimulated between 1.4
and 2.0 km depth in 1991 and deepened to 3.6 km in 1992. High flow rate stimulations and
hydraulic testing between 2.85 and 3.6 km followed in 1993 and 94. In 1995, the GKP2 well
was drilled to a depth of approximately 3.9 km, and further stimulation resulted in a good
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connection with GKP1. Circulation tests in the produced reservoir yielded a thermal output of
about 10 MW.

After the successful realization of the doublet, an economically sustainable operation of the
geothermal plant was aimed at by constructing a triplet at greater depth. Starting in 1997, GPK2
was therefore once again deepened, and between 2001 and 2004, GPK3 as well as GPK4 were
drilled to a depth of approx. 5 km. Multiple hydraulic stimulations with high flow rates and
well pressures up to 18 MPa created a well-connected reservoir with temperatures around
200 °C in the reservoir. In the following years, numerous hydraulic tests and long-term cyclic
experiments were carried out. A research power plant was then constructed in 2008, which was
replaced in 2016 by a new commercial power plant with an electrical output of 1.7 MW.

Well logs, acoustic emissions and modelling demonstrated that fluid flow in the deep reservoir
is dominated by natural fractures (Genter and Traineau 1996; Sausse and Genter 2005;
Ledésert et al. 2010). Particularly high permeabilities are present in fractures that strike 160°,
which are approximately parallel to the maximum horizontal stress (Dorbath et al. 2010).
Hydraulic stimulation and long-term circulation resulted in significant improvements in
hydraulic yield, with improvement factors of up to 50 (Schill et al. 2017). At the same time,
fluid injections also resulted in a significant number of induced seismic events. In the 3.0 to
3.5 km deep reservoir, the maximum magnitude was 1.9, just below the perceptual threshold.
The largest seismic event in the 5 km deep reservoir had a magnitude of 2.9 (Baisch et al. 2010)
but did not cause any structural damage.

Landau

The geothermal power plant in Landau was developed by Geo x GmbH in the western URG
starting in 2004 (Teza et al. 2008; Baumgértner et al. 2013a). In contrast to previous EGS
projects, not only the crystalline basement but multiple reservoir horizons were tapped
simultaneously to minimize exploration risks and achieve economic productivity. The first well,
Gt Lal, was drilled in 2005 to a depth of approximately 3.3 km and targeted the three reservoir
horizons Buntsandstein, Rotliegend (Permo-Carboniferous), and granitic basement. A hydraulic
test revealed sufficient productivity, as a highly permeable fault was penetrated by the well
path. The second well, Gt La2, was drilled to a depth of 3.34 km in 2006, but showed too low
productivity, which required targeted hydraulic stimulation. Injection was carried out at 190 1/s
at a maximum wellhead pressure of about 13.5 MPa and resulted in a significant increase in
injectivity. During the subsequent hydraulic test phase, hydraulic properties of the borehole
were further improved. The Organic Rankine Cycle (ORC) power plant started operation in
2007 with a nominal electrical capacity of 3.8 MW. No significant induced seismicity was
detected during the stimulation and circulation tests. However, increased seismic activity
occurred during operation from 2008 onwards, reaching its maximum in August 2009 with a
magnitude of 2.6 (Griinthal 2014). Moreover, surface uplift of up to 3.5 cm occurred around
the power plant in 2013, which was caused by a leakage in the casing at a depth of about 450 m
(Heimlich et al. 2015).
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Basel

The Deep Heat Mining Project developed by Geopower Basel AG was intended to be one of the
first fully commercial EGS projects in crystalline rocks (Ladner et al. 2008; Haring et al. 2008).
The plan was to operate a CHP plant using deep brines with a temperature of up to 200 °C. The
site is located in the southernmost part of the URG, between the Jura Mountains and the Black
Forest. Here, the region's strongest historic earthquake with an estimated magnitude between
6.7 and 7.1 took place in 1356 (Fiah et al. 2009). The first well was drilled in 2006 to a
maximum depth of 5 km, intersecting about 2.4 km of sediments and 2.6 km of granitic
basement. Hydraulic stimulation was conducted in the lower 400 m of the well with a maximum
wellhead pressure exceeding 30 MPa. Originally planned for 21 days, the stimulation had to be
stopped after 6 days due to a magnitude 2.6 earthquake (Deichmann and Giardini 2009).
Within hours after shut-in, a magnitude 3.4 event occurred. In the following weeks, the activity
only slowly decreased and three more earthquakes with magnitudes greater than 3 were
recorded. The induced seismicity did not cause any structural damage, but the public
acceptance was permanently impaired. After a risk analysis, it was finally decided to abandon
the project and to close the well in 2011. As a result, the pressure at the wellhead rose again,
causing a renewed increase in seismicity (Wiemer et al. 2017).

Insheim

Following the example of the power plant in Landau, the Pfalzwerke geofuture GmbH
developed a geothermal power plant 5 km to the south in Insheim (Baumgartner et al. 2013a;
Baumgaértner et al. 2013b). Again, a multi-horizon approach was chosen, in which the reservoir
horizons Keuper, Muschelkalk, Buntsandstein, Rotliegend, and basement were tapped. The two
wells, GTI 1 and GTI 2, were drilled to a depth of 3.8 km in 2008 and 2009, targeting a single
fault zone. The wells exhibited contrasting hydraulic properties despite the similar geological
setting. Since GTI 1 suffered from insufficient productivity, a stepwise hydraulic stimulation
with a maximum wellhead pressure of about 9 MPa was applied. This measure caused increased
seismic activity with a maximum magnitude of 2.3 (Griinthal 2014). Since the well productivity
was not significantly improved, an additional sidetrack was drilled in 2010. The ORC power
plant with an electrical output of 4 MW started operation at the end of 2012.

Rittershoffen

The geothermal power plant at Rittershoffen, 5 km southeast of Soultz, was developed by ES-
Géothermie to supply heat to a biorefinery, located 15 km from the drill site (Baujard et al.
2017; Mouchot et al. 2018; Duringer et al. 2019). The two wells were drilled between 2012
and 2014 into a local N-S trending fault zone where a high density of near vertical fractures
was encountered. The wells penetrate the Cenozoic, Mesozoic, and Permian sediments before
reaching the crystalline basement at 2.15 km depth. Target for geothermal utilization was the
interface between sediments and basement, which exhibits favorable hydraulic properties due
to hydrothermal alteration and paleo-weathering. The path of the first well GRT-1 is almost
vertical, therefore only one permeable fracture was intersected, resulting in a too low
productivity. By applying thermal, chemical, and hydraulic stimulation, an improvement by a
factor of 5 could be achieved. Several induced earthquakes occurred a few days after fluid
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injection, during which the overpressure in the borehole reached up to 3 MPa. However, the
maximum magnitude of 1.6 was below the predefined threshold (Maurer et al. 2020). The well
path of GRT-2 was deviated, which led to a much better connection of the wellbore to the
natural fracture network and made stimulation obsolete. The power plant with a thermal
capacity of 24 MW was finally commissioned in 2016.

Vendenheim and Illkirch

Based on the experience gained in Soultz and Rittershoffen, several geothermal power plants
for power and heat supply were planned and developed in the greater Strasbourg area (Boissavy
et al. 2019). The most advanced was the GEOVEN project in Vendenheim. As of 2017, the two
deviated wells VDH-GT1 and VDH-GT2 were drilled to a depth of 5 km, where a temperature
of about 200 °C was encountered. The granitic basement was reached at 4.6 km. After hydraulic
testing in 2019 and 2020, several earthquakes with magnitudes greater than 3 were recorded
(Schmittbuhl et al. 2021). The highest magnitude of 3.6 marked the strongest induced event
associated with geothermal work in the URG to date. Consequently, the project has been
suspended indefinitely. In Illkirch, 15 km to the south, the GIL-1 well was drilled in 2018 to a
depth of 3400, where a temperature of 150 °C was reached. After the seismic events in
Vendenheim, this project was also stopped.

1.2.4. Lessons Learned and Remaining Challenges

Five decades of EGS research and development resulted in a comprehensive knowledge base of
the underlying physical processes and significant improvements of the applied technologies
(Tester et al. 2006). Considerable progress has been made in drilling techniques by adapting
them to the high-temperature conditions in deep geothermal reservoirs. It is now standard
practice to drill deviated wells into the crystalline basement with adequately high accuracy,
which is essential for targeted reservoir development. Similarly, sensors and logging tools have
been developed that can withstand high temperatures, allowing accurate analysis and
monitoring of the wellbore. However, a major obstacle to the widespread implementation of
EGS power plants are the still very high costs of drilling, amounting to up to 70 % of the total
investment (Lukawski et al. 2014; Bloomfield and Laney 2005). Although they are expected to
fall in the next years with the expansion of geothermal energy, this cannot be reliably predicted.
One way to save costs in the greenfield is to first drill exploration wells with a smaller diameter
(slimholes) to prove the resources and only then start with drilling the production and injection
wells (Kruszewski et al. 2017).

One of the most important findings from the early EGS projects was that the natural fracture
network has a substantially stronger influence on reservoir development and fluid circulation
in the basement than previously assumed (Ito 2003; Rutledge and Phillips 2003; Tester et al.
2006; Jeffrey et al. 2010; Jung 2013). The initial approach of creating large tensile fractures in
the basement by water injection (pure opening mode) had therefore to be abandoned. Instead,
shear activation of advantageously oriented, pre-existing fractures seems to predominate during
hydraulic stimulation (pure shear mode). This is supported by the abundance of induced
seismicity and observations from wells in which the fluid flow almost exclusively occurs along
natural fractures. Jung (2013) and McClure and Horne (2014), however, argue that both
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processes play a role in the stimulation of crystalline rocks (mixed-mechanics mode), which
leads to the formation of a complex fracture network. According to them, tensile fractures are
opened at the tips of shear fractures, which terminate again at the closest pre-existing fracture.
In summary, the thermo-hydro-mechanical processes involved in the hydraulic stimulation are
not fully understood up to now. Fracture formation and growth therefore need to be studied in
more detail in in-situ experiments, e.g. in the upcoming GeoLaB project (Schatzler et al. 2020),
to enable better prediction of reservoir development and hydraulic properties in the future.

By using the currently available technologies, it is already possible to create an artificial
reservoir in the basement which sustains the enhanced permeability and can be utilized for
electricity production and district heat supply. For economic operation of EGS power plants, it
is desirable to develop the largest possible reservoir volume, while at the same time achieving
sufficient production rates. If the distance between the production and injection wells is too far,
there is a risk of a poorly or not at all connected reservoir. If the distance is too small, thermo-
hydraulic short-circuiting between the wells may occur (Schulte et al. 2010). Hence, the well
path and completion must be planned thoroughly to meet the requirements. The open-hole
section should be designed in such a way that it penetrates a large number of potentially
permeable fractures. These are primarily oriented parallel to cumax (—160° in the URG (Reiter
et al. 2016)) and steeply dipping, so horizontal boreholes perpendicular to Gmmin are most
appropriate. However, the local structural setting must always be considered, as larger fault
zones will affect fracture network properties and stress conditions. It is also recommended to
initially only drill and stimulate one well (Tester et al. 2006). Based on the recorded micro-
seismic activity during and after stimulation, the second well can then be accurately planned to
ensure hydraulic connectivity between the producer and the injector. Sequential stimulations
with packers are promising tools for creating a highly branched fracture network.

Induced seismicity remains arguably the biggest challenge in the construction of EGS power
plants (Cornet et al. 1997; Majer et al. 2007; Evans et al. 2012). In the URG alone, three projects
(Basel, Vendenheim, Illkirch) were terminated due to the occurrence of induced earthquakes
with magnitudes over 3 (Deichmann and Giardini 2009; Schmittbuhl et al. 2021), after several
million euros had already been invested in the drillings. At other sites, induced seismicity led
to considerable resistance among the population, despite the fact that structural damages were
rarely caused (Griinthal 2014). The strongest stimulation-induced earthquake to date with an
estimated magnitude of 5.5 was recorded in Pohang (South Korea) on November 15, 2017 (Kim
et al. 2018; Ellsworth et al. 2019). Water injections with a maximum wellhead pressure of
around 89 MPa (almost three times as much as was reached in the Basel 1 well) led to the
seismic activation of a previously unknown fault zone.

As mentioned above, induced seismicity is inherent to hydraulic stimulation, as instant shear
displacements are caused along fractures (Zang et al. 2014). However, it is crucial to limit the
maximum magnitude to the perceptible threshold (usually around magnitude 2) and to
implement a traffic light system to ensure compliance (Mignan et al. 2017). Simplified physical
models suggest that the risk of strong seismic events increases with rising injection pressure. In
reality, the relationship between the maximum size and the injection pressure is more complex
(Evans et al. 2012). The size of induced earthquakes depends also considerably on the natural
seismicity level, the stress conditions and the local structural setting. Accordingly, seismic
hazard assessments should be a key component of the exploration phase. Furthermore, the
cyclic or soft treatment of the reservoir seems to reduce the risk of strong induced earthquakes
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(Zang et al. 2013; Hofmann et al. 2021), but there is still a considerable need for more adequate
stimulation techniques.

1.3. Aim and Scope of the Thesis

This cumulative thesis was prepared as part of the Interreg project DGE-Rollout, aiming to
promote deep geothermal energy as a climate and environmentally friendly energy source in
northwestern Europe. The Technical University of Darmstadt has undertaken the mapping of
geothermal resources in the northern URG, defined here as the region north of Karlsruhe. The
northern URG was only partially addressed by the previous geothermal research projects
GeORG and Hessen 3D (Sass et al. 2011; GeORG Projektteam 2013; Bér et al. 2021). As a
result, there are significant inconsistencies in the overlapping areas of the models that require
harmonization. This thesis focuses specifically on the crystalline basement, which hosts the
largest geothermal resources but has been greatly simplified in the existing geological models.
Despite the enormous potential, little is known so far about the thermal, structural, lithologic,
petrophysical, and hydraulic properties of the reservoirs below the thick sedimentary cover.
Accordingly, available assessments (e.g., Paschen et al. 2003) provide merely rough estimates
of the usable resources in the basement.

The main objective of the work was to develop an integrated 3D geothermal model and to
comprehensively characterize the lithology, petrophysics, and structure of the basement at
multiple scales. On that basis, the EGS potential for power and heat generation in the northern
URG was quantified. The results allow for selection of favorable drilling targets and improved
well path planning, reducing the previously described risks of EGS projects, such as insufficient
productivity and perceptible induced seismicity during development and operation. By
additionally assessing societal aspects of geothermal utilization, both policy makers and
investors are provided with a reliable basis for decision-making. The results are moreover
valuable for technical planners, who can use them in the early project phase as input for detailed
modelling and the design of targeted exploration measures. At the same time, part of the
research serves as pre-exploration to find suitable sites for the upcoming GeoLaB project in the
Odenwald.

More specifically, the following tasks are covered in the thesis:

e Comprehensive review of approximately 500 relevant literature sources to identify and
characterize potentially usable geothermal reservoir horizons in the URG (chapter 2)

e Development of a parameterized 3D basement model of the northern URG by
integrating all available geological and geophysical data (chapter 3)

e Techno-Economic resource assessment for the crystalline basement to identify preferred
targets for geothermal drilling (chapter 4)

e Structural and hydraulic characterization of the basement by outcrop analog studies in
the southern Odenwald (chapter 5)

e Complementation of the structural investigations by geophysical (terrestrial gravimetry,

aeromagnetics, radon) surveys to identify potentially permeable fault zones (chapters 5
and 6)

17



18



2. Assessment of Deep Geothermal Research and Development in the Upper Rhine
Graben

This chapter includes the peer-reviewed review article with same title that was published in the
journal Geothermal Energy (Springer Nature) on the 29 September 2022. The content is
unchanged.

A comprehensive literature review of the deep geothermal situation in the Upper Rhine Graben
is presented and the results of nearly a century of geological research in this region are
summarized. Nine potential geothermal reservoir horizons were identified and described in
detail with respect to their lithological, structural, thermal, hydraulic, hydrochemical,
petrophysical, and seismic properties. In addition, all previously implemented deep geothermal
projects in the URG are reviewed followed by a discussion of learned lessons. Finally, an
overview of all freely available geological 3D models of the Upper Rhine Graben is given. The
review paper thus lays the foundation of all research activities in DGE-ROLLOUT and following
comparable projects.

Reference:

Frey, M., Weinert, S., Béar, K., van der Vaart, J., Dezayes, C., Calcagno, P., & Sass, I. (2021).
Assessment of deep geothermal research and development in the Upper Rhine Graben.
Geothermal Energy, 10(18). https://doi.org/10.1186/s40517-022-00226-2.
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Introduction

The Upper Rhine Graben (URG) is a major target for deep geothermal exploration in
Central Europe due to the highly elevated geothermal gradient of locally more than
100 K/km (e.g., Soultz-sous-Foréts) (Schellschmidt and Clauser 1996; Pribnow and
Schellschmidt 2000; Agemar et al. 2012; Baillieux et al. 2013) and the abundance of large
fault zone providing potential fluid pathways (Bichler et al. 2003; Guillou-Frottier et al.
2013; Duwiquet et al. 2021). According to Kock and Kaltschmitt (2012), the technical
potential for deep geothermal utilization in the URG sums up to 186 TWh/a, which is
approximately 5% of the annual primary energy demand of Germany (AG Energiebi-
lanzen 2021). A number of suitable reservoir horizons have been identified and char-
acterized in the course of numerous research projects over the last decades and the
hydro- as well as petrothermal potentials have been determined in local or regional
studies (Commission of the European Communities 1979; Hurter and Schellschmidt
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2003; Kohl et al. 2005; Agemar et al. 2022; Sass et al. 2011; Arndt 2012; GeORG Projekt-
team 2013; Stober and Bucher 2015; Bir et al. 2016; Aretz et al. 2016).

Exploration in the URG started with the first discoveries of oil-bearing sandstones at
Merkwiller-Pechelbronn (Bocker 2015; Reinhold et al. 2016). In the twentieth century,
large-scale hydrocarbon exploration was conducted, reaching its peak between the
1950s and 1980s. By 1989, more than 440 exploration wells and 550 production wells had
been drilled and a dense network of 2D reflection seismic profiles with a total length of
more than 5000 km had been shot (Durst 1991; Jodocy and Stober 2008). This extensive
data basis allows detailed investigations on the structural setting, lithological properties,
stratigraphy as well as petrophysical, chemical and thermal properties of the Cenozoic
horizons. Conventional exploration data (seismic and well data) resolving the Mesozoic,
Permo-Carboniferous and crystalline basement structures, on the other hand, remained
sparse, resulting in high model uncertainties with respect to these horizons (Frey et al.
2021b).

The exploration for deep geothermal resources in the URG came into focus during the
energy crisis in the 1970s. First geothermal wells drilled are Biihl 1 (1979), Cronenbourg
GCR-1 (1980) and Bruchsal GB-BR1 and GB-BR2 (1983/84) with more or less success
(Bertleff et al. 1988; Pauwels et al. 1993; Meixner et al. 2014). In the late 1980s, the Euro-
pean EGS (Enhanced Geothermal Systems) project was launched in Soultz-sous-Foréts
(France, central URG) with the aim of extracting heat from fractured granitic rock as a
new power source (Gérard and Kappelmeyer 1987; Dezayes et al. 2005a). Between 1987
and 2004, a total of 5 research wells (GPK1-4 and EPS1) with a maximum depth of partly
more than 5000 m were drilled to obtain a comprehensive understanding of the hydro-
thermal circulation in deep geothermal reservoirs (Dezayes et al. 2005b; Genter et al.
2010). Several hydraulic, chemical stimulations and long-term circulation tests were car-
ried out to increase and monitor the permeability of the fracture network between the
wells (Evans et al. 2005; Portier et al. 2009; Schill et al. 2017). To date, Soultz is still one
of the most important model sites for EGS systems worldwide and provides an extremely
valuable reference for the design of such projects (Genter et al. 2010). After the Renew-
able Energy Sources Act came into force in 2000, the development of the geothermal
sector was further accelerated, leading to the realization of several additional projects
in the last two decades (Baumgirtner et al. 2013; Baujard et al. 2017; Reinecker et al.
2019). At present, there are six active deep geothermal heat and/or power plants in the
URG. Additionally, thermal waters for balneological purposes are extracted at numer-
ous locations, especially along the main border faults, but as well in the graben center
(e.g., Baden-Baden, Bad Krozingen, Bad Bellingen, Freiburg, Weinheim). Nevertheless,
the technical potential is currently exploited only to a very small extent (Paschen et al.
2003; Kock and Kaltschmitt 2012), which can be attributed to various reasons. The com-
plex geology and tectonic activity pose considerable risks during the drilling operation
and reservoir development. But difficulties with the legal framework (e.g., mining law) or
lack of public acceptance represent also serious problems.

In this review, a detailed geological description of the main horizons and tectonic
structures suitable for deep geothermal exploitation in the URG region is presented.
They have been identified based on the expected reservoir temperature and the hydrau-
lic permeability of the formation or fault zone. In addition, this study summarized all



Frey et al. Geothermal Energy

(2022) 10:18

available data regarding the relevant hydrogeological, hydraulic, hydrochemical and
petrophysical properties of each reservoir unit. Subsequently, a review of the struc-
tural setting, the stress field, natural seismicity, available temperature data, the geother-
mal projects and the existing 3D models in the URG is provided herein. This article is
intended to serve as a comprehensive information basis and decision support. However,
for each site additional specific exploration measures may be required, as the geological
conditions in the URG are due to its complex tectonic setting laterally highly variable.
Additionally, the conditions at surface and societal challenges (e.g., infrastructure, public
acceptance) play a key role and may pose significant risks to the projects, but are only

briefly discussed here.

Geological setting

The URG is the central part of the European Cenozoic Rift System (ECRIS), which con-
sists of several interlinked tectonic rifts, extending from the Mediterranean to the North
Sea (Fig. 1) (Illies and Fuchs 1974; Prodehl et al. 1992, 1995; Ziegler 1992, 1994; Zie-
gler and Deézes 2005; Dézes et al. 2004; McCann 2008). The main strike direction of the
approximately 300 km long and 30 to 40 km wide URG is NNE-SSW in the southern
and central part and roughly N-S in the northern part. The structure is bounded to the
north by the Rhenish Massif, the Hesse Depression and the Vogelsberg, to the south by
the Swiss Jura Mountains and at the graben shoulders by the Black Forest, the Vosges,
the Odenwald and the Palatinate. Well-founded concepts about the paleogeographic
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and tectonic development as well as the lithology, structure, facies, stratigraphy, diagen-
esis and metamorphism of the individual horizons were established inter alia by Andres
and Schad (1959), Straub (1962), Sauer (1962), Rothe and Sauer (1967), Illies and Muel-
ler (1970), Villemin et al. (1986), Villemin and Coletta (1990), Sissingh (1998), Michon
and Merle (2000), Gaupp and Nickel (2001), Behrmann et al. (2003), Behrmann et al.
(2005), Reinhold et al. (2016) and Perner (2018). In the following, an overview about the
Phanerozoic evolution of the URG region is given. A summary of the lithostratigraphic
sequence in the URG is shown in Fig. 2.

Variscan orogeny

The basement in the URG region represents primarily the structure of the Variscan
fold belt that was first defined by Suess (1926) and Kossmat (1927). Comprehensive
descriptions and discussions of the Variscan Orogeny are, for example, given in Behr
et al. (1984), Franke (1989), Dallmeyer et al. (1995), Oncken (1997), Franke (2000), Matte
(2003), Kroner et al. (2008) and Zeh and Gerdes (2010).

Prior to the continental collision between the Silurian and Lower Devonian, the vast
Rheic Ocean, located to the south of Laurussia, was subducted northwards (Nance et al.
2010). This led to a drift of the Armorican Terrane Assemblage, consisting of several
microplates including Franconia, Saxothuringia and Moldanubia, towards Laurussia
(Crowley et al. 2000). These terranes disintegrated from the northern margin of Gond-
wana during the Cambrian and Ordovician (Kemnitz et al. 2002) and typically consist
of Neoproterozoic crust, overlain by a Neoproterozoic to Lower Carboniferous passive
margin sequence and intruded by subduction-related magmatic complexes.

Back-arc extension resulted in the opening of the Rhenohercynian Basin during the
Lower Devonian (Fig. 3) (Stets and Schéfer 2011; Franke et al. 2017). At first, mainly
siliciclastic and carbonate shelf sediments were deposited, but with increasing exten-
sion during the middle Devonian also oceanic crust was formed in the deeper parts
of the basin (Franke 1995b; Belka and Narkiewicz 2008). According to Zeh and Ger-
des (2010), the subduction direction of the Rheic Ocean changed to the south in the
Upper Devonian resulting in a new magmatic arc, known as the Mid-German Crystal-
line High (MGCH) (Reischmann and Anthes 1996; Anthes and Reischmann 2001). The
prior island arc between the Rheic Ocean and the Rhenohercynian Basin was then par-
tially underplated beneath the MGCH (Oncken 1997; Oncken et al. 1999). Further to the
south, the Saxothuringian Basin was subducted underneath Moldanubia, which resulted
in widespread magmatic activity, e.g., indicated by granitic intrusions in the Black Forest
and Vosges (Okrusch et al. 1995; Skrzypek et al. 2014).

The final closure of the oceanic basins took place in the Lower Carboniferous and
was followed by the collision of Laurussia with the Armorican Terrane Assemblage
and Gondwana in Visean and Namurian times (Eckelmann et al. 2014). As a result, the
individual microplates were juxtaposed and the sedimentary sequences of the marine
basins and continental margins were partly thrust onto the crystalline basement (Behr
and Heinrichs 1987; Hegner et al. 2001; Kroner et al. 2008; McCann et al. 2008). The
degree of metamorphism varies significantly across the fold belt (Oncken et al. 1995;
Okrusch 1995). While the Rhenohercynian Zone and Saxothuringian Basin show only
a low-grade overprint, the MGCH shows typical medium- to high-grade regional
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Fig. 2 Lithostratigraphic sequence in the Upper Rhine Graben with the potential geothermal reservoir units
(modified after GeORG Projektteam (2013) and Deutsche Stratigraphische Kommission (2016)). It is indicated
whether the fluid flow in the reservoir horizon is dominated by fractures (F) or matrix (M). For a detailed
visualization of the Tertiary succession, see also Fig. 9. The regional importance of each horizon is indicated by
the color gradient

metamorphic conditions. In contrast, the metamorphism was temperature-dominated
in the Moldanubian Zone, indicated by partial melting.

Permo-Carboniferous and Mesozoic sediment basins

At the end of the Variscan Orogeny in the Upper Carboniferous, a rapid collapse of the
orogen occurred and several NE-SW striking intramontane molasse basins (Figs. 3 and
4a), such as the Saar-Nahe Basin, the Hessian Depression, the Vosges-Kraichgau Basin
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and the Burgundy Basin, formed along pre-existing Variscan fault zones (Henk 1993;
Weber 1995b; Stollhofen 1998; Schumacher 2002; Schifer 2011). The erosion of the
surrounding mountain ranges produced large quantities of clastic sediments that were
deposited in these isolated basins, reaching a maximum thickness of up to 10 km in the
Saar-Nahe Basin (Henk 1992). The Permo-Carboniferous succession is in the lower part
dominated by fluvial-lacustrine conglomerates, sandstones and claystones. Later, the
sedimentation was increasingly controlled by aeolian transport, indicating an arid envi-
ronment (Schifer 1989; Schifer and Korsch 1998; Stollhofen 1998; Aretz et al. 2016).
Furthermore, rifting in the Lower Permian was accompanied by widespread mantle-
driven volcanic activity mostly between 300 and 290 Ma, which shows a mafic to felsic
composition (von Seckendorff et al. 2004; von Seckendorft 2012). In the Upper Permian
(Fig. 4b), no evaporite cycles were deposited in the URG area, but the Zechstein is char-
acterized by marginal facies deposits with a high proportion of fine-clastic sediments
(Hug and Vero 2008).
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Fig. 4 Paleogeographic situation in the URG region (modified after Boigk and Schoneich 1974).

Reconstructed sediment thickness after deposition for A the Permo-Carboniferous, B the Upper Permian

(Zechstein), C the Lower Triassic (Buntsandstein), D the Middle Triassic (Muschelkalk), E the Upper Triassic

(Keuper) and F the Lower Jurassic (Lias)

The subsequent Triassic is divided into the three independent lithostratigraphic
groups Buntsandstein, Muschelkalk and Keuper in the Germanic Basin (Boigk and Scho-
neich 1974; Schroder 1982; Aigner and Bachmann 1992; Feist-Burkhardt et al. 2008).
After the regression of the Zechstein Sea at the end of the Permian, continental facies
were again predominantly deposited (Scholze et al. 2017). In comparison to the Permo-
Carboniferous, sedimentation of the Buntsandstein (Fig. 4c) was no longer limited to the
isolated Variscan sub-basins (Backhaus 1974; Feist-Burkhardt et al. 2008; Lepper et al.
2014), but the highest thickness was still reached in the Saar-Nahe Basin and the Kraich-
gau Depression (Boigk and Schoneich 1974).

During the Middle Triassic a wide-ranging transgression occurred (Fig. 4d), leading to
the development of the Germanic Basin into a marginal sea of the Tethys Ocean (Szulc
2000; Gotz and Gast 2010; McKie 2017). Deep and shallow marine areas were spatially
separated by the Variscan orogen, with seaways existing along tectonic depressions.
The intramontane basins and especially the Burgundy Trough still represented major
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depocenters during this time, but sedimentation occurred on a broad scale in the whole
Germanic Basin (Boigk and Schoneich 1974). During the deposition of the Muschel-
kalk, several transgression and regression cycles took place, which are documented as
alternating deposits of evaporites including halite, shallow-marine carbonates and deep-
water carbonates (Schwarz 1975; Hagdorn 1999; Gotz 2004). The Keuper sequence
(Fig. 4e) shows an alternation of clastic sediments with evaporites, indicating a frequent
change between continental and shallow marine conditions (Vecsei and Duringer 2003;
Barnasch 2010; Franz et al. 2018). Similarly, cycles of arid and humid climate conditions
are documented in the succession. Large delta regions are typical for this period, which
have a predominant sediment transport in southwestern directions.

In the Lower Jurassic (Fig. 4f), southern Germany became part of the epicontinental
shelf by a renewed transgression of the Peri-Tethys (Pienkowski et al. 2008; Barth et al.
2018). Under these conditions, mainly black shales and clays were deposited. In the Mid-
dle Jurassic, an alternating deposition of sandstone, clays and especially oolithic lime-
stones is recorded in the URG. Deposits from the Upper Jurassic are preserved in the
URG only up to the Oxfordian. During the Cretaceous, large uplift movements occurred
along the Rhenish Massif, which led to considerable erosion of the Mesozoic and partly
the Paleozoic sediments in the northern URG (Pflug 1982). For this reason, the strati-
graphic horizons below the Tertiary sediments become steadily older from south to
north.

Cenozoic graben formation

The URG formed as a result of the changing lithospheric stress field in the foreland of
the Alpine Orogeny and can therefore be classified as a passive rift. It is likely that pre-
existing NNE-SSW striking Variscan, Permo-Carboniferous and Mesozoic discontinui-
ties, shear or fault zones, were reactivated (Edel et al. 2007; Grimmer et al. 2017). The
plate tectonic relationships and the deformation of the Alpine foreland on a lithosphere
scale are presented, e.g., in Ziegler et al. (1995), Sissingh (1998), Dézes et al. (2004),
Cloetingh et al. (2005) and Ziegler and Deézes (2005).

The Cenozoic changes in the Central European stress regime led to an extension of the
lithosphere parallel to the orogenic belt and to an uplift of the mantle in the URG region.
During the development of the URG, the regional stress field was repeatedly redirected
(Buchner 1981; Schumacher 2002; Behrmann et al. 2003; Deézes et al. 2004) (Fig. 5),
resulting in reactivation of faults and changes of the fault movement direction. This led
to variable subsidence and uplift rates and to local displacements of the deposition cent-
ers. Two main phases of graben development are generally distinguished (Illies 1978;
Hiuttner 1991; Schwarz 2006), an initial mostly extensional phase from Eocene to Lower
Miocene and a later transtensional to transpressional phase from Miocene to Quater-
nary. A detailed paleogeographic reconstruction of the URG from Eocene to Pliocene is
given in Berger et al. (2005).

The formation of the URG was initiated by an acceleration of the northward
directed compressional movement of the Alpine Orogen that resulted in an E-W
oriented crustal extension of the foreland in the Middle to Upper Eocene (Villemin
et al. 1986; Ziegler et al. 1995; Dézes et al. 2004). During this period, lacustrine clays
and siltstones were deposited in locally confined basins, accompanied by a period of
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Fig. 5 Different models of the Cenozoic evolution of the URG (compiled by Schwarz et al. 2006)

increased volcanic activity at the graben shoulders (Lippolt et al. 1974; Illies 1977). By
the Upper Eocene (Priabonium), two depositional centers had formed in the southern
URG, the Mulhouse and Strasbourg Basins, whose extent reflected the location of the
Permo-Carboniferous molasse basins of the Variscan Orogen (Pflug 1982).

In the Lower Oligocene (Rupelian), the strongest rifting phase occurred, which cov-
ered the entire graben and led to the deposition of the thick Pechelbronn and Froide-
fontaine Formations (Gaupp and Nickel 2001; Derer et al. 2003; Grimm 2005). For this
period, a main direction of the deformation between WSW-ENE and WNW-ESE
was determined (Fig. 5). With increasing subsidence, two and locally three marine
transgressions with connections to the North German Basin and the South German
Molasse Basin took place (Meier and Eisbacher 1991; Berger et al. 2005; Rousse et al.
2012). During the Upper Oligocene (Chattian), the extension came to a halt in the
southern URG, and the depositional center was successively shifted northwards (Illies
and Fuchs 1974).

The further development of the URG is influenced by an anti-clockwise rotation
of Sinax that resulted in a reactivation of the faults in a sinistral strike—slip sense,
with S, oriented in SW-NE direction (Buchmann and Connolly 2007). This was
caused by an abrupt decrease in the convergence between Europe and Africa dur-
ing the Lower Miocene (Rosenbaum et al. 2002). The southern URG was affected by
strong uplift, which is documented by a pronounced erosional unconformity and a
hiatus from the Lower Miocene to Pliocene. Between 18 and 15 Ma, volcanic activity
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reached its peak at the Kaiserstuhl (Wagner 1976). Conversely, the northern URG was
characterized by high subsidence rates, which led to continuous sedimentation until
the Quaternary.

Structural geology, recent stress field and seismicity

Structural geology

The complex and multiphase Cenozoic graben evolution resulted in a cross-sectional
asymmetry with either the Eastern Main Boundary Fault (EMBF) or the Western
Main Boundary Fault (WMBF) being more prominent. Graben formation-related
subsidence shifted gradually from south to north (Illies 1978; Derer et al. 2005;
Grimm 2005; Hinsken et al. 2007) resulting also in an asymmetry along strike of the
graben structure (Fig. 6). Oblique normal faulting dominates the structural inventory
within the Tertiary sedimentary infill of the URG, directly linked to the graben evolu-
tion. The graben main border faults as well as major faults parallel to the graben strike
have a considerable share of sinistral strike—slip component not directly visible in
seismic sections. 3D seismics are needed to restore and interpret the detailed struc-
tural inventory and fault kinetics on regional to local scale (e.g., Reinhold et al. 2016).
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Prior to the URG development, the Variscan basement as well as the Permo-Mesozoic
sedimentary cover have been faulted by NW-SE and NNE-SSW striking faults (e.g.,
Grimmer et al. 2017) of which some have been reactivated during Tertiary evolution.
Mapping of faults within the Variscan crystalline basement using 2D or 3D seismics
is often not possible with confidence as seismic reflectors are missing. Instead faults
clearly visible in Permo-Mesozoic successions may be traced down into the crystal-
line basement wherever possible. However, faults within the crystalline basement and
the overlaying Permo-Mesozoic succession form the main targets for deep geothermal
exploration. All major projects in the URG so far target larger scale fault structures in
this succession (Dezayes et al. 2005a; Teza et al. 2008; Baumgirtner et al. 2013; Duringer
et al. 2019).

Fault zones with a vertical displacement of several 100 m to over 1000 m can pro-
mote or inhibit fluid transport through the rock depending on their internal structure,
activity and orientation in the regional stress field (Barton et al. 1995; Caine et al. 1996;
Evans et al. 1997; Gudmundsson et al. 2001; Meixner et al. 2014). The fault core, consist-
ing mostly of fault gouges, fault breccias, clay smear and mineralizations, represents a
potential barrier to fluid transport in inactive fault zones (Morrow et al. 1984). In active
fault zones, however, flow paths can be formed or kept open in this unit by constantly
re-breaking fractures, i.e., by earthquakes, that have been cemented in the meantime by
upwelling thermal waters, thus increasing permeability (Stober and Bucher 2015; Age-
mar et al. 2017; Guillou-Frottier et al. 2020). Increased permeability is to be expected in
the highly fractured damage zones (Caine et al. 1996; Faulkner et al. 2010) adjacent to
both sides of the fault core. Permeability here is mainly dependent on fracture density,
mean fracture lengths, degree of cross-linking of fractures and the mean fracture (fault)
orientation within the respective local stress field (Jafari and Babadagli 2011). Fractures
mechanically tend to be open when perpendicular to 63 (mode I: opening, dilation) or
with a high ratio of shear stress in the fracture plane to normal stress acting on the frac-
ture plane. With the analytical modeling of slip (T,) and dilation tendency (T,) of fault
zones, the spatial distribution of potentially ‘open’ or hydraulically conducting areas
can be visualized (Morris et al. 1996; Ferrill and Morris 2003). However, due to miner-
alization along fractures and the complex geometry of the fault zone, the permeability
structure within and along the fault zone is in detail more complex and may vary signifi-
cantly laterally and with depth as well as between different geological units (Sausse and
Genter 2005; Ledésert et al. 2010; Dezayes et al. 2010; Meller and Ledésert 2017). Open
conduits may localize hydraulic flow along fractures and where fractures (or faults) are
intersecting.

Present-day stress field

Knowledge on in situ stress is important to understand subsurface fluid flow controlled
by fracture systems and to prevent wellbore stability problems. Information on the
in situ stress state in the URG are mainly derived from earthquake focal mechanisms
(FMS) and borehole data such as borehole breakouts (BO), drilling induced tensile frac-
tures (DITF) and leak-off tests (LOT) (see Heidbach et al. (2016) for a detailed descrip-
tion on stress indicators and Reiter et al. (2016) for a detailed description of the WSM
database in Germany and adjacent areas). Furthermore, an overview of the orientation
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and magnitudes of the regional stress field is provided by the 3D numerical modeling of
Ahlers et al. (2021).

Published stress studies at Soultz (Rummel and Baumgirtner 1991; Cuenot et al. 2006;
Cornet et al. 2007; Dorbath et al. 2010), Bruchsal (Meixner et al. 2014), Rittershoffen
(Azzola et al. 2019) and Basel (Valley and Evans 2009, 2019) have analyzed BO and DITF
occurrence in detail and have proposed vertical stress profiles incorporating density
logs for calculating vertical stress (i.e., overburden) as well as LOT and formation integ-
rity tests (FIT) for minimum horizontal stress (S;) magnitude estimation. Magnitude of
maximum horizontal stress (S;;) has been estimated using the hypothesis of a frictional
limit of optimally oriented faults (Zoback et al. 2003). Formation pressures are found to
be hydrostatic with static water table close to ground surface.

The stress regime in the URG is derived by regional FMS studies (Ahorner 1983; Bon-
jer et al. 1984; Plenefisch and Bonjer 1997; Cuenot et al. 2006; Ritter et al. 2009; Homuth
et al. 2014) and varies between strike—slip and normal faulting. Indications for thrust
faulting are sparse and most probably reflect local inversion tectonics (e.g., Illies and
Greiner 1979). Figure 7 displays the orientation of Sy; as documented in the WSM data-
base and recently published studies. In addition, unpublished stress reports from drill-
ing projects throughout the URG reveal essentially the same, roughly N-S to NW-SE
oriented Sy; orientation. Local perturbations of the stress field result mainly from
mechanically weak and active fault zones including URG border faults. Valley (2007),
for example, reported a strong localized rotation of the maximum horizontal stress com-
ponent linked to the occurrence of a large-scale permeable fault at Soultz-sous-Foréts.
Perturbation may be significant over short distances and should be kept in mind when
defining potential target zones and planning drilling projects.

Natural seismicity

Seismicity, whether natural or induced, poses a significant risk to deep geothermal pro-
jects. For this reason, a detailed study of historic events is essential to assess the seismic
hazard. A detailed discussion of the induced seismicity related to geothermal projects is
given in chapter 7. The tectonically active URG is marked by increased seismicity com-
pared to adjacent regions in Central Europe (e.g., Griinthal et al. 2018), but in contrast
to other continental rift valley systems, such as the East African Rift, events in access of
magnitude of 3 are rare. In the European seismic hazard map of Giardini et al. (2014),
the hazard to the URG is indicated as moderate with a 10% probability of exceeding a
peak ground acceleration of 0.2 g in a 50-year interval.

The strongest historically documented event is the 1356 Basel earthquake with an
estimated local magnitude of 6.7 to 7.1 (Fah et al. 2009) which caused severe destruc-
tion to the city. Meghraoui et al. (2001) determined a mean recurrence interval of 1500
to 2500 years for seismic events of this size. The strongest recent earthquake with a
local magnitude of about 5.4 occurred in Waldkirch near Freiburg in 2005 (Schwarz
et al. 2006), but no damages were caused. The largest documented event in the north-
ern URG was recorded in Worms in February 1952 and had a local magnitude of 4.7
(Leydecker 2011). This earthquake marks the onset of a seismic sequence that shows a
southward migration of the hypocenters. In September and October 1952, two events



Frey et al. Geothermal Energy (2022) 10:18 Page 13 of 67

9°E

X

Frankfurt

50°N I 50°N

49°N 1 L 49°N

Strasbourg
°

7’/ Stress Orientation

48°N Q Quality

I 48°N

A (high)

— B
C
= D (low)

0 10 20 30 40 50 km
| .

7‘:E 9‘:E
Fig. 7 Stress orientation map of the URG region (adapted from Reiter et al. 2016). The quality of stress
measurements is indicated by the length of the symbol

of comparable magnitude followed between Landau and Wissenbourg and Wissenbourg
and Haguenau, respectively (Doubre et al. 2021).

The URG exhibits significant lateral variations in the number and size of seismic
events (Fig. 8) (Bonjer et al. 1984; Bonjer 1997; Homuth et al. 2014; Henrion et al. 2020).
The largest cluster of epicenters is located south of Strasbourg, which according to Barth
et al. (2015) can be explained by an increase of tectonic stresses related to convergence
in the Alpine Orogen and the steep topography in this area. The central URG section
between the Palatinate and Kraichgau is a seismically quiet zone, whereas seismicity
increases again to the north. Barth et al. (2015) identified four sections of varying b-val-
ues (ranging from 0.83 to 1.42) in the URG. These differences can most likely be attrib-
uted to the local segmentation of the fault systems. In areas with relatively small-scale
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the wider region of the Upper Rhine Graben (data source: BGR (2021)). The 1356 Basel event is also included
as the largest known earthquake in the region. Natural and induced events are distinguished

geological structures, e.g., between Mulhouse and Freiburg, accumulation of large tec-
tonic stresses is limited, resulting in a smaller number of strong earthquakes. In general,
the location of epicenters correlates well with larger fault zones, but the main border
faults do not seem to be distinctly active (Griinthal et al. 2018).

Like the size of earthquake, the focal depth is also subject to variations across the
URG region (Bonjer 1997; Edel et al. 2006). In the URG, earthquakes are observed in the
upper crust down to depths of 13 to 16 km. The seismogenic zone is thinnest above the
Moho uplift close to the Kaiserstuhl. Below the Black Forest and the Jura Mountains, the
maximum focal depth increases to 20 km. N- to NNE-striking normal faulting and steep

NNW- to WNW-striking strike—slip faulting are the predominant focal mechanisms
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(Ahorner and Schneider 1974; Plenefisch and Bonjer 1997; Deichmann and Ernst 2006;
Ritter et al. 2009; Grimmer et al. 2017). Thrust events occur rarely, hence the URG rep-
resents an overall transtensional regime.

Crustal temperature field

A significant increase in subsurface temperatures can be observed almost throughout
the entire URG, with the highest geothermal gradients of up to 100 K/km being meas-
ured in the areas of Soultz-sous Foréts and Landau (Pribnow and Schellschmidt 2000;
Agemar et al. 2012; Baillieux et al. 2013). The region represents a classical non-magmatic
convection-dominated and fault-controlled geothermal play system (Moeck 2014) in an
extensional domain. Fluid flow and effective heat transport are predominant along active
fault zones bearing high fracture permeability. Upwelling of deep groundwater is hence
the main reason for localized thermal anomalies.

Besides, several factors are influencing the crustal temperature field on a broader
scale, resulting in a complex pattern of conductive and convective elements. Due to the
Cenozoic rifting activities, the URG shows a considerable thinning of the crust and lith-
ospheric mantle of up to 25% (Brun et al. 1992). This leads to a regional increase in the
heat flux compared to the rest of Central Europe. Additionally, the radiogenic heat pro-
duction of the crust is a major heat source controlled mainly by the thickness, struc-
ture and composition of the Variscan basement (Freymark et al. 2017). Different thermal
properties of the Mesozoic and Tertiary sediments cause furthermore spatial variations
in the conductive heat transport. Especially thermal insulation (‘thermal blanketing
effect’) by thick clay-rich sediments results in increased geothermal gradients within the
Tertiary formations (Zhang 1993; Wangen 1995; Freymark et al. 2019). A reversed effect
occurs within salt deposits, such as the Weinstetter Diapir (Esslinger 1968). These are
characterized by a particularly high thermal conductivity, which leads to a local chimney
effect with high temperatures at the top and relatively low temperatures at the base of
the salt structure.

Temperature measurements have been performed in c. 1000 wells throughout the
URG so far, most of which are collected in the Geophysics Information System (FIS
Geophysik) of the LIAG (Kithne 2006). Different measuring techniques were applied,
resulting in significant quality variations. The most reliable results are provided by
undisturbed temperature logs, where the thermal field reached equilibrium after drill-
ing. However, disturbed temperature logs or bottom-hole temperature measurements
are also common. In addition, temperature data were acquired in production tests and
hydrochemical analyses. It is therefore necessary to correct disturbed temperature
measurements before they are implemented in a model (Hermanrud et al. 1990; Schulz
and Schellschmidt 1991; Agemar 2022). Moreover, it is recommended to weight the data
according to their quality (Agemar et al. 2012; Rithaak 2015).

To create a comprehensive temperature model of the URG based on the measure-
ments, geostatic interpolation is often applied. The most common method is krig-
ing, which accounts for the closeness, redundancy and spatial continuity of the data.
This has been used for example by Agemar et al. (2012) for the whole of Germany
(Fig. 9), by Arndt et al. (2011) and Rithaak (2015) for Hesse and by the GeORG Pro-
jektteam (2013) for the central and southern URG. However, the disadvantage is that
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discontinuities in the geological structure or the rock properties are not included in
the interpolation, which can lead to an incorrect estimate of the subsurface tempera-
tures. Furthermore, the results of the interpolation are uncertain in areas of low data
density and for depths greater than about 2 km. Alternatively, the 3D temperature
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distribution can also be calculated by numerical simulation (GeORG Projektteam
2013; Guillou-Frottier et al. 2013; Freymark et al. 2019, 2017, 2016; Koltzer et al.
2019). As shown by validation of these examples by measured temperatures, the
mismatch for regional models can be kept below 20 °C with proper parametrization
and carefully selected boundary conditions. A better fit is up to now not possible for
regional-scale models due to the complex geometry of the faults acting as vertical and
horizontal conduits, the variability of the other governing rock properties and due
to the computational limits of most numerical simulation tools. However, numeri-
cal simulation of the subsurface temperature field can provide more accurate results
especially on the local scale, where based on sufficiently accurate exploration data (3D
seismics, reference wells) detailed models can be developed (Bir et al. 2021). To sum-
marize, for regional scale assessment of the temperature field geostatistical interpola-
tion is currently the primary method while numerical simulation has a much better
potential for accurate temperature prediction at field scale.

Geothermal reservoir horizons
The investigation of deep geothermal potentials in the URG began already in the 1970s
with the “Geothermische Synthese” (Sauer and Munck 1979). Since then, numerous
studies have been carried out to characterize the subsurface and in particular the poten-
tial of geothermal target horizons (Dornstadter et al. 1999; Bar 2008, 2012; Stober and
Jodocy 2009; GeORG Projektteam 2013; Bér et al. 2016; Frey et al. 2021a, 2021b). Based
on that, in total nine geological units were identified, which show sufficient temperature,
thickness and hydraulic permeability for the exploitation of heat at levels of more than
90 °C. In the following, these horizons are described with regard to their lithological
properties and spatial distribution. Figure 2 summarizes the respective reservoir hori-
zons and indicates the individual importance for deep geothermal projects in the URG.
Due to consolidation of the sediments with reduced porosity and permeability com-
pared to their outcropping analogues, deep geothermal exploitation of intact rocks
comes with a high risk of not reaching sufficient flow rates. For this reason, hydrauli-
cally active fault zones cross-cutting the geothermal reservoir horizons are usually tar-
geted, which can exhibit significantly higher permeabilities and therefore allow high flow
rates. In addition, as vertical conduits, they may be associated with natural upwelling
of hot groundwater, resulting in increased geothermal gradients. Exceptions to this are
to some extent the Mesozoic carbonates (Muschelkalk-Keuper, Hauptrogenstein and
Upper Jurassic Limestones), which are locally karstified and thus sufficiently permeable.
In addition, high permeabilities may also be reached in the coarse-grained initial as well
as marginal facies of the graben filling (e.g., Pechelbronn Formation) and the double-
porosity horizon of the Lower and Middle Buntsandstein.

Crystalline basement

According to the definition of the Variscan Orogenic Belt by Kossmat (1927), the crystal-
line basement of the URG is divided from north to south into the Rhenohercynian Zone,
the Northern Phyllite Zone, the Mid-German Crystalline High (MGCH), the Saxothur-
ingian Zone and the Moldanubian Zone. In deep geothermal exploration and research,
interest in the crystalline basement is high, as it holds an almost inexhaustible potential
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due to the favorable temperatures and large potential reservoir volume. In addition, it
is the main source of radiogenic heat production (Vila et al. 2010) and thus influences
the thermal state of the crust to a considerable extent. Along the URG, the basement is
already successfully used by the four power plants in Landau, Insheim, Rittershoffen and
Soultz-sous-Foréts for electricity and heat generation (Vidal and Genter 2018) and was
also the target of the abandoned projects in Basel and Vendenheim. Target reservoirs are
generally related to large fault zones, where the fractured rocks show elevated natural
permeability. However, for an economic operation of a geothermal system, hydraulic and
chemical stimulation is necessary in most cases to increase the connectivity and perme-
ability of the fracture network. A detailed description of the hydraulic, hydrochemical
and petrophysical properties is given in chapter 6 for the main basement lithologies.

The limited availability of structural geologic information on the subsurface beneath
sedimentary formations poses a significant challenge to the exploration, modeling and
utilization of the basement. There is a total of 20 deep boreholes in the URG, which pen-
etrate the top basement, whereas most of them are connected to the geothermal projects
mentioned above. Figure 10 shows the location of these wells including the main rock
type that was encountered. Likewise, the basement in the URG was surveyed by only
a few large-scale seismic profiles, such as the DEKORP 9N and 9S lines. The latter was
recently reprocessed and reinterpreted as part of the Hessen 3D 2.0 project (Homuth
et al. 2021a, 2021b). The resolution and penetration depth of old seismic campaigns are
usually not sufficient, but faults in shallower horizons may be traced into the basement.
Crystalline outcrops at the graben shoulders, e.g., in the Black Forest, the Vosges, the
Odenwald, the Palatinate or the Taunus, allow detailed investigations of petrophysical
and thermal rock properties as well as the structural framework (Weinert et al. 2020;
Bossennec et al. 2021; Frey et al. 2022). In addition, gravimetric and magnetic data sets
(Rotstein et al. 2006; Edel and Schulmann 2009; Baillieux et al. 2014; Edel et al. 2018;
Frey et al. 2021b) are suitable to study the structures, composition and properties of the
basement beneath the sedimentary cover. These data sets are available in sufficiently
high resolution for regional-scale models throughout the entire URG region.

Rhenohercynian and Northern Phyllite Zone

The Rhenohercynian and Northern Phyllite Zone are located at the northernmost rim
of the URG (Blundell et al. 1992; Brun et al. 1992; Franke 2000). They make up only a
small part of the region’s basement and are therefore of rather subordinate importance
for the deep geothermal power and heat production. But especially at the southern mar-
gin of the Taunus, there are several thermal springs (e.g., in Wiesbaden, Bad Nauheim,
Bad Soden) related to large faults within these zones, which are used for balneological
purposes (e.g., Loges et al. 2012).

The Rhenohercynian Belt is exposed in the Rhenish Massif (Taunus and Hunsriick) as
well as in the Harz Mountains and Cornwall (Franke 1995b). The zone is mainly char-
acterized by clastic shelf sediments, which were deposited from the Silurian onwards
at the southern continental margin of Laurussia on top of Cadomian paragneisses
(Molzahn et al. 1998; Franke 1995a). The unit further consists of subordinate reef car-
bonates, pelagic sediments, mid-ocean ridge basalts, and felsic volcanics (Huckriede
et al. 2004; Stets and Schifer 2011; Grosser and Dorr 1986; Floyd 1995). During the main
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collision phase in the Carboniferous, far-reaching thrust sheets of marine sediments
were established in the northern foreland of Variscan Orogeny (Edel and Weber 1995;
Oncken et al. 1999), which show mainly low- to very low-grade metamorphic overprint
(Doublier et al. 2012).

The Northern Phyllite Zone is a narrow belt on the plate boundary between Laurussia
and the Armorican Terrain Assemblage. This zone is exposed at the southern Taunus
and Hunsriick (Kligel 1997), but mostly covered by post-Variscan sediments. It is a het-
erogeneous tectonic mélange of 60 to 70% sedimentary rocks and 30 to 40% volcanic
rocks (Kliigel et al. 1994; Anderle et al. 1995). The Northern Phyllite was predominantly
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overprinted by pressure-dominated greenschist facies metamorphism (Massonne 1995),
which is intermediate between the P-/T-conditions in the Rhenohercynian Zone and the
MGCH.

Mid-German Crystalline High

The MGCH is the deeply exposed basement of the northern active continental margin
of the Armorican Terrain Assemblage, which consists mostly of plutonic rocks related
to the southward subduction of the Rheic Ocean and Rhenohercynian Basin during the
Carboniferous (Hirschmann 1995; Oncken 1997; Franke 2000). In addition, remnants of
the Lower Paleozoic host rocks and earlier volcanic arc-related plutons with high-grade
metamorphic overprint are found in this zone (Altenberger and Besch 1993; Zeh and
Gerdes 2010).

The largest outcrop of the MGCH is the Odenwald at the northeastern shoulder of the
URG, which is devided into the metamorphic Bollsteiner Odenwald in the east and the
predominantly igneous Bergstrafier Odenwald in the west (Stein 2001). The latter is sub-
divided from north to south into the subunits Frankenstein Complex, Flaser-Granitoid
Zone and Southern Granites/Granodiorites. From north to south, the plutons become
gradually younger (from around 360 Ma in the north (Kirsch et al. 1988) to 325 Ma
in the south (Kreuzer and Harre 1975; Anthes and Reischmann 2001)) and the SiO,
increases (Okrusch et al. 1995). The westernmost exposure of the MGCH is situated in
the Palatinate at the northwestern margin of the URG (Flottmann and Oncken 1992).
In contrast to the Odenwald, there are only a few local outcrops with the largest one
in Albersweiler. At this location, orthogneisses derived from 369+5 Ma old magmatic

protoliths are predominant, that are vertically intercalated by metabasites (Frenzel 1971;
Okrusch et al. 1995; Anthes and Reischmann 1997). Besides, granitoid intrusions with
an age of about 340 Ma as well as metapelite and metagreywacke are found in the Palati-
nate basement (e.g., in Waldhambach).

Apart from surface outcrops, insights are derived from samples of several deep bore-
holes of the hydrocarbon and geothermal industries that penetrated the top MGCH in
the URG (Fig. 10). The exploration wells Stockstadt 33R, Weiterstadt 1 and Wiag Hes-
sen 5 reached mainly granitoids and subordinate amphibolites in depths between 2180
and 2490 m (Marell 1989; Lippolt et al. 1990; Miiller 1996). In the well Worms 3 located
about 20 km westbound in the graben, a cataclastic zone is intersected at 2170 m depth
which is composed of strongly fractured gneisses, pegmatites and isolated granitoids.
A mostly granitic basement was moreover encountered in the geothermal wells west of
the Rhine River, Soultz-sous Foréts, Rittershoffen, Landau, Insheim, Vendenheim and
Illkirch. However, it is still unsettled how far south the MGCH actually extends in this
area. The Saar 1 well in the Saar-Nahe Basin is the westernmost borehole of the MGCH.
Here, the deformed granitic basement was encountered under about 5.6-km-thick Car-
boniferous sediments (Weber 1995b).

Saxothuringian Zone

The Saxothuringian Zone or Saxothuringian Basin is located to the south of the MGCH.
This unit is largely covered by sedimentary formations in the URG, leaving the course
of the tectonic boundary unknown. However, geophysical data provide insights about
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the lateral extent of the zone (Behr and Heinrichs 1987; Edel and Fluck 1989; Rotstein
et al. 2006; Edel and Schulmann 2009; Frey et al. 2021b). The largest outcrop of the Sax-
othuringian Zone is situated in eastern Germany in the Thuringian Forest, the Fichtel
Mountains and the Ore Mountains (Franke 1995c¢). There are two main facies types: the
(para-)autochthonous Thuringian Facies is characterized by a sequence of Lower Paleo-
zoic shelf sediments overlying the Precambrian gneiss basement of the Armorican Ter-
rane Assemblage (Bankwitz and Bankwitz 1990; Behr et al. 1994; Falk et al. 1995). The
autochthon is overlain by the allochthonous Bavarian Facies, which is a stack of tectonic
nappes with varying metamorphic overprint (Behr et al. 1982; Martin 2003; Bahlburg
et al. 2010). This unit consists of Upper Devonian to Lower Carboniferous deep marine
deposits and intraplate volcanic as well as distal flysch in the uppermost part.

It is mostly unresolved how the Saxothuringian Zone continues to the west. Tradition-
ally, the northern margins of the Vosges and the Black Forest are seen as outcrops of this
unit (Kossmat 1927). The northern Vosges and the northern Black Forest (the so-called
Baden-Baden Zone) are lithologically and structurally very heterogeneous, comprising
gneisses intercalated with amphibolites, mica schist and quartzites as well as low-grade
sedimentary and volcanic rocks, that are intruded by granites (e.g., Wickert et al. 1990).

Moldanubian Zone

The Moldanubian Zone is the southernmost unit of the Variscan basement in central
Europe (Kossmat 1927; Franke 2000; Ziegler and Dézes 2005). It is a heterogeneous and
highly overprinted assemblage of Gondwana derived terranes that were juxtaposed dur-
ing the Variscan Orogeny. Major outcrops of this zone are located in the Massif Central,
in the Bohemian Massif as well as in the Vosges and Black Forest along the southern
margin of the URG (Lardeaux et al. 2014).

The Moldanubian part of the Black Forest (Schwarzwald in German) is dominated by
large gneiss complexes in the center and south (Central Schwarzwald Gneiss Complex
(CSGC) and Southern Schwarzwald Gneiss Complex (SSGC)) (Eisbacher et al. 1989;
Chen et al. 2000; McCann et al. 2008). CSGC and SSGC are further subdivided into a
series of nappes consisting of Lower Paleozoic meta-granitoids and meta-sediments
(Geyer et al. 2011). Large granitic plutons intruded at the boundaries of these nappes
between 334 and 332 Ma (Schaltegger 2000). As in the Black Forest, the Vosges Moun-
tains are divided into a northern, presumably Saxothuringian part and a central and
southern Moldanubian part (McCann et al. 2008). The central Vosges consist of high-
grade metamorphic zones that were intruded by large granitoid plutons in the Mid-Car-
boniferous. Granulites, migmatitic gneisses and meta-sediments are predominant in this
region (Lardeaux et al. 2014). In general, the central Vosges show great similarities with
the CSGC, but are shifted relatively southwards by about 30 km. The southern Vosges
are a locally confined extensional basin (Eisbacher et al. 1989), filled with a Upper Devo-
nian to Lower Carboniferous marine sequence of shales and greywackes, partly intruded
by basalts and rhyolites (Schaltegger 2000).

In total three deep boreholes reached the Moldanubian basement in the URG.
The geothermal well Bithl 1 encountered gneiss close to the eastern boarder fault. In
the southernmost URG, the two wells Basel 1 and Otterbach 2 intersected a granitic
basement.
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Permo-Carboniferous

From the Westfalian onwards, Permo-Carboniferous (Rotliegend, r) sediments were
deposited in numerous SE-NW oriented intramontane basins (Henk 1993; Weber
1995b; Schifer and Korsch 1998; Scheck-Wenderoth et al. 2008). A thickness that allows
an economic geothermal exploitation is only known from the northern URG (Sass et al.
2011; Arndt 2012; Bar 2012), whereas the extent and thickness of additional basins in
the middle and southern URG is largely unknown and not confirmed by any deep wells
(Rupf and Nitsch 2008). The largest exposure of the Permo-Carboniferous is located
in the Saar-Nahe Basin (Schifer 1989). Smaller outcrops can be found at the Sprend-
linger Horst (Marell 1989), the Wetterau (Kowalczyk 2001) and in several location in the
Vosges and Black Forest (e.g., near Baden-Baden where the thermal spas are fed by hot
groundwater from this horizon or in the Badenweiler-Lenzkirch-Zone). The outcrops in
the Saar-Nahe Basin and the Sprendlinger Horst and Wetterau can be correlated by sev-
eral deep wells (Weiterstadt 1, Stockstadt 33R, Gimbsheim 2, Worms 3 and Trebur GT1)
in the northern URG and show several suitable reservoir rock horizons (Bir 2012; Boy
et al. 2012; Aretz et al. 2016). Accordingly, the highest thickness of presumably more
than 2000 m is reached in the area west of Grof3-Gerau.

In the Saar-Nahe Basin, the Permo-Carboniferous is divided into the lower Glan and
upper Nahe Subgroups (Schéafer 2005; Deutsche Stratigraphische Kommission 2016).
The former, also known as the pre-volcanic syn-rift phase, is further divided into the
Kusel, Lebach and Tholey Layers (Stapf 1990) and consists of fine-to-coarse clastic sedi-
ments, which are occasionally interlayered by carbonates. The Nahe Subgroup com-
prises the volcanic syn-rift phase and the post-rift phase. Increased volcanic activity
between 300 and 290 Ma led to the deposition of the up to 1100 m thick Donnersberg
formation, which comprises basaltic-to-rhyolitic lava flows, tuffs and pyroclastics alter-
nate with fluviatile and playa-like sediments (Stollhofen 1994; Stollhofen and Stanistreet
1994). During the post-rift phase mainly aeolian and playa-like sand-, silt- and claystones
were deposited in a very hot-dry climate, known as the Standenbiihl and Kreuznach for-
mations (Aretz et al. 2016). Significant alluvial deposits of coarse clastics were simulta-
neously deposited at the basin margins in the Wadern formation. At the Sprendlinger
Horst, sedimentation began during the active volcanic syn-rift phase (Marell 1989; Miil-
ler 1996). Here, however, alluvial fans as well as meandering and intertwined river sys-
tems are predominant.

The strong lithologic heterogeneity, both temporally and spatially, of the Permo-
Carboniferous makes a general statement about the suitability of specific horizons for
deep geothermal use very challenging. Broadly speaking, the coarse-grained fluviatile,
aeolian and volcanoclastic sediments have higher permeabilities than the fine-grained
lacustrine and playa deposits. However, because of the limited number of wells drilled
into the Permo-Carboniferous of the URG, a detailed reservoir characterization can in
most areas and especially to the south only be performed with larger uncertainties so far.
The matrix of the sedimentary rocks is usually cemented, thus large-scale fault zones are
again the main target of exploration as potential fluid pathways.
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Buntsandstein

At the base of the Mesozoic, the Buntsandstein (s) was deposited in the Germanic Basin,
which is dominated by terrigenous siliciclastic sediments (Backhaus 1974; Valeton 1953;
Klapperer 2009; Meisel 1995). During the Lower Triassic, the depositional environment
was similar to in the Permo-Carboniferous, with the Variscan Orogen still being the
main sediment source (Paul et al. 2008). However, the deposition was not limited to the
SW-NE trending molasse basins anymore but took place throughout the whole Ger-
manic basin (Doebl and Olbrecht 1974; Ziegler 1990). The fluvio-lacustrine succession
is therefore generally more homogeneous. Large outcrops of the Buntsandstein can be
found across the entire URG area, but especially in the Palatinate, Buntsandstein Oden-
wald and Kraichgau (Fig. 1).

The lithostratigraphic unit is subdivided into the Lower, Middle and Upper Buntsand-
stein (Rohling et al. 2016). In the southern Germanic Basin, the Lower Buntsandstein
comprises the Gelnhausen and Salmiinster Sequences (Fazies 1966). The boundary to
the fine-grained deposits of the Upper Zechstein is marked by boulder-bearing coarse
sandstones, also known as Eck Formation. This horizon is overlain by fine and medium
sandstones interlayered by clay and silt (Paul 1982). Towards the south, the grain size is
steadily increasing, and the sediments are less sorted, which indicates a shorter transport
distance. In the Middle Buntsandstein, the Volprihausen, Detfurth, Hardegsen and Sol-
ling Sequences are distinguished, which represent a cyclic sequence of fine- to coarse-
grained clastic sediments (Dersch-Hansmann and Hug 2004). The Upper Buntsandstein
is characterized by a gradual decrease in grain size. Fine and medium sandstones (Plat-
tensandstein Formation) are overlain by silt and clay, referred to as Rétton Formation
(Backhaus and Heim 1995).

In the URG, the thickness of the Buntsandstein increases continuously from about
65 m near Basel to 500 m in Karlsruhe. In a deep borehole in the Kraichgau, 539 m of
Buntsandstein were intersected (Jodocy and Stober 2010a). North of Karlsruhe, a grad-
ual thinning to a maximum of 300 m can be observed, caused by pre-Tertiary uplift of
the Rhenish Shield and associated erosion processes (e.g., Sissingh 1998). The Buntsand-
stein is a double-porosity reservoir, where the main contribution to flow is provided by
the fracture network (Haffen et al. 2012; Bossennec et al. 2021). In sandstone layers, the
permeability of the rock matrix (e.g., measured on cores from oil and gas wells) is still
comparatively high even at depths of more than 3 km, therefore contributing to the well
productivity in addition to the fracture network (Bar 2012). However, the necessary data
to quantify the respective contribution to fluid flow are currently missing, since hydrau-
lic test data in deep wells always provide an integral value for the permeability. One pos-
sibility to determine the matrix permeability under reservoir conditions would be, e.g.,
drill stem tests in open borehole sections without hydraulically active fractures. In con-
trast to the coarse-grained layers, the clay-rich layers, mainly in the Upper Buntsand-
stein, exhibit overall low permeabilities.

Upper Muschelkalk

After the widespread transgression of the Tethys Ocean during the Middle Triassic,
limestones, claystones and evaporites were predominantly deposited (Szulc 2000;
Feist-Burkhardt et al. 2008; Go6tz and Gast 2010). The Upper Muschelkalk aquifer
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(kuL/mo), which also includes the upper part of the Middle Muschelkalk and low-
ermost Keuper, is suitable for deep geothermal utilization (Wicke 2009; Stober
and Bucher 2015). This lithostratigraphic unit consists mainly of banked lime- and
dolostones, reflecting a full marine sedimentary environment. These rocks often
contain larger amounts of trochites and oolites that lead to a high primary porosity.
Furthermore, they are intensely fractured and karstified at fault zones. The Upper
Muschelkalk is exposed on a large scale in the Kraichgau, where the highest thick-
ness of more than 100 m is reached. In contrast, the thickness ranges from about 50
to 100 m in the central and southern URG (Boigk and Schoneich 1974; Jodocy and
Stober 2010b; GeORG Projektteam 2013). In the north, the unit is thinned or not
present at all, because, like the Buntsandstein, these rocks were eroded by Creta-
ceous uplift.

Jurassic carbonates

During the Middle Jurassic, the so-called Burgundy Carbonate Platform, in their sedi-
mentary environment and extent comparable to today’s Bahama Banks, developed in
Central Europe (e.g., Brigaud et al. 2014). In the eastern part of this platform, mainly
shallow marine carbonates were deposited in the Middle and Upper Mid-Jurassic (Dog-
ger, jm), which are referred to as Hauptrogenstein (bjHR) (Ernst 1991; Gonzalez and
Wetzel 1996; Pienkowski et al. 2008; Koster 2010). This formation consists of cross-bed-
ded oolite-limestones and is bounded by clay and marl horizons. The deposits are inter-
layered by clay, marl and bioclastic horizons. Large outcrops of the Hauptrogenstein are
located in the Swiss Jura Mountains and the eastern part of France. In the URG, it is
present south of Hagenau and is exposed along the main graben faults at the Black For-
est and the Vosges. The thickness increases continuously towards the south and reaches
its maximum of about 120 to 140 m near Mulhouse (Jodocy and Stober 2010a, 2010b;
GeORG Projektteam 2013).

Beside the Hauptrogenstein, also the Upper Jurassic carbonates (jo) represent potential
targets for deep geothermal projects. This horizon is preserved only south of Mulhouse
and consists of grey limestones interlayer with marlstones. The maximum thickness of
about 100 m is reached at the southern URG margin. Like the Upper Muschelkalk, the
Jurassic carbonates are often characterized by a comparatively large pore volume and
a high fracture density. Moreover, they are usually karstified close to large fault zones,
potentially allowing economic flow rates in geothermal wells (Stober and Bucher 2015).

Tertiary graben fill

The Tertiary (t) fill of the URG was intensively investigated by the hydrocarbon explora-
tion, resulting in a large number of deep wells and seismic lines. Based on this, detailed
characterization of the lithostratigraphic units was developed by various authors (Straub
1962; Doebl 1967, 1979; Rothe and Sauer 1967; Illies and Mueller 1970; Sauer and
Munck 1979; Illies and Fuchs 1974; Doebl and Olbrecht 1974; Teichmiiller 1979; Clauser
and Villinger 1990; Durst 1991; Gaupp and Nickel 2001; Derer et al. 2003; Hurter and
Schellschmidt 2003; Grimm 2005; Grimm et al. 2011; Jodocy and Stober 2011; GeORG
Projektteam 2013; Reinhold et al. 2016; Hintze et al. 2018). It should be noted, however,
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that the stratigraphic classification of the individual horizons has been regularly adapted
over the last decades. Consequently, there are in many cases different names for iden-
tical geological units, which makes for example the correlation of formations between
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wells sometimes challenging. In the following, we refer to the current nomenclature
according to the German Stratigraphic Table (Fig. 11).

In the central and northern URG, the Cenozoic graben filling is usually characterized
by a thickness of 1 to more than 3 km. Especially in local depositional centers, such as
the Rastatt depression and the Heidelberg Trough (“Heidelberger Loch”), large amounts
of Quaternary and Tertiary sediments were deposited. The highest thickness of more
than 3300 m is reached between Heidelberg and Worms (Doebl and Olbrecht 1974),
up to 2 km of which were deposited during the Miocene and Pliocene. In the southern
URG, thick Tertiary sediments are limited to restricted basins, like the Hartheim Basin
or the Kehl Basin (Jodocy and Stober 2010b). Particularly low sediment thicknesses are
reached in the area of the so-called Rhenish Hauptschwelle north of the Kaiserstuhl.

The Cenozoic sediments of the URG contain partly high amounts of pelitic compo-
nents, which are unfavorable for the utilization of geothermal resources due to their low
permeability. Clay minerals also pose challenges for deep drilling operations, as they
tend to fill cavities by swelling processes (Loschan et al. 2017). Furthermore, in fault and
fracture zones, hydraulic contact can be interrupted by the accumulation of pelites or
clay-smear development (Morrow et al. 1984; Jolley et al. 2007; Faulkner et al. 2010).
The targets of geothermal exploration in the URG are therefore mainly medium- and
coarse-grained horizons, which exhibit sufficiently high permeability and temperature.
The Pechelbronn Formation seems to be most suitable in this context, particularly in the
northern URG (Hintze et al. 2018; Stricker et al. 2020). In addition, the Niederrédern
Formation and the Meletta Beds of the Froidefontaine Formation may also be a target
for deep geothermal projects and underground thermal energy storages (UTES). Please
note that the syn-sedimentary tectonics caused strong lateral changes of the deposi-
tional conditions and thus limit lateral reservoir amalgamation and hydraulic connec-
tivity. Especially in the marginal areas and internal highs, considerable facies changes
occur.

Pechelbronn Formation

The Pechelbronn Formation, also known as Pechelbronner Schichten or Pechelbronn
Group, comprises syn-rift sediments of the Upper Eocene to Lower Oligocene that occur
almost throughout the entire URG (Derer et al. 2003; Gaupp and Nickel 2001; Grimm
2005; Hintze et al. 2018). Due to the locally high oil content within this unit, it has been
intensively studied since the nineteenth century. The Pechelbronn Formation gener-
ally overlies the Hagenau or Schliengen Formations in the southern and central URG
(Grimm 2005). In the northern part, pre-tertiary rocks or Eocene base clays are located
at the lower boundary. The top is marked by the onset of marine clays of the Bodenheim
Formation (old name: Rupelton). The sequence can be divided into the Lower, Middle
and Upper Pechelbronn Formation based on litho- and biostratigraphic characteristics.
The Lower and Upper Pechelbronn Formation are characterized by fluvio-lacustrine
conditions, which led to the formation of an alternation of colorful to gray, dolomitic
marlstones with siltstones, sandstones and conglomerates. Coarser sedimentary rocks
are mainly located in former channel structures. In subsidence centers like the Rastatt
Basin, fine-clastic sediments are predominant (GeORG Projektteam 2013). The deposi-
tion of the Middle Pechelbronn Formation took place under brackish-marine conditions
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after a transgression during the Uppermost Eocene (Doebl 1967). In the graben center,
deep marine basins formed, in which grey to brown clay marl stones and subordinately
fine sandstone layers and lenses were deposited. Due to the high proportion of pelites,
the middle Pechelbronn Formation is rather unsuitable for geothermal utilization.

The Pechelbronn Formation is interlocked with the so-called Kiistenkonglomerat
(=costal conglomerate) Layer towards the URG margin (Geyer et al. 2011). This horizon

consists of coarse sandstones and conglomerates of former alluvial and debris compart-
ments or channels, containing boulders with diameters of locally more than 0.5 m. In the
southern section of the Graben, the Haguenau and Pechelbronn Formations are more-
over intercalated with halite sequences of up to 200 m thickness and several hundred
meters thick marl stones, which are summarized under the term Wittelsheim Forma-
tion. The thickness of the Pechelbronn Formation ranges from a few meters in the Mainz
Basin to 810 m in the Hagsfeld I well east of Karlsruhe (Doebl 1967). On average, the
sediments are about 200 to 400 m thick (GeORG Projektteam 2013).

Froidefontaine Formation

The Lower Oligocene Froidefontaine Formation, also called Froidefontaine Subgroup or
Grey Marl Formation, occurs throughout the whole URG (Grimm 2005). It is located on
top of the Pechelbronn Formation and is overlain by the Niederrodern Formation. This
subgroup is further divided into the Alzey and Bodenheim Formations, the Meletta Beds
and the Cyrena Marl. The last two are sometimes also referred to as the Karlsruhe For-
mation. The Alzey Formation represents marine coastal facies, accordingly, it consists of
mostly yellow sandstones and conglomerates (Grimm et al. 2000; Grimm 2005). At the
same time, the basin facies of the Bodenheim Formation was deposited, which is char-
acterized by alternating dark claystones and marl deposits. Alzey and Bodenheim For-
mation are overlain by the laminated, blue to grey clay- and marlstones of the Meletta
Beds. In these, the proportion of carbonate-bearing sandstones increases continuously
towards the top. The Froidefontaine Formation is completed by the Cyrene Marl, which
consists mainly of colorful marlstones that contain thin layers of fine sandstones. The
total thickness of the sequence ranges usually from 250 to 400 m, but locally up to
1250 m are reached (GeORG Projektteam 2013).

Niederrédern Formation

The Niederrédern Formation, which deposited during the Upper Oligocene, occurs
also in the entire URG (Grimm et al. 2011). It overlays concordantly the Froidefontaine
Formation. At the upper boundary;, it is overlain by the Bruchsal Formation and south
of Karlsruhe by unconsolidated tertiary sediments. The sequence consists of a colorful
alternation of limnic marl and claystones with intercalated sandstones and siltstones.
Especially in the upper half, sand horizons can be found that might be suitable for the
deep geothermal exploration. The sequence is laterally variable and shows intercalations
of carbonate banks, sulfate nodules and marginal conglomerates. The Niederrédern For-
mation is on average about 200 to 400 m thick. Locally, however, a thickness of up to
1 km is reached (GeORG Projektteam 2013; van der Vaart et al. 2021).
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Reservoir characterization

Geohydrological and hydrochemical properties

Hydrogeological and hydrochemical data from laboratory investigations of drill cores
from several hundred wells—mostly oil and gas drillings—within deep siliciclastic, car-
bonate and crystalline reservoirs of the URG area in France, Switzerland and Germany
and their respective outcrop analogues have been compiled, examined, validated and
analyzed with the aim to characterize fluid, rock and reservoir properties. This chap-
ter compiles furthermore assessed, validated and analyzed hydrogeological and hydro-
chemical data from about 200 deep wells in different reservoirs in the URG and adjacent
regions. Solely in situ testing data are presented from tests in single reservoirs; data
from tests hydraulically connecting different reservoir formations with each other are
excluded herein. The data have been collected from wellbores of some hundred to more
than 3500 m depth. Bottom hole temperatures range from 60-160 °C. The prominent
hard-rock reservoirs in the URG include sandstone, carbonate rock, a mixed lithology
reservoir and the crystalline basement. Petrophysical properties were compiled from
studies on cores from deep oil and gas as well as geothermal wells, as well as from out-
crop analogue studies on the main reservoir horizons exposed in the Eastern and West-
ern Graben shoulders.

Hydrogeological properties

Deeply buried sedimentary formations may contain and conduct water. Consequently,
some formations at several km depths can behave as reservoirs, particularly limestones
and sandstones. However, most of the subcritical liquid H,O in fractured continen-
tal crust resides in the fracture pore space of the crystalline basement, which was only
investigated during some local studies in the URG (e.g., Soultz, Rittershoffen and Basel).
Thus, a compilation of hydraulic well test data in crystalline rocks of the Black Forest
and from deep wells in northern Switzerland is introduced here. Data measured before
stimulation in up to 5 km deep geothermal wells in the URG are included. For the influ-
ence of stimulation on the hydraulic properties, see e.g., Schill et al. (2017), Reinecker
et al. (2019) and Stober et al. (2022).

The key data on the hydraulic conductivity of the reservoir formation of the reservoir
are typically obtained from hydraulic well tests. The well yield depends not exclusively
on the hydraulic properties of the reservoir formation (mainly hydraulic conductivity,
storage coefficient) but to some degree also on the hydraulic properties of the wellbore
itself (skin, wellbore storage), which were taken into account (Stober 1996). Hydrau-
lic well tests also provide water samples for hydrochemical investigations and isotope
studies.

A large number of hydraulic tests were completed in the different fractured and/
or karstified deep reservoirs of the URG. Oil and gas industry tested most boreholes
hydraulically several times within the same stratigraphic horizon. So, the results could
be verified, and implausible results were rejected. Concept, approach and realization of
most of the tests were dictated by the needs of the oil and gas industry. Tests included
drill stem tests (DST), slug-tests and pumping-tests depending on the specific require-
ments. Most of these tests were typically of short duration and were performed in
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relatively narrow packer-isolated test-sections. In contrast, tests in hydrothermal or geo-
thermal wells were conducted over significantly longer time periods in longer borehole
sections. Stober and Jodocy (2009) give general information on test realization and cho-
sen evaluation methods. The straightforward evaluation of these hydraulic tests results
in a value for the transmissivity (T [m?*/s]). The hydraulic conductivity (K [m/s]) can be
retrieved from the transmissivity and the thickness of the tested formation (H [m]) as
K=T/H assuming a homogeneous and isotropic tested formation.

The examined geothermal reservoir formations are characterized by relatively high
hydraulic conductivity reflecting the active tectonic setting of the rift valley and its frac-
tured and karstified reservoirs (Fig. 12).

The highest hydraulic conductivity with a median value of about K=1 - 107® m/s is
derived from the double porous (fractured and karstified) limestone reservoir of the
Upper Muschelkalk (kuL/mo) and the lowest median value from the double porous
Hauptrogenstein (bjHR) reservoir (K=6 - 10~ m/s). Five locations in the Buntsandstein

(s) revealed high hydraulic conductivity, three wells provided low to very low conductiv-
ity (median: K=2.4 - 1077 m/s). The Buntsandstein typically is fractured with few frac-
tures per meter, however, the fractures have relatively increased apertures ranging from
approximately 1 to 10 mm (measured on cores) (Bossennec 2019). In addition to the

fracture network, the hydraulic of the Buntsandstein is influenced by the matrix perme-
ability, which depends strongly on the degree of diagenesis.

Figure 12 illustrates typical ranges of K, which indicate different flow-behaviors of the
reservoirs. The two limestone reservoirs (Hauptrogenstein and Muschelkalk) are nar-
rowly fractured, whereas in the Buntsandstein reservoir the distance between single
water conducting fractures is much wider. Thus, it has to be considered that the test-
length, especially for tests of the oil and gas industry, was too short in the Buntsandstein
reservoir to fulfill always the criterions of an representative elementary volume (REV)

L 1 L 1 L L
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| | | 61 Tertiary t) M
5.9-108
| | | Dogger (bjHR) F
9.0-107
Upper Muschelkalk  F
(kuL / mo)
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| | | ; Buntsandstein (s) M/F
1.0-10% .
® Permo-Carboniferous (ro) M/F
224108 ;
® O g Gneiss (gn) F
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Fig. 12 Hydraulic conductivity of different deep reservoirs in the Upper Rhine Graben presented as boxplot;
shown are the median values (n number of different boreholes, BF data of Black Forest and deep wells in
N-Switzerland). It is indicated whether the fluid flow in the reservoir horizon is dominated by fractures (F) or
matrix (M)
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(Bear 1979) for fractured reservoirs and might only be representative for the rock matrix.
The Tertiary (t) sediments (Fig. 12) on the other hand comprise hydraulic conductivity
data of several hydraulically independent sedimentary strata (also compare Stober and
Jodocy 2009). The retrieved hydraulic properties may not represent a single reservoir
but several layers with heterogeneous properties. The vertical and lateral connectivity of
permeable layers within the Tertiary strata can differ significantly from one location to
another depending on the sedimentary environment and subsidence to accommodation
space ratio.

In most reservoirs, the measured hydraulic conductivities show no regional variations
or trend. The data also reveal that hydraulic conductivity decreases only marginally with
depth in each of the reservoirs (Stober and Bucher 2015), probably a result of the young
and still active tectonics in the Graben leading to intensified joint and fissure produc-
tion rate or reactivation and thus to increased hydraulic conductivity even at greater
depth. The data also clearly show that the Upper Muschelkalk- and Buntsandstein reser-
voir (with the exception of a few outliers) have the highest hydraulic conductivity, which
might allow cross formations advective flow of thermal waters.

The crystalline basement is poorly investigated in the URG, since hydraulic data are
only available from the deep wells of the Soultz-sous-Foréts geothermal project, while
most other projects produce water from additional reservoirs on top of the crystalline
(Vidal and Genter 2018; Reinecker et al. 2019). Thus, Fig. 12 presents additional hydrau-
lic data of crystalline basement rocks from the Black Forest and deep wells in northern
Switzerland (Stober 1996). Generally, hydraulic conductivity of the crystalline base-
ment varies over several orders of magnitude. Some volumes of the continental crust are
essentially impervious; other areas are highly conductive and (Stober and Bucher 2007)
may hydraulically behave like near surface reservoirs (Ingebritsen and Manning 1999;
Manning and Ingebritsen 1999; Scibek 2020; Achtziger-Zupancic et al. 2017; Stober et al.
2022). Deep geothermal wells in the URG often revealed a surprisingly high hydraulic
conductivity at the top of the crystalline basement, e.g., at the former Paleozoic land sur-
face. However, granite seems to be more permeable than gneiss (Fig. 12). The observed
nearly depth-independent conductivity structure of the sediments in the Rhine Rift Val-
ley is in marked contrast to the significant conductivity decrease with depth observed in
the crystalline basement of the Black Forest (Stober and Bucher 2007).

Hydrochemical properties

Generally, the chemical data of water samples presented here are old data from archives
reported from samples collected during production tests performed by the oil and gas
industry. The original, tested and sampled boreholes are closed now, so that resampling
is not possible anymore. A few recently collected samples from thermal spas and geo-
thermal wells have been added to the data set. A total of more than 200 water analyses
have been compiled (Pauwels et al. 1993; He et al. 1999; Stober and Jodocy 2009; Stober
and Bucher 2015; Sanjuan et al. 2016; Stober et al. 2022). In some wells several samples
had been taken from the same formation. So, on the one hand the hydrochemical data
could be verified and implausible analyses could be rejected and on the other hand the
best analyses for further investigations could be used, onsidering standard criteria given,
e.g., in Holting and Coldewey (2009).
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The composition of the fluids from all four investigated reservoirs show systematic
variations with increasing TDS corresponding to increasing depth (Fig. 13). The chemi-
cal composition of water from shallow sedimentary formations (<800 m depth) typically
reflects the mineral inventory of the sediments:

+ Tertiary sedimentary formations: Ca-HCO, water, controlled by sediments with car-
bonate components. Locally SO, is enriched probably because of the occurrence of
gypsum/anhydrite in some strata.

+ Hauptrogenstein: Ca-HCO, water, related to fractured, karstified limestone (calcite)

+ Upper Muschelkalk: Ca-SO,-HCO5; water, due to fractured, karstified limestone,
containing gypsum/anhydrite-bearing strata beneath the reservoir (Middle Muschel-
kalk).

+ Buntsandstein: Ca-HCO, waters with elevated SO, concentration, resulting from
gypsum lenses in the fractured sandstone, locally cemented with calcite and abun-
dant calcite veins.

Also, near-surface conditions such as recharge rate and REDOX conditions control the
water composition. It is therefore not surprising that water residing in limestone reser-
voirs is strongly influenced by the carbonate minerals present in the rock (Fig. 13).

Deep thermal groundwater in the URG is always highly mineralized (Pauwels et al.
1993), with the total of dissolved solids (TDS) typically exceeding 5 g/kg in groundwa-
ters below 800 m depth. TDS furthermore drastically increases with depth in all inves-
tigated reservoirs. The highest overall TDS-value of 300 g/kg is observed in brines from
the Hauptrogenstein. In the Buntsandstein brine, the highest TDS is 127 g/kg, in Upper
Muschelkalk 79 g/kg and in the Tertiary strata 240 g/kg. Na-Cl brines are the dominant
chemical character irrespective of the rock forming minerals (Fig. 13) and the salinity of
thermal waters in sedimentary formations is most commonly higher than in seawater
(35 g/kg) (Stober and Bucher 2015), reflecting worldwide observations (Carpenter 1978;
Grasby and Betcher 2002; Karro et al. 2004; Kharaka and Hanor 2004).

06 04 02
HCO,

Fig. 13 A cations and B anions in different reservoirs of the URG (t—Tertiary, bjHR—Hauptrogenstein, kuL/
mo—Upper Muschelkalk, s—Bundsandstein). With increasing depth, the main water components are Na and
cl
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In the URG, the sulphate (SO,) concentration first increases with TDS and becomes
the dominant anion in some waters. At very high TDS, the SO, concentration relatively
decreases in favor of Cl. Bicarbonate (HCO,) is typically higher concentrated than sul-
phate in shallow, low TDS water. With depth and increasing TDS (increasing Cl con-
centration) also the SO, concentration increases and strongly outweighs HCO;. Almost
all deep high Cl (high TDS) water exhibits a higher concentration in SO, than in HCO,.
Thus, in all deep URG-reservoirs, the fluids evolve to a Na-Cl dominated brine, inde-
pendent of the rock composition and the minerals of the reservoir rocks (Fig. 13).

Despite the very high salinity of brines in the URG, deep groundwaters within the Gra-
ben are still below saturation with respect to halite. However, waters reach saturation
with respect to various minerals including calcite and quartz at much lower concentra-
tions. Saturation of the water with some low-solubility minerals controls the compo-
sition of the fluid at depth. Since solubility depends on temperature and pressure, the
water composition changes during flow along pressure and temperature gradients, that
is during up- or downward flow or during uplift (decompression) or burial of the rock
masses. The solubility changes may leave mineral precipitates (scales) on fracture sur-
faces or may cause dissolution corrosion on mineral surfaces. All deep waters of all res-
ervoirs are saturated with respect to calcite. Calcium is increasing with increasing TDS
and depth, whereas HCO; is decreasing as a consequence of the inverse concentration of
Ca and carbonate at equilibrium with calcite (CaCO, solid < Ca*t +CO,27). All deep
waters are moreover saturated with respect to dolomite, quartz and barite (Parkhurst
and Appelo 1999). Thus, the waters have a certain scaling potential if pumped and used
in geothermal energy applications as already proven for Soultz, Bruchsal, Insheim and
other operating projects.

Buntsandstein water (e.g., in Cronenbourg and Bruchsal) is rich in strontium and lith-
ium (>0.1 g/kg) and arsenic may reach several 1072 g/kg. Similar strontium- and lithium-
concentrations were only measured in several crystalline basement and Tertiary wells
(Sanjuan et al. 2016; Driippel et al. 2020).

Water from a number of wells in Buntsandstein, Upper Muschelkalk and Hauptrogen-
stein showed CO,-gas concentrations of more than 1 g/kg, while in the Tertiary sedi-
ments most CO,-gas concentrations are on the order of several 0.1 g/kg. Generally, in all
reservoirs the H,S concentrations are low, often below detection limit.

The origin of salinity and major water components in deep sedimentary URG-reser-
voirs and in the crystalline basement was in detail investigated by Stober and Bucher
(2015). Chloride can apart from external sources (fossil seawater, halite deposits) be
found in the crystal lattice of minerals, in fluid inclusions and along grain boundaries.
In magmatic rocks of the Black Forest chloride and lithium are typically found in bio-
tite (Driippel et al. 2020). During alteration, Cl and Li are (among others) removed from
the solid into the fluid phase. Both elements behave rather conservatively, leading to
enrichment in water. The high TDS of deep crystalline basement waters is not a con-
sequence of prolonged acid—base reaction of water with the primary unstable miner-
als of the basement rocks, but rather the mechanism of zeolite formation from feldspar
that generates saline neutral waters. Zeolitization does not affect pH and chemically
binds free H,O into the structure of a framework silicate, increasing passively the TDS
of the remaining water (Stober and Bucher 2004; Brady et al. 2019). Zeolites have been
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observed and mineralogically analyzed in drill cores from the Black Forest (Walenta
1992). Similar observations were, for example made in the Gotthard Massif (Zangerl
et al. 2006; Weisenberger 2009). In addition, the formation of zeolites as hydrothermal
transformation products has also been demonstrated in laboratory experiments under
reservoir conditions (Schmidt et al. 2017, 2018, 2019).

Based on profound hydrochemical indicators (like Cl/Br, (Na+K)/Cl) and additional
hydrochemical and geochemical indications (e.g., geothermometry), precipitation of
specific minerals in cores (Vidal et al. 2018; Driippel et al. 2020), on enhanced tem-
peratures in the URG and temperature profiles in deep wells (e.g., Vidal et al. 2017), on
heat flow anomalies (e.g., Clauser 1989) and on numerical modeling (Person and Gar-
ven 1992; Freymark et al. 2019; Koltzer et al. 2019) it is known that there are areas with
(even recent) ascending thermal brines from deeper into shallower parts of the crystal-
line basement and in the central URG into the Buntsandstein and even in higher for-
mations. The strong topography (Black Forest, Vosges Mountains) in combination with
the fault-bound vertical fluid pathways induces fluid flow over long distances not only
from the graben shoulders to the center, but also from south to the north within the gra-
ben. The deep hydrothermal flow system is both topography (Téth 1978) and buoyancy
driven and the upwelling water is focused and channeled along zones of higher perme-
ability (faults, fractures, etc.). Upwelling waters with enhanced temperature and TDS,
with significant amounts of Na, Cl, etc., are typically found in the foot hills or valleys of
these mountains as thermal springs (Stober et al. 1999) and along major faults within the
crystalline and in deep sedimentary layers in the URG as shown in the conceptual sketch
in Fig. 14a.

Thus, the salinity of the Buntsandstein brine seems to be at least partly influenced by
upwelling water from the crystalline basement. This assumption is supported by tem-
perature profiles, barite precipitation, and numerical simulations, among others. In
contrast, Sanjuan et al. (2016) argue, based on the Na/Li ratio and Sr isotopy, that flu-
ids discharged from the crystalline basement mainly originate from the Buntsandstein.
In any case, mixing of fluids from these two reservoirs is to be expected, depending on
the local circulation system. Further upwelling of hot water from the Buntsandstein
preferentially along fractures and fault systems is possible, especially in the halite-rich
Middle Muschelkalk, thus leading to high salinity in the Upper Muschelkalk reservoir
(Fig. 14a). Since particularly the Lower Jurassic (in addition to parts of the Keuper and
Middle Jurassic) is very compartmentalized, circulation in the upper system (Hauptro-
genstein, Tertiary sediments) is more or less separated and decoupled from the lower
system (Crystalline basement, Buntsandstein, Upper Muschelkalk) (Stober and Bucher
2015). In the Tertiary sediments, the high salinity is mainly caused by dissolution of hal-
ite present in some of the Tertiary layers. Saline water in Tertiary sediments may possi-
bly migrate into the Hauptrogenstein. However, fluid circulation from the lower into the
upper system seems merely possible in areas with huge vertical displacement within the
Graben, e.g., along prominent graben/horst-structures. Near the rim of the Graben the
waters seem to be hydrochemically influenced by adjacent layers, being in line with the
findings of the modeling of the temperature field by Clauser (1989), Person and Garven
(1992), Rithaak et al. (2014) and (Freymark et al. 2019). Nevertheless, a systematic tem-
perature trend with colder values at the two rims of the Graben and higher ones more in
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Fig. 14 A Schematic illustration of deep topography driven, hydrothermal flow systems with upwelling
of saline water in the central URG (Stober and Bucher 2015), blue arrows showing the generalized fluid
pathways within the basement and lower situated sedimentary horizons; B 3D visualization of simulated
streamlines in the northern URG (Koltzer et al. 2019). The color code shows in red Darcy velocities in the
positive z-direction (upflow) and in blue in the negative z-direction (downflow). With velocities from black
over dark colors to light colors into white. a Streamlines above the Variscan crust in a block in South-West
Hesse; b profile perpendicular to the Upper Rhine Graben with streamlines in Cenozoic and Rotliegend
sediments. White arrows highlight the simulated fluid circulation in the URG

the center of the Graben is not visible in the temperature model of Agemar et al. (2013),
which might also be a result of spatial data distribution and the interpolation approach.
Conceptual 2D profiles (as in Fig. 14a) can only describe to some degree the
hydraulic processes in a complex system such as the URG, where small-scale changes
in groundwater flow regime are expected. Therefore, attempts have been made in the
past, e.g., by Koltzer et al. (2019), to refine the picture using 3D numerical modeling
(Fig. 14b). The results suggest that the URG is characterized by a large number of
locally confined convection cells tied to hydraulically active fault zones, an observa-
tion which matches very well with known geothermal anomalies present in the URG
mainly along major graben internal faults. However, also this approach can only
represent a limited geologic complexity (e.g., number of faults, spatial variation of
hydraulic properties) with regard to the computational effort and data availability. For
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this reason, the exact paths of fluid flow throughout the URG remain uncertain until
new data are collected and combined in complex integrated models as proposed by
Bir et al. (2021a).

Petrophysical properties

To assess and review the petrophysical properties of the sedimentary and basement res-
ervoirs in various depths of the URG (Fig. 15), published data were compiled and struc-
tured following the guidelines of P*—the PetroPhysical Property Database (Bir et al.
2020). Therefore, the data compiled and presented here only stem from lab measure-
ments on core samples and not from any kind of borehole geophysical logging. Borehole
geophysical logs in the URG are usually confidential and in most cases too old to deter-
mine the relevant petrophysical properties directly. Since petrophysical data from actual
samples of reservoir depth is very sparse due to the high costs of drilling cores and often
also confidential, results from various outcrop analogue investigations (mostly active
and abandoned quarries) performed around the URG were included as well. An excep-
tion for data and core availability are the research wells of Soultz-sous-Foréts, where
multiple investigations were performed both on logs as well as on drill cores.
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Fig. 15 Location of datapoints with petrophysical property data measured on samples from drill cores or
outcrop analogues of the deep geothermal reservoir units of the Upper Rhine Graben
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Overall, more than 19,000 single or averaged measurement values were compiled. Data
evaluation was performed for each reservoir formations and for the main lithologies of
the crystalline and metamorphic basement. Naturally, for such a large and diverse data-
set, documentation of the original sources is very heterogeneous and of different quality,
resulting in the need to compare and statistically assess results of single measurements
together with mean values of multiple measurements of the same rock type.

Data availability also differs quite a lot depending on the particular properties to be
assessed. While density, porosity and permeability are most abundant as well as ther-
mal conductivity, data for other properties like specific heat capacity and thermal dif-
fusivity are rather sparse. Direct measurements of mechanical rock properties like p-and
s-wave velocities, Poisson ratio, uniaxial compressive strength, shear strength, cohesion,
angle of internal friction are very rare and restricted to cores from less than three wells
and only a couple of outcrop analogues. Mechanical rock properties are thus not yet
included in the compilation here and need to be investigated in more detail in the future.

Depth trends and influence of alteration and weathering were not assessed in detail
due to the heterogeneity of the dataset but are well known and investigated for the crys-
talline basement (Ledésert et al. 1999; Surma and Geraud 2003; Griffiths et al. 2016) and
its weathering zone at the top and strongly hydrothermally altered sections as well as
for the Buntsandstein, where hydrothermal bleaching is well known to reduce primary
porosity and intrinsic permeability of the rock matrix (Gaupp et al. 1998; Haffen et al.
2013, 2015; Bossennec et al. 2021). For the Permo-Carboniferous, a thorough compari-
son of reservoir and outcrop analogue samples is presented by Aretz et al. (2016), where
it is shown that the depositional facies plays an important role on the preservation of
primary porosity at reservoir depth. Heap et al. (2017) and Kushnir et al. (2018a) inves-
tigated the influence of paleo-weathering on Soultz core samples of the Buntsandstein,
Permo-Carboniferous and the crystalline basement and showed the positive influence of
the associated processes on the reservoir properties.

As presented in Figs. 16 and 17 all reservoirs and reservoir lithologies show a large
data spread reflecting the internal heterogeneity of the reservoirs with a wide range of
different rock types (e.g., pelites to coarse sandstones; gabbro to granite, meta-pelites
to quartzites). For the plutonic basement rocks, granites and granodiorites exhibit the
best petrophysical properties for geothermal utilization. They both have considerably
high thermal conductivities and thermal diffusivities and according to Vila et al. (2010)
also the highest internal radiogenic heat production. Additionally, from outcrop ana-
logue investigation, strongly increased effective porosities and intrinsic permeabili-
ties are known, resulting mainly from weathering effects and hydrothermal alteration.
A more detailed statistic assessment is for example presented in Weinert et al. (2020)
for the crystalline basement of the northern URG. For the less dominant metamorphic
basement rocks, the gneiss and quartzites show the best thermal properties, but low-
est porosities and intrinsic or apparent permeabilities. The hydraulic rock properties are
seemingly better for meta-volcanics and meta-pelites, while still completely insufficient
to provide the flow rates needed for geothermal utilization.

The Paleo- to Cenozoic reservoir units of the sedimentary units of the URG also cover
a large spread of rock properties. The Tertiary, Buntsandstein, Zechstein and Permo-
Carboniferous reservoir rocks have porosities, which are interesting for deep geothermal
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Fig. 16 Petrophysical properties (thermal conductivity, thermal diffusivity, specific heat capacity, effective
and/or total porosity and intrinsic and/or apparent permeability) of different lithologies of the basement
reservoirs in the Upper Rhine Graben from outcrop analogue and deep drill core investigations presented
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2013; Maire 2014; Huickel and Kappelmeyer 1966; Orendt 2014; Wiesner 2014; Weber 2014; Aretz et al. 2016;
Lambert 2016; Schintgen 2016; Vogel 2016; Schéffer et al. 2018; Weinert et al. 2021)

utilization concerning their heat storage potential. The Jurassic, Keuper and Muschel-
kalk reservoir rocks have significant lower effective porosities and thus can mainly be
classified as fracture-flow or karstified reservoirs. This observation is proven by the
intrinsic or apparent permeabilities of the different reservoir rocks. Here, the Tertiary,
Buntsandstein, Zechstein and Permo-Carboniferous have average values of more than
5.1071> m?% which can be sufficient for deep geothermal utilization even if the contribu-
tion of the fracture network is not considered.

The petrophysical properties of the Tertiary succession is described in more detail, by
e.g., Gaupp and Nickel (2001), Jodocy and Stober (2011), GeORG Projektteam (2013),
Reinhold et al. (2016), Hintze et al. (2018), Stricker et al. (2020) and Bir et al. (2021b).

The petrophysical properties of the Buntsandstein as a double-porosity reservoir is
well described by Bar (2012), Haffen et al. (2012), Haffen et al. (2015) and Bossennec
et al. (2021).

Page 37 of 67



Frey et al. Geothermal Energy (2022) 10:18 Page 38 of 67

Tertiary - 1 o Quaternary ~
Jurassic o - D -4 o o near Tertiary - ne248
Keuper - ° e Jurassic -
Muschelkalk - - I -+~ < omms Keuper -
Buntsandstoin | bemmrmmremeeeee B E— =416 Muschelkalk it
Zechstein - et Buthndueyj| @ ; n=1i70)
I~ Zechstein - o w0 wo cneted
" 1 ons1437
L 5 10 15 20 25 30 4
1 5
effective porosi /o)
poresty 4] Sulkthormal conductivty Wi K]
Totary | - S e
Jursssic - Jr— o Tottary e -
[ I g — net96 Jurassic <+~~~ -~~~ ne18
Buntsandstein { - Kauger et
Zechstein | Buntsandstein =108
in - B —
Permo-Carboniferous | Zachisin
T T T T 1 e
0 10 20 30 T
otal porosity 4] ;
bulkthermal conductivty, saturated [WinK]
Tertiary b ---4 nel2
Jurassic | o - ° s Wncheal 7}
Muschelkalk o m o s Buntsandstein -| = i 00 ne198
n=280 Zechstein -| n=40
Zechstsin { e ——
PermoCarboniferous | -
...... 4 —)
T T T T
1'. |I‘ "‘ 12 ! 2 N & - o 7
2 10 thermal diffusivity [mm?ls]
intrinsic permeability [ log
PR I— e o Tertary B — oo o o
Muschelkalk Win=a
Buntsandstein | L —— 4 =8
Buntsandstein | * - @ 5 n=597
Zechstein -
Zechstein | Pesneesesm - io0 on=101
A
ermo-Carboniferous bemoabanienncs 4| ¢ PEET— g —— @m0 @0 con=1037
T T T T
-8 16 14 -12 : ; y y .
200 400 600 800 1000 1200 1400
‘apparent permeability [m] log specific heat capacity [J(kg-K)]
unsaturated

Fig. 17 Petrophysical properties (effective and total porosity, intrinsic and apparent permeability, thermal
conductivity (dry and saturated), thermal diffusivity and specific heat capacity, of the different sedimentary
reservoirs in the Upper Rhine Graben from outcrop analogue and deep drill core investigations presented as
box-whisker plots; shown are the average, Q25, Q75 and minimum and maximum values (n number of data
points per property and reservoir). Data compiled from (Leu et al. 1999; Mack 2007; Schumann 2008; Gu 2010;
Klumbach 2010; Vila et al. 2010; Hesse 2011; Jodocy and Stober 2011; Nehler 2011; Schubert 2011; Welsch
2011; Bar 2012; GeORG Projektteam 2013; Schopflin 2013; Homuth 2014; Jensen 2014; Muller 2014; Weber
2014; Betten 2015; El Dakak 2015; Esteban et al. 2015; Sandkihler 2015; Aretz et al. 2016; Schintgen 2016;
Heap et al. 2017; Kushnir et al. 2018b; Schéffer et al. 2018)

The petrophysical properties of the Permo-Carboniferous are described by e.g., Aretz
et al. (2016), Gu et al. (2017), Molenaar et al. (2015), Reinecker et al. (2015) and Heap
etal. (2017).

Geothermal projects

For centuries, deep thermal groundwaters have been used for balneological purposes
along the margin of the URG starting with the Romans. Since the beginning of the twen-
tieth century, this application has been further expanded by the drilling of numerous
shallow or middle deep wells (Fig. 18). The large-scale exploration of deep geothermal
resources for the generation of heat and electrical power began in the late 1970s and
1980s with the projects in Biihl, Cronenbourg and Bruchsal (Table 1).

This first phase was followed by the extensive European EGS (Enhanced Geothermal
Systems) project at Soultz-sous-Foréts, which to date has provided extremely valu-
able insights into the hydraulic, mechanical and chemical properties of fractured reser-
voirs and the potential for economic exploitation. At this location in total 5 deep wells
(GPK1-4 and EPS1), partly with a depth of more than 5 km, were drilled between 1987
and 2004 (Genter and Traineau 1996; Dezayes et al. 2005b; Baujard et al. 2017). Mul-
tiple hydraulic and chemical stimulation experiments were conducted, some of which
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Fig. 18 Overview of the geothermal projects in the URG and their current status (adapted from Agemar et al.
2010). The geothermal wells in Weinheim are used for balneological and heating purposes, but the project
has an exceptional position because a doublet was implemented here instead of a single production well

significantly improved the permeability of the fractured reservoir (Evans et al. 2005;
Portier et al. 2009; Schill et al. 2017). Subsequently, the hydraulic properties of the sub-
surface were then investigated through long-term circulation tests.

Further successful projects were realized in Riehen, Landau, Weinheim, Insheim and
Rittershoffen. Two additional projects near Strasbourg, Vendenheim and Illkirch, were
in development until all operations were halted by political decisions after induced seis-
mic events in Vendenheim. Besides, many projects are currently being planned, but will
not be discussed here in detail. By 2020, geothermal power plants with a total capacity
of about 50 MWth and 10 MWel have been installed in the URG, which is only a minor
fraction of the total technical potential (Paschen et al. 2003; Kock and Kaltschmitt 2012).
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Table 1 Summary of the major deep geothermal projects with drilled wells in the URG in 2020

Project Status Target Number Yearof Max. Max. Power generation References
location reservoir ofwells drilling depth temp [MW]
TVD [°C] -
[m] Thermal Electrical
Basel Discon- Basement 1 2006 4992 190 - - Haring
tinued et al. (2008),
Ladner et al.
(2008)
Bellheim  Aban- Muschel- 1 2005- 2606 - - - Internal
doned  kalk 2006 reports
Bruchsal In Bunt- 2 1983- 2542 123 55 0.55 Bertleff
opera-  sandstein, 1985 et al. (1988),
tion Rotlieg- Rettenmaier
end etal. (2013),
Herzberger
et al. (2010)
Brahl Discon- Buntsand- 1 2012- 3281 153 - - Reinecker
tinued  stein 2013 etal. (2015)
BUhl Aban- Dogger, 1 1979- 2699 120 - - Bertleff et al.
doned  Keuper, 1980 (1988), Pau-
Basement wels et al.
(1993)
Cronen-  Aban- Buntsand- 1 1980 2870 140 - - Housse
bourg doned  stein (1984), Pau-
wels et al.
(1993), Vidal
and Genter
(2018)
llkirch In Basement 1 2018- 3400 150 - - https://
imple- 2019 www.geoth
menta- ermie-illki
tion rch.esfr/le-
projet/
Insheim In Muschel- 2 2008 3750 165 - 4.8 Baumgart-
opera-  kalkto -2010 ner et al.
tion Basement (2013)
Landau In Buntsand- 2 2005- 3256 159 6 3.8 Teza et al.
opera-  steinto 2006 (2008),
tion Basement Schindler
etal. (2010)
Offen- Discon- Muschel- 1 2004 2732 - - - Internal
bacha.d. tinued  kalk, reports
Queich Buntsand-
stein
Riehen In Muschel- 2 1988 1550 65 525 - Bertleff et al.
opera-  kalk (1988), Hau-
tion ber (1993),
Mégel and
Rybach
(2000), Klin-
gler (2010)
Ritter- In Bunt- 2 2012, 2750 170 24 - Baujard
shoffen opera-  sandstein, 2014 etal. (2017),
tion Basement Mouchot
etal. (2018),
Duringer
et al. (2019)
Soultz- In Basement 342 1987- 5260 170 - 1.7 Dezayes
sous opera- 2003 et al (2005a),
Foréts tion Cuenot et al.
(2008), Schill
etal. (2017),

etc.
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Table 1 (continued)

Project  Status Target Number Yearof Max. Max. Power generation References
location reservoir ofwells drilling depth temp [MW]
TVD [°C] -
[m] Thermal Electrical
Speyer e]] Bunt- 1 2004 ? ? - - Internal
found sandstein, reports
Rotlieg-
end
Trebur Discon- Rotlieg- 1 2016 3697 - - - Internal
tinued end reports
Venden-  Discon- Basement 2 2017- 5393 200 - - Boissavy
heim tinued 2019 MD etal. (2019),
Sanjuan
et al. (2021),
Schmittbuhl
et al. (2021)
Wein- In Hydrobia 2 2006 1145 65 ? - Internal
heim opera-  Beds reports
tion (Tertiary)

Wells for mainly balneological purposes are not included, except for the project in Weinheim where a geothermal doublet
was installed

In total, seven realized deep geothermal projects have not been successful in the
URG so far due to a variety of technical and political reasons. First of all, induced
seismicity, in particular during the enhancement of geothermal systems, but also dur-
ing operation of the power plant, poses a major risk to these projects (e.g., Majer et al.
2007). The main reason for the seismic activity is the increase in pore pressure due
to the reinjection of large volumes of water into the fractured reservoir. This reduces
friction along joints and fault zones, which can lead to shear failure if the natural
stress state is already critical. The resulting earthquakes are usually of magnitudes less
than 2 and thus rarely perceptible. Cornet et al. (1997) could furthermore show for
Soultz-sous-Foréts that most of the slip during injection is actually aseismic. Never-
theless, larger events have been detected at various sites in the URG: Basel (M| =3.4),
Landau (M; =2.7), Insheim (M| =2.4), Soultz-sous-Foréts (M; =2.9) and Venden-
heim (M| =3.6) (Deichmann and Giardini 2009; Dorbath et al. 2010; Leydecker 2008;
Evans et al. 2012; Schmittbuhl et al. 2021; BGR 2021). In Basel and Vendenheim, seis-
mic activity even led to the complete stop of the projects. Based on these experiences,
different methods have been developed to reduce the pore pressure during reinjec-
tion. One option is the further decrease of the temperature of the re-injection fluid,
which causes the rock to contract and consequently the fracture to open. Alterna-
tively, chemicals can be added to the injection fluid to dissolve mineral precipitates
on the joint and fault planes, resulting in increased hydraulic permeability (Portier
et al. 2009). Other possibilities to minimize the seismic risk are geomechanical mode-
ling in advance (e.g., Rathnaweera et al. 2020), i.e., to optimize the drilling path and to
limit the injection flow rate and pressure and to monitor seismicity before and during
drilling, stimulation and production to predict the reaction of the subsurface.

In other projects like Biihl, Bellheim, Cronenbourg, Offenbach a.d. Queich and
Trebur, technical problems, insufficient permeability or not reaching the target hori-
zon were the reason for unsuccessful projects. Here it became evident that a detailed
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geological and geophysical exploration is essential for the success of deep geothermal
projects (Reinecker et al. 2019; Bér et al. 2021a). Especially for the localization of the
targeted fault zones, the use of existing or acquisition of new 3D seismic data sets and
of data form old oil/gas wells is highly recommended, as they provide a much better
spatial resolution than 2D seismic profiles (e.g., Reinhold et al. 2016). Nevertheless,
the classical input data (seismic and borehole data) provide only limited information
about the hydraulic conditions in targeted aquifers and faults. Integration of second-
ary geophysical data offer additional insight to characterize the reservoir (e.g., Frey
et al. 2021b). Electromagnetic methods (magnetotelluric or controlled source EM,
Volpi et al. 2003; Newman et al. 2008; Darnet et al. 2020), for example, can be used to
identify high saline fluid flow in the subsurface. Likewise, gravimetric measurements
can reveal zones of increased fracture porosity (Guglielmetti et al. 2013; Baillieux
et al. 2014; Frey et al. 2022).

Finally, public acceptance is critical to the success of any deep geothermal power plant.
The project in Briihl, for example, was stopped in response to poor public acceptance,
even though drilling the first well has been successful and a very high flow rate was
achieved during a first pumping and injection test (Reinecker et al. 2015). It has been
shown that public opinion and knowledge regarding this energy form as well as the
perception of potential risks can vary greatly between different locations (Chavot et al.
2019). Chavot et al. (2018) distinguish between "locally anchored" projects, where expe-
riences with geothermal use are already existing and an intensive dialogue takes place,
and "unbound" projects, where site selection is purely based on political-economic fac-
tors. The latter have a much higher risk of failure, as they are disconnected from local
needs. Consequently, it is essential to involve the public in the planning of geothermal
projects at an early stage and to communicate the benefits but also the possible risks in a
transparent way (Meller et al. 2018). The support of local politicians can have a particu-
larly positive effect on acceptance.

One good example of a transparent communication policy was the one implemented
in the Trebur project (https://www.risiko-dialog.ch/projekt/dialoggeo/). The project
developers started a public information campaign directly with the first steps of the
project and formed a public stakeholder forum (Biirgerbeirat). They developed an own
scientific and technical assessment of the project and a list of recommendations and
requirements, the project developers declared themselves to fulfill. Additionally, the
public information campaign included a detailed project website and six public informa-
tion workshops, where regional and international experts where invited to present all
associated risks and benefits to the public.

To conclude, with every drilling the risk of failure decreases because the technical
challenges and the complex geological structure (van der Vaart et al. 2021) become more
known. Moreover, as the risks become increasingly controllable and awareness of geo-
thermal energy grows, public acceptance can be expected to improve in the future.

3D models

In the last two decades, a variety of geological 3D models of the URG serving different
purposes has been developed. Some of these models cover the whole rift valley, whereas
others focus on local structures, e.g., in the area of Soultz-sous-Foréts. Additionally, a lot
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of 2D sections reaching the basement rocks through the URG exist and are implemented
in GeotIS (Agemar et al. 2010). For a better overview, a selection of models is shown in

Fig. 19.

The so far most detailed regional-scale models for geothermal potential assessment
were developed during the GeORG (GeORG Projektteam 2013) and Hessen 3D (1.0 and
2.0) (Sass et al. 2011; Arndt et al. 2011; Bar 2012; Bér et al. 2016, 2021b) projects. The
first covers the central and southern, the latter the northernmost part of the URG and
they include the main geothermal reservoir horizons in the respective region. Modeling

of the horizons was mostly based on the available borehole and reflection seismic data
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(for an overview of the available data see e.g., FIS Geophysik: www.fis-geophysik.de,
GeotlS: www.geotis.de, GEORG-Portal: www.geopotenziale.org,). Afterward, the mod-
els were parameterized with temperature, hydrogeological and petrophysical data to
quantify the deep geothermal potential. Within the framework of the EU-NW-Interreg
project DGE-Rollout, these models are being merged and the potential estimation will
be carried out again using also newly collected data (Frey et al. 2021b) and uncertainty
modeling techniques (van der Vaart et al. 2021). Additional potential assessments on a
regional scale in the URG have been performed by e.g., Dornstadter et al. (1999) and
Paschen et al. (2003).

Since the classical input data, such as boreholes and 2D and 3D seismics, are not
evenly distributed in the URG and only cover certain depth ranges, gravity and magnetic
data were additionally used in several models. Particularly noteworthy are the regional
studies by Rotstein et al. (2006), Edel and Schulmann (2009), Freymark et al. (2017) and
Frey et al. (2021a). The potential field data are often applied to map crustal-scale struc-
tures. However, in the case of high-resolution surveys, also near-surface features, for
example fault networks (e.g., Deckert et al. 2017; Abdelfettah et al. 2020) or even petro-
physical properties can be explored (Frey et al. 2021b). By applying frequency filters to
the observed potential fields, information about specific depth ranges can be obtained
(pseudo-tomography, Baillieux et al. (2014)).

The numerous deep-reaching fault zones in the URG represent hydraulic pathways
for hydrothermal fluids, which significantly increases the influence of convective heat
transport. Both up- and downflow of the groundwater can be observed, leading to the
formation of locally distinct temperature anomalies, e.g., in Soultz-sous Foréts or Lan-
dau. To further investigate this factor, comprehensive 3D groundwater flow models have
been developed (Freymark et al. 2019; Guillou-Frottier et al. 2013; Koltzer et al. 2019;
Les Landes et al. 2019). These showed a general flow direction from the graben flanks
towards the center and from south to north, following the topographic gradient. Moreo-
ver, pronounced upflows occur mainly at the central graben axis, where the Rhine river
represents the lowest hydraulic head.

Finally, it should be mentioned that a variety of local models exist that aim to explore
specific reservoirs or target areas (Bertrand et al. 2005; Spottke et al. 2005; Cornu et al.
2007; Sausse et al. 2010; Dezayes et al. 2011; Lehne et al. 2013; Meixner et al. 2016; Deck-
ert et al. 2017). In most cases, borehole and reflection seismic data served as primary
input data, in some cases also gravity data as well as earthquake tomography and hypo-
center locations were integrated.

Discussion

Future of geothermal energy in the URG

In the medium to long term, man-made climate change will have a severe impact
on all aspects of life through a rise in mean temperatures, an increase in extreme
weather events and a rising sea level. To mitigate the consequences of this process,
195 nations committed themselves in the Paris Climate Agreement to limit global
warming to well below 2 °C (United Nations 2015). In order to achieve this goal, a
rapid reduction of greenhouse emissions is inevitable. Geothermal energy can make
an important contribution, since greenhouse gas emissions per unit of energy are
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one to two orders of magnitude smaller than for fossil fuels (Lacirignola and Blanc
2013; Douziech et al. 2021). In recent years, the share of renewable energy forms in
Germany’s electricity production has increased to over 50% in 2020, mainly due to
the expansion of wind and solar energy (Frauenhofer ISE 2021). In contrast, the pro-
portion of renewables in the heat supply, which accounts for about half of Germany’s
energy consumption, stagnates at about 15% (BMWK 2021), leaving a large potential
for savings in this sector. This could be enhanced through the large-scale develop-
ment of deep geothermal power and heating plants, as the technical potential of geo-
thermal energy considerably exceeds the demand in Germany (e.g., Jain et al. 2015).

The URG offers a unique framework of high population densities with several
large cities (Frankfurt, Mainz, Wiesbaden, Mannheim, Heidelberg, Strasbourg,
Karlsruhe, Basel, Freiburg, etc.), well-established district heating networks and
large geothermal resources. Thus, the potential to use deep geothermal energy for
the decarbonization of the heating sector is extraordinarily high. The combination
of deep geothermal heat generation with medium-deep seasonal heat storage, espe-
cially in urban areas with existing district heating networks, allows the inclusion of
other renewable energy heat sources. Excess heat can be stored in the summer and
extracted again in the winter, when demand is much higher. By doing this, the peak
loads can be met more easily by renewable sources without the need of additional
fossil fuel or expensive hydrogen boilers. One possible implementation type is the
use aquifers in medium depth especially in the Tertiary (aquifer thermal energy stor-
age—ATES, e.g., Dickinson et al. 2009; Fleuchaus et al. 2018, 2021). Here, horizons
which have been used in the past for oil and gas production or storage have suitable
properties and usually a sufficient impermeable cap-rock to be used for ATES sys-
tems even at high temperatures of more than 120 °C (Stricker et al. 2020). Further-
more, deep and hot thermal underground storage is gaining a certain interest and
upcoming projects have been reported already (Banks et al. 2021).

So far, deep geothermal energy occupies a rather small niche in the total heat and
power supply, because of the comparatively high investment costs and risks. How-
ever, modern drilling methods are expected to become more affordable in the near
future, which will make this technology much more attractive to investors. Upscaling
of geothermal power plants by drilling multiple wells from one drill pad and wells
with multilaterals allow to increase the inflow at lower relative costs and thereby
ensures economic reservoir operation.

Coproduction and extraction of lithium (or other mineral resources contained in
the thermal water) adds a significant economic value and can help to make deep geo-
thermal energy economic without any subsidies in the very near future (e.g., Saevar-
sdottir et al. 2014). Similarly, the hydrocarbon reservoirs of the URG offer potentials
for co-production of heat and oil, which would optimize the use of natural resources
(e.g., Ziabakhsh-Ganji et al. 2018). In addition, unsuccessful or exhausted oil and gas
wells can be geothermally exploited, e.g., by retrofitting deep borehole heat exchang-
ers (van Horn et al. 2020).
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Data availability and uncertainties

To successfully plan and realize any geothermal project accurate knowledge of the sub-
surface conditions is key. Nowadays, 3D geological models of the concession areas are
developed as standard, which are used for potential assessment, planning of well paths
or the numerical simulation of reservoir behavior during development and operation.
For the URG, a large variety of datasets and models are already available, as presented
above. However, it must be considered that all data are subject to some errors. They
create uncertainties in models, which can significantly elevate the risk of project fail-
ure (Witter et al. 2019). Commonly, three types of errors are distinguished in geological
modeling (Cox 1982; Mann 1993): all input datasets are affected by inaccuracies inher-
ent to each individual measurement, which are referred to as Type 1 errors. For example,
errors arise with respect to the well path due to wireline stretching or due to precision
and accuracy limits of the measurement. On the other hand, seismic interpretation com-
monly suffers from errors of migration and velocity uncertainty, cumulating in a depth
conversion error. Each of these errors need to be analyzed individually to understand
and account for them in the final model. While this error is usually small for well data,
variations in the velocity model might produce errors of more than 100 m in seismic
profiles or cubes. Type 2 errors are associated with the inter- and extrapolation between
available data points. Depending on the interpolation method, vastly different results
can be obtained, especially where the data density is low. Geostatistical methods such as
kriging have been developed to account for the uncertainties (Chilés et al. 2004). Type 3
errors stem from our lack of knowledge and inability to model nature accurately. A typi-
cal example is the existence of a fault between two wells, which could not be detected
with the available data (e.g., wells and 2D seismic) so far. Here, a 3D seismic survey may
close this gap of knowledge considerably and allow for a much better prediction of the
fault position, fault type and detailed geometry and orientation in the recent stress field.
Type 1 and 2 errors can be quantitatively described as probability density functions and
be included in a stochastic uncertainty modeling, whereas type 3 errors are considered
as purely qualitative components (Mann 1993).

Within the URG, the presented data and models are subject to all 3 types of errors
to varying degrees, as they are based on different source datasets with different levels
of accessibility. Depending on whether commercial or open-access data are used, the
quality and density may vary substantially. Secondly, when only interpreted data like
well markers are available, commonly it cannot be verified or checked for quality against
the source. The limited access to source data leads to a significant reduction in the model
reliability. Indeed, spatial uncertainties on the vertical position of horizons have been
reported with standard deviations of nearly 130 m for the potential Tertiary geother-
mal reservoirs in the northern URG (van der Vaart et al. 2021). For the older reservoir
units, uncertainties are most likely much higher, as the depth is considerably greater,
input data sparser and data suitability (e.g., target horizon of seismic exploration) is not
always given. However, this situation is subject to change with the new geological data
law (Geologiedatengesetz, (Biicker 2021)) which has come into effect in 2021. This law
requires geological surveys, institutions and companies to make their data publicly avail-
able within 5-10 years after acquisition completion through the respective state authori-
ties, depending on data source and purpose. This should allow for a better understanding
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of the subsurface and a reduction of uncertainties. Indeed, Perner (2018) shows a devi-
ation of 30 m between 3D seismic and well data near Stockstadt in the northern part
of the URG, indicating unpublished data could decrease errors in many of the public
models.

Evaluation of geothermal reservoirs in the URG

For the URG, a total of nine horizons were identified that are suitable for deep geo-
thermal exploitation due to their favorable thermal-hydraulic properties. The question
remains which of these reservoirs is locally the most promising considering the local
project context, the financial framework conditions and the planned type of utilization.
In the following, the pros and cons of the different reservoir horizons will be discussed
based on the data presented here and the experiences of past projects.

The crystalline basement presents an attractive target horizon for deep geothermal
applications because it is usually is the deepest potential reservoir and thus has the high-
est reservoir temperatures. Additionally, due to its longest tectonic history it has both
several fracture sets and a comparable high fracture density, which are prone to reac-
tivation by recent tectonic events. The large-scale fault zones as targeted in Soultz and
Rittershoffen proved to locally act as hydraulic conduits making them primary targets
for geothermal exploitation. On the other hand, large-scale fault zones can also lead to
the development of high fault core thicknesses with significant hydrothermal alteration
and mineral precipitation, decreasing horizontal permeabilities orthogonal to the fault
strike direction. However, the likelihood of permeable faults or fractures in the vicinity
of large-scale fault zones is significantly increased if the fault has been recently active
and has a preferential orientation in the present stress field (high slip- and dilation ten-
dencies). Especially the upper, hydrothermally altered part of the basement, where addi-
tional secondary porosity was developed during alteration exhibits a higher hydraulic
conductivity than the unaltered basement, where permeability is only controlled by the
fracture network. As shown in chapter 6.1 the hydraulic properties of the basement
strongly depend on the predominant rock type. Granites, for example, have on aver-
age about 1 to 2 magnitudes higher hydraulic conductivities than gneisses (Stober and
Bucher 2007). Therefore, crystalline basement reservoirs are more suitable targets where
granitic lithologies are predominant compared to metamorphic rock types. Using geo-
physical exploration data as presented by Frey et al. (2021b) are therefore key to iden-
tify suitable areas before selecting a drill site, especially since the lithologic composition
of the basement is still subject to large uncertainties in most parts of the URG due to
the low density of wells reaching the basement. The encountered natural permeability of
the basement is usually not sufficient for an economic operation of a power plant, thus
measures to enhance the geothermal reservoir are necessary. The hydraulic stimulation,
as well as the regular geothermal operation, of crystalline rocks often induces seismic-
ity, which, in severe cases, led to the termination of a geothermal project (e.g., Basel in
2006/2007 or Vendenheim in 2020/2021). Worldwide research activities (e.g., Grimsel
Rock Laboratory, Bedretto Tunnel Laboratory, Aspd, GeoLAB) are currently and in
future scientifically addressing this problem at various scales of investigation (Bossart
et al. 1991; Schill et al. 2016; Zimmermann et al. 2019; Hertrich et al. 2021), so new stim-
ulation procedures and techniques are in development to enhance the understanding of
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hydro- or thermomechanical interactions and can provide the basis to reduce or miti-
gate induced seismicity in the future. In addition, improved geomechanical models will
help to select the most appropriate borehole path, or paths in case of wells with multi-
lateral reservoir completion. In any project, seismic monitoring is required to start well
ahead before drilling and accompany testing, stimulation and operation together with
a pre-defined reaction plan approved by the respective authorities to mitigate induced
seismicity. Another measure to mitigate induced seismicity during reservoir develop-
ment is chemical stimulation or ‘acid cleaning; which has proven to be effective in sev-
eral projects in the URG (e.g., Soultz, Vendenheim, Rittershoffen).

The Permo-Carboniferous and Triassic sandstones are to be expected in almost the
entire URG with varying thicknesses. While the Permo-Carboniferous heterogeneous
fine-to-coarse siliciclastic and volcanic rocks are mainly present in the position of SW-—
NE-striking molasse basins of the Variscan Orogen, the Triassic sandstones are limited
in their northern extent by pre-Tertiary erosion roughly at the position of Worms-Ben-
sheim. Again, high reservoir temperatures are usually encountered, allowing for both
heat and power production throughout the entire URG. As a result of the strong com-
paction and cementation, the sandstone matrix shows a permeability one or two orders
lower than the permeability created by the connected fracture network (e.g., Bar 2012).
Matrix permeability is often additionally reduced by hydrothermal alteration (sandstone
bleaching) associated to long-term hydraulically active fault zones further reducing the
primary porosity by secondary precipitations (Gaupp et al. 1998). Fluid flow thus occurs
mainly along fractures and faults. Based on outcrop analogue studies in the Odenwald
and the Palatinate it can be concluded, that compared to the basement, the fracture den-
sity is often lower (e.g., Gottschalk 2010), resulting in highly variable lateral hydraulic
properties. In the vicinity of faults, very high hydraulic conductivities can be achieved
(e.g., in Briihl 1, Reinecker et al. 2019). In order to minimize the exploration risk, drill-
ing inclined wells respecting the fault and fracture set orientation and recent in situ
stress field is recommended, which significantly increases the probability of intersect-
ing hydraulically active steeply dipping fault zones and fracture sets. Hydraulic stimula-
tion of the sandstones is associated with reduced seismic risks, since the rock strength
is smaller than that of the crystalline basement and part of the pore pressure increase by
injection is resulting in poroelastic response of the rock matrix. But inducing seismicity
is still possible, especially when faults are targeted that extend into the basement where
a pore pressure increase is mainly restricted to the fault zone itself. Additionally, chem-
ical stimulation is a useful reservoir stimulation technique, in particular if carbonatic
fracture mineralization has been proven by core or cutting analysis. In these cases, both
mineralized fractures and fault zones can be treated and even the connectivity to the
rock matrix can be increased (Wiedemann 2021).

The strongly fractured and karstified Upper Muschelkalk features the highest
hydraulic conductivity of all investigated units in the URG and thus represents a very
interesting reservoir for deep geothermal projects. However, the degree of karstifi-
cation is highly variable from one to another location. A borehole might easily miss
karst cavities and only encounter unkarstified rock. Additionally, the Upper Muschel-
kalk is only present in the central and southern URG with a thickness of usually less
than 100 m which might locally be insufficient to achieve sustainable economic flow
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rates. Furthermore, karstification poses an additional risk to drilling operations and
well stability during drilling, testing and operation which needs to be accounted for.
Similarly, high permeabilities are expected in the karstified Jurassic carbonates, which
are limited to the southern URG and are also limited in thickness. Here as well as for
the Upper Muschelkalk, karstification is usually fault-bound, while the tectonic block
between the faults only show a very limited degree of karstification and thus com-
paratively lower hydraulic conductivities.

The Cenozoic infill of the URG includes at least three formations with coarse-
grained clastic sediments of sufficient thickness that may allow deep geothermal
exploitation. Due to the shallower depth, power production might not be feasible
with the obtained reservoir temperatures, whereas heat production or seasonal heat
storage are promising utilizations. So far, only the installed doublet in Weinheim uses
Tertiary sandstones for geothermal heat production. From the oil and gas industry,
an extensive dataset including numerous wells, core investigations and seismic lines
exists, which can significantly minimize exploration costs and risks (Hintze et al.
2018; Van der Vaart et al. 2021). In contrast to the deeper reservoirs, the matrix per-
meability of the coarse-grained clastic Tertiary sediments of the Pechelbronn For-
mation, the Froidefontaine Formation and the Niederrédern Formation could allow
for sufficient flow rates in geothermal wells. The frequently occurring interlayering
by clay and silt horizons may have a negative effect on conductivity, especially along
fault zones, where clay smear effects might seal the fault. Of particular interest are the
Tertiary marginal facies along the eastern and western boundary fault of the URG,
which often have a much higher share of coarse-grained sediments and a much higher
lateral reservoir connectivity compared to the clay dominated basinal facies along the
graben axis.

In summary, all geological units suitable as deep geothermal reservoirs in the URG
have been identified with certain pros and cons. The approach of exploiting multiple res-
ervoirs with one well, e.g., Landau, Insheim, Illkirch and Rittershoffen, also appears to be
an adequate method for increasing the flow rates. In the past, the goal was in many cases
to drill as deep as possible in order to obtain maximum temperatures produced at well-
head. However, convective heat transport along recently active fault zones in the URG
leads to a significant increase in the geothermal gradient (up to more than 10 K/100 m)
above the convection cells. In these areas, adequate reservoir temperatures may prevail
even at shallow depths. In contrast, in the convection-dominated interval, the geother-
mal gradient is usually very small (e.g., Soultz-sous-Foréts), meaning that greater well
depths do not result in a significant increase in heat production. Note that convection
can also lead to negative temperature anomalies when dense near-surface groundwater
is transported downwards along faults. In areas of the URG that are less influenced by
active fault zones, conductive heat transport dominates, with gradients between about
3 and 6 K/100 m. Thus, the aim of exploration should be primarily to identify the reser-
voirs in areas of positive geothermal anomalies in the vicinity of the above-mentioned
fault zones (Bér et al. 2021). High-temperature heat pumps can be used if necessary to
raise the temperature level, especially in the combined utilization of deep geothermal

reservoirs and medium deep reservoirs for seasonal heat storage.
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Conclusions

In this review, a comprehensive overview of the geological and geothermal situation of
the URG is given. The region exhibits an overall very high potential for deep geother-
mal utilization. Nine potential reservoir horizons have been identified and were char-
acterized with respect to their distribution and thickness, lithology, structural geology,
hydrochemistry, hydraulics and petrophysics. These include the crystalline basement,
the Permo-Carboniferous sandstones, the Buntsandstein, the Upper Muschelkalk,
the Hauptrogenstein, the Upper Jurassic Limestones, the Pechelbronn Formation, the
Froidefontaine Formation and the Niederrédern Formation, showing suitable tempera-
tures and permeabilities depending on the location. However, as a result of the multi-
stage tectonic and diagenetic evolution and hydrothermal alteration, complex reservoirs
with double porosity (fracture-matrix, fracture-karstification) have formed. The strong
heterogeneity of relevant properties between and within geologic units remains there-
fore a key challenge in defining the exploration and drilling target.

The abundant, hydraulically active fault zones in the URG can serve as major fluid con-
duits and thus also contribute significantly to the development of temperature anoma-
lies in the subsurface. Compared to the intact rock matrix, large-scale faults often show
significantly increased permeabilities, making them preferred targets for geothermal
projects. In this context, the location of fault planes in the ambient stress field may be
used as a proxy for permeability (slip and dilatation tendency). That said, mineral pre-
cipitation, particularly in the fault core, can also act as a natural fluid barrier. In order to
reduce exploration risks as much as possible, new comprehensive exploration concepts
combining different methods (3D seismics, electromagnetic methods, gravimetry, mag-
netics, hydrochemistry, gradient wells, slim hole exploration wells) are required. This
includes also rigorous statistical modeling of uncertainties that takes into account the
intrinsic errors of individual measurements.

In addition to geological uncertainties, economic aspects of course play a crucial
role in the realization of geothermal projects. Upscaling power plants through multi-
well systems and multilateral drilling can help to save costs and thus increase economic
efficiency. Besides, co-production of lithium presents an additional revenue stream
that could enable economic power and heat production even without subsidies. Apart
from the classical deep geothermal system for power and heat supply, the URG offers a
high potential for seasonal heat storage via ATES, which can compensate the mismatch
between production and demand of heat at the surface.

Abbreviations

ATES Aquifer thermal energy storage

BO Borehole breakouts (BO)

CSGC Central Schwarzwald Gneiss Complex
DST Drill stem tests

ECRIS European Cenozoic Rift System
EGS Enhanced geothermal system

EM Electromagnetic methods

EMBF Eastern Main Boundary Fault

FMS Earthquake focal mechanisms

LOT Leak-off tests

DIFT Drilling-induced tensile fractures
MGCH Mid-Germany Crystalline High

REV Representative elementary volume

SSGC Southern Schwarzwald Gneiss Complex



Frey et al. Geothermal Energy (2022) 10:18 Page 51 of 67

TDS Total dissolved solids
Td Dilation tendency

Ts Slip tendency

URG Upper Rhine Graben

WMBF Western Main Boundary Fault
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3. Integrated 3D Geological Modelling of the Northern Upper Rhine Graben by Joint
Inversion of Gravimetry and Magnetic Data

This chapter includes the peer-reviewed research article with same title that was published in
the journal Tectonophysics (Elsevier) on the 20 August 2021. The content is unchanged and
copyright protected.

The integrated 3D modelling of the crystalline basement in the northern Upper Rhine Graben
is presented. First, the Hessen 3D and GeORG models were combined and harmonized. The
model was then improved by joint inversion of gravity and magnetic data, which provided new
insights into the structure and composition of the basement. For a realistic model
parameterization, existing petrophysical databases were consulted and additionally over 430
measurements of the magnetic susceptibility were performed on relevant rock samples. The
inversion yielded on the one hand the 3D geometry of the basement units including
uncertainties and on the other hand detailed information about the petrophysical properties.
This allowed an interpretation of the basement lithology below the sedimentary cover, which
is essential for the site selection of geothermal drilling.

Reference:
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Integrated 3D geological modelling of the northern Upper Rhine Graben by joint inversion of
gravimetry and magnetic data. Tectonophysics, 813, 228927.
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Keywords:
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The crystalline basement of the Upper Rhine Graben is a major target for deep geothermal exploration due to the
generally high reservoir temperatures and the increased radiogenic heat production. The geothermal potential is
strongly dependent on the lithology because mainly the thermal but also the hydraulic properties are affected by

;?V;Zics the rock type. For this reason, the so far most detailed 3D model of the basement in the northern Upper Rhine
3ngo delling Graben was developed based on existing structural models, in particular the Hesse 3D 2.0 and GeORG models.
Petrophysics Since only a few boreholes fully penetrate the thick sediment cover, additional magnetic and gravity data pro-

vided valuable information on the geometry of the deep horizons. To interpret the Bouguer anomalies reasonably
with respect to the crystalline basement, the regional gravity field and sedimentary effect were subtracted from
the observed data. In comparison to the commonly applied deterministic modelling approaches, a stochastic joint
inversion of the gravity and magnetic anomalies was performed that utilizes the principles of a Monte-Carlo-
Markov-Chain simulation. For an appropriate attribution of the model units, existing petrophysical databases
of the region have been used and in addition, the magnetic susceptibility of more than 430 rock samples was
measured. High-resolution voxel models of the density and susceptibility distribution were generated as a result
of the inversion, which allow conclusions about the crustal composition under the sedimentary formations. An
interpretative map of the basement geology, derived from the inversion results, is presented.

1. Introduction fluid circulation patterns along large-scale fault zones (Bachler et al.,

2003), directly related to the radiogenic heat production of the base-

The Upper Rhine Graben (URG), with its elevated geothermal
gradient of locally more than 100 °C/km (Agemar et al., 2012), is one of
the main targets for geothermal research and exploitation in Central
Europe. Besides the sedimentary horizons, the crystalline basement is
due to the favorable temperatures attractive for deep geothermal pro-
jects in this region (e.g. Jain et al., 2015). Currently, the power plants in
Landau, Insheim, Rittershoffen and Soultz-sous-Foréts, use inter alia the
top basement for heat or heat and power co-generation. On top of that,
several other projects throughout the entire URG are in planning or
under development. The deep geothermal potential of crystalline res-
ervoirs depends on a number of parameters, which are primarily
controlled by the respective lithology. First, the thermal structure of the
crust in the URG is, in addition to the shallow Moho depth and the deep
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ment (Jaupart et al., 2016; Lachenbruch, 1970; Mareschal and Jaupart,
2013). While the highest values are measured in granites due to the
increased concentration of radioactive elements, the heat production of
mafic rocks is on average almost one magnitude smaller (Vila et al.,
2010). Likewise, the thermal conductivity of granites is by a factor of 1.3
higher than in gabbros (Weinert et al., 2020a). Moreover, also the hy-
draulic conductivity of the basement is strongly influenced by the li-
thology. Stober and Bucher (2007) could show from hydraulic test data
in the Black Forest that granites have on average 2 magnitudes higher
natural permeabilities than gneisses. This observation can be attributed,
on the one hand, to the significant permeability anisotropy due to
layered mica minerals in gneisses and, on the other hand, to the
preferred fracturing along those layers with an increased tendency of
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reclosing. In summary, felsic intrusions represent the preferred targets
for deep geothermal wells, whereas mafic and metamorphic rocks have
less advantageous thermal and hydraulic properties.

In the URG, knowledge about the basement structure and composi-
tion beneath the sedimentary cover is limited due to the scarcity of very
deep wells reaching crystalline rocks and crustal-scale seismic profiles
such as the DEKORP 9 N line. (Brun et al., 1992; Meier and Eisbacher,
1991; Meissner and Bortfeld, 1990). Key information is therefore mainly
provided by the crystalline outcrops at the graben borders, which for
example allow the conduction of analogue studies (Bar, 2012; Dezayes
et al., 2021; Weinert et al., 2020a; Welsch et al., 2014). Additional
constraints are given by gravity and magnetic data that are available
throughout the whole area. In the past decades, several attempts have
already been made to model the crystalline basement based on the
available data and to determine its properties more precisely. In this
context, the work of Edel and Fluck (1989), Rousset et al. (1993), Rot-
stein et al. (2006), Edel and Schulmann (2009), Baillieux et al. (2013),
Freymark et al. (2015), Freymark et al. (2017), Edel et al. (2018) and
Weinert et al. (2021), in prep. should be mentioned. In contrast to these
studies, a joint inversion of gravity and magnetic data was performed,
that has already been successfully applied in other regions (Frey and
Ebbing, 2020; Gallardo and Thebaud, 2012; Kamm et al., 2015).
Compared to time-consuming forward modelling, this approach auto-
matically generates complex petrophysical models that are moreover
easily reproducible. From these, the basement lithology can be deduced,
which will enable more reliable estimates of geothermal potentials in
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the future.

Inversions are widely used in the geosciences to infer the distribution
of petrophysical properties in the subsurface from physical parameters
measured at the surface, such as the arrival times of seismic waves, the
acceleration of gravity or the magnetic field strength (Bosch and
McGaughey, 2001; Li and Oldenburg, 1996, 1998). From this, infor-
mation about geological structures can be derived. With advancing
computer capacity, calculation-intensive stochastic inversions, like the
Monte-Carlo-Markov-Chain method, have become increasingly impor-
tant in the last 2 to 3 decades (Bosch et al., 2006; Mosegaard and Tar-
antola, 1995). A major advantage of this method compared to
deterministic modelling is that a collection of possible solutions is
generated, allowing a statistical analysis to compute, for example, model
uncertainties. To obtain reliable inversion results, comprehensive in-
formation on the petrophysical properties of the model units is required.
Therefore, more than 430 rock samples were analyzed with regard to
their magnetic susceptibility. Information on the rock density was taken
from existing databases (Bar et al., 2020; Weinert et al., 2020b).

2. Geological setting
2.1. Tectonics
The URG represents the central part of the European Cenozoic Rift

System (ECRIS) (Fig. 1), which consists of several tectonic grabens
extending over more than 1200 km from the Mediterranean to the North
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Sea (Dezes et al., 2004; Ziegler, 1992; Ziegler and Dezes, 2005). The
northern URG region has a complex geological structure due to its
changeful plate tectonic history from the Early Paleozoic to present
(Dallmeyer et al., 1995; McCann, 2008a, 2008b; Ziegler, 1990). The
opening of this passive continental rift started in the late Eocene as a
reaction to the changing lithospheric stress field in the alpine foreland
(Behrmann et al., 2003; Buchner, 1981; Villemin and Bergerat, 1987).
Both location and orientation of the URG are largely controlled by
reactivation of major fault and shear zones in the basement that were
already established during the Variscan orogeny (Edel et al., 2007;
Grimmer et al., 2017; Schumacher, 2002).

The crystalline basement in the URG comprises units of the northern
side of the Variscan orogenic belt that formed due to the convergence of
Laurussia and Gondwana in the Middle Paleozoic (Behr et al., 1984;
Franke, 2000; Giese, 1995; Kroner et al., 2008; Zeh and Gerdes, 2010).
The paleogeographic environment between these major continents was
characterized by various micro terranes and marine basins, also known
as Armorican Terrane Assemblage, which had been separated from the
northern margin of Gondwana since the Cambrian (Crowley et al., 2000;
Franke et al., 2017; Kemnitz et al., 2002). Accordingly, the Variscan
mountain range shows strong changes in age, lithology and meta-
morphic grade mainly perpendicular but also parallel to the main strike
direction of NE-SW (Okrusch, 1995; Oncken, 1995). The subduction of
the oceanic basins as a result of the advancing convergence led to the
formation of extensive volcanic arcs in the Devonian and Carboniferous,
exposed e.g. in the Odenwald, Black Forest and Vosges (Okrusch et al.,
1995; Stein, 2001; Timmermann, 2008). The complete closure of the
oceans was followed by the main collision phase in Visean and
Namurian times during which the individual terranes were juxtaposed
and pronounced continental thrusts were established along the oceanic
sutures (McCann et al., 2008; Oncken et al., 1999; Skrzypek et al., 2014).

Shortly after this collision phase, the regional stress field was reor-
iented towards an extensional/transtensional regime, resulting in a
rapid collapse of the Variscides and opening of numerous NE-SW strik-
ing intramontane basins, such as the Saar-Nahe Basin (Henk, 1993a,
1993b; Scheck-Wenderoth et al., 2008; Weber, 1995a). These were filled
with erosional debris from the surrounding mountain ranges, reaching a
cumulative thickness of up to 10 km (Henk, 1992; Schafer, 1989, 2011).
In addition, the rifting was accompanied by widespread felsic to mafic
volcanism at the Carboniferous-Permian boundary (von Seckendorff
et al., 2004). In the Mesozoic, sedimentation was no longer limited to
these basins. The Triassic and Jurassic sediments document continuous
changes in the depositional environment caused by eustatic sea-level
fluctuations in the adjacent Arctic and Tethys Oceans (Feist-Burkhardt
et al., 2008). During the Upper Jurassic and Cretaceous, especially the
northern URG region was affected by minor volcanism (Bocker, 2015;
Martha et al., 2014) and uplift movements, which led to partial erosion
of the sediments (Sittler, 1969, 1992). Consequently, the age of the
youngest Mesozoic formations increases continuously from south to
north, with no more Mesozoic formation preserved in the northernmost
part of the URG.

The Cenozoic formation of the URG is usually divided into two main
phases (Behrmann et al., 2003; Buchner, 1981; Dezes et al., 2004; Vil-
lemin et al., 1986). During the first phase from the Late Eocene to the
Early Miocene, most of the crustal extension took place. In this period,
the main horizontal stress direction Sy was roughly NNE-SSW. In the
second phase from the Miocene to the present, the stress field was
reoriented with Sy mainly trending in NW-SE direction, leading to
sinistral reactivation of faults zones parallel to the main graben axis
(Buchmann and Connolly, 2007; Homuth et al., 2014). While a trans-
tensional regime in the northern URG led to subsidence of the sedi-
mentary basin, the southern part was affected by transpression (Illies
and Greiner, 1979; Rotstein and Schaming, 2011). Latter caused uplift in
the Middle and Late Miocene, resulting in erosion or non-deposition of
sediments and thus in a hiatus of about 10 Ma (Geyer et al., 2011;
Grimmer et al., 2017). All sedimentary units as well as the Variscan
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basement in this region are affected by intensive faulting with vertical
offsets between fault blocks of partly several hundred meters. The total
horizontal extension ranges from about 5 to 8 km and the total vertical
offset reaches up to 4 km (Grimmer et al., 2017; Meier and Eisbacher,
1991).

Based on analysis of gravity and magnetic data as well as field ob-
servations at the graben margins, the existence of a NNE-striking crustal-
scale shear zone in the crystalline basement of the URG has been
postulated, which may have already developed during the juxtaposition
of Variscan terranes in the Visean (Edel et al., 2007; Edel and Weber,
1995; Schumacher, 2002). According to the authors, this sinistral
transform system had a considerable impact on past and recent defor-
mation in the URG due to multiple reactivations. Thus far, however, the
shear zone has not been detected in any boreholes, meaning that no
definite statements can be made about its exact location, geometry and
structure.

2.2. Pre-Permian crystalline basement

A first definition of the Variscan basement in Central Europe was
developed by Suess (1926) and Kossmat (1927) and has been continu-
ously expanded since then. The following main units can be distin-
guished from north to south: Rhenohercynian Zone, Northern Phyllite
Zone, Mid-German Crystalline High (MGCH), Saxothuringian Zone and
Moldanubian Zone (Figs. 1 and 2). In the northern URG, the MGCH
makes up the largest part of the basement. It is traditionally seen as the
deeply exposed northern active margin of the Armorican Terrain
Assemblage, that formed between the Late Devonian and Mid-
Carboniferous as a result of the southward subduction of the Rheic
and Rhenohercynian Oceans (Hirschmann, 1995; Zeh and Gerdes,
2010).

The largest and hence most important outcrop of the MGCH in the
URG region is the crystalline Odenwald (Fig. 2), which is usually divided
into the eastern, metamorphic Bollstein Odenwald and the western,
mainly plutonic BergstraBer Odenwald (Krohe and Willner, 1995; Stein,
2001). Both units are separated by the Otzberg Zone, a crustal-scale
sinistral strike-slip fault. The Bollstein Odenwald consists of a granitic
and granodioritic orthogneiss core, surrounded by metapelitic schists.
According to Reischmann et al. (2001), the age of the protoliths is 405 +

3 Ma, thus presumably representing relics of a Silurian/Early Devonian
magmatic arc (Altenberger and Besch, 1993). Due to the great litho-
logical similarities, the Spessart is most likely the northeastern extension

of the Bollstein Odenwald (Weber, 1995b). The Bergstrafer Odenwald
consists mainly of mafic to felsic plutonic rocks, that are intruded into
Early Paleozoic metasediments, the so-called ‘Schieferziige’ (Krohe,
1991, 1992). This unit is again subdivided into the Frankenstein Com-
plex, the Flasergranitoid Zone and the Southern Plutons, each separated
by large strike-slip fault zones. The first two units have a very hetero-
geneous structure due to numerous local intrusions. The southern
BergstraBer Odenwald, in comparison, is dominated by large and ho-
mogeneous plutons (Weschnitz, Tromm, Heidelberg pluton). From north
to south, the age of the intrusions is continuously decreasing from about
360 Ma in the Frankenstein Complex to about 325 Ma in the Heidelberg
area (Kirsch et al., 1988; Kreuzer and Harre, 1975). Likewise, the rock
composition is rather mafic in the north and becomes felsic towards the
south (Laue et al., 1990; Okrusch et al., 1995). The Bergstraler Oden-
wald is hence interpreted as a transition zone from an island arc to an
active continental margin (Altherr et al., 1999).

In the Palatinate west of the URG, surface exposures of the MCGH are
very limited (Flottmann and Oncken, 1992; Laue and Reischmann,
1994). The largest outcrop is located in Albersweiler, where orthog-
neisses derived from 369 + 5 Ma old magmatic protoliths are strongly

intercalated with metamorphosed mafic dykes (Stellrecht, 1971; Anthes
and Reischmann, 1997). In the nearby Waldhambach quarry, granodi-
orite is predominant alongside amphibolite and gneiss. Metagreywackes
and metapelites were found at several locations, e.g. in Burrweiler,



M. Frey et al.

8°30'E

50°0'N

49°30'N

Neustadt

Edenkoben
Burrweil;ﬁ
Albersweiler oCtLa 1/2
c)th 1/2
Waldhaml}f ch

Tectonophysics 813 (2021) 228927

rt

50°0'N

Magmatic Basement

I Granite

I Granodiorite

I Diorite

Hl Gabbro

Metamorphic Basement

I low-grade Metasediments
Phyllite

I Sericite-Gneiss

Il Amphibolite

Paragneiss, Mica Schist

49°30'N

Orthogneiss
O local basement outcrops
O deep wells

0 10 20 30 40km
N

8°0'E 8°30'E

Fig. 2. Generalized map illustrating the basement outcrops in the northern URG region including the available wells intersecting the basement. BO = Bollstein
Odenwald, FC = Frankenstein Complex, FGZ = Flaser-Granitoid Zone, MB = Mainz Basin, MGCH = Mid-German Crystalline High, NPZ = Northern Phyllite Zone,
RHZ = Rhenohercynian Zone, SBG = Southern BergstraBer Granitoids, SH = Sprendlinger Horst, STZ = Saxothuringian Zone.

Neustadt and Weiler. Granitoid intrusions with an age of about 340 Ma
are present in the Schwarzbach valley, the Kaiserbach valley and
Edenkoben (Frenzel, 1971). Apart from the above-mentioned outcrops,
only a few deep boreholes penetrate the basement in the northern URG
(Bar, 2012). Granitoids are predominant at most locations and addi-
tionally, amphibolites were drilled in the wells Weiterstadt 1 and WIAG
Hessen 5. In the well Worms 3, the basement consists of fractured
gneisses and cataclasites that might be related to the adjacent Worms
Fault Zone within the URG.

In the north, the MGCH borders the Northern Phyllite Zone, which is
exposed in the southern Taunus and Hunsriick (Anderle et al., 1995;
Kliigel, 1997). This zone comprises a tectonic mélange of about %/
sedimentary and '/; volcanic rocks that were overprinted by pressure-
dominated greenschist-facies conditions. The boundary between the
two units is a major continental thrust, but the exact location is still
unknown due to the complete sedimentary cover. Xenoliths from the
Vogelsberg can be assigned to both the Northern Phyllite Zone and the
MGCH, allowing to trace the tectonic contact beneath the Miocene
volcanics (Martha et al., 2014).

In the south, the MGCH transitions into the Saxothuringian Zone,
which crops out in the northern Black Forest and Vosges (McCann et al.,
2008). This zone comprises a metamorphosed, early Paleozoic shelf
sequence that overlies a Neoproterozoic gneiss basement. The style of
the boundary between MGCH and Saxothuringia is still under debate,
but the location can be inferred from the gravity anomalies (Edel and
Fluck, 1989; Giese, 1995), as the latter is characterized by a distinct high
density.

2.3. Post-Variscan sediments

The sedimentary cover and especially the Cenozoic infill of the
northern URG was, in contrast to the crystalline basement, well studied
by the extensive hydrocarbon exploration since the 1950s (Reinhold
et al., 2016; Boigk, 1981). An overview of the distribution and litho-
logical properties of the most important horizons is given in the
following.

The Permo-Carboniferous is overlying the crystalline basement of the
northern URG on a large area. It mainly consists of erosional debris from
the Variscan mountain chain and intercalated volcanics, which were
deposited in several NE-SW oriented transtensional basins, like the Saar-
Nahe Basin, the Hessian Basin or the Kraichgau Trough (Aretz et al.,
2016; Henk, 1993b; Schéfer, 1989; Weber, 1995a). Close to the Huns-
riick border fault, these deposits reach their maximum thickness of more
than 6.5 km. The Saar-Nahe Basin continues to the northeast under the
Cenozoic cover of the northern URG up to the Sprendlinger Horst
(Molenaar et al., 2015; Miiller, 1996), but the thickness is much smaller
here (Marell, 1989). The volcanic formations consist of rhyolite,
andesite and basalt, which occur in form of dikes and lava flows (Hertle,
2003; Stollhofen, 1998). They are heterogeneously distributed in the
URG region and an accurate 3D representation is difficult due to the
poor well data availability.

The Buntsandstein mainly consists of clastic sedimentary rocks,
which reflect the terrestrial conditions in the Lower Triassic. This suc-
cession is dominated by uniform red-brown or light gray sandstone se-
quences with alternating fine- and coarse-grained layers (Backhaus,
1974). The Buntsandstein is exposed over a large area in the Palatinate
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and eastern Odenwald (Backhaus, 1975; Backhaus and Heim, 1995;
Backhaus and Schwarz, 2003; Dachroth, 1988). In the URG, however,
the horizon is only found approximately south of Worms at a depth of
more than 2.5 km and has a maximum thickness of about 500 m (Bar,
2012; Boigk and Schoneich, 1974). Younger Triassic sediments only
occur south of Heidelberg and their total thickness is usually less than
500 m (Sokol et al., 2013). The Muschelkalk consists of marine lime-
stones and dolostones, documenting a full marine sedimentary envi-
ronment. In contrast, the Keuper, is dominated by claystones and
sandstones, which are interbedded by evaporite layers.

With the opening of the URG in the Eocene, an important sedimen-
tary basin was again established, in which marl, sandstones, carbonates,
and evaporites were alternatingly deposited (Doebl, 1967; Sissingh,
1998). The sedimentary conditions were predominantly limnic or
brackish, but at least two marine transgressions are also documented.
Almost in the entire northern URG, the Cenozoic graben infill has a
thickness of more than 2000 m. The highest thickness of 3300 m is
reached close to the eastern margin between Worms and Heidelberg
(Doebl and Olbrecht, 1974).

3. Material and methods
3.1. Data

3.1.1. Geological information

The initial 3D model of the northern URG was mainly developed by
compiling existing structural models (Fig. 3). In the inner part of the
graben as well as in the remaining area of Hesse, the detailed models of
the Interreg GeORG and Hessen 3D (1.0 and 2.0) projects were used
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(Arndt, 2012; Bar et al., 2016; Sokol et al., 2013; Weinert et al., 2021, in
prep.), which are based on 2D reflection seismic data, borehole data,
geological profiles and isopach maps. At the southern border of Hesse,
where the study areas of these projects partly overlap, the depth of
specific horizons can deviate by several hundred meters. In order to
harmonize these different results, also the recently reprocessed and
reinterpreted DEKORP 9 N line was incorporated (Bar et al., 2021, in
prep.). Based on the GeORG and Hessen 3D models, a simplified fault
model containing about a dozen of the largest faults in the northern URG
region was furthermore developed. For the areas outside the URG that
are not located in Hesse, information on horizon depths was extracted
from the models of Freymark et al. (2015) and Freymark et al. (2020).
Due to the lower density of the input data there, the model resolution is
also lower but still acceptable, since the main focus was not on the
graben shoulders where outcrops provide sufficient details on the crys-
talline basement. Additionally, the depth of the Moho and lower crust
from the Freymark et al. (2020) model was used to calculate a regional
gravity field (see section 3.2.1 for more details).

Apart from the mentioned modelling results, geological contacts and
outcrops of large fault zones at the surface were digitized from various
geological maps. To validate the initial model and the inversion result,
especially with regard to the basement lithology, a database provided by
the Hessian State Agency for Nature Conservation, Environment and
Geology (HLNUG) containing about 170 boreholes deeper than 70 m
was used. However, most of the wells are located in the Odenwald or on
the Sprendlinger Horst outside the URG. Therefore, information on
crystalline rocks beneath the Permo-Triassic and Cenozoic graben infill
is very sparse. A summary of the deep crystalline basement wells in the
northern URG is given in Table 1.
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Fig. 3. Overview of the structural input data for the 3D modelling of the northern URG. RHZ = Rhenohercynian Zone, NPZ = Northern Phyllite Zone, MGCH = Mid-
German Crystalline High, STZ = Saxothuringian Zone, URG = Upper Rhine Graben.
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Table 1
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Summary the deep wells in the northern URG reaching the crystalline basement.

Well name Depth to top basement [m]

Basement lithology

Petrophysical data available

Insheim GTI 1/2
Landau GtLa 1/2

3418, 3338 TVD
2487, 2550 TVD

Stockstadt 33R 2245 MD
Weiterstadt 1 2505 MD
WIAG Hessen 5 2180 MD
Worms 3 2204 MD

granite -
granite -
granodiorit

granite, amphibolite
granite, amphibolites -
fractured gneiss

Frey et al. (2020), Weinert et al. (2020a)
Frey et al. (2020), Weinert et al. (2020a)

Frey et al. (2020), Weinert et al. (2020a)

3.1.2. Gravity and magnetic data

For the gravity modelling, a compilation of terrestrial point mea-
surements provided by the Leibniz Institute for Applied Geophysics
(LIAG), the Hessian Administration for Soil Management and Geo-
information (HVBG) and the State Agency for Surveying and Geo Base
Information Rhineland-Palatinate (LVermGeo) was used. In the study
area, the combined dataset consists of more than 7000 stations with a
distance between a few hundred meters and about 2 km. Consequently,
the resolution of the observed gravity anomalies varies considerably
across the northern URG and the adjacent areas. A complete Bouguer
correction has been carried out with a reference density of 2.67 g/cm®.
From this point data, a Bouguer anomaly grid with a nominal resolution
of 500 m was calculated by applying a minimum curvature approach
(Fig. 4A).

The values of the gravity anomalies range from about —40 to +20
m@Gal. The inner part of the URG is characterized by a distinct negative
anomaly that can to a large extent be explained by the relatively light
sedimentary infill. The largest anomaly highs represent rather local
features and are located at the mafic Frankenstein Complex and the
Mainz Basin. There are moreover some broader highs, for example in the
Kraichgau and the Palatinate.

The total magnetic field anomaly grid shown in Fig. 4B is a compiled
dataset of several surface and aero-geophysical surveys that have been
carried out since the 1960s (Gabriel et al., 2011). Airborne measure-
ments have been performed by PRAKLA-SEISMOS between 1965 and
1971 with a line-spacing of 2200 m and a point distance of approxi-
mately 65 m. Besides, the LIAG and predecessor institutes conducted
supplementary magnetic surveys. As for the gravity field, there are
therefore lateral variations of the resolution.

The anomalies vary from about —150 nT to more than 300 nT in the

northern URG. The magnetic field in the northern URG is dominated by
SW-NE striking features which are most likely caused by the Variscan
units. Their pronunciation possibly results from the steeply dipping
foliation of the basement units, as observed, for example, in the Fla-
sergranitoid Zone. In addition, a laterally heterogeneous upper crust is
indicated by the abundant local variations. The strongest magnetic high
coincides with the above-mentioned gravity anomaly at the Franken-
stein Complex. This anomaly extends to the SW underneath the graben
infill and might be furthermore associated with the magnetic high at the
southeastern Palatinate. Another broad positive anomaly is located in
the area of the southern Odenwald plutons. Magnetic anomaly lows are
mostly concentrated in an SW-NE trending belt at the northern and
western margin of the MGCH. Another distinct negative anomaly is
connected to the Flasergranitoid Zone and the Bollstein Odenwald.

The post-Varican deposits can generally be considered magnetically
transparent due to their low magnetic susceptibility (Table 2; Frey et al.,
2020). Excluded from this assumption are the Permo-Carboniferous
volcanic-sedimentary horizons and the scattered tertiary volcanics
(Vogelsberg, RoBdorf, Otzberg, Messel). Especially in the Saar-Nahe
Basin, at the Vogelsberg and at the northern margin of the URG, these
volcanics are source for strong and short wavelength magnetic anoma-
lies, which are also partly linked to positive gravity anomalies (e.g.
Mainz Basin).

3.1.3. Petrophysical data

Comprehensive data on the rock density and magnetic susceptibility
of the common lithologies in the northern URG were collected in order
to attribute realistic petrophysical properties to the geological units in
the gravity and magnetic models. Density measurements have been
conducted in several previous studies and the results were compiled in
the P° database (B4r et al., 2020). A summary of the petrophysical pa-
rameters of the MGCH is additionally given in the database of Weinert
et al. (2020a, 2020b). The density distribution of the Cenozoic sedi-
ments was inferred from borehole logs of the five deep wells Eich 22,
Eich 27, Eich H1, Weiterstadt 1 and Worms 3 in the northern URG.
Besides, measurements of the magnetic susceptibility were done with
the SM-30 handheld device from GeoResults. In total about 430 samples
of various geological units provided by the Institute for Rock Conser-
vation (IfS) in Mainz were analyzed (Frey et al., 2020). Figs. 4C and D
show the distribution of all density and susceptibility measurements in
the study area. In case, very little or no information was available, e.g. in
the Saxothuringian or Rhenohercynian Zones, values from the models of
Freymark et al. (2015) and Edel and Schulmann (2009) were adopted.

Table 2 summarizes petrophysical parameters for the main rock
types. Because the model units (Table 3) are lithologically heteroge-
neous, a volumetric approach to calculate the model parameters was
applied. This means that the parameters from Table 2 were weighted by
the area fraction of the rock type in the respective unit. For the Permo-
Carboniferous, Mesozoic and Cenozoic sediments, density-depth gradi-
ents were defined to account for the compaction caused by the
increasing load.

For all basement units, a parameter optimization was performed
before inversion to achieve a good initial fit between the forward
modelled and observed potential fields. An optimization is required
because, apart from the Odenwald and Saar-Nahe Basin, only very few
outcrops of the crystalline basement are available, thus the distribution
of density and magnetic susceptibility is not sufficiently constrained.
Moreover, samples from quarries and natural outcrops are not neces-
sarily representative for the entire model unit due to e.g. weathering and
exhumation effects. A summary of the initial, optimized and inverted
properties is given in Table 4.

3.2. Methods

3.2.1. 3D geological forward modelling

The 3D structural modelling of the northern URG was performed
with the commercial platform GeoModeller (Calcagno et al., 2008;
Guillen et al., 2008; Lajaunie et al., 1997), which enables the develop-
ment of complex geological models based on different input data and
allows the integration and inversion of geophysical measurements. The
software uses the principles of potential field interpolation and considers
both structural data and stratigraphic rules to construct the model
(Calcagno et al., 2008; Lajaunie et al., 1997). Geological contacts are
considered as isopotential surfaces and the orientation of a horizon
corresponds to the gradient of the field. This ensures that a consistent
and smooth model is created in agreement with defined geological rules,
e.g. chronology and relations between the geological events.

The model domain has a size of 90 km in E-W and 130 km in N-S
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direction (see Fig. 1). It covers a large part of the graben shoulders, since
the main outcrops of the crystalline basement are located here. The top
surface of the model is the DEM given by the Shuttle Radar Topography
Mission (SRTM) (van Zyl, 2001) with an original resolution of one arc
second and was resampled to a cell size of 500 m to reduce the
computational effort.

To separate the different sources of the gravity field, three distinct
forward models, a regional, a sedimentary and a basement model of the
northern URG were developed that cover different depth intervals of the
lithosphere. A summary of all model units is given in Table 3. The in-
dividual gravitational effects of the regional and sedimentary model
were forward calculated and subtracted from the observed field. This



M. Frey et al.

Table 2
Petrophysical properties of the main lithologies from the northern URG region
that were measured on rock samples.

Rock type Mean density [g/ Mean magnetic susceptibility
em®] [s1]

Granite 2.65 + 0.028 0.0020 + 0.0043

Granodiorite 2.72 £ 0.062 0.0017 + 0.0020

Diorite 2.80 + 0.052 0.0062 + 0.0094

Gabbro 2.90 + 0.068 0.0221 + 0.0284

Low-grade metasediments 2.73 +0.088 -

Gneiss 2.65 + 0.055 0.0012 + 0.0041

Amphibolite 2.91 +£0.125 0.0089 + 0.0114

Permian and Cenozoic 2.72 + 0.147 0.0065 + 0.0089
volcanics

Permian and Triassic 2.46 + 0.116 1.9E-5 + 2.2E-5
sandstones

Cenozoic sandstones 2.25 £ 0.104 -

approach, also known as stripping (e.g. Hammer, 1963), results in a
residual map of the Bouguer anomalies (Fig. 7) that provides direct
insight into the density distribution of the crystalline basement. Based
on this product as well as the magnetic anomalies and structural data,
the initial basement model was created.

The basement model consists of 10 units, whereby the MGCH was
divided into 7 subunits (Fig. 5). According to the surface outcrops, the 4
units Frankenstein Complex, Flasergranitoid Zone, Southern Odenwald
and Bollstein Odenwald were defined. To explain the positive gravity
and magnetic anomaly in the Southeast Palatinate, an additional body
with similar properties as the Frankenstein Complex was introduced,
referred to as the Southwestern Magnetic Body in the following. The
northwestern part of the MGCH was modelled as a separate body, which
is characterized by a high density and low susceptibility, analogously to
the Saxothuringian Zone. However, due to the scarcity of wells and
outcrops, little information is available about this zone's composition.
Finally, a granitoid body of reduced density was defined north of the
Frankenstein Complex, which explains the local gravity low and is evi-
denced by small outcrops and boreholes at the Sprendlinger Horst.

In areas where the geological contacts are not exposed, the model
geometry is based on the magnetic and gravity anomalies or on existing
interpretations (e.g. Franke, 2000; Will et al., 2015). The boundaries
between the main tectonic units were modelled as southeastwards dip-
ping thrusts according to the DEKORP 2S and 9 N lines (Behr and
Heinrichs, 1987; Jodocy and Stober, 2010; Oncken, 1998). The in-
terfaces between the plutonic bodies of the MGCH are generally
assumed to be steeply dipping.
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3.2.2. 3D joint-inversion

A structure-coupled joint inversion of gravity and magnetic data has
been carried out to improve the developed basement forward model and
to gain detailed insights about the spatial distribution of petrophysical
properties. In contrast to the separate inversion of the two potential
fields, this approach reduces the non-uniqueness of the modelling result.
A stochastic inversion algorithm based on a Monte-Carlo simulation is
implemented in GeoModeller. The inversion explores a large number of
variations of the structural and petrophysical models. Those realizations
which reduce the inconsistencies between the calculated and observed
anomalies are selected and allow a statistical evaluation of the inversion
results. A detailed description of the inversion scheme is given in Guillen
et al. (2008). In the following and in Fig. 6, the specific workflow applied
in this study is summarized:

1. A priori model
The basement forward model served as the a priori information for
the inversion. The parametrization of the individual units is con-
strained by the petrophysical data and the optimized densities and
magnetic susceptibilities shown in Table 4 were used as starting
values. The parameters of the sediments and the lower crust were set
to constant reference values (density = 2.67 g/cm® and magnetic
susceptibility = 0) as their effect was already considered during the
forward modelling.
2. Model discretization
For the inversion, the continuous horizons were converted into a
discrete cuboid voxel model. The cell size has to be small enough to
represent the geological structures adequately. It should be noted,
however, that the computational effort increases of course with a
growing number of voxels. Therefore, a uniform cell size of 1 x 1 km

was used in the horizontal plane. In vertical direction, a varying cell
size was defined. To take into account the topographic effects, a
relatively small cell height of 50 m was used above the mean sea
level. Below, the cell height increases gradually from 500 m to about
1500 m towards the base. Consequently, the model consists in total
of about 540,000 voxels.
3. Calculation of gravity and magnetic anomalies
The geophysical response of the initial density and susceptibility
model is calculated by summing the effect of each voxel. The
calculation was done on a constant height of 1000 m a.s.l. to mini-
mize model artifacts, for example, due to the discretization.
4. Disturbing the model
During each iteration, either petrophysical properties or the li-
thology of one cell are randomly changed according to the defined
probability density functions. The magnitude of lithology changes is

Main lithology

sandstones, claystones, marl, subordinate carbonates and evaporites
sandstones, claystones, subordinate evaporites
limestones, dolostones

Table 3
Summary of the three forward models including the modelled units and their main lithology.
Model Horizon
Sedimentary model Cenozoic
Keuper
Muschelkalk
Buntsandstein

Permo-Carboniferous

Lower Crust
Lithospheric Mantle

Regional model

Basement model Rhenohercynian Zone
Northern Phyllite Zone
Mid-German Crystalline High
Frankenstein Complex
Flasergranitoid Zone
Southern Plutons

Bollstein Odenwald
Northern Granitoids
Southwestern Magnetic Body
Northwestern MGCH
Saxothuringian Zone

sandstones, subordinate claystones
sandstones, conglomerate, subordinate claystones, felsic to mafic volcanic rocks

mafic and metamorphic rocks
ultrasmafic rocks

low-grade metasediments
metasediments, metavolcanics

gabbros, amphibolites, gneiss, subordinate granitoids
granitoids, diorites, amphibolite, gneiss

granitoids, subordinate gneiss and amphibolites
orthogneiss, subordinate paragneiss and granitoids
granitoids

very uncertain, similar to Frankenstein Complex
gneiss, metasediments

gneiss, metasediments
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Table 4

Summary of petrophysical model parameters. Magnetic properties were only considered in the basement model. The properties of the basement units were derived
from the available petrophysical databases (initial values) and then optimized (optimized values; see Section 3.1.3 for more details). During the joint inversion, the
anomaly misfit is further reduced by adjusting the property distribution.

Model Horizon Initial density [g/ Opt. density [g/ Inverted density [g/  Initial mag. susc. ~ Opt. mag. susc. Inverted mag. susc.
cm?) cm?] cm?®] [s1] [s1] [s1]
Sedimentary Cenozoic 2.0-2.63 - - - - -
model Keuper 2.45-2.65 - - - - -

Muschelkalk 2.70 - - - - -
Buntsandstein 2.40-2.65 - - - - -
Permo-Carboniferous 2.48-2.65 - - - - -

Regional model Lower Crust 2900 - - - - -
Lithospheric Mantle 3300 - - - - -

Basement model Rhenohercynian Zone 2.715 2.71 2.706 + 0.027 0.0001 0.0001 0.0003 £ 0.0004
Northern Phyllite Zone 2.74 2.74 2.742 £ 0.030 0.0001 0.0001 0.0003 =+ 0.0006
Mid-German Crystalline
High
Frankenstein Complex 2.80 2.76 2.752 + 0.026 0.0082 0.01 0.0167 £ 0.0242
Flasergranitoid Zone 2.71 2.68 2.685 + 0.022 0.0032 0.001 0.0022 £ 0.0030
Southern Plutons 2.695 2.69 2.687 + 0.019 0.0022 0.004 0.0107 + 0.0127
Bollstein Odenwald 2.66 2.68 2.676 + 0.017 0.0014 0.003 0.0071 =+ 0.0081
Northern Granitoids 2.685 2.685 2.672 + 0.023 0.001 0.0007 0.0012 =+ 0.0025
Southwestern Magnetic 2.74 2.73 2.736 + 0.022 0.01 0.01 0.0130 + 0.0166
Body
Northwestern MGCH 2.735 2.75 2.747 + 0.030 0.001 0.0005 0.0013 £ 0.0019
Saxothuringian Zone 2.80 2.795 2.798 + 0.021 0.001 0.0003 0.0011 + 0.0013

0 km

UTM Zone 32N

I Rhenohercynian Zone

Northern Phyllite Zone
[ saxothuringian Zone

| Lower Crust

Mid-German Crystalline High
I Frankenstein Complex
I Flasergranitoid Zone
B Southern Plutons
[l Bslistein Odenwald
I Northern Granitoids
I NW Metamorphic MGCH
I SW Magnetic Body

Fig. 5. Illustration of the 3D forward model of the crystalline basement in the northern URG region.

controlled by the parameters shape ratio, volume ratio and com-
munality, which were set to moderate values according to the

number, to ensure that the inversion does not get stuck in local
minima. All accepted models are stored in a separate file.

documentation of GeoModeller (Intrepid Intrepid Geophysics, 7. Iteration and computing inversion result
2017). Moreover, the top of the basement and lower crust were fixed The algorithm starts over with step 4 until 500 million iterations
so that only the units within the upper crystalline crust could be have been calculated. This high number of realizations is required to
modified. visit every cell several times. Afterwards, all accepted models are
. Recalculation of the geophysical effect combined to a summary model that contains information about the
Based on the disturbed model, gravity and magnetic anomalies are mean density and susceptibility, the standard deviation, and the
recalculated. most probable model unit of a cell.
. Likelihood of the disturbed model
The likelihood of the disturbed model L(mg;s) is calculated as a 4. Results

function of the misfit with the observed data and compared to the

likelihood of the current model L(mcy,). If L(mgis) > L(mcy,), myjs is
accepted and becomes m¢, in the next iteration. If L(mgjs) < L(mcyy),

mgjs might still be accepted, depending on a randomly sampled

4.1. Residual gravity anomalies

A residual Bouguer Anomaly map of the northern URG was gener-

ated by stripping the sedimentary and regional gravity effect from the
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first iteration
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subsequent iterations

2. phase

3. phase

after all iterations are completed

Fig. 6. Generalized workflow of the stochastic joint inversion of gravity and magnetic data.

observed data (Fig. 7). As a result, the field is no longer dominated by
the distinct negative anomaly along the graben created by the Cenozoic
infill. Instead, this product mainly represents features of the crystalline
basement. As with the magnetic data, NE-SW striking features can be
traced across the URG that are caused by the Variscan belt.

The strongest high of the residual anomalies is now located in the
Saxothuringian Zone, which consists of a dense metamorphic crust and
is clearly distinguishable from the granitoids of the southern MGCH.
Another broad high extends over the northern/northwestern MGCH and
parts of the Northern Phyllite Zone, which are covered by the thick
Permo-Carboniferous deposits of the Saar-Nahe Basin. Further local
anomaly highs are found at the Frankenstein Complex and at the
southeastern Palatinate, both of which can be explained by the presence
of mafic rocks. The most pronounced gravity low is located in the
granites/granodiorites area of the southern Odenwald and along the SW
extension of the Flasergranitoid Zone.

A comparison of the residual Bouguer anomalies with the pole-
reduced magnetic anomalies shows that there are partly strong corre-
lations between these two potential fields, which is a prerequisite for the
joint inversion. This is particularly evident in the Odenwald: positive
correlation in the Frankenstein complex and the Bollstein Odenwald,
negative correlation in the southern Odenwald. A negative correlation
occurs furthermore in the northwestern MGCH and the Saxothuringian
Zones, where gravity highs coincide with magnetic lows. In contrast, a
clear relationship exists not everywhere in the inner part of the URG.
The separation of the Flasergranitoid Zone and southern Granitoids is
thus subject to larger uncertainties.

4.2. Inverse model

Fig. 8 shows a comparison of the 3D basement forward model with
the most probable model of the northern URG derived from the joint
inversion of gravity and magnetic data. After the inversion, the in-
terfaces are locally shifted by up to 10 km. Particularly large changes
occur at the boundary between MGCH and the Northern Phyllite Zone.
The tectonic contact is located further north and appears more irregular
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than presumed. Note, however, that the very similar petrophysical
properties of these two units (Table 4) make a separation with the
inversion approach difficult. The associated uncertainties are empha-
sized by the reduced probability of the inversion result in this area
(Fig. 8C & F). Along Profile PP’ (Fig. 8D & E), the main features of the
inverted model correspond broadly to the forward model. As in the map
view, the reduced thickness of the Northern Phyllite Zone is apparent.
The interfaces of the inverse model are in general irregularly shaped,
which might be related to the random character of the Monte Carlo
simulation. Again, the probability of inversion results reveals un-
certainties of locally several kilometers at the unit boundaries.

The mean density and susceptibility distributions at the top of the
basement are illustrated in Fig. 9A & B. Local clusters of these properties
are present within and across individual model units, indicating litho-
logical variations in the respective area. In the Odenwald, the inverted
density directly corresponds with the mapped lithologies: high density
for mafic rocks of the Frankenstein Complex, intermediate densities in
the dioritic domains of the Flasergranitoid Zone and relatively low
densities in the predominantly felsic areas of the southern Odenwald. In
contrast, the susceptibility varies over more than four orders of magni-
tude in the study area, making a correlation with the lithology more
difficult. Particularly high values are found at the Frankenstein Complex
and the Southwestern Magnetic Body, but also in the southern Oden-
wald. Another highly magnetized body is located at the northern margin
of the MGCH, which is also characterized by a relatively high density,
indicating the presence of intermediate to mafic magmatic rocks. The
metasedimentary units, in particular the Rhenohercynian, the Northern
Phyllite and the Saxothuringian Zone, generally exhibit very low sus-
ceptibilities. Fig. 9C & D show the standard deviations of the inverted
density and susceptibility calculated for each cell of the model.
Increased values occur at the model unit boundaries and in the areas of
high susceptibility, but are still very small relative to the mean. Conse-
quently, a high level of confidence in the inverted petrophysical models
can be assumed.

A comparison of the initial, optimized and inverted model parame-
ters is given in Table 4 for the basement units. For the rock density, only
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Fig. 7. Separation of the gravity anomalies: (A) forward calculated gravitational effect of the sediments in the northern URG region; (B) forward calculated regional
gravity field; (C) residual Bouguer anomalies. The isolines represent the magnetic anomalies after a reduction to the magnetic pole. RHZ = Rhenohercynian Zone,
NPZ = Northern Phyllite Zone, MGCH = Mid-German Crystalline High, STZ = Saxothuringian Zone.

small differences can be observed between the values derived from the
petrophysical data and the final values. Thus, these existing databases
provide already a representative image of the density distribution, at
least in the MGCH. By contrast, the magnetic susceptibility shows
significantly stronger differences between initial and inverted parame-
ters, e.g., in the Bollstein Odenwald or the Southern Plutons. These,
however, are still within the natural variations of the susceptibility,
which were measured on the outcrop samples (Table 2).

4.3. Model misfit

Fig. 10 shows the misfits between the observed and forward
modelled respectively inverted potential fields. The forward model is
able to describe the main features of the Bouguer anomalies and parts of
the magnetic anomalies, but the RMS misfit is still relatively high with
5.3 mGal and 42.1 nT. Particularly large differences can be observed at
the transition from the MGCH to the Northern Phyllite Zone. Moreover,
the magnitude of the magnetic anomalies is usually underestimated.
After the inversion, the RMS misfit is with 0.6 mGal and 11.0 nT reduced
by 90% and 75%, respectively. The largest deviations of the Bouguer

11

anomalies are still found in the northwestern MGCH and the Northern
Phyllite Zone as well as along the main border faults, but the differences
between the observation and the model are now relatively small (+4

mGal). In addition, the modelled magnetic anomalies are significantly
improved, especially in the inner part of the URG. Larger differences still
exist in the north, possibly due to the influence of the volcanic rocks of
the Vogelsberg and Permo-Carboniferous, which were not considered
during inversion.

5. Discussion
5.1. Uncertainties of applied methods

A detailed 3D basement model of the northern URG was developed
by integrating available structural information as well as gravity and
magnetic data. Especially the stripping of the sedimentary and regional
gravity field (Fig. 7) was helpful as the residual Bouguer anomalies
provide key insights on the composition of the crystalline upper crust.
However, it should be noted that this approach is affected by various
uncertainties. First of all, the horizon depths in the sediment model are
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subject to errors that have an impact on the calculated gravity field of
several mGal. Likewise, the defined density distribution at depth is un-
certain since it is only supported by a few data points. A laterally ho-
mogeneous density gradient was assumed, which may not reflect the
actual variations within the sediments. Particularly large uncertainties
exist in connection with the Permo-Carboniferous volcanic formations.
They are typically characterized by a variable thickness and composi-
tion, with the density ranging from 2.6 to more than 3.0 g/cm®, thus
causing the gravity effect to vary considerably. In the Mainz Basin, these
volcanic horizons have a significant but hardly quantifiable impact on
the gravity anomalies, which makes the separation of the underlying
MGCH and the Northern Phyllite Zone challenging.

For the modelling of the magnetic anomalies, the susceptibility of all
post-Variscan deposits was set to 0 [SI]. This assumption is roughly valid
for the clastic and carbonate sediments, but Permo-Carboniferous and
Cenozoic volcanic deposits show in general higher susceptibilities. They

12

might be sources of stronger magnetic anomalies in the Saar-Nahe Basin,
on the Sprendlinger Horst and in the northernmost URG. Ignoring their
effect leads most likely to the increased anomaly misfits in these areas
(Fig. 10) and can partly corrupt the inversion result. An improved
sediment model including the volcanic intercalations and better
knowledge about the petrophysical properties would consequently
result in a more accurate calculation of the gravity and magnetic
anomalies. This, however, would require an extension of the petro-
physical database and an in-depth analysis of the existing well logs.
Moreover, also the regional gravity model is affected by some un-
certainty. On the one hand, the seismic profiles and receiver function
data on which the depth of the lower crust and the Moho are based are
very sparse. On the other hand, this data can be subject to errors of
several kilometers. This can easily lead to variations in the calculated
gravity effect of up to 10 mGal. But these uncertainties influence the
inversion only to a limited extent because the wavelength is generally
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very long. distributions are realistic representations of the crystalline basement.

The basement model resulting from the joint inversion is able to Nevertheless, due to the random character of the Monte Carlo simulation
describe the gravity and magnetic anomalies very well (Figs. 10B & D). also geologically implausible features might be generated, making a
It can therefore be assumed, that the final density and susceptibility thorough plausibility check of the inversion result necessary.
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Fig. 11. Interpretative map of the lithologies at the top basement based on the results of the joint gravity and magnetic inversion. Available crystalline basement
wells and outcrops at the graben shoulders are largely consistent with the interpretation. RHZ = Rhenohercynian Zone, NPZ = Northern Phyllite Zone, MGCH = Mid-
German Crystalline High, STZ = Saxothuringian Zone, URG = Upper Rhine Graben.

Furthermore, the inversion result depends to a large extent on the
inversion parameters and the starting model, but the general agreement
with the crystalline outcrops at the graben shoulders and the wells in the
northern URG shows that the selected initial conditions are reasonable.
Indications of model uncertainties are provided by the probabilities of
the inverted 3D structures (Fig. 8C & F).

5.2. Basement structure and composition

The petrophysical analysis revealed that the rock density and mag-
netic susceptibility are strongly depending on the lithology (Table 2).
Conversely, information on the distribution of the main lithologies in the
crystalline basement of the northern URG can be deduced from the
inverted parameter models (Fig. 9). Based on the outcrops at the graben
margins, the deep crystalline wells in the URG, and the density and
susceptibility models, an interpretive geologic map of the basement
beneath the sedimentary cover was generated. (Fig. 11). Areas with
comparatively low magnetic susceptibility (< 1073 [SI]) are interpreted
as being predominantly metamorphic. This assumption can be
confirmed in the Northern Phyllite Zone, the Rhenohercynian Zone, and
the Saxothuringian Zone, whose composition is relatively well known
from outcrops. It is also suggested that metamorphic rocks are dominant
in the northwestern MGCH, which is supported by exposed early
Paleozoic metasediments in the Palatinate and the petrophysical simi-
larities to the Saxothuringian and Northern Phyllite Zone. The transition
between the metamorphic MGCH to the Northern Phyllite Zone is not
marked by a sharp discontinuity in the residual gravity signal, indicating
major lithological parallels and a paired evolution of these units in a
volcanic arc respectively fore-arc setting (Krohe, 1991).
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Large parts of the northern URG basement and the area east of it are
presumably dominated by plutonic rocks given the high magnetic sus-
ceptibility. The distinction between different magmatic rocks is pri-
marily based on the rock density (Table 2). According to this, granites
and granodiorites occur mainly in the southwestern extension of the
Flasergranitoid Zone and in the southern BergstraBer Odenwald. The
boundary between these two units cannot be clearly traced in the den-
sity model, but the Flasergranitoid Zone is generally characterized by
lower susceptibility or, alternatively, increased remanent magnetiza-
tion. Mafic rocks are concentrated in a NNE-SSW trending band that
includes the Southwestern Magnetic Body and the Frankenstein Com-
plex. Intermediate rocks may be present along the northern margin of
the MGCH, supported by the two wells Neuhof 1 and 2 encountering
diorite.

The interpretation covers only the larger geological bodies, small-
scale lithological variations cannot be resolved with the applied
method so far. Examples for this are the narrow amphibolite-gneiss
complexes, the so-called Schieferziige, in the BergstraBer Odenwald,
which are most likely continuous towards the southwest. Their location
in the northern URG can only be estimated by assuming a constant strike
direction. Furthermore, the natural variations of the petrophysical pa-
rameters as well as the partial overlap of the parameter distributions of
different rock types imply considerable uncertainties in the separation of
individual lithologies. Also, in addition to the main rock type, density
and magnetic susceptibility depend on several aspects such as fracture
porosity, hydrothermal alteration or mineral alteration (Airo, 2002;
Ladygin et al., 2000; Undiil, 2016), which cannot be quantified here in
detail due to the lack of comprehensive well data.

Despite the significant uncertainties, the presented investigations
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provide an important basis for geothermal potential assessments in the
northern URG. As mentioned above, especially thermal but also hy-
draulic parameters are strongly affected by the lithology (Stober and
Bucher, 2007). Granitoids, which are the crystalline rocks with the most
favorable properties for geothermal exploitation, represent more than
50% of the basement in the northern URG. In comparison, the less
suitable mafic and metamorphic rocks occupy a rather subordinate area.
Additionally, Weinert et al. (2020a) found a direct relationship between
bulk density and thermal conductivity for the rock samples of the
MGCH. The petrophysical models can therefore be used to infer the
spatial distribution of thermal properties in the basement, allowing
again more realistic potential estimates and heat flow simulations.

5.3. Geodynamic interpretation

The MGCH is traditionally regarded as a volcanic arc or active con-
tinental margin, which was formed in the Late Devonian and Carbon-
iferous by the southward subduction of the Rheic and Rhenohercynian
Oceans and later continental collision (Franke, 2000; Kroner et al.,
2008; Zeh and Gerdes, 2010). Due to contrasting geodynamic conditions
along the strike direction, a zone of variable composition and structure
has formed. Especially on the opposite sides of the URG, there are sig-
nificant differences, mainly due to oblique convergence (Flottmann and
Oncken, 1992; Oncken, 1997). Accordingly, the MGCH is probably
dominated by a metamorphic basement in the west, which can be
interpreted as the relic of a Paleozoic fore-arc. East of the URG, the
convergence rates during the main orogeny phase were much higher,
therefore the fore-arc is not preserved in this area. Instead, subduction-
related plutons and metamorphic rocks with pressure-dominated over-
print are present here.

The Frankenstein Complex and Southwestern Magnetic Body are
likely the remains of a volcanic island arc (e.g. Altherr et al., 1999),
which was formed in an early phase of the marine basin closure.
Whereas the basement is largely exposed in the Odenwald, it is covered
by Carboniferous to Triassic (meta-)sediments in the Palatinate. It ap-
pears that these two units are separated by a 15 to 20 km sinistral offset
near the western graben boundary fault. This observation might be
attributed to the sinistral strike-slip movements in the URG, which are
particularly evident in the central and southern rift valley. Alternatively,
this setting might still represent the primary geometry of the Variscan
orogen with a changing trend from NE-SW in the Odenwald to NNE-SSW
in the Palatinate and Vosges.

6. Conclusions and outlook

All publicly available structural and petrophysical data on the crys-
talline basement in the northern URG were compiled into one compre-
hensive model. By integrating gravity and magnetic data, a detailed
geological 3D model of the region was developed. From the in-
vestigations described above, the following conclusions can be drawn:

o Residual Bouguer and magnetic anomalies exhibit NE-SW oriented

features that depict the main Variscan basement structures. The
metamorphic units are usually recognized by gravity highs and
magnetic lows, whereas the magmatic complexes are often associ-
ated with magnetic highs and varying gravity anomalies.

Joint inversion modelling allowed to obtain a density and suscepti-

bility model of the crystalline basement in the northern URG region
which provides a good match with the observed gravity and mag-
netic data

The petrophysical analysis demonstrated that the main rock types

are characterized by specific property ranges. The inversion results
can therefore be used to draw up an interpretative map of the
basement lithology in the northern URG, which is also consistent
with outcrops and wells.
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e Major parts of the northern URG basement are dominated by gran-

itoid intrusions that offer suitable properties for deep geothermal
utilization. Metamorphic and mafic rocks are concentrated in a
relatively narrow band and along the western graben border. How-
ever, it must be mentioned that this interpretation remains specu-
lative due to the non-uniqueness of potential fields studies. Besides,
only larger connected bodies can be resolved; investigation of small-
scale lithologic variations is not possible based on the currently
available data.

In future studies, efforts will be focused on using the developed 3D
model to perform a most realistic estimation of the geothermal potential
in the northern URG. The spatial distribution of thermal properties can
be derived from the inverted density model. Furthermore, comprehen-
sive structural geological information will be integrated, mainly from
the Odenwald, to assess the hydraulic properties of the basement.

To reduce the uncertainties related to the Permo-Carboniferous and
Cenozoic volcanics, a detailed analysis of well data from the northern-
most URG, the Saar-Nahe Basin and the Sprendlinger Horst is necessary.
In particular, the incorporation of all existing well logs would improve
the understanding of the location, thickness and properties of these
horizons. In addition, the joint inversion of gravitational and magnetic
data is also promising on a smaller scale, since a higher resolution of the
discretized model would allow mapping the properties of large fault
zones, which represent the main target for geothermal projects in the
URG. For this purpose, the integration of existing 3D seismic data sets,
that enable precise modelling of the geological structures, seems
promising. This would minimize the uncertainties of the forward model
considerably and the inversion could provide more reliable results.
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4. Techno-Economic Assessment of Geothermal Resources in the Variscan Basement of
the Northern Upper Rhine Graben

This chapter includes the peer-reviewed research article with same title that was published in
the journal Natural Resources Research (Springer Nature) on the 09 December 2022. The
content is unchanged.

A quantitative resource assessment for the basement in the northern Upper Rhine Graben based
on the inversion results and additional datasets is presented. Emphasis was placed on the
potentials linked to large-scale fault zones, which are generally considered as fluid conduits in
the basement. Model uncertainties were quantified through Monte Carlo simulation. A
sensitivity analysis was subsequently used to examine the impact of selected factors on the
levelized costs of energy as well as geothermal reserves. By comparing the calculated resources
with the socio-economic-environmental potential at the surface, favorable sites for geothermal
drilling were indicated. The combination of geological, technical, economic and societal aspects
of geothermal exploitation in the applied approach provides stakeholders with a useful basis
for decision-making.
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Deep geothermal energy represents an essential component of the future energy supply
because the resources greatly exceed the demand, and the base load capability can com-
pensate for temporal fluctuations in wind and solar power. By far, the largest amount of heat
is contained in the crystalline basement, accessible almost everywhere through deep drilling.
An interdisciplinary approach for a techno-economic resource assessment was applied to
provide stakeholders with a more reliable basis for decision-making in the Northern Upper
Rhine Graben. This approach incorporated data from various sources such as boreholes,
outcrops, geophysical surveys, geomechanical models, and operating geothermal power
plants. Emphasis was placed on resources tied to large-scale fault zones, exhibiting prefer-
ential hydraulic properties. Uncertainties in the calculations were quantified using Monte
Carlo simulations. The resource base in the basement of the Northern Upper Rhine Graben
is about 830 PWhy,, of which about 8.2-16.1 PWhy, could potentially be extracted with
current technologies in enhanced geothermal systems. A comprehensive sensitivity analysis
was carried out, examining the economic influence of nine parameters. Considering the
reference power plant and the energy prices before the Ukraine war began in February 2022,
the geothermal reserves are about 65% of the resources. However, given the massive recent
increase in heat and electricity prices, a higher percentage is also possible. Finally, a socio-
economic-environmental assessment shows that in the Northern Upper Rhine Graben,
geothermal resources largely coincide with favorable conditions at the surface, making the
region a preferred target for geothermal utilization.

KEY WORDS: Crystalline basement, Geothermal energy, Techno-economic resource assessment,
Monte Carlo simulation, Sensitivity analysis.
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power. However, the significant discrepancy be-
tween energy supply and demand throughout the
year makes the construction of large energy storages
necessary (Bér et al., 2015; Bussar et al., 2016;
Welsch et al., 2018). In comparison, geothermal
energy enables a base-load capable energy supply
such that peak loads can be compensated effectively
(Tester et al., 2006; Huenges et al., 2013; Stober &
Bucher, 2021). In particular for heat supply, where
the dependency on fossil energy sources is still very
high both in the residential and commercial sectors,
there is a considerable need to expand renewables
(BMWi, 2021), much of which can be covered by
deep geothermal power plants (Moeck, 2022). At
present, geothermal energy accounts for only a small
share of the energy mix in Germany, but the
expansion of this technology is essential for a suc-
cessfull energy transition (Bracke & Huenges, 2022).
The Upper Rhine Graben (URG) is an ideal
region for geothermal utilization due to the signifi-
cantly increased temperature gradient and several
potential reservoir horizons (Pribnow & Schellsch-
midt, 2000; Sass et al., 2011; Stober & Bucher, 2015;
Freymark et al., 2017). Here, enhanced/engineered
geothermal systems (EGS) are generally developed
where the permeability of the fractured reservoir is
improved by hydro-mechanical and/or hydrochemi-
cal stimulation. The reservoir volume is constrained
by the hydraulically active fracture network during
operation and can be mapped using, e.g., induced
seismicity. In total, 17 deep geothermal projects
have been implemented in the URG since the late
1970s, seven of which are currently in operation
(Bruchsal, Insheim, Landau, Riehen, Rittershoffen,
Soultz-sous-Foréts, Weinheim), providing 50 MWy,
of heat and 10 MW, of electricity (Frey et al.,
2022a). Thus, only a small portion of the total
geothermal resources are currently being utilized
(e.g., Kock & Kaltschmitt, 2012).

While aquifers are the preferred targets of
geothermal drilling, such hydrothermal reservoirs
hold only about 1% of the total resources (Paschen
et al., 2003). In contrast, by far the largest amount of
heat is contained in the Variscan basement, which is
characterized by very high temperatures and an in-
creased density of fractures and faults in the URG
(Genter & Traineau, 1996; Sausse & Genter, 2005;
Dezayes et al., 2010; Glaas et al., 2021; Bossennec
et al., 2022; Frey et al., 2022b). The fault and fracture
network may have reasonable natural permeability
or has the potential to be enhanced by stimulation.
However, exploration has been subject to significant
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uncertainties due to the small number of wells that
penetrate the entire sedimentary cover and reach
the basement. Moreover, the depth resolution or
overall quality of most 2D seismic lines is insufficient
to image basement structures accurately.

In the past 2 decades, several studies have been
conducted to quantify geothermal resources in the
URG basement, but their strong geologic simplifi-
cation of the basement usually allows only for re-
gional considerations (Paschen et al., 2003; Sass
et al., 2011; Kock & Kaltschmitt, 2012; GeORG
Projektteam, 2013; Jain et al., 2015). In the frame-
work of the Hessen 3D 2.0 (Bér et al., 2021b) and
DGE rollout projects (www.nweurope.eu/dge-roll
out), gravity and magnetic data were additionally
integrated to develop the most detailed 3D model of
the crystalline crust in the Northern URG to date
(Frey et al., 2021). These results are combined with
comprehensive thermal, petrophysical, geomechan-
ical, and financial information to obtain a refined
techno-economic resource assessment. This model
provides stakeholders with a valuable basis for
decision-making during site and reservoir selection
for geothermal drilling. The deep geothermal re-
sources of the sedimentary reservoir horizons in the
Northern URG will be covered in a subsequent
publication by van der Vaart et al. (in prep.).

GEOLOGICAL FRAMEWORK

The URG is a passive continental rift system
that developed from the Eocene onwards due to the
changing lithospheric stress field in the alpine fore-
land (e.g., Ziegler et al., 1995). Both location and
orientation of the URG are governed by the reac-
tivation of large fault and shear zones in the base-
ment that formed since the Paleozoic (Schumacher,
2002; Edel et al., 2007; Grimmer et al., 2017). The
complex multiphase Cenozoic rift evolution caused
a distinct asymmetry both parallel and perpendicular
to the strike direction, evident in the significant
variations in sediment thickness throughout the
URG (e.g., Doebl & Olbrecht, 1974). In the first
main rifting phase, crustal extension was dominant,
dividing the crust into numerous isolated fault
blocks, bounded by large-scale normal faults. During
the Miocene, a counterclockwise rotation of opmax
led to the reactivation of these faults in a strike-slip
or oblique sense (Buchner, 1981; Behrmann et al.,
2003; Dezes et al., 2004). The URG represents a
convection-dominated geothermal play system,
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Figure 1. Predictive subcrop map of the Northern URG crystalline basement based on the joint gravity and magnetic
inversion of Frey et al. (2021). Dotted signature indicates areas of heterogeneous composition and uncertain interpretation.
A detailed image of the fault network in the Northern URG is given in Figure 2. BO Bollsteiner Odenwald, FC
Frankenstein complex, FG Flasergranitoid zone, SG Flasergranitoid zone.

where local thermal anomalies mainly result from
the upwelling of deep groundwaters along fault
zones with increased fracture permeability in the
fault damage zones (Moeck, 2014).

The basement architecture in the URG region
was mainly established during the Variscan orogeny
(Kossmat, 1927; Behr et al., 1984), involving the
juxtaposition of Laurussia, Gondwana and several
micro-terranes (Armorican Terrane Assemblage)
with the main collisional phase during the Car-
boniferous (e.g., Kroner et al., 2008). In the North-
ern URG, the Mid-German Crystalline High
(MGCH) makes up most of the basement (Fig. 1),
which is interpreted as a former active continental
margin in the north of Armorican Terrane Assem-

blage (Franke, 2000; Zeh & Gerdes, 2010). The
crystalline Odenwald at the northeastern margin of
the URG is the largest outcrop of the MGCH and
reveals substantial lateral heterogeneity in compo-
sition and structure (Krohe & Willner, 1995; Stein,
2001). In the western (BergstriBer) Odenwald,
subduction-related igneous rocks predominate that
intruded into meta-volcano and meta-sedimentary
host rocks (Krohe, 1991; Altherr et al., 1999). From
north (Frankenstein Complex) to south (Southern
Plutons) a transition from predominantly mafic to
felsic plutonic rocks can be observed. Similarly, the
age of the intrusives decreases from about 360 Ma to
about 325-330 Ma toward the south (Kreuzer &
Harre, 1975; Kirsch et al., 1988; Anthes & Reis-
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chmann, 2001). Only a few basement outcrops exist
in isolated quarries along the western rift margin,
and less than 10 deep wells in the URG reached the
basement so far (Fig.1). However, additional
information is provided by gravity and magnetic
data, which were used to trace distinct lithologic
units hidden beneath the sedimentary cover (for
details see Frey et al., 2021).

The MGCH is separated from the Northern
Phyllite Zone (NPZ) to the north by a major con-
tinental thrust zone (Blundell et al., 1992; Brun
et al., 1992), whose location is not precisely known
yet. The NPZ, exposed in the southern Taunus and
Hunsriick, comprised a tectonic mélange of green-
schist-facies meta-sediments and meta-volcanics
(Kliigel, 1997). To the south, the MGCH merges
into the Saxothuringian Zone, which consists of a
metamorphic early Paleozoic shelf sequence over-
lying Neoproterozoic gneiss (Falk et al., 1995).

MATERIAL AND METHODS
3D Model and Parametrization

The resource assessment approach of this study
is based on a plausible 3D model of the crystalline
basement in the Northern URG. The software Pet-
rel was used to merge existing models, mainly from
the GeORG, Hesse 3D and DGE Rollout projects
(Sass et al., 2011; GeORG Projektteam, 2013; Bar
et al., 2021b; Frey et al., 2021; van der Vaart et al.,
2021). Furthermore, additional borehole data and
seismic profiles, e.g., the reprocessed DEKORP 9 N
line (Homuth et al., 2021), were included. The final
model spans over 110 km from north to south,
60 km from east to west, and extends to a depth of
6 km. In previous geothermal potential studies (Pa-
schen et al. 2003; Tester et al, 2006), 10 km was often
assumed as the maximum depth of technically fea-
sible utilization, which leads to far too optimistic
estimates. In fact, almost no geological data are
available below 6 km, preventing any reliable
statements about the hydraulic, thermal and
geomechanical conditions in this depth range. The
3D model was converted into an irregular grid with a
cell size of typically 500 x 500 x 500 m>. At the top
of the basement, the cell height varies to handle the
anticipated subsurface topography (Fig. 2a) as
accurately as possible.

M. Frey et al.

Supplementary to the structural model of the
basement, information on the subsurface tempera-
ture distribution is essential. Therefore, the Ger-
many-wide temperature model of Agemar et al.
(2012) was used (Fig. 2b), which covers both the
sedimentary horizons and the basement with a spa-
tial resolution of 2 x 2 km. The model used data
from approximately 10,500 wells of varying quality.
A 3D universal kriging approach was applied to
calculate the temperature model, providing indica-
tions of the measurement and kriging uncertainties.
In the basement, where almost no temperature
information is available in the model (mostly below
4-5 km depth), a constant temperature increase of
30 °C/km was assumed to extrapolate temperature
values. This value agrees with observed geothermal
gradients below the convection-dominated depth
interval, e.g., in Soultz-sous-Foréts (Genter et al.,
2010). It should be noted that local convection cells,
lithological changes, or fault zones are poorly re-
solved in this purely interpolative model. However,
the measured regional-scale thermal anomalies are
well represented. Temperature models with a higher
resolution exist for specific parts of the URG (Bér
et al., 2021b), but because they do not cover the
entire model domain, they were not considered
further here. The reference temperature was set to
the mean surface temperature issued by the German
Weather Service for 1991-2020 (DWD, 2021) (about
11 °C in the Northern URG). Additionally, infor-
mation about the inverted rock density was taken
from Frey et al. (2021) (Fig. 2c). Petrophysical data,
mainly the specific heat capacity, were adapted from
the databases of Bar et al. (2020) and Weinert et al.
(2020). Information on the 3D stress tensor in the
Northern URG, provided by Ahlers et al. (2021),
was used to determine the reactivation potential of
fault zones (see details below).

Technical Assessment

The volumetric (‘heat in place’) approach, pro-
posed by Muffler and Cataldi (1978), was adopted in
this study and further refined to quantify the
geothermal resources of the basement. This rather
simplistic method involves a limited number of
parameters, allowing the uncertainties to be rea-
sonably quantified. In comparison, assessment
schemes based on numerical simulation require
several assumptions about the reservoir (properties,
pore pressure, temperature, etc.), the well comple-
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Figure 2. Input data for the geothermal resource assessment: (a) depth of the crystalline basement top including all modeled faults; (b)
reservoir temperature at the basement top (based on the temperature model of Agemar et al., 2012); (¢) inverted bulk density at the

basement top (adapted from Frey et al., 2021).

tion design, the pumping rate, and the operational
parameters of the power plant (e.g., Jain et al.,
2015). However, especially the hydraulic properties
can vary over several orders of magnitude in the
basement (Manning & Ingebritsen, 1999; Stober &
Bucher, 2007; Achtziger-Zupancic et al., 2017). This
makes any simulation result hardly reliable if either
the fracture network properties or the local hy-
draulic parameters are not known from borehole
geophysics or hydraulic well testing.

The resource base Qo1 (J or Wh), also re-
ferred to as heat in place or theoretical potential,
describes the total amount of thermal energy stored
in the Earth’s crust (in this case, down to 6 km
depth) relative to the ambient surface temperature
To (°C). Qqorar of the individual model cells is cal-
culated as:

Qtotal = Vtotal P C(Tr - TO) (1)

where Vi is the volume (rn3 ) of each model cell, p
is the rock density (kg/m?), ¢ is the specific heat

capacity (J/kg/K) and T, is the reservoir temperature
(°C). Due to the fundamentally low porosity of the
crystalline basement, the thermal properties of the
pore fluid are not regarded.

The geothermal resources Q,.. (J or Wh), also
known as recoverable heat or technical potential
(Muffler and Cataldi, 1978), are defined as the share
of the total thermal energy stored in the reservoir
that can be extracted considering the current tech-
nologies, thus:

Qrec = Qtotal ‘R (2)

Consequently, the thermal recovery factor R
(unitless) is one of the key factors that influence the
potential productivity of geothermal projects. It
depends on various parameters, such as the geome-
try of the reservoir, permeability, reinjection and
abandonment temperature (temperature drop in the
reservoir at which operation becomes uneconomi-
cal), flow rate, and well design (Garg & Combs,
2015; Agemar et al., 2018). The most reliable infor-
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mation on the recovery factor is derived from pro-
duction data of existing geothermal projects.
Accordingly, the recovery factor can be as high as
25% for hydrothermal systems (Tester et al., 2006).
In fractured reservoirs, R is generally smaller due to
the lower permeability. In active geothermal fields in
the USA, such as The Geysers, Coso, and Dixie
Valley, the recovery factor ranges from about 5-
20% (Williams, 2007). In contrast, Grant (2016) re-
ported recovery factors of only 0.2-2% for the re-
search EGS sites Fenton Hill (USA), Rosemanowes
(United Kingdom), Hijori (Japan), and Cooper Ba-
sin (Australia). Recovery factors from EGS plants in
the URG are currently not publicly available. In the
present study, a range of R from 0 to 2% is therefore
assumed for the base case, i.e., without the influence
of large-scale fault zones. The possibility of zero
recovery is included in the assessment to account for
the risk of too low productivity.

Fault zones in the crystalline basement are
generally considered to be effective fluid conduits
(Caine et al., 1996; Evans et al., 1997; Bense et al.,
2013). A two to three order of magnitude increase in
permeability compared to the host rock is primarily
observed in the damage zone, which can be several
hundred meters wide depending on the displace-
ment. Consequently, an improved heat recovery is
expected when targeting major fault zones (e.g.,
Jolie et al., 2015). Here, a maximum recovery factor
of up to 20% was assumed, which is considered the
upper limit for fracture-dominated systems (Tester
et al., 2006; Williams et al., 2008). Furthermore, the
relative location of the fault planes within the re-
gional stress field was taken as a proxy for maximum
heat recovery (Agemar et al., 2017). For this pur-
pose, the slip and dilation tendency were calculated
for each modeled fault (Morris et al., 1996; Ferrill &
Morris, 2003), which were then used as linear
weightings for the recovery factor. The slip tendency
T, (Fig. 3a) describes the ratio of the shear stress 7 to
the normal stress g, on a surface (stress components
are given in N/m?), thus:

T

Ts=— 3

= ()

The dilations tendency Ty (Fig. 3b) is calculated

from the normal stress as well as the largest and

smallest principal stresses g; and g3, thus:
01 — 0y

Ty (4)

01 — 03
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In addition, e.g., Stober and Bucher (2007)
showed that the permeability of the basement is
strongly dependent on the lithology. They reported
results from hydraulic tests in the Black Forest
showing that permeability in gneiss can be up to two
orders of magnitude lower than in granite under
comparable stress conditions. The geomechanical
behavior of the foliated metamorphic rocks during
reservoir stimulation and production is more com-
plex to predict than for igneous rocks. There is an
increased tendency of re-closing fractures, which are
formed primarily along the foliation. To account for
this, the recovery factor of the metamorphic base-
ment was downweighed by a factor of 0.1 based on
the inversion results and interpretations of Frey
et al. (2021).

The potential amount of electricity £ (J or Wh)
that could be generated in the model area is then
obtained by multiplying Q... with the unitless elec-
trical system efficiency # (Beardsmore et al., 2010).
A distinction needs to be made between gross and
net system efficiency to consider the parasitic elec-
tricity consumption of the pumps, thus:

Egross/net = Ngross/net * Orec (5)

According to Eyerer et al. (2020), #gross and et
can be described as a function of the fluid temper-
ature Ty (°C), thus:

Ngross = 13.59 - In(Tq) — 62.38 (6)

Nnet = 13.20 - In(Tq) — 57.60 (7)

The mean electrical power output P, (W) of a
power plant is calculated by dividing the total gross
electricity produced by the project lifetime Ty
(years) and the annual full load hours Ay, thus:

E
gross/net
Pel.gross/net = m (8)

Monte Carlo Simulation

The resource assessment described above in-
volves several parameters subject to varying degrees
of uncertainty. Probability density functions (PDF)
can be derived directly from the data basis for some
parameters, such as temperature, density, or specific
heat capacity. For the recovery factor, ranges of
possible values have to be assumed since only a
limited database is available (see assumed ranges
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Figure 3. Reactivation potential of fault zones: (a) slip tendency, (b) dilation tendency of modeled faults at the top of the crystalline
basement in the Northern URG. Uncertainties of the stress model were not considered.

above). The associated data publication of this study
(Frey et al., 2022d) contains the parameterized
model used for the calculations, including the stan-
dard deviations or ranges of the parameters.

To quantify the risks of geothermal exploration,
it is important to combine the individual uncertain-
ties of the input data into a cumulative uncertainty
of the target variable. For this purpose, a Monte
Carlo simulation was implemented, which is widely
used in geosciences (Sambridge & Mosegaard, 2002;
Garg & Combs, 2010; Caers, 2011). The basic prin-
ciple is that random samples of the input parameters
are drawn from the previously defined PDFs. The
generated values are then used to perform the
above-described calculations. This process is re-

peated 100,000 times to obtain a significant distri-
bution, which can then be analyzed statistically.

Economical Assessment

The share of geothermal resources that can be
exploited economically at present is referred to as
geothermal reserves. These can be determined by
comparing the levelized costs of energy (LCOE)
with the average revenues earned from the sale of
electricity and heat. LCOE describes the ratio of the
power plant’s net present value (NPV), including the
total investment cj,yes, the operation and mainte-
nance costs cogn, and the potential revenues r, to
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Table 1. Compilation of economic parameters und costs components of geothermal power plants in the URG. Please note that all costs and
revenues refer to the conditions before the war in Ukraine and the corresponding energy price increases. In addition, some of the consulted
literature sources are significantly older than 2022, thus it is indicated for which year the prices are valid (€ycar). For the conversion of prices

as of January 2022, the Producer Price Index was used

Item

Costs

Comments

References

Investment costs
Exploration
Drill site
Drilling

Reservoir stimulation
Hydraulic Tests
Well Logging

Submersible pump

ORC plant

Combined heat and power gener-
ation

Seismic monitoring network

Public relations

Engineering, project management

Discount rate

Operation and monitoring

Revenues
Feed-in tariff for electricity

Market price for electricity

Market price for heat

1,500,000

1,000,000
1.198 . 0000435402,y

1,500,000
1,000,000
65 Zmd

LU0 Py - Pa<3mw
Pup i Py
AR Eens g:flofgl%y\éosts

1,500,000

500,000

12% of total investment costs

8.25

3% of investment costs per
year

0.252 €/kWh
0.071 €/kWh

0.03 €/kWh

In €502

In €022

In €514 per well, Measured depth in
m

In €502

In €022

In €514 per well, Measured depth in
m

In €502

In €5, electrical power In kW

In €502

In €5014
In €022

In %

First 20 years of operation
After 20 years of operation

Schlagermann (2014)

Schlagermann (2014)

Schlagermann (2014)
Adams et al. (2021)

Eyerer et al. (2020)

AEE (2013), Eyerer
et al.(2020)
Eyerer et al. (2020)

the NPV of the net electricity generated over the
project lifetime (Short et al., 1995), thus:

Et(cinvest,t + coem + rt) : (1 + d)it
> Ener - (1+d)™

where ¢ is the time step (years) and d the annual
effective discount rate (%). Due to the compara-
tively high risk of geothermal projects, 8.25% was
assumed (e.g., Eyerer et al., 2020).

Compilations of the investment costs of
geothermal power plants are provided by various
sources (Stefansson, 2002; Sanyal, 2004; Beckers
et al., 2014; Limberger et al., 2014; Schlagermann,
2014; Adams et al.,, 2021). The cost components
described therein are in some cases site- and power
plant-specific and therefore not directly applicable
for each region. To compare data from different
years, the Producer Price Index was used to convert
prices to be valid for January 2022 (Destatis, 2022b).
After consulting with German industry experts (e.g.,
Menzel 2022), a generalized cost overview was
compiled (Table 1). Accordingly, the total invest-

LCOE =

©)

ments consist of the costs for the exploration, the
drilling including stimulation, hydraulic tests and
geophysical logs, the submersible pump, the power
plant at the surface, the management, engineering,
planning, and public relations work, the seismolog-
ical monitoring network, and the insurance of
exploration risks. In the following, the major cost
elements are discussed in more detail.

Drilling and well completion are the largest cost
figures and can reach up to 70% of the total
investment for EGS projects. Empirical well cost
equations, e.g., published by Legarth (2003),
Bloomfield and Laney (2005), Tester et al. (2006),
Lukawski et al. (2014) and Schlagermann (2014),
generally show an exponential or quadratic increase
in cost with depth. For this study, the empirical
equation of Schlagermann (2014) was used (Ta-
ble 1), which focuses on the German market. A
simple doublet system with one production well and
one injection well was assumed, as this is until now
still the standard for EGS projects in the URG.
Geothermal wells are usually drilled from one plat-
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Table 2. Summary of economic and technical parameter investigated in the sensitivity analysis. Assumed properties of the reference
combined heat and power plant are based on operating EGS installations in the URG and worldwide

Parameter

Reference value

Maximum well depth
Lateral reservoir extent
Recovery factor

Project lifetime

Full load hours
Investment costs
Discount rate

Mean heat revenue
Mean electricity revenue

5 km (TVD)

2 km

Specific for each model cell (see sub-section technical assessment)
25 years

8000 h/year (electrical), 2000 h/year (thermal)

Specific for each site (see Table 1)

8.25%

0.03 €/kWh

0.216 €/kWh

form and thus need to be deviated to develop a
sufficiently large reservoir volume. The resulting
measured depth z,q (m) of a well was approximated

as:
Zmd = V Ztzvcl + s* (10)

where zi,q is the true vertical depth and s the
horizontal distance of the wells (both given in m).

Apart from borehole construction, significant
costs are related to surface installations of the power
plant. Because the reservoir temperatures are gen-
erally below 200 °C in the URG, only binary plants
based on the Organic Rankine Cycle (ORC) or
Kalina Cycle are applicable. Literature data on the
specific costs of binary power plants display a wide

range, from about 1000 €/kW to over 5000 €/kW

(Rettig et al., 2011; Quoilin et al., 2013; Franco &
Vaccaro, 2014; Heberle & Briiggemann, 2015;

Lemmens, 2015; Tartiere & Astolfi, 2017). However,
high values are mainly associated with small ORCs
(<< 1000 kW), and costs are expected to decrease
with increasing electrical power. A step function was
defined accordingly (Table 1). In analogy to the
power plant in Landau, an electricity-driven com-
bined heat and power (CHP) process with a power
to heat ratio of 0.5 was assumed, in which the
residual heat from the ORC can be fed into a district
heating network. Such a system additionally requires
a heat exchanger and piping. These investments can
vary greatly depending on the plant specifications.
Thus, additional costs of 25% were estimated for
simplification.

While capital expenditures are considered
overnight expenses, operation and maintenance
costs are recurring annually. They include the costs
of personnel, well and surface facility maintenance,

seismic monitoring, and insurance. These amount to
about 3% of the total investment costs for EGS
projects. Potential revenues arise from the sale of
heat from CHP operations.

Sensitivity Analysis

The LCOE and thus the geothermal reserves
are influenced by various technical and economic
factors. To quantify the respective effect, a com-
prehensive sensitivity study was conducted. For this
purpose, nine parameters were selected and were
assumed to have significant impact on the LCOE
(Table 2). Based on the experience of existing
geothermal projects, values for a reference power
plant were defined. These parameters were then
varied systematically in equal steps (- 40%, - 20%,
+20%, + 40%). Excluded from this are the well
depth and the lateral reservoir extent, as the varia-
tion of these parameters is predetermined by the
fixed model discretization.

RESULTS
Geothermal Resource Base and Resources

Figure 4a illustrates the total geothermal re-
source base in the crystalline basement of the
Northern URG to a depth of 6 km. The combined
heat in place is approximately 830 PWh, with sig-
nificant spatial variations. While the resource base
exceeds 100 TWh per 500 x 500 m? raster cell at the
western and northeastern rift margin, it only ranges
from 20 to 40 TWh south of Heidelberg. These
variations can be explained primarily by differences
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Figure 4. (a) Total geothermal resource base (heat in place) in the crystalline basement down to 6 km depth in the Northern URG (heat
per 500 x 500 m? raster cell). (b) Relative standard deviation of the resource base. Note that the geothermal resources of the overlying

sedimentary reservoirs are not included.

in the depth to the basement. Accordingly, the
thickness of the basement wedge ranges from less
than 1 km to more than 5 km within the asymmetric
URG (cf. Fig. 2a). The calculation uncertainties are
shown as relative standard deviations in Figure 4b.
With more than 14%, they are largest at the south-
eastern margin of the URG. Here, the greater depth
of the basement leads to higher standard deviations
of the input parameters and thus also of the calcu-
lation result.

To avoid the dominating effect of the varying
basement thickness down to 6 km depth, three dis-
tinct depth slices (3—4 km, 4-5 km, and 5-6 km) of
the geothermal resource base were extracted from

the model (Fig. 5). The heat in place shown therein
is primarily dependent on the distribution of tem-
perature and petrophysical properties. In general,
the heat content increases with depth as the tem-
perature also increases. Between 3 and 4 km depth,
the resource base is very heterogeneously dis-
tributed, mainly because the basement is not yet
reached or only partially reached at this depth
interval in the eastern URG (see Fig. 2). Between 4—
5 km and 5-6 km depth, the resource base varies by
about + 10% from the average. Consistently high
heat in place values are present in the area south-
west of Mannheim due to the local positive tem-
perature anomaly.
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Figure 5. Depth slices of the geothermal resource base (heat in place) in the crystalline basement (heat per 500 x 500 m? raster cell): (a)
between 3 and 4 km depth; (b) between 4 and 5 km depth; and (¢) between 5 and 6 km depth.

Figure 6 shows three alternative scenarios of
potentially recoverable geothermal resources con-
sidering the currently available EGS technologies.
Scenario A (Fig. 6a) describes the base case, where
a maximum R of 2% is assumed for the entire
basement, as observed in EGS projects worldwide.
The combined resources, in this case, are about
8.2 PWhy,, allowing a net electricity generation of
0.7 PWh,,. The highest values of up to 2 TWhy, per
500 x 500 m? are again located at the western and
northeastern edges of the Northern URG. Scenario
B (Fig. 6b) integrates the influence of large-scale
fault zones and the regional stress field into the
calculation. As a result, the resources amount to
about 16.1 PWhy,, with a potential electricity pro-
duction of 1.3 PWh,,. The highest values of up to
5 TWh per 500 x 500 m?® are reached along favor-
ably oriented faults and at fault intersections. The
area along the southwestern rift margin exhibits
particularly high resources due to the increased fault
density and the positive local temperature anomaly.

In addition, there are significant geothermal re-
sources around Mannheim and west of Darmstadt.
Scenario C (Fig. 6¢) also considered the basement
lithology. It was assumed that less favorable hydro-
geological conditions characterize the predomi-
nantly metamorphic and mafic basement compared
to the granitoid basement (Stober & Bucher, 2007).
Accordingly, the northwestern and southwestern rift
margins are less suitable for deep geothermal
exploitation. In this case, the total combined re-
sources are about 9.8 PWhy,, corresponding to a net
electricity production of 0.8 PWh,;. The uncertain-
ties are shown as relative standard deviations in
Figure 6d—f. The general pattern is similar to Fig-
ure 4b, but the standard deviation is substantially
higher, ranging from 20 to 60% of the resources. For
scenario B, the standard deviation is additionally
increased along the modeled fault zones and for
scenario C along the boundaries of the major base-
ment units.
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Figure 6. Recoverable geothermal resources in the Northern URG crystalline basement (per 500 x 500 m? raster cell). (a)
Scenario A: base case. (b) Scenario B: including the influence of fault zones. (¢) Scenario C: including the influence of the
basement lithology on hydrogeological properties. (d—f) relative standard deviations of the results.
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LCOE and Geothermal Reserves

An economic evaluation was performed based
on the calculated recoverable geothermal resources
as displayed in Figure 6¢ and the properties of the
reference power plant in Table 2. From this, the
cost-supply diagram in Figure 7a is obtained, where
the LCOE is plotted against the respective cumula-
tive net electricity production. The curve approaches
the geothermal resources for large LCOE. The
economically exploitable fraction is obtained by
comparing the LCOE with the mean revenues for
electricity. Assuming a project lifetime of 25 years
(Eyerer et al., 2020), these amount to about 21.6 ct/
kWh,,, as the feed-in tariff of 25.2 ct/kWh,, is paid
for 20 years, and afterward a market revenue of
about 7.1 ct/kWh,, can be expected (AEE, 2013).
Accordingly, the geothermal reserves for the refer-
ence case amount to about 300 TWhg; or 65% of the
resources. Note that these assumed revenues are
valid for the situation prior to the energy crisis
resulting from the Ukraine war. In the first months
of 2022, a significant increase in energy prices oc-

(a) 500

geothermal resources

400

geothermal reserves
300 FEE==E=====S =
200 /
100
: mean revenyes
i for electricity
i (21.6 ctikwh)
0 H

0.0 0.1 0.2 0.3 0.4 0.5
Levelized costs of electricity [€/kWh]

Cumulative net electricity production [TWh]

_
=)
~—

600 T 7T

T
discount rate

——— revenue electricity
revenue heat 5

400 /'
NEEEIP 7SN

100 +—=4 =<

T T T T

—— maximum depth — lifetime
lateral extent ——— thermal flh

500 — = recovery factor —— investment costs

e s |

Geothermal Reserves [TWh]

-40 -30 -20 -10 0 10 20 30 40
Variation of Parameter [%]

Figure 7. (a) Cost-supply diagram for the reference power
plant. (b) Sensitivity analysis of nine factors affecting the total
geothermal reserves in the Northern URG crystalline
basement. See Table 2 for details of these parameters..
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curred, but due to the extreme volatility of the
market, no reliable forecast of prices can currently
be made.

The technical and the economic-financial
framework may differ considerably from the refer-
ence configuration for specific projects. For this
reason, the influence of nine parameters on the
LCOE and geothermal reserves was systematically
investigated in a sensitivity analysis (Fig. 7b). De-
tailed cost-supply diagrams for each parameter are
given in Figure 8. In general, there is a high degree
of agreement with the results of Eyerer et al. (2020),
who conducted a similar analysis for hydrothermal
reservoirs in Germany.

The maximum drilling depth has the highest
positive effect on the total available geothermal re-
sources. It is considered that with deeper wells, also
the open hole section becomes longer and therefore
more heat can be produced from the reservoir.
Furthermore, the fluid temperature increases with
depth and thus also the heat content. If the base-
ment is developed to a depth of 6 km instead of
5 km in the entire Northern URG, the reserves are
about 110% higher. However, while drilling costs,
risk, and technical challenges increase exponentially
with depth, the permeability of the basement de-
creases, making wells deeper than 5 km still rather
unlikely in the near future. Recovery factor and the
lateral extent of the reservoir, which essentially
determine the total amount of heat that a doublet
can potentially produce, also positively influence the
reserves. They strongly depend, among other fac-
tors, on the hydro-mechanical properties of the
fracture network, well design, and stimulation
effectiveness. A higher recovery factor primarily
increases the available recoverable resources and
decreases the LCOE, leading to an improved ratio
of reserves to resources. The extent of the reservoir
does not affect the overall amount of recoverable
heat, but with larger reservoir volume, the ratio of
reserves to resources increases. Accordingly,
geothermal reserves can be significantly increased in
the future with improved reservoir enhancement
technologies or customized well design patterns with
more wells than just the standard doublet and multi-
laterals in the reservoir section.

Average electricity revenues during the project
period are particularly sensitive to political changes
in the energy market. Feed-in tariffs are regularly
reassessed, hence reductions are possible in the
coming years. Conversely, energy prices are gener-
ally very volatile, so electricity revenues can fall or
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rise steeply on the free energy market. An increase
in average revenues of about 20% would result in
about 15% higher reserves, while a 20% decrease
would result in 50% lower reserves. In addition, the
impact of investment costs is significant. A 20% in-
crease in costs means halving the reserves compared
to the reference case. Potentials for cost reductions
exist for the ORC and Kalina technologies on the
one hand and drilling costs on the other hand.
Interestingly, project lifetime seems to have a
similar impact on reserves as investment costs. The
reason for this is that with increasing time, the
average revenues decrease since feed-in tariffs are
only paid for a fixed period. Therefore, from an
economic point of view, limiting the project lifetime
to 20 years is recommended. The discount rate re-
flects the risk assessment of geothermal projects. As
more power plants are successfully built, this rate
may decrease, resulting in lower power production
costs and higher reserves. The thermal full load
hours and thermal revenues for the assumed power-
to-heat ratio of 0.5 only slightly affect the reserves.

DISCUSSION
Limitations of the Volumetric Approach

For the first time, a techno-economic assess-
ment of geothermal resources was carried out for the
Variscan basement in the Northern URG, which
produced a high-resolution map (500 x 500 m? cell
size) of the resources including uncertainties
(Fig. 6). That said, it is important to note that the
approach still significantly simplifies the geothermal
system. The purely static model neglects all tempo-
ral changes in the reservoir during operation, as they
are difficult to quantify on the regional scale. This
includes the temperature decline during production,
the replenishment of the resource by conduction,
convection and radiogenic heat production, as well
as changes in permeability due to mineral scaling or
thermal contraction of the host rock. As a result, the
recovery factor is not constant over the project
lifetime (Grant, 2018), but reliable data on the
temporal behavior in EGS are still rare.

Furthermore, the fracture network properties
are excluded from the regional model, which greatly
impact the flow rate in geothermal wells and thus
affect the profitability of the power plant. A sim-
plified well design was assumed, but depending on
the local structural framework, the actual well path
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and completion may vary significantly. Finally, the
cost components and other properties for deep
geothermal power plants compiled in Tables 1 and 2
are also subject to large variations. A sensitivity
analysis therefore compared the individual influence
on the LCOE and geothermal reserves.

Consequently, the results presented are mainly
indicative of areas with high potential for geother-
mal use and cannot replace a detailed site-specific
investigation prior to drilling. The resource maps are
an important basis for a first site selection and the
planning of tailored exploration measures. In this
context, the integration of 3D seismic datasets is
crucial to locate all potentially permeable faults by
tracing them from sedimentary horizons down into
the basement. Additional information for the
reservoir characterization can be provided, for
example, by electromagnetic and gravity surveys as
well as thermal and hydrochemical monitoring (Bér
et al., 2021a). Based on a detailed local 3D model,
the temporal thermo-hydro-mechanical (THM)
processes relevant for the reservoir stimulation and
sustainable operation of the geothermal doublet
should then be simulated by high-resolution coupled
numerical models. Thereby, the petrophysical rock
properties can be derived from comprehensive lab-
oratory investigations and corrected for reservoir
conditions (e.g., Bér et al., 2020). Hydrogeological
properties of the reservoir may be approximated by
combining the few hydraulic test data in the crys-
talline basement with discrete fracture network
models (e.g., Koike et al., 2015; Mahmoodpour
et al., 2021). Information on the fracture network
properties is provided by sparse boreholes (Afshari
et al., 2019; Glaas et al., 2021) but more importantly
by analog studies (Bossennec et al., 2021; Bossennec
et al., 2022; Frey et al., 2022b). Of particular interest
is the influence of the fault damage zone thickness
and permeability on the productivity of a geother-
mal doublet, which can be systematically investi-
gated in high-resolution local models. With a better
understanding of the hydraulic reservoir character-
istics, it is then possible to estimate the time period
over which geothermal heat production can poten-
tially be sustained.

Implications for Geothermal Exploration
and Utilization

The presented resource assessment demon-
strated that the crystalline basement in the Northern
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URG is an attractive reservoir for deep geothermal
exploitation due to the vast resource base of
830 PWhy,. However, only a fraction (8.2—
16.1 PWhy,) of it is presumably recoverable with
currently available technologies. As expected, the
largest resources are associated with major fault zones
with a high reactivation potential. Note that in some
cases, even fault zones with intermediate slip and
dilation tendency may exhibit comparatively high
permeabilities, as for example, in Bruchsal. Addi-
tional indicators for the potential permeability of fault
zones are listed by Agemar et al. (2017) but were not
further integrated in the regional-scale study. How-
ever, these indicators might be of greater use for local
exploration when defining potential drilling targets.

Depending on the hydraulic far-field connec-
tivity, reservoir depletion usually progresses faster
than heat resupply through pure conduction and
radiogenic heat production. Therefore, after the
project lifetime, a rest period is required to recharge
the geothermal resources for sustainable utilization
of the basement. Conservative estimates suggest a
period of about 1000 years (Paschen et al., 2003;
Eyerer et al., 2020), which would correspond to a
maximum annual heat production of about 8-
16 TWhyy/year. For comparison, the total annual
heat demand in the Northern URG is about
30.6 TWhy,/year (Strozyk et al., 2021). Pritchett
(1998), on the other hand, reports that 90% of the
heat will be renewed after three times the produc-
tion period. Thus, with a 25-year lifetime, an annual
heat production of about 80-160 TWhy,/year would
be possible. Tester et al. (2006) argue that produc-
tion can be considered renewable if less than 10% of
the heat is extracted annually. This corresponds to a
maximum heat production of 0.8-1.6 PWhy,/year.
More precise insights about the sustainability of
geothermal energy will only be provided by long-
term experience from commercial EGS projects, but
the experiences so far show that the reservoirs in the
URG are very well connected to the far-field and
can thus be quickly recharged by natural brine cir-
culation on a large scale.

The LCOE analysis has shown that about 65%
of the geothermal resources in the Northern URG
basement could be exploited economically in the
reference case (considering the energy price increase
in 2022, the percentage is likely to be even higher).
This assessment depends on both the reservoir
characteristics and specific investments of the power
plants. Drilling is the largest cost factor in EGS
projects. The more wells are drilled, the more pro-
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ven the technologies are and the better the subsur-
face is explored, resulting in lower risk and shorter
drilling times. Therefore, e.g., Limberger et al
(2014) assume that these costs will decrease signifi-
cantly in the next decades, which is, however, hardly
quantifiable. Another way to reduce drilling costs is
to drill multiple wells from one drill pad to take
advantage of economies of scale. This is particularly
useful if a single doublet proves the resources.

Moreover, the effective stimulation of the
reservoir plays an essential role. It essentially con-
trols the reservoir volume, the connectivity of the
fracture network, and the recovery factor (e.g.,
Schulte et al., 2010). In this context, the develop-
ment of novel stimulation methods is required to
minimize the induced seismicity (e.g., Amann et al.,
2018). In situ experiments addressing these objec-
tives are to be conducted at the planned GeolLaB
underground geoscience laboratory on the eastern
margin of the URG (Schitzler et al., 2020).

This study investigates an exclusive geothermal
utilization of the basement. Additionally, several
sedimentary formations in the Northern URG are
suitable for deep geothermal exploitation, namely
the Permo-Carboniferous, Buntsandstein, Muschel-
kalk, and Tertiary sandstones. In particular in the
eastern rift area, where the resource base in the
basement is low (see Fig. 4), these horizons repre-
sent the preferred exploration targets. However,
their geothermal potential is not further quantified
herein but will be the subject of a subsequent pub-
lication (van der Vaart et al., in prep.). Some
geothermal projects in the URG pursue a multi-
reservoir approach, for example, in Insheim, Landau
and Rittershoffen, where both sedimentary horizons
and the basement are exploited together. This re-
duces the exploration risk, and a higher flow rate as
well as a higher heat production can be achieved at
the same drilling depth. Co-production of heat and
electricity currently provides the most economic
benefit, as the feed-in tariff for electricity is rela-
tively high, and the sale of heat provides an addi-
tional revenue stream. For direct use of heat from

the basement, the LCOH usually exceed 0.03 €/

kWhy,, which was higher than average prices in the
Northern URG before the Ukraine war. However,
as mentioned above, energy prices have increased by
up to 90% in the first months of 2022 (Destatis,
2022a), making the direct use of heat from th
basement an economically viable solution as of now.

In addition to conventional EGS projects,
interest in closed-loop geothermal systems (CLGS)
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has increased in recent years, where heat transfer
from the reservoir to the working fluid is based so-
lely on conduction (Beckers et al., 2022). Various
designs exist in this regard, including coaxial pipes or
large subsurface heat exchangers consisting of mul-
tiple lateral horizontal wells (Winsloe et al., 2021).
These approaches include several advantages in that
they are independent of subsurface hydraulic prop-
erties, no stimulation is required, less corrosion and
scaling occur, and plants can be scaled as required.
CLGS can also be retrofitted into existing geother-
mal, oil, and gas wells. Disadvantages include high
drilling costs and comparatively rapid temperature
decline during operation. The companies Eavor and
GreenFire Energy have already realized initial
demonstration projects in North America (Higgins
et al., 2019; Toews et al., 2020). Nevertheless, the
technical and economic feasibility on a full industrial
scale has yet to be proven. In the URG, there is no
direct competition to the classical EGS projects
since the CLGS target mostly undisturbed rock
units, which are not the primary drill sites for open
systems.

Socio-economic-environmental Potential

Apart from the geological, technical and finan-
cial parameters, the conditions at the surface must
always be considered when developing geothermal
power plants, as these can have both positive and
negative effects on the feasibility of such projects.
Frey et al. (2022¢) mapped the socio-economic-en-
vironmental potential for deep geothermal energy in
the URG. The three considered dimensions consist
in total of nine individual indicators. The social
dimension includes the population-related aspects of
population density, heat demand, social level, and
acceptance of renewable energy forms. The eco-
nomic dimension comprises the gross domestic
product, the existing district heating network
infrastructure and the public debt rate. Finally, the
environmental dimension examines the aspects of
land access and greenhouse gas emissions. The dif-
ferent quantifiable components were first normal-
ized and then joined into a composite index via an
unweighted generalized mean (for a detailed
description of the approach see Frey et al., 2022c).

In the Northern URG, the socio-economic-en-
vironmental index exhibits a wide distribution
(Fig. 9), with a clear trend between urban and rural
areas. The highest potential is found in the large
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cities and their peripheral districts, which can be
attributed to the concentration of population and
industry as well as the extensive heat supply infras-
tructure (e.g., district heating networks of Frankfurt,
Darmstadt, Mannheim and Heidelberg). Here, nat-
ural and landscape conservation areas can be limit-
ing factors that make access to geothermal resources
difficult or in rare cases completely impossible, since
drilling below these areas is still possible by deviated
wells at sufficient depth. These are mainly concen-
trated along the Rhine. The more sparsely popu-
lated and agriculturally dominated areas west of the
Rhine have the lowest overall socio-economic-en-
vironmental potential.

The comparison of the recoverable resources
and mean LCOE (Fig. 9a, b) with the socio-eco-
nomic-environmental index (Fig. 9c) reveals a high
degree of correlation. In particular in the Rhine-
Neckar area, favorable conditions in the subsurface
and on the surface are combined. Likewise, the
areas along the southwestern margin of the North-
ern URG and around Darmstadt are positively
rated. Although the socio-economic conditions are
good in the Frankfurt metropolitan region, the
crystalline basement is less suitable for geothermal
utilization.

Again, this regional evaluation is mostly
indicative for locations with an overall high poten-
tial. In particular, the social acceptance of geother-
mal plants can vary considerably at the local level
and depends primarily on the quality of communi-
cation and the integration of the population by the
project developers. The specific decision-making for
a drill site represents a multidimensional problem
that has to be solved via analytical hierarchical
processes (Raos et al., 2022). This involves carefully
weighing the conditions in the subsurface against the
conditions at the surface.

CONCLUSIONS

A detailed techno-economic resource assess-
ment was conducted for the crystalline basement in
the Northern URG. The following conclusions are
drawn from these investigations:

e The Northern URG basement exhibits a vast
geothermal resource base of approximately 830
PWhy,, of which between 8.2 and 16.1 PWhy, are
potentially recoverable with current technolo-
gies. Geothermal reserves amount to at least
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Figure 9. Comparison of (a) the recoverable geothermal resources (per 500 x 500 m? raster cell, Scenario C, see Fig. 6), (b) the LCEO
for the reference power plant (see. Table 2) and (¢) the socio-economical-environmental potential in the Northern URG. The unitless
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65% of the resources. The substantial energy
price increases at the beginning of 2022 result in
an even higher share of resources that could be
used economically. However, due to the energy
market volatility, it is currently impossible to
make a reliable forecast of price developments.
The geothermal resources are mainly tied to fault
zones with high slip and dilation tendencies lo-
cated in predominantly granitoid basement units.
The largest uncertainties are found along the
eastern rift margin, where the top of basement is
deepest.

The impact of various CHP plant properties on
the LCOE was investigated using a sensitivity
analysis. Significant influences were found for the
maximum drilling depth, the recovery factor, the
reservoir development, the investment costs, the
project lifetime, the discount rate and the aver-
age revenue for electricity. In contrast, the ther-
mal full load hours and the average revenue from
the sale of heat have a lower significance.

The socio-economic-environmental potential for

deep geothermal energy reveals a clear urban—
rural trend. A comparison with the resources
shows a high degree of agreement in the Rhine-
Main area, west of Darmstadt, the southeastern
areas around Mannheim, and the southwestern
rift margin close to Landau

The techno-economic and socio-economic-envi-
ronmental analyses are primarily indicative of
areas with high potential. They are not a substi-
tute for local targeted exploration activities and
multidimensional decision-making processes.
In-depth studies of the dynamic behavior of
reservoir properties during production need to be
carried out using local coupled THM models
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5. Interdisciplinary Fracture Network Characterization in the Crystalline Basement: A Case
Study from the Southern Odenwald, SW Germany

This chapter includes the peer-reviewed research article with same title that was published in
the journal Solid Earth (Copernicus) on the 6 May 2022. The content is unchanged.

The chapter comprises an interdisciplinary, outcrop analog study of the fracture network in the
basement in the southern Odenwald. The gained insights into the structural framework of the
basement helped to overcome the lack of data from deep wells in the Upper Rhine Graben.
Lidar surveys of quarry walls were combined with lineament analysis to obtain a multiscale
description of the fracture network. This information was direct input for a Discrete Fracture
Network (DFN) modelling, with the purpose to estimate the basement permeability under
reservoir conditions. A refined mapping and characterization of potentially permeable fractures
and faults was furthermore carried out by measuring gravity and radon anomalies. Based on
the findings, recommendations for reservoir development in the northern Upper Rhine Graben
are presented.

Reference:

Frey, M., Bossennec, C., Seib, L., Bér, K., Schill, E., & Sass, I. (2022). Interdisciplinary fracture
network characterization in the crystalline basement: a case study from the Southern
Odenwald, SW Germany. Solid Earth, 13(6), 935-955. https://doi.org/10.5194/se-13-935-
2022.
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Abstract. The crystalline basement is considered a ubig-
uitous and almost inexhaustible source of geothermal en-
ergy in the Upper Rhine Graben (URG) and other regions
worldwide. The hydraulic properties of the basement, which
are one of the key factors in the productivity of geothermal
power plants, are primarily controlled by hydraulically active
faults and fractures. While the most accurate in situ infor-
mation about the general fracture network is obtained from
image logs of deep boreholes, such data are generally sparse
and costly and thus often not openly accessible. To circum-
vent this problem, an outcrop analogue study was conducted
with interdisciplinary geoscientific methods in the Tromm
Granite, located in the southern Odenwald at the northeast-
ern margin of the URG. Using light detection and ranging
(lidar) scanning, the key characteristics of the fracture net-
work were extracted in a total of five outcrops; these were
additionally complemented by lineament analysis of two dif-
ferent digital elevation models (DEMs). Based on this, dis-
crete fracture network (DFN) models were developed to cal-
culate equivalent permeability tensors under assumed reser-
voir conditions. The influences of different parameters, such
as fracture orientation, density, aperture and mineralization,
were investigated. In addition, extensive gravity and radon
measurements were carried out in the study area, allowing
fault zones with naturally increased porosity and permeabil-
ity to be mapped. Gravity anomalies served as input data for
a stochastic density inversion, through which areas of poten-

tially increased open porosity were identified. A laterally het-
erogeneous fracture network characterizes the Tromm Gran-
ite, with the highest natural permeabilities expected at the
pluton margin, due to the influence of large shear and fault
zones.

1 Introduction

The Upper Rhine Graben (URG) represents a region with a
high potential for deep geothermal projects in Central Eu-
rope due to a significantly increased geothermal gradient of
more than 100°Ckm™" locally (e.g., Agemar et al., 2014).
Often based on knowledge gained from hydrocarbon pro-
duction, the exploration of geothermally relevant depths be-
gan in the 1980s, allowing decades of experience to be built
upon (Dezayes et al., 2005b; Cuenot et al., 2008; Genter
et al., 2010). Convective heat transport along active large-
scale fault zones has been identified as the main reason for
the elevated temperatures at shallow depths (Béchler et al.,
2003; Baillieux et al., 2013; Guillou-Frottier et al., 2013;
Duwiquet et al., 2021). The resulting thermal anomalies are
also supported by graben-wide radiogenic heat production,
increased heat flux from the mantle and the thermal blan-
keting effect resulting from the low thermal conductivity of
the thick sedimentary cover (Freymark et al., 2017). When
exploiting the resulting vast potential, reservoirs with suffi-
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cient natural permeability are aimed at to ensure econom-
ically viable fluid production. In this context, the top of the
crystalline basement in the URG presents an attractive target.
In this part of the basement, the abundance of fractures and
faults often enables substantial natural fluid flow (Sausse and
Genter, 2005; Vidal et al., 2017; Dezayes et al., 2021; Glaas
et al., 2021). Examples of successful geothermal production
from the crystalline basement in the URG are the EGS (en-
hanced geothermal system) projects in Insheim, Landau, Rit-
tershoffen and Soultz-sous-Foréts (Schill et al., 2017; Vidal
and Genter, 2018).

Fluid flow in fractured reservoirs depends on a multitude
of parameters and processes, such as the density, orienta-
tion, length, opening and roughness of fractures, stress con-
ditions or the influence of mineralization (Stober and Bucher,
2007; Ledésert et al., 2010; Bisdom et al., 2017; Meller and
Ledésert, 2017). Consequently, it is essential to characterize
and quantify the properties of the fracture network. The most
reliable discrete fracture network (DFN) models have been
obtained from geophysical logs in combination with vertical
seismic profiling (Genter and Traineau, 1996; Genter et al.,
1997; Dezayes et al., 2010; Sausse et al., 2010; Schill et al.,
2017; Afshari et al., 2019; Glaas et al., 2021). However,
drillings in the crystalline basement of the URG are gener-
ally sparse. Furthermore, models of fracture networks from
wells and vertical seismic profiling (VSP) lack information —
particularly for small-sized fractures — on the fracture length,
the aperture and the fracture mineralization. Thus, as the dis-
tances to deep boreholes increase, the uncertainty related
to the organization and properties of the fracture network
also increases. New insights and especially a better spatial
and multi-scale understanding of the fracture network char-
acteristics can be gained by investigating the exposed crys-
talline rocks at the graben shoulders as an outcrop analogue
for the URG basement (e.g., Weinert et al., 2020; Bossen-
nec et al., 2021; Dezayes et al., 2021). The greenfield case
study presented here focuses on the Tromm Granite in the
southern Odenwald (Fig. 1). This highly fractured granitic
pluton is relatively homogeneous with respect to lithology
and representative of the predominantly granitoid basement
in the northern URG (Frey et al., 2021b). Furthermore, the
Tromm Granite is a promising site for the geothermal un-
derground research laboratory GeoLaB (Schill et al., 2016),
where thermal-hydraulic—mechanical-chemical processes in
fractures will be investigated in the future to minimize the
risk to future enhanced geothermal systems.

The characterization of fracture networks in the Tromm
Granite was performed using a combination of established
techniques at multiple scales. Outcrops distributed over the
entire pluton were analyzed using the light detection and
ranging (lidar) technique (Fisher et al., 2014; Biber et al.,
2018; Zeng et al., 2018). Visible fractures were identified
and the relevant structural parameters were extracted. This
dataset was supplemented by the examination of lineaments
in two digital elevation models (DEMs) with 1 m and 1 arcsec
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resolutions, following the approaches of Pickering et al.
(1995), Guerriero et al. (2011), Bertrand et al. (2015) and
Meixner et al. (2018). Based on this dataset, DFN models
were developed from which the effects of various fracture
network parameters on the hydraulic properties of the crys-
talline basement could be inferred. Because major faults are
not outcropping in the area, fault zones were characterized
by surface gravity measurements, as shown by Guglielmetti
et al. (2013), Altwegg et al. (2015) and Deckert et al. (2017).
The stochastic inversion of these gravity data allowed the
porosity in the granite to be estimated (e.g., Li and Olden-
burg, 1998). Moreover, permeable fault zones were indicated
by radon measurements (King et al., 1996; Ioannides et al.,
2003; Jolie et al., 2015). As a result, a comprehensive mul-
tidisciplinary dataset was obtained that is unique to a crys-
talline outcrop analogue. This integrated approach provides
insights into the permeability structure of the basement that
are partially transferable to reservoirs of comparable lithol-
ogy and structural configuration in the URG.

2 Geological framework

The crystalline Odenwald at the northeastern margin of the
URG is the largest outcrop of the Mid-German Crystalline
High (MGCH), extending over 50km from Heidelberg to
Darmstadt (Fig. 1). This complex is usually subdivided into
two petrogenetic units, the Bergstriler Odenwald and the
Bollsteiner Odenwald, which are separated by a large-scale
sinistral shear zone called the Otzberg Shear Zone (Am-
stutz et al., 1975; Schilicke, 1975; Stein, 2001). The older
Bollsteiner Odenwald, located in the east, consists mainly
of dome-shaped granitoid orthogneisses whose protoliths
were emplaced during the Lower Devonian (Altenberger and
Besch, 1993; Reischmann et al., 2001).

In comparison, the Bergstriler Odenwald is dominated
by Variscan plutonic rocks intruded into a metamorphic
volcanic—sedimentary series (Altherr et al., 1999). The relics
of these host rocks, commonly referred to as Schieferziige
(shale and gneiss bands), comprise gneisses, mica schists,
amphibolites and (scarcely) marble (Okrusch et al., 1975).
From north to south, the exposed basement rocks show a
gradual transition from a primitive island arc regime to a col-
lisional setting (Okrusch et al., 1995; Altherr et al., 1999).
While the older northern Frankenstein Complex (intrusion
ages 36247 Ma) (Todt et al., 1995) exhibits a primarily mafic
composition, the southern plutons are predominantly felsic.
For the latter, hornblende and biotite ages of between 326
and 336 Ma and an intrusion depth of 15 to 19km were
determined (Kreuzer and Harre, 1975). The emplacement
of granitoids in the Carboniferous occurred during a syn-
orogenic phase in an overall transtensional to extensional
setting, as evidenced by large-scale strike-slip and normal
faults, separating the individual magmatic and metamorphic
units (Krohe, 1991; Krohe and Willner, 1995). These con-
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Figure 1. Overview of the study area: (a) geological map of the Odenwald (modified after HLUG, 2007); (b) geological map of the
Tromm Granite in the southern Odenwald (Klemm, 1900, 1928, 1929, 1933). The fault zone map was compiled from various geological
maps. HG = Heidelberg Granite, OZ = Otzberg Shear Zone, SA = Schollenagglomerat, SH = Sprendlinger Horst, TG = Tromm Granite,
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ditions are likely related to oblique subduction of the Rheic
or Rhenohercynian basins and associated back-arc spreading.
Mineral alignment within the plutonic rocks indicates plas-
tic deformation during crystallization (Krohe, 1992). With
progressive cooling, the increasingly brittle deformation was
concentrated in large fault zones (Hess and Schmidt, 1989).
The Tromm Granite forms a ca. 60km? large wedge be-
tween the Weschnitz Pluton to the west and the metamor-
phic Bollsteiner Odenwald to the east. The Tromm Gran-
ite is a medium- to coarse-grained, orthoclase-rich, biotite-
bearing and often reddish granite containing large potassium
feldspar inclusions (Maggetti, 1975). Locally, the rock grad-
ually merges into granodiorite, and mixed specimens can be
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observed. The southern part between Zotzenbach and Wald-
Michelbach exhibits a fine-grained variety of the Tromm
Granite of a similar mineralogical composition to and a
younger age than the coarser variety. In several locations, the
granite is intruded by different generations of granitic, aplitic
or pegmatitic dykes and veins (Klemm, 1933).

While an interlocking of the two plutons characterizes the
contact between the Tromm Granite with the Weschnitz Gra-
nodiorite, the eastern boundary constitutes a 1-2km wide
heterogeneous westward-dipping mylonitization and catacla-
sic zone along the Otzberg Fault (Schilicke, 1975; Hess and
Schmidt, 1989). In the southeast, parts of this zone are over-
lain by Buntsandstein. To the south, the pluton is bounded
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by the so-called Schollenagglomerat (Nickel, 1975). This is
presumably a former Schieferzug that was dismantled into
separate blocks by shear movements along the Otzberg Shear
Zone and by the intrusion of the Tromm Granite (Schilicke,
1975). The remaining amphibolite-facies-overprinted rocks
are often strongly intruded and assimilated by granitic dykes.
The amphibolites are derived from mafic volcanic rocks or
tuffs, whereas the gneisses and mica schists are of paragenic
origin (Todt et al., 1995; Poller et al., 2001; Schubert et al.,
2001).

Most of the mapped and interpreted faults strike NNE-
SSW to NNW-SS, which approximately corresponds to the
measured orientation of sgmax (130 to 165°) in the northern
URG (Reiter et al., 2016). A secondary direction is present
at WNW-ESE. Lamprophyric dykes in the mylonites of the
Otzberg Shear Zone are dated at 330 Ma, suggesting that
most of the shearing along this zone occurred shortly after
the emplacement of the Tromm Granite (Hess and Schmidt,
1989). Later reactivations during Permian rifting or the open-
ing of the URG in the Cenozoic are likely, as indicated by
the vertical offset of post-Variscan sediments at the eastern
margin of the Tromm Granite, which locally reaches several
hundred meters (Klemm, 1933). It is generally difficult to as-
sess the age of the faults where no sediments are preserved
for correlation and mineralizations within the faults are not
dated.

3 Material and methods

The interdisciplinary and multi-scale fracture network char-
acterization was carried out using the following methods.
The first part focuses on structural geological investigations
and DFN modelling. The second part presents the applied
geophysical acquisition techniques in detail. A summary of
all investigations into the Tromm Granite is given in Fig. 2.

3.1 Structural investigations
3.1.1 Lineament analysis

Two DEMs of the Tromm Granite were examined with re-
spect to the density, length and orientation of lineaments. The
high-resolution DEM with a cell size of 1 m allowed detailed
structural investigations. In addition, the satellite-based Shut-
tle Radar Topography Mission (SRTM) model with a resolu-
tion of 1 arcsec was used to identify regional structural fea-
tures.

Lineaments are natural, rectilinear surface features that are
uniquely identifiable and likely reflect subsurface structures,
i.e., faults, discontinuities, or weakness zones. It should be
noted that shallow dipping faults may not appear as linear
structures and thus may be underrepresented, especially in
areas of strong relief. However, most faults in the Tromm
Granite are assumed to be rather steeply dipping.
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The methodology of lineament analysis is described in
previous studies, e.g., in Bertrand et al. (2015), Meixner et al.
(2018) and Bossennec et al. (2021). The software QGis was
used to generate hill shade maps from the DEMs, which were
then visually inspected for lineaments. To avoid misinterpre-
tation, four different illumination azimuths of the hill shade
maps (90, 135, 180 and 225°) were compared and the results
were checked for anthropogenic structures such as roads or
other buildings. The digitized lineaments were used to calcu-
late the lineament density P20 (number of fractures per unit
area) and intensity P21 (total length of fractures per unit area)
(Sanderson and Nixon, 2018).

3.1.2 Outcrop analysis

Five abandoned quarries located across the Tromm Gran-
ite were selected for detailed structural analysis of the frac-
ture network (Fig. 2). As also described in Bossennec et al.
(2021), the RIEGL VG 400 lidar instrument was used to gen-
erate high-resolution point clouds (point spacing < 1cm) of
the outcrop walls. Compared to classical scanlines, this ap-
proach allows for relatively quick acquisition of large struc-
tural datasets. At the same time, the statistical bias is reduced
as all visible fractures are detected, not only those that cross a
1D line. For an in-depth discussion of the reliability of lidar
for outcrop analysis, see Fisher et al. (2014), Vazaios et al.
(2017), Biber et al. (2018) or Zeng et al. (2018).

The raw lidar data were first imported into RiSCAN PRO
to merge individual scans. Further analysis of the point
clouds was performed using the open-source software Cloud-
Compare and QGis. The point cloud was resampled to less
than 2 million points to reduce the computational effort of the
following steps. Afterwards, the orientations of the surface
normals were calculated by triangulating between the points,
and these normals were converted to the dip and dip direc-
tions. Based on this, the Ransac shape detection plugin was
applied to automatically extract the orientations of continu-
ous fracture planes (e.g., Drews et al., 2018). The following
parameters were chosen for this step: maximum distance to
plane =5 cm, scanning distance = 20 cm, maximum normal
deviation = 10°. Each detected plane was visually inspected
and removed if it did not represent natural fractures.

Besides automatic plane recognition, the lidar data were
also manually interpreted in QGis to investigate the fracture
length, density and connectivity (Fig. 3). For this purpose,
side projections of the point clouds were rasterized and hill
shade maps were again generated. Visible fractures were then
digitized to compute the fracture areal density P20 and in-
tensity P21. Additionally, the linear fracture frequency P10
was extracted along virtual horizontal scanlines for each out-
crop. Furthermore, the topology of the fractures was studied
to characterize the connectivity of the network. For this, the
tips of all fracture branches were classified into three groups:
isolated (I), abutting (Y) and crossing (X) nodes. The aver-
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Figure 2. Overview map of the surveys conducted in the Tromm Granite: (a) locations of structural and geophysical data acquisitions;
(b) detailed view of the combined gravity and radon profile; (¢) detailed view of the quarry in Ober-Mengelbach with the locations of
2D profiles, which have been manually interpreted. The digital elevation model was provided by the HVBG (Hessische Verwaltung fiir

Bodenmanagement und Geoinformation).

age number of connections per line ¢y, was calculated from
the number of nodes per type (Sanderson and Nixon, 2018).

The results of the lineament and outcrop analyses were
finally summarized in a normalized trace length cumulative-
frequency plot with a power law fitted to the data, which de-
scribes the relationship between the frequency and the cumu-
lative distribution of fracture lengths (Pickering et al., 1995;
Marrett et al., 1999).

3.1.3 DFN modeling

DEN models were generated with the software FracMan to
quantitatively model the hydraulic properties of the fractured
crystalline basement based on the structural parameters ac-
quired in the field. Fracture orientations were implemented
by performing a cluster analysis of the dip directions and
dip angles extracted from the lidar data. The fracture den-
sity was defined along a virtual horizontal borehole using the
calculated P10 values. The fracture length distribution was
set according to the computed power law. A lower cutoff
of 70cm was applied, as significant censoring, i.e., under-
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representation of short fractures, occurs below this length.
The effective fracture aperture largely governs the hydraulic
conductivity of fractures. Due to exhumation and weather-
ing processes, measured aperture values at near-surface out-
crops are usually not reliable (Place et al., 2016). Instead,
an exponential distribution of the apertures and — following
Sausse and Genter (2005) — three possible mean values (10,
50 and 100 um) were assumed. A more accurate approach
would be to relate the aperture to the normal stress on the
fracture plane (Bisdom et al., 2017), but as the local stress
magnitudes are largely unconstrained in the Tromm Granite,
this was not pursued further. Additionally, previous studies
showed that a major fraction of the naturally occurring frac-
tures in the crystalline basement are mineralized at reservoir
depth, and therefore only a small share of the fractures al-
low fluid flow (Genter and Traineau, 1996; McCaffrey et al.,
1999; Evans et al., 2005). For this reason, three different sce-
narios for the proportion of hydraulically active fractures in
the DFEN model were defined (1 %, 10 % and 100 %).
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Figure 3. Interpretation of a scanned outcrop wall from the quarry in Ober-Mengelbach (Profile A in Fig. 2): (a) rasterized side view;
(b) calculated dip direction; (¢) manually interpreted fracture traces; (d) topology of the fracture nodes.

For a sufficient number of discontinuities, the fractured
basement behaves like an anisotropic porous medium. The
equivalent porous medium (EPM) permeability tensor can
thus be calculated for a DFN model by, e.g., the approach
of Oda (1985). The undisturbed rock matrix is considered
impermeable (Jing and Stephansson, 2007; Weinert et al.,
2020), implying that fluid flow occurs exclusively through
connected fractures. The directional permeability is related
to the size, orientation, opening and connectivity of the frac-
tures. One key factor is the relationship between the fluid
flow along a fracture and the aperture, which is described by
a cubic law (Snow, 1965). This relationship is based on the
assumption of laminar flow between two parallel surfaces,
which is often not the case due to the irregular surfaces and
apertures of the fractures and can therefore lead to errors.
The permeability tensors were computed along a regularly
spaced grid with a cell size of 10 m to reduce the computa-
tional effort, and then mean values were calculated for the
entire DFN model. Different cell sizes between 1 and 20 m
were tested, revealing no significant differences in the result-
ing mean permeability tensor.
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3.2 Geophysical surveys
3.2.1 Gravity data acquisition

During two surveys in summer 2020 and spring 2021, grav-
ity measurements at 431 stations along 11 profiles were con-
ducted in the Tromm Granite (Fig. 2). Since a differential
GPS was used to determine the position, the campaigns were
restricted to the southern, less densely forested part. The
GPS data were corrected against known fix points, result-
ing in ca. 10 to 20cm vertical accuracy. Gravity measure-
ments were performed using the Scintrex® CG-6 Autograv
gravimeter with an average station spacing of 100 m or 20
to 25 m close to presumed fault zones. Base measurements
were taken 3 times per day at a fixed station to record the
instrument drift. Measurements with a standard deviation
greater than 0.05 mGal were excluded. A complete Bouguer
anomaly was calculated for all gravity stations by applying
the standard correction density of 2670 kg m—3, which corre-
sponds approximately to the mean rock density of the Tromm
Granite (Weinert et al., 2020), as also confirmed by Nettle-
ton analysis (Nettleton, 1939). Particular focus was directed
at the topographic correction, which reached up to 2 mGal
along some profiles due to the steep terrain. The calcula-
tion was performed with the software GSolve (McCubbine
et al., 2018) in three separate zones (Zone 1: 0 to 2.1 km,
DEM 10m; Zone 2: 2.1 to 81 km, DEM 100 m; Zone 3: 81
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to 167 km, DEM 1 km). Taking into account all uncertainties
in the data acquisition and processing, especially the height
error and the standard deviation of the measurement, a cu-
mulative error in the Bouguer anomaly of less than 0.1 mGal
was determined.

For the regional gravity signal analysis, ca. 5300 addi-
tional data points provided by the Leibniz Institute for Ap-
plied Geophysics (LIAG) and the Hessian Administration for
Land Management and Geoinformation (HVGB) were used
within a radius of 50 km around the survey area. Together
with the newly acquired data, a Bouguer anomaly map with
a nominal resolution of 20 m was calculated using the min-
imum curvature interpolation method. A series of high-pass
filters with cutoff wavelengths of 10, 5, and 2 km were then
applied to subtract the regional gravity field.

3.2.2 Inversion of the gravity data

A stochastic 3D inversion of the high-pass filter Bouguer
anomaly (10km cutoff wavelength) was performed to in-
fer the density distribution and the porosity in the subsur-
face. The commercial platform GeoModeller (Intrepid Geo-
physics), which employs a Monte Carlo Markov chain al-
gorithm to invert geophysical data, was used for this pur-
pose. A detailed discussion of the methodology is available
in Guillen et al. (2008). The model domain has extensions
of 7km in the E-W direction and 6km in the N-S direc-
tion and a depth of 2 km. The upper boundary is defined by
the 10 m DEM. Given the relative homogeneity of the pluton
with respect to the matrix density and the lack of structural
input data, an unconstrained inversion was performed. The
continuous model was converted into a discrete cuboid voxel
model with a cell size of 50 x 50 x 50 m. Further decreasing
the cell size potentially resolves more details but exponen-
tially increases the computational time of the inversion. A
mean density of the Tromm Granite of 2670450 kg m~3 was
defined as the starting value for the rock density (Weinert et
al., 2020).

The algorithm first calculates the geophysical effect of the
starting model, in this case a homogeneous half-space, and
then uses a Bayesian approach to determine the likelihood
of the model. In subsequent iterations, random variations of
the model are generated according to the probability distri-
bution of the rock density. Models that lead to a reduction
in the deviation between the calculated and measured grav-
ity anomalies have a higher likelihood and are stored. After
250 million iterations, a large collection of possible models
have been generated, allowing statistic evaluation. Finally,
the porosity is estimated, assuming the abovementioned ho-
mogeneity of the Tromm granite, using
®— Pbulk — Pmatrix ’ )

Pfluid — Pmatrix
where ppyk is the bulk density, pquig is the fluid density
(ca. 1000kg m3), Pmatrix 18 the matrix density and @ is the

https://doi.org/10.5194/se-13-935-2022

porosity. Note that this equation cannot be simply applied
in the southernmost Tromm Granite, where significant litho-
logical heterogeneity is observed, resulting in variations of
the bulk density without the influence of increased fracture
porosity.

3.2.3 Radon measurements

Radon is a naturally occurring radioactive gas that is concen-
trated in the soil air. The most abundant Rn isotope, with a
proportion of ca. 90 %, is Rn-222, with a half-life of 3.82d,
which is formed in the decay series of U-238. Permeable
fault zones may provide migration pathways where Rn-222
transport to the surface is enhanced. Consequently, elevated
radon concentrations are expected in the close vicinity of
hydraulically active faults (Ioannides et al., 2003; Baskaran,
2016; Jolie et al., 2016; Vazaios et al., 2017).

Measurements of the activity concentration [Beqm—3] of
Rn-222 were carried out with the Saphymo AlphaGUARD
2000Pro at 20 points on one profile that crosses two pre-
sumed fault zones (Fig. 2b). Soil air was sampled using a
hollow probe driven 1 m deep into the subsurface. A pump
connected to this probe flooded the ionization chamber of
the radon monitor. The activity concentration was measured
at 1 min intervals. After 15 min, the air in the chamber was
completely exchanged. The pump was then switched off, and
the chamber was short-circuited for an additional 10 min.
During this time interval, most of the very short-lived thoron
(Rn-220, t1/2 = 55.65) decayed, so the final reading corre-
sponded only to the Rn-222 concentration. Furthermore, soil
samples were taken with a slotted probe at all stations to
determine the soil type. Repeated measurements were per-
formed at a base station to quantify the temporal variability
of the concentration measurements.

4 Results
4.1 Fracture network properties
4.1.1 Lineament distribution

Figure 4 and Table 1 compare the faults that were determined
by geological mapping in the Tromm Granite area with the
geologically significant lineaments extracted from the SRTM
model and the DEM with 1 m resolution. A total of 30 faults
with a characteristic length (arithmetic mean of the fracture
length) of ca. 2900 m were extracted from geological maps
(modified after Klemm, 1900, 1928, 1929, 1933; HLUG,
2007), corresponding to a P21 value of 0.0014 mm~2. The
total number of elements that were identified with the lin-
eament analyses is significantly higher: 177 for SRTM and
471 for the 1 m DEM. Their characteristic lengths of 1187
and 680 m, respectively, are smaller and decrease with in-
creasing resolution. The P21 is 0.0034 mm~2 for the SRTM
lineaments and 0.0051 m m~2 for the lineaments of the high-
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resolution DEM. In all datasets, a heterogeneous spatial dis-
tribution of the faults or lineaments can be observed. The el-
ement density is highest in the eastern part of the Tromm
Granite, i.e., in the area influenced by the Otzberg Shear
Zone. The density is significantly lower in the west, espe-
cially for the mapped faults and the SRTM lineaments.

The main strike of the mapped faults ranges from 160
to 170°, which corresponds approximately to the direction
of maximum horizontal stress sgmax (Reiter et al., 2016).
In contrast, the main set of SRTM lineaments strikes with
090+£30°. The strike directions of lineaments from the high-
resolution DEM show nearly a uniform distribution, with a
slight accumulation of lineaments at 100°.

4.1.2 Fracture networks in outcrops

In total, five outcrops of varying size, distributed over the en-
tire Tromm Granite area and hence representing the hetero-
geneity of the pluton, were investigated using lidar (Figs. 1
and 2). Outcrop walls are generally vertical. Borstein and
Streitsdolle, the two abandoned quarries in the central part
of the study area, are dominated by the typical medium- to
coarse-grained Tromm Granite. Remnants or intrusions of
other rock species are scarce, but veins of younger gran-
ites can frequently be observed. These two outcrops have
the lowest areal fracture intensity, with a P21 of 2.43 and
2.83mm™2, respectively (Table 1). Conversely, the fracture
characteristic length is the longest here, reaching 1.28 and
1.62 m, respectively. The main set of fractures dips steeply
and strikes 160 £ 20°, which corresponds to the main direc-
tion of the geologically mapped faults in the Tromm Granite
(Fig. 4). A second, subordinate set of steeply dipping con-
jugate fractures strikes 060 & 10°. Shallow dipping fractures
are very rare.

The most extended outcrop examined is an abandoned
quarry with dimensions of ca. 150 x 250m close to the
village of Ober-Mengelbach at the southern border of the
Tromm Granite (Fig. 2). In contrast to Borstein and Streits-
dolle, the lithological conditions found here are more hetero-
geneous. Meter-wide to 10 m wide amphibolite zones that
are highly deformed and intruded by granite or granodior-
ite were observed throughout the quarry. The magmatic con-
tacts are usually not abrupt but rather characterized by mixed
forms of amphibolite and granitoids. Again, several genera-
tions of granite intrusions can be distinguished. The distribu-
tion of fractures was investigated along four 2D profiles with
lengths between 20 and 30 m and a height of 10 m (see Fig. 2
for location). The P21 ranges from 3.60 to 5.87 mm~2 and
is thus about twice as high as in the central Tromm Granite.
The extraction of fracture orientations using the Ransac filter
was carried out for all outcrop walls to obtain the most com-
prehensive dataset possible. Again, the primary set of frac-
tures strikes 160 £ 20° and a secondary set strikes 070 &= 10°
(Fig. 5).
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The two smaller outcrops in Hammelbach and Weschnitz
Valley are located at the northeastern border of the Tromm
Granite. Here, a fine- to medium-grained cataclastic granite
is predominant, which was considerably affected by the ad-
jacent Otzberg Shear Zone. Consequently, the P21 is highest
here: 10.82 and 9.07 mm~2, respectively. The fracture ori-
entation also differs significantly from the other three loca-
tions. In Hammelbach, the fractures strike almost exclusively
100 £ 20°. In the Weschnitz Valley at the northern margin of
the Tromm Granite, two fracture sets were found, striking
050410 and 1304£20°, respectively. These directions corre-
late well with the orientation of the close-by lineaments.

4.1.3 Length distribution and fracture connectivity

Figure 6a provides a compilation of all identified faults and
geologically significant lineaments from the Tromm Gran-
ite, with the length plotted against the cumulative number
of fractures normalized to the analyzed surface area. Length
values range from 0.02 m to 9 km, hence covering about 6 or-
ders of magnitude. The data points follow a power-law distri-
bution with an exponent of —1.96, which represents a typical
value for fracture networks in the crystalline and especially
granitic basement, as shown in previous studies (Bertrand
et al., 2015; Bossennec et al., 2021; Chabani et al., 2021).
Deviations of the lineament and fracture data from this law
can be explained by censoring and truncation effects. While
not all small-sized fractures can be identified due to the lim-
ited resolution of the lidar point clouds, the full lengths of
long fractures are often truncated at the edges of the visible
outcrop walls. To obtain the best power-law fit, shorter cutoff
lengths of 70 cm for the outcrop fractures and 500 m for the
lineaments were therefore selected.

The IXY topology was examined to quantify the connec-
tivity of the encountered fracture networks; this is expressed
as the average number of connections per line, cp.. An inter-
pretation was made for the fractures at the outcrop scale and
the lineaments at the regional scale (Fig. 6b). All datasets ap-
pear in the lower-left corner of the IXY diagram, showing
a dominance of Y-nodes. The proportions of I- and X-nodes
range from 5 % to 15 %, respectively. This node topology re-
sultsin a cf, of ca. 3 to 5, indicating generally high connectiv-
ity of the fractures. A correlation between fracture intensity
and connectivity can also be seen. The lowest cr, (2.96) was
determined for the Borstein outcrop, where P21 is also the
smallest (2.43). In Hammelbach and in the Weschnitz Val-
ley, the highest P21 (ca. 9-11 mm~2) and cf, (ca. 4) values
were found. Another striking feature is the high connectivity
of the mapped faults; they exhibit almost no isolated ends,
which might result from a bias of the mapping geologist.

4.14 Results of DFN modeling

DFN models were created for the two outcrops in Borstein
and Weschnitz Valley, which represent the end members of
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Table 1. Summary of fracture network properties for all outcrops analyzed in the Tromm Granite area.

Object Area No. Min. Max. Char. P10 PI10>70cm P20 P21] cL
[mz] fractures  length length length [frac. m‘l] [frac. m_l] [frac. m_z] [frac. m_2]
[m] [m] [m]

Faults and lineaments

Fault compilation ~ 62.7 x 100 30 195 9369 2899 - — 479% 1077 0.0014 =
SRTM (larcsec)  62.7 x 108 177 238 4624 1187 - - 284x1076 0.0034 -
DEM 1 m 62.7 x 10° 471 74 9001 680 - - 753x107° 0.0051 =
Outcrops

Borstein 475 903 0.1 11.22 1.28 1.62 1.31 1.9 243 296
Hammelbach 67 1351 0.03 391 0.54 6.95 2.27 20.16 10.82  3.94
Streitsdolle 288 521 0.06 12.96 1.57 1.9 1.61 1.81 2.83 344
Weschnitz Valley 119 1332 0.03 TAT 0.81 7.05 4.25 11.19 9.07 4.09
OMB total 1050 5778 0.02  10.28 0.83 2.66 1.69 5.5 4.54 3.23
OMB Profile A 200 767 0.05 727 0.98 2.73 1.84 3.84 378  3.02
OMB Profile B 300 1647 0.06 6.24 0.89 3.17 2.07 5.49 489 3.11
OMB Profile C 250 2383 0.02 7.74 0.62 342 1.65 9.53 5.87 33
OMB Profile D 300 981 0.06  10.28 L1 2.34 1.59 3.27 3.6 343

OMB = Ober-Mengelbach.

the Tromm Granite in terms of fracture density (Fig. 7). The
estimated EPM permeabilities in the x (E-W), y (N-S) and z
directions are summarized in Fig. 8. The fracture mean aper-
ture has the largest influence on the permeability, as these two
parameters are related via a cubic law. Practically speaking,
this means that increasing the aperture by 1 order of magni-
tude leads to an increase in the permeability of 3 orders of

https://doi.org/10.5194/se-13-935-2022

magnitude. The proportion of open fractures, in contrast, is
linearly related to the permeability, i.e., a 10-fold increase
also increases permeability by a factor of 10. Furthermore,
the orientation of the fracture sets has a significant effect on
the permeability of the basement. At Borstein, the perme-
ability in the main direction of the fractures (ky,) is almost
1 order of magnitude higher than the permeability perpen-
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dicular to it (kyy). Finally, the difference between Borstein 1x 1071 t0 1 x 10~ m? at a reservoir depth of 3 to Skm
and Weschnitz Valley again reaches 1 order of magnitude, (Vogt et al., 2012; Baujard et al., 2017; Egert et al., 2020).
depending on the direction, for the same aperture and pro- Accordingly, realistic permeabilities result for (1) a mean
portion of open fractures. This variability is mainly due to aperture of 10 um and (2) for S0um when 1% to 10 % of
the approximately 4 times higher fracture density in the sec- the fractures are open. For 100 um, the calculated permeabil-
ond outcrop (Fig. 8). ities are too high in all cases and would represent permeabil-

To test the transferability of the results to crystalline reser- ities of single large-scale fractures or faults instead, while
voirs in the URG, a comparison with hydrogeological data, the smaller-scale fractures would have smaller fracture aper-
e.g., from Soultz-sous-Foréts, is useful. Here, the mean per- tures.

meabilities of the fractured granitic basement range from
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Figure 7. Illustration of DFN models with 1 % open fractures for
(a) the Borstein quarry (n =214 287) and (b) the Weschnitz Valley
quarry (n =279 787).
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Figure 8. Summary of the DFN modeling. The Oda permeabilities
in the x, y and z directions were calculated as a function of the frac-
ture density, orientation, aperture and proportion of open fractures.

It should be noted that the hydraulic properties of frac-
tured reservoirs are subject to strong spatial variations. For
example, permeability can be increased by several orders of
magnitudes close to active faults. In contrast, at larger dis-
tances from these faults or large-scale fractures, the mean
permeability of the basement is of the order of 1 x 10718 to
1x 1077 m?,

4.2 Gravity and radon anomalies
4.2.1 Bouguer anomalies

Figure 9 integrates the results of the two gravity surveys
into the existing datasets (© Leibniz-Institut fiir Angewandte
Geophysik, © Hessische Verwaltung fiir Bodenmanagement
und Geoinformation). Within the Tromm Granite, Bouguer
anomalies range from ca. —10 to —5mGal and are uncor-
related with the topography. The gravity field in this area
is dominated by a NW—SE-oriented regional trend (Fig. 9b)
that was obtained by applying a low-pass filter with a cutoff
wavelength of 10 km. Residual anomalies involving presum-
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ably lower depth ranges were obtained by applying high-pass
filters with cutoff wavelengths decreasing from 10 to 2km
(Fig. 9c—e). The residual field exhibits distinct positive and
negative anomalies. However, especially in the central part
of the Tromm Granite, the lack of data points leads to con-
siderable uncertainties.

The strongest positive anomaly of 1 to 1.5 mGal is located
north of Wald-Michelbach and coincides with a major lin-
eament. Similarly, a positive anomaly of 0.5 to 1 mGal can
be observed along the presumed fault zone between Zotzen-
bach and Wald-Michelbach. The strongest negative anomaly,
with an amplitude of ca. —0.5 to —1 mGal, extends over sev-
eral kilometers from SSW to NNE at the western boundary
of the Tromm Granite to the Weschnitz Granodiorite. Note
that this area is covered by Quaternary sediments that are
locally more than 20 m thick but generally less than 10 m
thick. However, the anomaly increases and persists with in-
creasing cutoff wavelength. Another negative anomaly of ca.
—0.4 mGal is located at the eastern boundary of the pluton,
southeast of the village of Tromm. Here, the granite is highly
fractured due to the proximity to the Otzberg Shear Zone,
which is also indicated by the high concentration of local
lineaments. However, a direct correlation between Bouguer
anomalies and individual faults or lineaments is usually not
observed.

Besides these larger anomalies, short-wavelength varia-
tions of the gravity signal in the range of —0.3 to 0.3 mGal
occur on individual profiles, which is still significantly higher
than the cumulative uncertainty of the Bouguer anomaly.

4.2.2 Inversion results

Results of the stochastic gravity inversion are shown as dif-
ferences from the homogeneous density of 2670 + 50 kg m ™3
of the starting model in Fig. 10. The inverted mean densities
range from 2520 to 2840 kg m—3, with a mean standard de-
viation of 2.5kg m~3. Near the surface, the density distribu-
tion largely resembles the observed Bouguer anomalies. The
most significant density decrease of ca. 100 kg m™> is found
at the western boundary of the Tromm Granite and may be
partly related to the Quaternary cover. This difference de-
creases to about 50-75 kg m 3 below a depth of about 200 m.
In addition, smaller density decreases in the range of 30 to
100kg m™> occur at the eastern boundary near the Otzberg
Shear Zone. This area has been geologically mapped and
attributed to the damage zone of the Otzberg Shear Zone.
Assuming lithological homogeneity of the Tromm Granite,
this decrease would result in a fracture porosity of ca. 2 %
to 6 %. Increased densities are mainly found in the area of
the granodioritic Weschnitz Pluton and along the assumed
fault in Gadern, north of Wald-Michelbach. Also, very small-
scale density variations are present in the south, which can be
attributed to the lithological heterogeneity at the transition
from Tromm Granite to the Schollenagglomerat Zone.
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Figure 10. Results of the gravity inversion. Difference between the inverted density and the initial density of 2670 + 50 kg m~3 at (a) the
top of the basement, (b) 0 ma.s.l., (¢) 1000 mb.s.1. and (d) 2000 m b.s.1. Note the different color scales for (a) and (b) vs. (¢) and (d).

At greater depths, the inverted density model becomes
more diffuse and the density variations are generally smaller.
At Oma.s.l., the negative anomaly in the west and the pos-
itive anomaly in Gadern can still be clearly recognized. In
contrast, the density reduction at the eastern edge is very
weak. At 1000 m b.s.1., the variations have a very long wave-
length and range between only —30 and 30kgm~>. At the
model base at 2000 mb.s.1., the density is almost homoge-
neously distributed.

4.2.3 Comparison of gravity and radon measurements

A comparison of the radon activity concentration in soil
air with the corresponding Bouguer anomalies is shown in
Fig. 11 (see Fig. 2 for the locations of the stations). A back-
ground activity of ca. 25 kBeq m™> was determined. Further-
more, the repeated base measurements revealed a standard
deviation of 5kBeqm™3. Near the two assumed fault zones,
a significant increase in the activity concentration can be ob-
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served, with two pronounced peaks of 5 to 7 times the back-
ground value. The highest radon activity was measured in the
zone between the two presumed faults (center of Fig. 11),
which coincides with a local negative Bouguer anomaly of
ca. —0.1 mGal, indicating an increase in fracture intensity
and open porosity. The second peak is located close to the
northeastern fault zone, but here, as with the southwestern
fault, a positive Bouguer anomaly is present. Thus, there is
only a partial correlation between the two datasets.

5 Discussion

5.1 Fracture network characteristics

Based on the extensive structural geological investigations at
the five outcrops and the lineament analysis, a more com-

prehensive description of the fracture network in the Tromm
Granite has been obtained. Scale independence of the frac-
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Figure 11. (a) Schematic cross-section of the investigated profile; (b) comparison of the high-pass-filtered Bouguer anomalies (red line) and
the measured radon concentration in the soil air (black line). The small map shows the location of the profile within the Tromm Granite (see

also Fig. 2).

ture length distribution was demonstrated with a power-law
exponent of ca. —2. The length distribution is thus similar to
those in other granitoid bodies in the URG region and other
regions worldwide (Bertrand et al., 2015; Chabani et al.,
2021).

Like the fracture length, the connectivity of the fracture
network seems to be independent of scale or location. All
outcrops and lineament maps indicate a dominance of Y-
nodes, which is in clear contrast to the northern Odenwald,
where I- and X-nodes represent the largest share (Bossennec
et al., 2021). This can be attributed to different regional tec-
tonic conditions during the intrusion, cooling and exhuma-
tion, or to overprinting under variable stress conditions.

Compared to fracture length and connectivity, the orienta-
tion of the fracture sets shows some scale-dependent and spa-
tial variations. In the outcrops Ober-Mengelbach, Borstein
and Streitsdolle, the fracture orientations are controlled by
the main fault direction of 160 &£ 20° in the Tromm Granite.
In contrast, the fracture sets of the two outcrops of Hammel-
bach and Weschnitz Valley are more influenced by local fault
zones, as indicated by the lineament analysis (Fig. 4). Fur-
thermore, the N-S trend of the mapped faults is difficult to
find in the two lineament maps. Instead, elements perpendic-
ular to it, i.e., oriented E-W, are dominant here.

Similar to the fracture orientation, the fracture density is
subject to considerable lateral changes, which can be at-
tributed to the influence of large-scale tectonic structures,
especially at the pluton margins. In the eastern part of the

Solid Earth, 13, 935-955, 2022

Tromm Granite, the basement is deformed by the nearby
Otzerg Shear Zone. As a result, there is an evident accumu-
lation of lineaments, and the outcrops show by far the high-
est fracture density. Medium fracture densities were found in
Ober-Mengelbach, in the southern part of the pluton, i.e., at
the border with the Schollenagglomerat. Although this area
lacks pronounced long fault zones, the lithological hetero-
geneities led to more intense granite deformation than in the
central Tromm Granite. Accordingly, the lowest fracture den-
sity was found in the Borstein and Streitsddlle outcrops.

In summary, the Tromm Granite is likely not characterized
by a complete fractal fracture network, which is consistent
with, e.g., studies from the western rift shoulder (Bertrand
et al., 2018). Although fracture length and connectivity seem
to be independent of scale and location, orientation and frac-
ture density show variations with location. This fact must be
considered when evaluating and modeling the basement, as
varying the fracture orientation and density can increase or
decrease permeability by up to 1 order of magnitude depend-
ing on the assumed mean apertures (Fig. 8).

5.2 Interpretation of gravity and radon anomalies

The measured gravity anomalies provide insights into the
subsurface density distribution of the Tromm Granite (Figs. 9
and 10). Negative anomalies of up to I mGal are concentrated
at the western and eastern boundaries of the pluton, where the
basement is strongly deformed and fractured. Comparable re-
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sults in the Argentera Massif (NW Italy) were linked to a
fracture porosity of a few percent (Guglielmetti et al., 2013).
However, a layer of low-density Quaternary sediments sev-
eral tens of meters thick or a thick basement weathering
horizon could also lead to negative gravity anomalies. Bore-
hole data from the HLNUG suggest that Quaternary sediment
thicknesses typically do not exceed 10 to 15 m, accounting
for a maximum of —0.2 mGal of the signal. Nevertheless, it
is known that the weathering zone in the granite is locally 20
to 40 m thick, which could account for a gravity anomaly of
up to —0.5 mGal.

In general, individual faults can rarely be accurately traced
with the gravity data acquired for the Tromm Granite, as the
influence of fracture porosity on bulk density is too small.
Instead, areas can be identified where a high density of faults
and fractures leads to increased porosity and thus to a sig-
nificant density reduction. Accordingly, the Tromm Granite
is potentially structurally weakened at the contact with the
Weschnitz Pluton in the western part of the study area. Un-
fortunately, there are neither larger outcrops nor available
well data, leaving this assumption speculative. The slightly
smaller negative anomaly at the eastern boundary with the
Buntsandstein can be explained by the proximity to the
Otzberg Shear Zone. Here, the pluton is presumably charac-
terized by similar structural properties to those in the Ham-
melbach and Weschnitztal outcrops, which means that the
fracture density and thus the porosity are increased. Interest-
ingly, the anomaly does not extend over the entire damage
zone at the eastern margin of the Tromm Granite, but is con-
centrated in a limited area with a high density of intersect-
ing lineaments. A possible explanation is that the fractures
are partially mineralized with, e.g., barite (e.g., Tranter et al.,
2021), resulting in increased bulk density.

Positive gravity anomalies of up to 1.5 mGal can be ob-
served at the southern Tromm Granite along two fault zones.
In Gadern, several lamphropyric intrusions were mapped
and, as in the quarry of Ober-Mengelbach, localized amphi-
bolitic zones are present. These mafic rocks have a consid-
erably higher density (2700-3100 kg m—3) than the Tromm
Granite, which explains the gravity high. Due to the litholog-
ical heterogeneity in the southern Tromm Granite, quantifica-
tion of the fracture porosity using the gravity data is difficult
here.

Radon measurements were carried out along just one pro-
file due to the high time consumption of this method. Ac-
cordingly, a regional interpretation of the results is only pos-
sible to a limited extent. Nevertheless, the determined radon
anomalies give helpful indications about the architecture of
the analyzed fault zones. Two distinct radon peaks indicate
localized permeable fracture zones in the granite. The highest
activity correlates with a negative Bouguer anomaly, which
further supports this assumption. Interestingly, the peaks are
not located directly above the assumed positions of the faults,
but in the damage zone a few meters to tens of meters to the
sides, suggesting low permeability in the fault core (Caine
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et al., 1996). A comparison of gravity, radon and structural
data illustrates the complex ar