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ABSTRACT

This thesis addresses to the analysis and evaluation of structural pat-
terns in the Upper Rhine Graben and adjacent Schwarzwald within
the regional stress field in order to identify relevant faults for hy-
drothermal reservoirs and enhanced geothermal systems (EGS). Crit-
ically stressed faults, favorably oriented for shear and dilational reac-
tivation in the ambient state of stress, are the most promising targets
for geothermal exploitation. They are assumed to exhibit zones of
high permeability, thus probably controlling fluid flow in hydrother-
mal reservoirs, and outlining the best stimulation potential in EGS
reservoirs. Estimates on the reactivation potential of faults require
both definition of the fault or fracture geometry and the in-situ state
of stress. Both sub-topics will be addressed to in this thesis.

The first study shows, exemplary for the geothermal site of Bruch-
sal, how stress measurements in deep-seated sedimentary reservoirs
can be evaluated to infer the local stress condition in the crystalline
basement. Therefore the quality and uncertainty range of earlier
stress field models are evaluated and an alternative stress regime on
the basis of the critically stressed crust concept is proposed. The de-
rived stress field model at Bruchsal shows good accordance with the
robust stress characterization for the Soultz-sous-Foréts reservoir.

The second study aims at identification of structural controls in
the hydrothermal reservoirs of the Bruchsal and Riehen geothermal
sites. Slip- and dilation tendency analyses reveal a distinct geome-
chanical anisotropy in the complex fault pattern geometry at both
sites. The results show that (W)NW-(E)SE trending faults, which dis-
sect the dominant graben-parallel faults, are characterized by large
slip and dilation tendencies. This is of crucial importance since such
transfer faults represent a controlling factor for permeability varia-
tions within fault-hosted geothermal reservoirs and can be found in
the entire Upper Rhine Graben.

The third study addresses the fault pattern in the crystalline base-
ment of the southern Schwarzwald. The area is assumed to be a fairly
good analogue for the EGS relevant, petrothermal reservoir rocks in
the Upper Rhine Graben. It is shown, how remote sensing techniques
can be applied to high-resolution digital elevation models in order to
determine the structural inventory of the crystalline basement. A
statistical assessment of the obtained lineament sets will investigate
the impact of the resolution of different elevation data sets on the
lineament extraction and furthermore allow the determination of rep-
resentative statistics of the orientation, average length, and the total
length of the mapped lineaments. The results show that the predomi-
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nant WNW-ENE and NNE-SSW fault trends in the Schwarzwald are
prone for shear reactivation in the ambient regional stress field indi-
cating neotectonic activities.

The fourth study aims to test the applicability of several geomor-
phometric analyses to assess whether these critically stressed faults
account for possible neotectonic activities. It is shown how geomor-
phometric methods in combination with precise leveling data can
be used to quantitatively designate the interplay of active deforma-
tion processes in the upper crust and consequent geomorphological
changes of landforms and landscapes. The results show that struc-
tural compartmentalization may apply for a large part of the crys-
talline basement and probably are expressed by uneven uplift mo-
tions in the basement.

Verification of the assumed presence of critically stressed faults in
the Upper Rhine Graben is challenging since only few information
on fault distributions in the basement are available. The former Basel
geothermal site provides an unique access to an enhanced EGS reser-
voir in a distance to the outcropping analogue rocks of only 10 km
and allows to compare the occurrence of critically stressed fractures/-
faults in a natural and engineered environment. A structural geologi-
cal interpretation of the 2006 stimulation of the Basel EGS reveals that
W(NW)-E(SE) and N-S striking structures are critically stressed for
shear reactivation during pressurization of the reservoir. The combi-
nation of primarily dilatant opening, secondarily shear reactivation,
and aseismic fault creep of NNW striking fractures partly explains
the occurrence of small magnitude earthquake events subparallel to
the maximum horizontal stress and thus explains the observed NNW
alignment of determined multiplets. The overall shape of the NNE
oriented lens-shaped seismic cloud seems to be controlled by dilatant
failure of pre-existing and non-critically stressed fracture zones in the
direction of the maximum dilation tendency.
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ZUSAMMENFASSUNG

Das Thema dieser Arbeit ist die Bewertung von Storungsmustern
und tektonischen Spannungsfeldern im Oberrheingraben und im stid-
lichen Schwarzwald. Das Ziel der Arbeit ist die Identifikation von
Storungen, die fiir hydrothermale und petrothermale Energiegewin-
nung von grofler Bedeutung sind. Fiir die Identifikation von giinsti-
gen geologischen Strukturmustern im Oberrheingraben sind belastba-
re Informationen tiber das Reaktivierungspotenzial einzelner Storun-
gen von grofSer Bedeutung. Es wird gezeigt, dass kritisch gespannte
Storungen Hauptziele fiir die geothermische Exploration darstellen.
Diese Strukturen sind im regionalen Spannungsfeld optimal fiir eine
Dehnungs- bzw. Scherreaktivierung orientiert. Fiir diese Strukturen
werden erhohte Permeabilitdten und deshalb wichtige kontrollieren-
de Funktionen fiir den Fluidfluss im Reservoir angenommen. Diese
Strukturen weisen deshalb wahrscheinlich auch die hochsten Stimula-
tionspotenziale auf. Abschidtzungen fiir das Reaktivierungspotenzial
héngen wesentlich von der Orientierung und der Geometrie einer
Bruchstruktur im umgebenden regionalen Spannungsfeld ab.

Die erste Studie zeigt beispielhaft am Geothermiestandort Bruch-
sal, wie Spanungsmessungen in tiefgelegenen sedimentdren Reser-
voiren genutzt werden konnen, um auf lokale Spannungsverhélinis-
se im kristallinen Sockel zu schlieflen. Dafiir werden frithere Span-
nungsabschidtzungen diskutiert und neu bewertet. Auf der Grundla-
ge des Konzeptes einer kritisch gespannten Kruste wird ein neues
Spannungsfeldmodell vorgeschlagen, das mit der Charakterisierung
des Spannungsfeldes am Geothermiestandort Soultz-sous-Foréts sehr
gut tibereinstimmt.

Die zweite Studie hat zum Ziel, die strukturellen Kontrollen der
hydrothermalen Reservoire an den Geothermiestandorten Bruchsal
und Riehen im Oberrheingraben zu charakterisieren. Slip- und Dila-
tion Tendency Analysen weisen deutliche geomechanische Anisotro-
pien in den strukturell komplexen Reservoiren beider Standorte aus.
(W)NW-(E)SE-streichende Stérungen, die die Graben-parallelen Sto-
rungen schneiden, zeigen eine hohe Tendenz, reaktiviert zu werden.
Dies konnte von entscheidender Bedeutung fiir storungskontrollier-
te Reservoire sein, da kritisch gespannte Transferstorungen als hoch-
leitfahige Strukturen deutliche Variationen in der Permeabilitdtsver-
teilung im Reservoir verursachen konnen. Diese Transferstorungen
treten moglicherweise im gesamten Oberrheingraben auf.

Die dritte Studie beschiftigt sich mit Storungsmustern im kristal-
linen Sockel des siidlichen Schwarzwaldes. Dieses Gebiet stellt ein
geeignetes Reservoiranalog fiir petrothermale Reservoire des Ober-



rheingrabens dar. Die Anwendung von Fernerkundungsmethoden
auf unterschiedlich aufléosende digitale Hohenmodelle und die sta-
tistische Auswertung der daraus resultierenden Lineamentdatensit-
ze zeigt bevorzugte WNW-ESE und NNE-SSW-Streichrichtungen an.
Diese Strukturen sind im regionalen Spanungsfeld giinstig orientiert,
um auf Scherung reaktiviert zu werden.

In der vierten Studie wird die Anwendbarkeit geomorphometri-
scher Analysen getestet, um zu untersuchen, ob kritisch gespannte
Storungen im Stidschwarzwald fiir mogliche neotektonische Aktivita-
ten in Frage kommen. Die Ergebnisse der geomorphometrische Ana-
lyse zeigen eine gute Ubereinstimmung mit Feinnivellement-Daten
in der Region. Beide deuten auf neotektonische Bewegungen (sto-
rungsgebundene Blocktektonik) im Siidschwarzwald, dessen Einfluss
sich durch deutlich Morphologiednderungen &dufiert. Eine struktu-
relle Zerblockung des kristallinen Sockels ist wahrscheinlich repra-
sentativ fiir grofSe Bereiche des Stidschwarzwaldes, was moglicher-
weise durch unregelmissige Hebungsbewegungen zum Ausdruck
kommt. Der Wissenstransfer aus einem Reservoiranalog ins Reser-
voir ist oft kritisch und bedarf immer einer Plausibilitatspriifung. Be-
obachtungen wihrend der hydraulischen Stimulation des EGS Re-
servoirs am nahegelegenen Geothermiestandort Basel ermoglichen
dies. Herdfldchenlosungen fiir die 28 stdarksten Beben zeigen, dass
N-S- und W(NW)-E(SE)-streichende Strukturen ebenfalls kritisch ge-
spannt sind und wihrend der Stimulation im Jahr 2006 reaktiviert
wurden. Die Kombination aus primér sich 6ffnenden Dehnungsstruk-
turen, sekundédren Scherbriichen und aseismischem Kriechen ent-
lang NNW-streichender Bruchstrukturen erkldart zudem die NNW-
Ausrichtung der seismischen Wolke und ermittelter Multiplets. Die
NNW-Ausrichtung der seismischen Wolke in Basel scheint von Deh-
nungsbriichen pré-existierender und unkritisch gespannten Kluftzo-
nen kontrolliert zu werden.
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INTRODUCTION

There is a pressing need to accelerate the development of ad-
vanced energy technologies in order to address the global chal-
lenges of providing clean energy, mitigating climate change and
sustainable development.”

This statement by the International Energy Agency highlights one of
the major challenges our society has to tackle in the next decades.
To achieved this ambitious goal, successive transition from fossil
and nuclear energy sources toward renewable energy technologies
needs to be encouraged and realized by joint collaboration of all
incorporated participants and stakeholders: technology-specific
research, development, demonstration and deployment. Because of
the huge technical potential of the resource for electricity and heat
production, geothermal power has to supply a substantial part of
future energy production. Global technical potentials for geothermal
electricity and heat have been estimated in 2011 at 45 EJ/yr - 12"500
TWhe (~62% of 2008 global electricity generation) and 1’040 EJ/yr -
289’000 TWh (~650% of 2008 global energy use for heat, IEA [2011]).
In Germany, the technical potential for electricity generation is
estimated at 1'200 EJ - 300’000 TWh that corresponds approximately
to 600 times the annual electricity production of about 2 EJ [Paschen
et al., 2003].

The advantages of geothermal power and heat production are un-
deniable. Since it is generally immune from weather effects and does
not show seasonal variation, geothermal power typically provides
base-load generation. With capacity factors of power plants up to
95%, the base-load characteristic distinguishes geothermal energy
production from several other renewable technologies. Geothermal
energy is an attractive energy option but is not (yet) competitive
with wind and solar, i.e. in low enthalpy regions. Its exploitation is
hampered by larger investment costs for the realization of projects,
often large distances from energy demand centers, and the level of
uncertainty in the exploratory phase. However, geothermal energy
is still an attractive energy option since power plants can combine

1 source: [I[EA, 2011]



INTRODUCTION

heat and power production, generate high rates of CO,-neutral base-
load electricity, and have a low space demand and environmental
impact. Today, geothermal resources can be exploited reliably and
economically from high enthalpy reservoirs, which are related to
favorable geological settings with a "shallow” seated volcanic heat
source that provides temperatures up to 350°C. The vast majority
of geothermal energy within drilling reach, such as in Germany, is
in relatively dry and low-permeability rock. Here, application of
the enhanced geothermal systems (EGS) technology seems to be the
most promising way to still access the huge resource of heat. The
estimated increase in worldwide geothermal production from today
12 GW, up to 140-160 GW, in 2050 [IEA, 2011] includes a fraction
of 60% that should be achieved solely by EGS. In Germany, 95% of
the technical potential account for heat resources that are associated
with crystalline rocks, 4% with fault zones, and 1% with deep seated
hydrothermal aquifers [Paschen et al., 2003]. These considerations
highlight the important role of the EGS concept, as a way to increase
the magnitude of economically recoverable geothermal resources.

During the past century several strategies and concepts for
exploiting certain types of geothermal resources have been devel-
oped always with the basic premise to create commercial-grade
geothermal system that mimics a natural geothermal reservoir.
The EGS technology is one of them and has its roots in the 1970s
and 1980s with development of the hot dry rock (HDR) concept.
Generally, geothermal energy production is limited by the necessity
of a high formation temperature, sufficient fluid to carry heat from
the reservoir, and high formation permeability to transport the
fluid through the subsurface at a high flow rate. In depth ranges of
appropriate temperatures, down to 5-6 km in low enthalpy reservoirs,
permeability adequate to achieve economic production is mostly not
present and needs to be developed. Whereas HDR aimed at creation
of an artificial heat exchanger in the deep crystalline basement, EGS
focus on enhancing existing permeable structures. Figure 1.1 shows
a schematic view of the EGS concept. The cold water enters the
fracture network through the injection well, where it is heated up
and brought back to the surface through the production well.

EGS today is best developed in the Upper Rhine Graben (URG).
Cenozoic rifting activity caused subsidence of granitic and gneissic
reservoir rocks in the Graben center of up to 5 km into appropriate
temperature ranges for geothermal exploitation. Uplift along the
Graben shoulders (e.g. Schwarzwald) successively exhumed the
Paleozoic units providing access to the petrothermal reservoir rocks.
Extensional tectonic settings favored development of hydrothermal
convective cells circulating along cataclastic fault zones in the Paleo-
zoic basement and in the Mesozoic cover rocks. The thermal regime
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Hydraulic Stimulation / Shearing
1 2 3 4

Figure 1.1: Principle of an enhanced geothermal system (left). Cool water
is injected into an enhanced fracture network penetrating the
geothermal reservoir. The heated water is extracted by a pro-
duction well and used in a binary power plan for electricity
generation. Enhancement of the fracture network aims at the
creation of artificial flow paths between both wells by hydraulic
stimulation (hydro-shearing) of existing fractures (right). 1: ini-
tial fracture, 2: normal opening of the fracture by pressurizing,
3: coseismic and/or aseismic shearing of the fracture, 4: perme-
ability enhancement by larger fracture aperture

3-6 km

of the URG is characterized by a series of geothermal anomalies,
e.g. near Soultz-sous-Foréts, Rittershoffen, and Landau, with local
thermal gradients up to 100 °C/km and heat flow densities up to 140
mW /m? [Pribnow and Schellschmidt, 2000; Clauser and Villinger,
1990]. Almost 30 years of intense exploration and testing at the pilot
EGS in Soultz-sous-Foréts (Alsace, France) has produced a huge
quantity of geoscientific data. The more recently developed EGS
Project of Landau, Insheim, and Rittershoffen prove applicability
of the technology in the URG and promote the continuation of the
existing learning curve.

Foundation of the concept of EGS is the use of hydraulic and chem-
ical stimulation to generate permeability, and then circulate fluid in
a closed loop between injector and production wells. Success of
stimulation techniques becomes apparent e.g. for the Soultz-sous-
Foréts and Landau reservoirs where injectivity and productivity of
the wells could be increased by several orders in magnitude [e.g.
Schindler et al., 2010; Schill et al., 2015]. Whereas HDR was focused
on hydraulic fracturing techniques, EGS primarily aims at hydraulic
shearing (pure shear stimulation) albeit the fact that occurrence of
both mechanisms during stimulation is inevitable [e.g. McClure and
Horne, 2014]. The advantage of hydraulic shearing is seen in the per-
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manent permeability increase due to self-propping of fractures and
the lower injection pressure required [Gischig and Preisig, 2015].

Problems associated with induced and triggered seismicity limit
the extensiveness of a hydraulic stimulation. During stimulation of
the 5 km deep reservoir in Soultz-sous-Foréts and the 2.5 km deep
reservoir in Landau, induced seismicity was generated up to My
= 2.9 and My = 2.7, respectively [Cuenot et al., 2006; Bonnemann
et al., 2010]. In the Basel Deep Heat Mining project a M = 3.4 event
was induced as reaction to a massive high pressure fluid injection
[Haring et al., 2008]. The occurrence of felt earthquakes have led
to public aversion against geothermal projects and resulted in a
project suspension (Basel) and a limited power plant operation with
distinct restrictions by local authorities (Landau). However, the
phenomena associated to induced seismicity are two-fold, on the
one hand deliberately induced seismicity indicates fluid pathways
and is a key information for the planning of borehole trajectories of
further wells, on the other hand it can create sensible seismicity that
can harm project development due to public concerns. In order to
manage concerns about induced seismicity, existing methods need
to be improved to mitigate the seismic hazard. This affects not only
the geothermal projects but also hydrocarbon or CO;, sequestration
projects and requires scientific investigations for the understanding
of the associated processes. This thesis aims to improve the un-
derstanding of the hydro-mechanical interaction under stimulation
conditions and covers especially the geological and mechanical
constraints that lead to reactivation of crustal discontinuities and
that are responsible for induced seismicity.

During a hydraulic stimulation reservoir over-pressure may in-
duces slip along pre-existing fractures that are favorably oriented in
the stress field for reactivation in shear. Whether a fracture or fault is
optimally oriented for shear failure depends on:

* the frictional properties of the rupture plane,
¢ the in-situ state of stress,

e the orientation of the pressurized discontinuities in the reser-
VOIr.

Time- and slip-dependent frictional properties of fault or fractures
surfaces are controlled by various parameters such as the existence
of interlocking asperities, local changes in lithology, or the occur-
rence of a weak clay-bearing fault gouge. In-situ determination
of these parameters at reservoir scale seems impossible because
of their heterogeneous distribution and spatial variation. Hence,
focus in this thesis is on the evaluation of structural patterns and tec-
tonic stress fields in the Rhine Graben and the adjacent Schwarzwald.



INTRODUCTION

Failure criteria can be used to describe frictional failure of rock
(Section 2.2.1) but they require definition of the stress state and the
fault or fracture geometry. In the URG, however, both parameters are
still poorly constrained. Only few measurements of the in-situ state
of stress have been conducted in crystalline basement rocks (Section
3.3). Extrapolation of measurements from sedimentary cover rocks
to greater depths is still a challenging task since both magnitude and
orientation of the principal stresses are often biased by topography,
geological unconformities such as stratifications and lithology, or
discontinuities such as faults or fractures [e.g. Heidbach et al., 2010;
Zang and Stephansson, 2010; Sahara et al., 2014]. I will show in
section 4, exemplary for the geothermal site of Bruchsal, how stress
measurements in deep seated sediments can be evaluated to still
infer indirectly the local stress condition. Therefore we evaluate
the quality and uncertainty range of earlier stress field models and
propose an alternative stress regime on the basis of the critical
stressed crust concept (Section 2.3) and new available logging and
well test data. The derived state of stress at Bruchsal shows good
accordance with the well constrained stress models at Soultz, which
is located in the same segment of the URG.

Hydrothermal, non-stimulated systems (economically viable over
many years) occur generally in deep sediments along the main
boundary faults. Identification of the structural controls at reservoir
scale is of crucial importance since they represent a controlling
factor for permeability variations within fault-hosted geothermal
reservoirs [e.g. Curewitz and Karson, 1997, Faulds et al., 2011a;
Moeck, 2014]. A number of fault zones of different orientations are
observed at the Bruchsal and Riehen geothermal site, indicating a
distinct fault-bounded compartmentalization of both hydrothermal
reservoirs. Section 5 addresses the potential impact of geomechan-
ical anisotropies in such orthogonal fault patterns on the hydraulic
communication of geothermal wells. Slip and dilation tendency anal-
ysis are used to infer the criticality of the structures for reactivation
in the local state of stress.

Structural models for hydrothermal reservoirs commonly base on
seismic surveys. They built up a comprehensive database of the struc-
tural inventory in the uppermost 2-5 km of the URG but almost solely
show good resolutions within the Mesozoic sediments and Cenozoic
syn-rift deposits (Section 3). In the Paleozoic crystalline basement
of the URG, however, reconnaissance of structures is a much more
challenging task. General overview of the basement lithology and
the Variscan structural grain has been inferred from gravity and mag-
netics (Section 3.1.1). Fault traces often need to be extrapolated to
greater depths. A detailed structural map of the URG basement is
lacking. The fact that Soultz has achieved perhaps the highest per-
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meability EGS reservoir to date, probably because it involves flow in
highly fractured fault zones, highlights the urgent need for further
research on these geothermal relevant structures in the basement.

I approach the general distribution of fault zones from lineament
mapping in the southern Schwarzwald, where EGS relevant base-
ment rocks are cropping out. The area is assumed to be a fairly good
analogue for the EGS relevant, petrothermal reservoir rocks in the
URG. Unfortunately, only few structural geological information are
available for the entire study area. Large areas of the exhumed crys-
talline basement appears to be devoid of faults, when believing the
the existing geological maps. This is in marked contrast to the abun-
dantly mapped faults in the Triassic cover rocks in the vicinity. I will
show in section 6, how remote sensing techniques can be applied
to high-resolution elevation data in order to determine the structural
inventory of the basement. A statistical assessment of the obtained
lineament sets will investigate the impact of the resolution of differ-
ent elevation data sets on the lineament extraction and furthermore
allow the determination of representative statistics of the orientation,
average length, and the total length of the mapped lineaments.

Section 7 aims to test the applicability several morphotectonic and
hydrographic analyses to further assess (neo)tectonic activity of these
critically stressed faults. I will show how tectonic geomorphology
techniques in combination with precise leveling data can be used to
quantitatively designate the interplay of active deformation processes
in the upper crust and consequent morphological changes of land-
forms and landscapes. The results show that tectonic compartmental-
ization and block tectonics may apply for large part of the crystalline
basement and probably are expressed by uneven uplift motions in the
basement. A detailed study along the Vorwald Fault Zone highlights
that (neo)tectonic activity of (N)NW to (W)NW striking structures
can be inferred from distinct geomorphological imprints along their
fault traces.

The existence of critically stressed faults in the basement of the
URG is of high interest for geothermal exploitation. Improvement of
geomechanical models as basis for stimulation campaigns may help
to mitigate induced seismicity, i.e. the occurrence of show-stopping
events of large magnitudes. Knowledge of preferential structures
would furthermore facilitate development of undeveloped and expan-
sion in producing fields and improve the identification of possible
blind (or hidden) geothermal resources.



FUNDAMENTALS OF GEOMECHANICS AND
FAULTING

The following chapter aims to give a brief introduction to the physical
concepts of stress and strain that are commonly applied in solid Earth
science. The first part is dedicated to fundamental concepts of contin-
uum mechanics and focuses on the definition and the description of
rock stress in the Earth’s crust. It also introduce principles about the
tectonic stress field which generally is associated to all kind of brit-
tle deformation processes in the crust. I give a brief overview about
potential sources of tectonic stresses and summarize causes that can
lead to significant perturbations of tectonic stresses on local or re-
gional scales.

The second part aims to describe basic concepts of geomechanics and
faulting which is the focus of this thesis. This includes the Mohr-
Coulomb’s theory of sliding deformation in rocks and introduces fun-
damental principles of fracture mechanics and fault reactivation such
as the slip- and dilation tendency analysis. The introduction of the
fundamentals of geomechanics and faulting mainly follows the ex-
isting literature of Scholz [2010]; Zoback [2010]; Cornet [2015]; Zang
and Stephansson [2010]; Jaeger et al. [2007]; Fjaer et al. [2008].

2.1 STRESS IN THE EARTH’S CRUST
2.1.1  Definition of stress

A key component of a comprehensive geomechanical model is knowl-
edge of the current state of stress. It is of high importance in solid
Earth science and need to be understood for a broad range of appli-
cations such as in civil, mining, and energy (petroleum, geothermal)
engineering, as well as in geology, and geophysics. Stresses in the
Earth’s crust origin from and are also the driving mechanism of ge-
ological processes at a variety of different spatial and temporal scales.
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The stress state in the lithosphere is the result of forces acting upon
and within it. In simplest terms, the stress vector, T, at an arbitrary
point P is defined as the force F acting on a plane of the area A:

AF

T ar
A}l\n;o AA

(2.1)
To be more precise, in an elementary volume the stress vector T can
comprise any possible angle which corresponds to any possible inter-
section plane passing through the point P (infinite number). Stress
acting on a homogeneous, isotropic body at depth is thus describable
as a tensor, o. It consists of nine components 0ij with ,j=1,2,3:

Oxx Txy Txz

Tyx Oyy Tyz (2.2)

Tzx  Tzy Ozz

The subscripts of the individual stress components refer to the direc-
tion the force F is acting and the direction of the plane normal (face
of the unit cube upon which the stress components acts - normally
referred to as the x,y, and z direction). Normal stresses, acting in
direction of the plane normal, are denoted with o;;, these are the di-
agonal elements of the stress tensor. All other components are called
shear stresses and are denoted by Ti; (Fig. 2.1a).

Figure 2.1: Definition of stress tensor in an arbitrary Cartesian coordinate
system (a), [after Engelder and Leftwich, 1997] and with princi-
pal stresses as defined in a reference coordinate system where
shear stresses vanish (b), [after Zoback, 2010].

Following the algebraic sign convention in geosciences a positive
value of oy, oyy, and o, indicate a compressional state of stress.
For simplification notation of the normal stress components is
changed to oy, oy, and o, in the following. Because of equilibrium
conditions
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Txy = Tyxs Txz = Tzx, Tyz = Tzy-

Although each of these equivalent pairs are numerically equal,
it is rather noteworthy that they are in fact physically distinct stress
components which act on different faces of a volumetric element.
The number of independent stress components in the symmetric
stress tensor reduces, consequently, from nine to the following six:

Ox  Txy Txz
0= | Txy Oy Tyz (2.3)

Txz Tyz Oz

To determine the state of stress at one point one must define mag-
nitudes for these six components or three stress magnitudes and the
three angles that define the orientation of the arbitrary Cartesian co-
ordinate system with respect to the reference coordinate system. The
rotation of an arbitrary Cartesian coordinate system into any other
reference coordinate system is called tensor transformation and is of
fundamental importance:

1. It can be applied to derive the stress field surrounding a well-
bore, a tunnel, or a fault zone of arbitrary orientation when the
in-situ stress state in a geographic coordinate system is known.

2. It opens up the possibility to describe the state of stress at depth
in terms of principal stresses (acting in the principal coordinate
system).

The principal coordinate system which is the one in which the stress
vectors of the tensor are purely normal and shear stresses vanish. The
three remaining stress vectors fully describe the stress field and are
called principal stresses (Fig. 2.1b). Here, magnitude and direction
of the principal stresses correspond to the eigenvalues of the stress
tensor and its eigenvectors, respectively. The stress matrix has now
the following (diagonal) form:

01 0 0
o= 0 o O (2.4)
0 0 03

with 01 > 0, > 03, where 07 is the maximum, o is the intermediate,
and o3 is the least (minimum) principal stress component. The dif-
ference between the maximum and the least principal stress is called
differential stress. The differential stress defines the magnitude of the
shear stresses and is widely used to assess rock failure conditions, e.g.
in structural geology.
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2.1.2 Stress in two dimensions

For geoscientific purposes discussion on stress distribution is of-
ten idealized to two-dimensional simplifications of three-dimensional
problems. Common examples of such problems are e.g. boreholes,
tunnels, or fault zones. Such idealizations are based on the basic as-
sumption that stresses do not vary along one Cartesian coordinate.
Hence, it is worthwhile to discuss properties of a two-dimensional
stress tensor as well as its graphical representation.

Following [Mohr, 1914], the following simple graphical construction
can be used to access the state of stress at an arbitrary surface point.
One consider the normal (o) and shear stress (T) acting on the slanted
face of small triangular element of rock. The unit normal direction of
this surface is rotated by a counterclockwise angle 0 in the xy-plane
(Fig. 2.2).

Figure 2.2: Two-dimensional representation of a failure plane that is inclined
by an angle 6 with respect to the ox-plane normal. Arrows indi-
cate directions of the normal (o) and shear (1) stress components
of the inherent force equilibrium [after Fjaer et al., 2008].

The normal stress (o) and the shear stress (T) which act on the failure
plane can now be expressed as:

0 = oy cos? 0 + oy sin® 0 + 2T,y sin0 cos 0 (2.5)
_ % er O | Ox o %Y (0820 + Ty 5in 20 (2.6)

T = 0y Sin 0 cos 0 — 0y cos 0sin O + Tyy cos? 0
— Tyx sin? 0 (2.7)
= @ sin 20 + Ty cos 20 (2.8)

It is obvious from equation 2.8 that with the following choice of ©
the shear stress becomes zero:

tan20 = 2Ty (2.9)

Ox — Oy
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Solving of Eq. 2.9 leads to the two solutions 67 and 6, which corre-
spond to two directions for which the shear stress vanishes. As men-
tioned above, stress vectors which are aligned in these directions are
denoted as the principal stress components; in this two-dimensional
case 01 and 0. They can be derived by introducing Eq. 2.9 into Eq.
2.6:

ox+0O 1

o1 = fy + \/T,%y + Z(O'X +0y)?, (2.10)
Ox + 0O 1

0y = % — \/fr,%y + Z(O'x + 0y)? (2.11)

with the principal stress axes in an orthogonal alignment and with

the definition that o7 > o0,. Due to a reorientation of the coordinate

system in such a way that the o7- and T-principal axes are oriented

parallel to the x- and y-axes the stresses o and T can be expressed as:
01+02 071—02

o= 3 + 3 cos 26, (2.12)

T= —g sin 20. (2.13)
These are equations of a circle in the (o,7) plane, with its center at the
point [0 = (071+02)/2, T = 0] and the radius (07-02)/2. This graphic
representation is called the Mohr circle of stress [Mohr, 1914]. For a
point P it illustrates the relation of the principal stresses to the normal
and shear stresses applied on an arbitrarily tilted failure plane (Fig.

2.3).

T 12
A =
P 10 42 1.0 MPa
T o8 4 c
. =
> O w» 06
3
5 04 c,=0.5 MPa
Tmax
a s 02 1 T ‘
1/2(c,+0,) i 1/2(c,-0,)}
: : T T T T T
15 30 45 60 75 90
Angle, 6 [°]
a b

Figure 2.3: a) Mohr circle construction for the graphical representation of
the relation of principal (07, 02) to normal and shear stresses on
an arbitrarily tilted failure plane. b) Variation of the normal and
shear stress values with respect to the shear angle [after Zang
and Stephansson, 2010].

The point B in figure 2.3a indicates that 0 = 07 and T = o. This
stress state is observable for a failure plane which is oriented parallel

11
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to the o7 direction (6 = 0). The point A in figure 2.3a is characterized
by o0 = 0, and T = 0 and thus represent a failure plane which is rotated
from the o7 direction by 9o° (angle 20 = 180° in the Mohr circle). The
Mohr circle also clearly shows that the magnitude of the shear stress
is equal to the radius of the circle and that maximum shear stress
occurs on planes for which 20 = 4 9o°. These two failure planes are
aligned in 45° angles from the o7 and o, directions (Fig. 2.3b).

2.1.3 Stress in three dimensions

Mohr’s circle representation of stress can also be used for three di-
mensions when directions in the 3D space are defined. Considering
an arbitrarily tilted plane in a 3D space, the components of the unit
normal vector n relative to the principal coordinate system (x,y,z) can
be expressed by 1, m, n (Fig. 2.4).

Z A

Figure 2.4: Stress components (I,m,n) and direction cosines (otx, &y, ;) of
a failure plane in a 3D space and with the unit normal vector n
[after Fjaer et al., 2008].

According to figure 2.4, one can clearly see that for a transformation
of the stresses into the principal coordinate system specification of
the rotation for each component of the unit normal vector is needed.
This can be done by the direction cosines:

I = cos (n,x) = cos oy
m = cos (n,y) = cos &y
n = cos (n,z) = cos o,

The normal and shear stresses acting on the failure plane can now be
expressed by

2

o =1%07 + m?0, +n%o3 (2.14)

2 =101+ m?os —|—T120'3 — a2, (2.15)
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where
PP+m?4+n?=1. (2.16)
Solving these equations for the direction cosines yields

(02 —0)(03 —0) +7*

2 _
b= (02 —o01)(03 —07) (217)
> (03—0)(o7—0)+12
(03— 02)(01 —02) (2.18)
2 _ (01 —0)(02 —0) + T2 (2.19)

(07 —03)(02 —03)

Now one can consider three cases. In each case one of the direction
cosines 1, m, and n is suppose to be fixed. As a result, in each case
possible orientations of the normal vector are represented by a cone
around the corresponding axis and equation 2.17 to 2.19 can be
rearrange to

2
= [0—;(02+03)] :%(02—03)+12(Gz—01)(03—01), (2.20)

—_—

(o1 —03)+m?(03—02)(071 —02), (2.21)

=

2
T° = [0—2(G1+03)] =

(o1 —02)+n?(071 —03)(02—03). (2.22)

Iy

2 | 2
T° = |:(7—2((71+0'2):| =

These are equations for circles in the (o,7) plane. This graphic repre-
sentation is called the Mohr circle of stress in three dimensions (Fig.
2.5). The three circles represent the normal and shearing stresses act-
ing on a point on an arbitrarily oriented plane.

T

A

1/2(c,—0,)

. c
1/2(c,-0,)]

6I
A
4 I 1/2(c,—0c,)
N /N
1/2(c,+0;) N~
«—

1/2(c +0,)

13

1/2(c,+0,)

»
»

Figure 2.5: Mohr’s circle construction in three dimensions [after Jaeger et al.,
2007] (see text for description).
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The midpoints of the circles, described by equation 2.20 to 2.22,
are located at

oc=(02403)/2,T=0, (2.23)
oc=(071+03)/2,T=0, (2.24)
o= (01+032)/2,T=0. (2.25)

Since cosines 1, m, and n vary from 1 to o the radii of the circles as
described by the equation 2.20 to 2.22 range between

(02 —03)/2and 07 —[(02 +03)/2] (for0 <1< 1) (2.26)
(01 —03)/2and [(07 +03)/2] — 02 (for0 < m < 1) (2.27)
(01 —02)/2and [(o71 +02)/2] — o3 (for0<n < 1) (2.28)

A graphic representation of both the midpoints and the radii are
shown in (Fig. 2.5a). Similar to the visualization of stress in two di-
mensions, the radius of the largest circle depends on the differential
stress (o7 -03) and yields the maximum shearing stress. It is obvious
that Mohr’s circle of stress displays every stress state possible in a 3D
space. If 1 = o (yz-plane in Fig 2.4), the stresses o and T are located
on the small circle spanning from o3 to 0. If n = o (xy-plane in Fig
2.4), 0 and T are located on the circle spanning from o, to o7 and,
finally, if m = o (xz-plane in Fig 2.4), 0 and 7 are located on the large
circle spanning from o3 to o7. For a generic point of an arbitrary
position in a 3D space, 0 and T can now be found by locating the in-
tersections of the proper circles. This location can be expressed by the
two angles 0 = arccos(n) and ¢=arccos(l) which completely describe
the deviation of the normal vector from the the principal stress axes
(shown as shaded area in figure 2.5b).

2.1.4 Effective stress concept

In the previous sections on stresses in the Earth’s crust rock has al-
ways been assumed to be a solid and homogeneous body. Of course,
this a simplification and hence does not reflect the real world. Rocks
in the upper crust are porous and the presence of fluids (water, oil,
gas) can not be neglected. Observations from deep boreholes such as
the KTB project indicate hydraulic permeabilities of fractured rock
masses in depths down to approximately 10 km [e. g. Huenges and
Zimmermann, 1999; Brudy et al., 1997, Emmermann and Lauterjung,
1997]. Saturation of rocks with fluids leads to a pore pressure, Pp,
that may affect the in-situ state of stress and the failure of the rock.
The geomechanical behavior of rock from the last sections thus has
to be modified.
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The value of the pore pressure at depth is usually described in
relation to hydrostatic pressure, a pressure associated to a column of
water from the surface to the depth of interest, z. This implies an
open and fully interconnected pore volume in the overburden. The
pore pressure is obtained from integrating fluid density, p,y, in the
column above the point of interest:

z
Pp = L Pw(z)g dz = py gz (2.29)

where g is the gravitational acceleration. The pore pressure acts "out-
ward" from the pore space, in some sense in a negative direction like
a tensile stress. This effect should be the same in any three mutually
orthogonal directions and implies that the principal stresses, reck-
oned positive if compressive, need to be reduced by the pore pres-
sure. These "reduced" stresses are referred to as the effective stresses
[Terzaghi, 1936]:

Oteff = 01 —Pp,  O2eff =02 —Pp, 03¢ = 03 — Pp. (2.30)
2.2 FAILURE OF ROCK
2.2.1  Rock failure criteria

Stresses in the Earth cannot exceed the strength of rocks. The maxi-
mum rock strength limits magnitudes of principal stresses, i. e. the
differential stress that can be applied on it. This geomechanical con-
straint is referred to as the critical state of stress [Zoback et al., 2003].
Once the critical stress is reached, rock failure occurs. In the brittle
crust this become apparent either by reactivation of pre-existing
faults or by creation of new ones. Geomechanical descriptions of the
transition between stable and unstable conditions are called failure
criteria. They define the relationship between material properties
and the effective stresses acting at the point of failure.

A very simple failure criterion is that of Coulomb [1773]. It pos-
tulated that a shear fracture occurs in isotropic material, if the max-
imum shear stress is reached. According to figure 2.3 the failure
criterion reads

Tmax 2 — (2.31)

In the Mohr circle representation this equation defines a straight line
in the o-t-plane that intersects the t-axis at Tmax. If principal stress
are such that the Mohr circle touches the failure line, shear failure
occurs along + 45° dipping conjugated shear angles.

15
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An other widely used failure criterion is that of Mohr-Coulomb. It
postulated that failure in a rock takes placed along a plane due to
the shear stress T acting along that plane. The shear strength of the
rock and hence the resistance to failure is assumed to be made up
of two parts: (1) a stresses-dependent frictional force created by the
normal stresses multiplied by a coefficient of friction (o) and (2) a
constant term c referred to as the cohesion coefficient. Failure occurs
if the shear stresses are larger than the cohesion plus the frictional
strength:

T2 Uo—+c. (2.32)

The coefficient of internal friction u is a rock material property.
Values ranges approximately between 0.2 and 1.2 and they are,
remarkably, only little depend on lithology. Byerlee [1978] deduced
from shear experiments on crustal rocks with low-displacement rates
(<10 mm) that the frictional resistance is dependent on the applied
normal stress. At low confining pressures with normal stresses
below 200MPa a mean value of 0.85 is found for p. With normal
stresses exceeding 200MPa p typically takes values in the order of 0.6.
Due to the fact that all rock samples were treated as homogeneous
bodies, this relation, known as Byerlee’s law, provides only a rough
estimate on p. The experimentally derived values for p may not
account for fracture and fault planes at field scale since mineralogical
variations along and across such failure planes (as caused e.g. by
alteration or by grain size reduction due to brittle deformation) were
neglected. There are various observations that indicate that frictional
resistance can deviate significantly from that predicted by Byerlee’s
law. Especially with existence of high pore pressures or clayey fault
gauges friction coefficients of much smaller values of 0.2 and even
below were inferred [e. g. Plenefisch and Bonjer, 1997; Lockner et al.,
2011; Collettini et al., 2009; Brown et al., 2003]. These observations
indicate existence of very weak fault zones that probably deform by
aseismic creep rather than coseismic stick-slip processes. In contrast,
e.g. Zoback and Healy [1992] or Brudy et al. [1997] could show for
a number of borehole measurements that the strength of the crust
is limited by critically stressed faults with hydrostatic pore fluid
pressures and coefficients of friction in the range 0.6-1.0.

In the Mohr circle representation equation 2.32 defines a straight
line in the o-t-plane that intersects the T-axis at c. The slope of the
line is u and the angle ¢ to the o -axis is called the angle of internal
friction and is given by ¢ = tan~'p (Fig. 2.6).
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p=tano

Figure 2.6: Graphical representation of the Mohr-Coulomb failure criterion
[after Jaeger et al., 2007].

The Mohr circle touches the failure line for a plane at point P and
at an angle 20 from the o7 direction where 0 is the angle between
the fault normal and 7. According to equation 2.12 and 2.13 the
angle 0 of a fault plane which is optimally oriented for failure and
the friction angle ¢ are related by:

0=+ (%[ F %) . (2.33)

For mathematical consistency it should be mentioned here that
this equation actually covers four angles in total. In a compressive
state of stress conjugates shear planes may occur in 6=45°-(¢/2)
and 0=-45°+(¢/2) direction. When failure envelope crosses the
transition to from a compressive to a tensile stress state, a second
pair of fracture angles exists at conjugate angles in 0=45°+(¢/2) and
0=-45°-(¢/2) direction. This relation of the rupture plane orientation
is used in structural geology and tectonics to distinguish between
different types of faulting an is discussed in section 2.2.2. According
to equation 2.33 the failure angle 0 is given solely by the friction
angle ¢ which is a constant in the Mohr-Coulomb failure criterion.
Orientation of the failure plane is thus independent of the confining
stress. This is in contradiction to observations where the failure
angle decreases with increasing confining pressure.

Mohr [1914] suggested the following non-linear failure relation,
often referred to as the generalized Mohr fracture criterion:

7| = (o). (2.34)

Failure occurs if a certain threshold f(o) of shear stress is exceeded.
Graphically, the failure criterion can be described as the envelope
of all Mohr circles with critical stress states that cause failure. The
failure curve is usually concave downward with decreasing failure
angles for increasing confining pressures. In frictional faulting
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equilibrium shear stresses T parallel to the fracture are balanced by
frictional forces acting through stresses normal to fractures o and
stabilizing the rock.

It is well known that the frictional strength of the crust de-
pends not only on the intrinsic frictional strength of faulted rock,
but also on the pore pressure at depth [King Hubbert and Rubey,
1959]. Considering the Mohr-Coulomb criterion with the effective
stress concept (section 2.1.4), one can see that pore fluid pressure
reduces the absolute stresses by the same amount. Considering a
pore pressure the Mohr circle gets shifted to the left and towards the
failure envelope until a critical state of stress is reached. At this point
the Mohr circle touches the failure curve and failure should occur

(Fig. 2.7).

/

Oserf = 0

Figure 2.7: Mohr-Coulomb criterion for a two-dimensional stress tensor
showing the effect of pore pressure, p, on total stresses o7 and
03. The red Mohr circle indicates how an increase in pore pres-
sure changes the stress state towards failure condition without
variations of the differential stress. The blue Mohr circle shows
how failure conditions due to a pore pressure increase can be
compensated by reduction of the differential stress (radius of the
Mohr circle decreases).

It is obvious that an additional increase of the pore fluid pressure
may result in unstable overcritical conditions. To prevent failure and
to remain stable conditions an additional pore pressure increase can
be only compensated by a decrease of the Mohr circle radius. At the
point where the confining pressure is zero (03¢ = 0), the 07, mag-
nitude corresponds to the unconfined compressive strength (UCS) of
the rock (Fig. 2.7). According to equation 2.32 one could also de-
scribe the linear Mohr-Coulomb failure curve in terms of its intercept
when o3¢¢¢ = 0 which is referred to as the cohesive strength or cohe-
sion c. Following Zoback [2010], the relation between c and UCS can
be expressed as:

UCS = 2¢ [(uz—H)]/z—i-u (2.35)
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2.2.2  Stress regimes and faulting mechanisms

Anderson [1951] argued that the spatial orientation of the principal
stresses is a function of the Earth’s free surface, which can carry no
shear stresses. The vertical stress is thus suggested to be a principal
stress component. This assumption is no longer valid when the sur-
face of the Earth shows significant topography. Topography causes
inclined principal stress trajectories due to the fact that they cut free
surfaces always at right angles. However, if this approximation can
be made, the vertical stress o, at depth z is given by the weight of
the overburden and the gravitational acceleration:

o =J o(z)g dz, (2.36)
0

with the depth-dependent density of the rock formation p(z). The
other principal stresses are the maximum and minimum horizonal
stresses, SHmax and Shmin. They are, again, assumed to be aligned
parallel to principal stress axes and are commonly referred to as
tectonic stresses. Their magnitudes are primarily determined by
plate tectonics and a result of broad-scale tectonic forces that act
on lithospheric plates. Based on these assumptions, Anderson
[1951] established the traditional classification of stresses by their
orientation relative to the Earth’s free surface. Based on observable
deformation patterns they can be grouped in three principal stress
regimes and related styles of faulting (Fig. 2.8):

Normal faulting Sy > SHmax = Shmin,
P

AY Shminz

Strike slip faulting SHmax = S
Reverse faulting  Stimax = Shmin = Sv.

According to equation 2.33 fracture takes place in one or both
of a pair of conjugate failure planes that pass through the direction
of the intermediate principal stress at an angle less that 45° from
the direction of the maximum principal stress. The actual failure
angle 0 is solely dependent on the angle of internal friction ¢. Since
measured values of ¢ commonly range from 30° and 55°, values of 0
between 17° and 30° might be expected in the field.
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Normal Faulting Strike-slip Faulting Thrust Faulting
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Figure 2.8: Andersonian stress regimes and corresponding alignment of the
principal stresses of the 3D stress tensor [after Fjaer et al., 2008].

Anderson’s theory predicts only the orientation of faults with re-
spect to the ambient state of stress in which they are formed. But one
should consider that the frictional strength of faults is less than the
stress necessary to form them. Once faults are formed they constitute
as plane of weakness and may are reactivated even if they are not
optimally oriented in the ambient stress field. With other words, it
is more likely to reactivate a pre-existing fault which is favorably ori-
ented than to form a new one in the most optimal orientation. This
may leads to ambiguity in both:

e inferring the in-situ stress field orientation from earthquake fo-
cal mechanisms

* inferring paleo stress states on basis of fault orientations or anal-
ysis of slickenlines.

This can be illustrated in the Mohr circle representation with two
parallel failure envelops: one failure curve represents the frictional
strength of a fault and intersects the ordinate at the point of origin
(no cohesion); one failure curve represents the strength of the sur-
rounding rock and intersects the ordinate at a point with a given
cohesion.

2.3 THE CRITICAL STRESSED CRUST
2.3.1  Critical stress theory

Various observations indicate that intraplate crust can generally be
considered to be in a state of frictional failure equilibrium. Follow-
ing Townend [2003] and Townend and Zoback [2000], most of these
observations can be related to one of three independent lines of evi-
dences:
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1. occurrence of seismicity induced by either reservoir impound-
ment or fluid injection [e. g. Roeloffs, 1988; Simpson et al., 1988],

2. earthquakes that are triggered by other earthquakes [e. g. Stein
et al., 1992, 1997; Scholz, 2010],

3. in-situ observations in deep wells such as the KTB [e. g. Zoback
and Healy, 1992; Brudy et al., 1997].

The hypothesis of a critical stressed crust implies that the possible
range of stress magnitudes are limited regardless of the pore pres-
sure and the depth. Deep well stress measurements in different tec-
tonic regimes clearly support this hypothesis (Fig. 2.9). Here, ap-
plied stress ratios follow predictions according to the Mohr-Coulomb
frictional-failure theory incorporating frictional coefficients in the
range of 0.6-1.0. The measured effective stress ratios of maximum
and the least principal stresses appear to be limited leading to two
important implications for geomechanics. First, the experimentally
derived Beyerlee’s law also appears to correspond to faults in situ,
regardless the difference in scale of the samples. Second, measured
stress ratios indicate that they are controlled by the frictional strength
of pre-existing faults in the crust and can thus described by the sim-
ple law of the Mohr-Coulomb failure theory. This observation not
only applies for active plate boundaries but also for relatively stable
intraplate areas and is likewise observed for normal, strike-slip, and
reverse faulting environments.

According to equation 2.32 failure initiation of a pre-existing and
critically stressed fault plane is given by T > po. By transforming of
equation 2.12 and 2.13 into the 3D space, the Mohr-Coulomb failure
criterion can be expressed by the effective principal stresses

01— 03 o1+03 071—0O

in20 = > 052 :
sin20 = pn > 5 cos 0|, (2.37)

which can be rearranged to

o1 _ sin20+ p (1 —cos26)
o3 sin20 — u(1+cos20)

_cos@+p(l+sing)
cos@—p(l—sing)’

Since p = tan ¢ and thus sin @ = p/y/p? +1and cos @ = 1/y/u2 +1,
equation 2.38 simplifies to:

(2.38)

01 S] —Pp 2 1/2 2
o3 S;—p (u+1) H} (2.39)
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Figure 2.9: Indications for a critical stressed crust based on deep well stress
measurements [after Townend, 2003]. Dashed lines illustrate lim-
itation of effective stresses in the upper crust according to the
predictions made by the Coulomb frictional failure theory for
various coefficients of p. With respect to the Mohr circle repre-
sentation, the effective mean stress defines the midpoint and the
differential stress defines the size of the circle (see Fig. 2.5)

Equation 2.39 illustrates that the possible range of differential
stresses in the crust is limited. Their magnitude solely depends
on u. Following Byerlee’s law, maximum stress ratios for o7 and
03 of 3.1 and 4.7 are calculated for friction coefficients of 0.6 and
0.85, respectively. The pore fluid pressure has no effect on these
predicted stress ratios but can change significantly the magnitude
of the differential stress (o1 - 03). Under hydrostatic pore pressure
conditions the differential stress constantly increases due to a con-
stant increase of the vertical stress. In some areas of sedimentary
basins pore fluid overpressures can be observed which are close to
lithostatic conditions. Under these o3 ~p conditions the limiting
stress magnitude is not significantly different from the vertical stress
magnitudes regardless of the considered faulting regime. With
other words, the o1 and 03 magnitudes differ only slightly but the
maximum 01/03 ratio remain unaffected. This implies that when
pore pressure is very high failure on the most favorably oriented fault
might occurs even when the differential stress is small. Relatively
small stress perturbations are furthermore sufficient to change the
style of faulting from one stress regime to an other.

Next to the reactivation potential, faults and fractures that are
favorably oriented and critically stressed for frictional failure seem
also to control subsurface fluid flow [Barton et al., 1995; Sibson, 1996;
Ito and Zoback, 2000]. The existence of a critical stress crust implies
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that near-hydrostatic pore pressures may exist to great depth and
that pre-existing faults that are critically stressed probably maintain
the crust’s high permeability [Townend and Zoback, 2000; Townend,
2003].

2.3.2  The stress polygon

By combining the concept of limited crustal stresses with Anderson’s
faulting theory (section 2.2.2), equation 2.39 can be used to estimate
an upper bound for the maximum and least principal stresses for
each faulting regime:

Sy—p

Normal faulting ﬁ
hmin —

[0 @)

_ 2
Strike — slip faulting SHmax —P {(uz +1)2 4 u} (2.41)
Shmin —Pp

S — 2
Reverse faulting HSLXPP [(uz +1)V2 4 u} (2.42)
.

Geomechanically stable stress conditions for the different stress
regimes can be illustrated by the so-called stress polygon [Moos and
Zoback, 1990; Zoback et al., 2003]. For a given friction coefficient,
the area inside the polygon illustrates the range of allowable states
of stress (point of mechanical equilibrium), whereas values lying
outside the borders are unstable and yield failure (Fig. 2.10).

The trivial fact that Symax = Shmin requires all possible stress

states to be above a diagonal line of unit slope. Points at the periphery
of the polygon correspond to a state of stress at the frictional limit and
correspond to the Anderson’s faulting and stress regimes: I - radial
extension, II - normal faulting, III - transitional normal/strike-slip
faulting, IV - strike-slip faulting, V - transitional strike-slip/reverse
faulting, VI - reverse faulting, VII - radial compression.
Construction of the fault polygon is straight forward when one prin-
cipal stress magnitude is known. In practice, minimum horizontal
stresses often are obtained from extended leak-off tests or hydraulic
fracturing. By assuming linear stress-depth trends, gradient for the
vertical stress and the pore pressure can be reasonably estimated. By
doing this, critical stress theory can be applied and magnitude of the
maximum principal stress can be easily constrained.
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Figure 2.10: Stress polygon of allowed stress states (gray shaded area) fol-
lowing Mohr-Coulomb faulting theory with p = 0.85, after
Zoback [2010]. Anderson’s faulting regimes are bound by tri-
angles in op-on-space. NF is normal faulting, SS is strike-slip
faulting, RF is reverse faulting.

2.3.3 Theory of slip and dilation tendency

As discussed ins section 2.2 the magnitude of fault plane friction, in
relation to available shear stress, is the controlling factor for reactiva-
tion of faults. Fault slip is likely to occur when effective shear stress
equals or exceeds this frictional resistance to sliding. For pre-existing
faults the cohesive strength of the rock might be negligible. As
consequence, frictional failure is solely governed by the magnitude
of the coefficient of static friction. In this case the Mohr-Coulomb
failure criterion (Eq. 2.32) simplifies to T > po. This implies that
the ratio of resolved shear stress to resolved normal stress equals .
This ratio has been referred to as the slip tendency, Ts. Analysis
of the slip tendency was first suggested by Morris et al. [1996] as
parameter for determining fault instabilities and reactivation poten-
tials. Similar studies have been proven to be appropriate in different
tectonic environments and for different scopes of application, e.g.
for seismological studies of aftershock sequences [Collettini and
Trippetta, 2007], for characterization of neotectonic fault activity at
basin scale [Worum et al., 2004, 2005], or for investigation of induced
seismicity during hydraulic reservoir stimulation [Moeck et al., 2009].

The slip tendency analysis does not incorporate any variations in
frictional properties on a fault surface and assumes the fault zone
to consist of two planar and cohesion-less planes. This may not al-
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ways the case. When fault cores are cemented and show an apparent
cohesive strength slip tendency analysis probably tends to overesti-
mates the reactivation potential of the fault [Streit and Hillis, 2004].
However, several studies have demonstrated that neglecting cohesion
along pre-existing fault surfaces is a reasonable simplification due
to the fact that cohesion along fault surfaces significantly decreases
as subsequent slip occurs [e. g. Brace and Kohlstedt, 1980; Twiss and
Moore, 2007; Zoback and Healy, 1992].

There is ample evidence that a rupture plane is characterized by a
considerably smaller resistance for frictional failure when the fracture
and fault core contains clay minerals. Contrary to the predictions
based on Beyerlee’s law, for clayey formations frictional coefficient
can take much smaller values of 0.2 and even below [e.g. Tembe et al.,
2006, 2010], leading to very weak fault zones that deform by creep
rather than seismically. This is crucial when a fault gouge consists of
swelling clays and significant intracrystalline pore pressures evolve.
Morrow et al. [1992] and Moore and Lockner [2007] could show that,
next to pore pressure and clay mineralogy, frictional strength is de-
pendent on the resolved stress state. Their tests reveal, that clays have
a low frictional strength at low effective pressures but have higher
frictional strength at higher effective pressures. However, both ob-
servations of increasing or decreasing resistances for frictional failure
illustrate that estimates on fault reactivation potential is very com-
plex, i.e. in shaley or evaporitic rocks and when clay bearing fault
gauges exist.

Dilation tendency, Tp, is the relative probability for a fracture or a
fault plane to dilate under the local stress field [Ferrill et al., 1999].
Tp is defined as the difference between the maximum principal com-
pressive stress (07) and the normal stress (0y,), normalized by the
differential stress (07 - 03). Tp is a relative value ranging between o
(01 = on) and 1 (03 = on). The calculation is straight forward if fault
plane geometry and in-situ stress state is known. A Mohr’s circle
representation of both parameters is shown in Fig. 2.11.
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Figure 2.11: Mohr’s circle representation of slip- and dilation tendency as
parameters for quantification of fault and fracture reactivation
potentials.
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TECTONIC FRAMEWORK OF SOUTHWEST
GERMANY

3.1 GEOLOGICAL SETTING OF THE UPPER RHINE GRABEN

The 300-km-long and about 40 km wide Upper Rhine Graben (URG)
represents the central part of the European Cenozoic rift system
(ECRIS; Ziegler, 1990a, 1992), extending over a distance of more
than 1000 km across central Europe (Fig. 3.1). The URG is sub-
divided into a NNE-striking southern, a NE-striking central, and a
NNW to N-striking northern segment. A triple junction connects the
northern end of the URG with the NNE trending Hessian grabens
and the northwest striking Lower Rhine (Roer Valley) Graben, repre-
senting the northern branch of ECRIS. To the south ECRIS includes
the grabens of the Massif Central, the Bresse Graben, the Limagne
Graben, and minor graben systems along the Rhone Valley. The sinis-
tral NE-striking Burgundy transfer zone represents the structural link
to the southern URG [Ustaszewski, 2004].

0
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o English Channel
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52+

LRG = Lower Rhine Graben
HG = Hessian grabens

EG = Eger Graben

l. 48 URG = Upper Rhine Graben

LG = Limagne Graben

BG = Bresse Graben

BTZ = Burgundy Transfer Zone
OW = Odenwald

SW = Schwarzwald

V =Vosges

Adriatic Sea
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Figure 3.1: A) Structural overview map of Europe including the ECRIS rift
system (orange), the Alpin deformation front (thrust fault signa-
ture), major Cenozoic fault zones (black lines), Variscan massifs
(blue), and volcanic massifs (black); after Dezes et al. [2004].
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Continental rifting and graben formation started in Early Cenozoic
(40-35 Ma) and was synchronous to large scale reorientation of plate
boundaries in central Europe such as the Alpine orogen and the open-
ing of the northern Atlantic Ocean. Evolution of the Cenozoic URG
was controlled by polyphase reactivations of a complex set of crustal
discontinuities of Late Paleozoic structures. The following summary
mainly follows the comprehensive discussions about the influence of
pre-rift settings on the Cenozoic graben formation that are given by
Schumacher [2002], Dezes et al. [2004], and Ziegler et al. [2006].

3.1.1  Pre-rift setting of the URG area

Along its strike, the URG crosses different tectonostratigraphic units
of the Variscan orogenic belt in central Europe (Fig. 3.3A). The URG
area is characterized by a complex pre-Tertiary crustal architecture
comprising NE to ENE trending terranes and terrane boundaries
consolidated and aligned during the main phases of the Variscan
orogeny between about 345-325 Ma [Kalt et al., 2000; Schaltegger,
2000]. Information of the basement lithology and the Variscan struc-
tural grain has been almost entirely inferred from gravity and magnet-
ics (Fig. 3.2). In the north the URG is bound by the South Hunsrtick-
Taunus border fault (SHTBF), a major ENE trending structure (su-
ture) which is supposed to separate the external Rhenohercynian and
Saxothuringian zones of the Variscides. The ENE striking Lalaye-
Lubine-Baden-Baden-Shear Zone (LBZ) in the north represents the
southernmost parts of the Saxothuringian Zone of the Variscan oro-
gen.

Carboniferous convergence was followed by a phase of Late
Carboniferous to Early Permian extension between about 325 and
280 Ma. Re-equilibration of the lithosphere with the asthenosphere
accounted for the long-term thermal subsidence and thinning of the
crust. This phase was accompanied by extrusive and intrusive mag-
matism and caused formation of a system of Permo-Carboniferous
troughs and highs, which followed the ENE structural trend of the
Variscides (e. g. Henk, 1993; Boigk and Schoeneich, 1970; Korsch and
Schifer, 1995; Fig. 3.3B). Uplift and erosional and tectonic unroof-
ing of the Variscan orogen significantly reduced crustal thickness.
Foreland basins and Permo-Carboniferous troughs were successively
filled with continental red beds deposits and volcanic units.

Early Permian evolution of the Central European crust, i.e. regarding
the tectonic processes that controlled the crustal extension and thin-
ning, is controversially discussed. A wrench-induced collapse of the
Variscides is proposed e.g. by Ziegler et al. [2006]; Ziegler and Dezes
[2005]; Edel and Weber [1995]. They proposed that continental-scale
wrench tectonics caused reactivation of the Variscan structural grain,
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Figure 3.2: Major units and tectonic features of the Variscan basement in the
URG and adjacent areas (after Baillieux et al. [2013]). 1d, low
density; md, medium density; hd, high density; RHZ, Rheno-
hercynian Zone; STZ, Saxo-Thuringian Zone; MZ, Moldanubian
Zone; URSZ, Upper Rhine Shear Zone; VM, Vosges Mountains;
BFM, Black Forest Mountains; OM, Odenwald Mountains; KV,
Kaiserstuhl volcanic massif.

predominantly by (W)NW trending dextral shear, but also caused
development of (N)NE trending sinistral shears in the URG area.
This trend is furthermore associated with Lower Carboniferous to
Permian intrusive bodies and dyke swarms, which outcrop along the
rift axis in the exposed basement of the graben shoulders [Fl6ttmann
and Oncken, 1992; Schumacher, 2002]. Elongated gravity and
magnetic anomalies within the URG area are interpreted to confirm
NNE trending sinistral shear zones [Edel and Fluck, 1989; Edel and
Weber, 1995; Edel et al., 2007] but slip rates along these basement
structures are still poorly constrained. Outcrop studies in the Vosges
mountains indicate slip rates of 4-6 km, only, for individual faults
[Edel et al., 2007]. A distinct lateral NNE-SSW displacement along
this structural trend is described for basement discontinuities within
the URG. Here, an apparent offset of about 40-45 km, visible for
the NE-SW striking LBZ, is interpreted to reflect Late Variscan
activity of major sinistral strike-slip zones [e.g. Edel et al., 2007].
However, since displacement rates do not reflect continental-scale
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Figure 3.3: A) Variscan terrains and terrain boundaries in the URG area
with superimposed fault pattern within the URG developed dur-
ing Cenozoic rifting (after Illies and Greiner [1979]). B) Permo-
Carboniferous troughs and highs representing major pre-rift
structural features and zones of weakness in the URG area (after
Boigk and Schoeneich [1970]). C) Depth of the base of the Ceno-
zoic graben fill indicating significant thickness variation of Ter-
tiary sediments along the rift axis (after Pflug [1982] and Doebl

et al. [1974]).
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wrench tectonics and lateral displacements of Permo-Carboniferous
troughs and highs are not described, these observations may are
related to local fault activities rather than basin-scale tectonics. The
NNE structural trends are often considered to have controlled the
Cenozoic graben formation, due to the fact that they partly outline
the shape of the URG [Boigk and Schoeneich, 1970]. Since wrench
tectonics are commonly associated with subvertical strike-slip fault
zones, reactivation of these weakness zones in an extensional normal
faulting regime during the URG rifting seems questionable.

Large scale extensional reordering of the crust by W to WNW
dipping detachments is proposed by Eisbacher and Fielitz [2008].
They state, that crustal thinning by E-W extension is indicated by
westwards dipping stretching lineations along ductile, mylonitic
shear zones that are exposed along the eastern graben shoulder in
the Schwarzwald and Odenwald. W to WNW dipping detachments
induced emplacement of major post-tectonic batholiths and may
also explain asymmetries that are observed between the eastern
and western graben shoulder, such as for the exposed basement
rocks, which represent different crustal levels and uneven uplift rates.

However, post-orogenic reactivation of Variscan structural features
arranged a large-scale fragmentation pattern which partly prede-
termined structural evolution of the Central European crust in the
Mesozoic and Cenozoic [Edel and Weber, 1995; Ziegler et al., 2006].
Stages of thermal relaxation and subsidence within the tectonically
thinned and reordered Variscan lithosphere between about 260 Ma
and 150 Ma caused formation of transgressive Mesozoic deposits that
discordantly overly the peneplaned Variscan basement and Permo-
Carboniferous strata [Pflug, 1982; Eisbacher et al., 1989b]. Large-scale
Triassic and Jurassic intraplate tectonics are not documented for
the URG area. However, diffuse Triassic extension, controlling
subsidence of the Permo-Carboniferous troughs, appears to indicate
reactivation of Variscan zones of weakness [Ziegler, 1990b]. A
distinct erosional hiatus from Late Cretaceous to Early Cenozoic that
is observed in the URG area may indicates a large-scale change of
the intra-plate deformation to a phase of compression accompanied
with local uplift and erosion as observed for the Rhenish Shield in
Late Mesozoic [Ziegler, 1990b; Geyer and Gwinner, 2011]. At present,
Triassic to Late Jurassic sediments are exposed along the graben
shoulders, lifted up during Cenozoic rifting of the URG. Within the
URG, the Mesozoic formations describe gentle synclinal and anti-
clinal structures that were superimposed on Permo-Carboniferous
troughs and highs, respectively [Sittler, 1969; Pflug, 1982]. This
subcrop pattern reflects reactivation of crustal Variscan weakness
zones, presumably under a transpressional stress regime and may
indicates very initial phases of a new rifting cycle [Schumacher, 2002].
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3.1.2  Syn-rift Cenozoic evolution of the URG

Rifting history and kinematic evolution of the URG is still under
debate and several models haven been proposed in the last decades.
A comprehensive discussion on the existing kinematic models for the
graben formation is given by Schwarz [2005]. The existing models,
as e.g. proposed by Illies [1975]; Michon et al. [2003]; Behrmann et al.
[2003]; Schumacher [2002]; Dezes et al. [2004], differ mainly in the
number of involved rifting phases and the stress field orientations
and kinematics during individual phases. However, common to
all models is description of a polyphase rift evolution caused by
repeatedly changes of the ambient stress field and related faulting
conditions. Changes in subsidence patterns, as indicated by isopach
maps of the synrift sedimentary succession [Pflug, 1982], reflects this
uneven Cenozoic rifting activity along the graben axis. Variations of
the rift polarity caused formation of repeatedly shifted depocenters
and sub-basins within the URG. The total thickness of Tertiary to
Quaternary sediments within the URG exceeds 3 km in an elongated
depocenter situated along the EMBF in the northern URG [Doebl
et al., 1974; Pflug, 1982; Bartz, 1974]. In the southern URG, a smaller
depocenter south of Freiburg exists, filled by a sequence of 2.5 km
thick sediments. The crustal extension perpendicular to the rift axis
is estimated to be in the order of approximately 5 to 7 km [Ziegler
and Dezes, 2005; Hinsken et al., 2007; Villemin et al., 1986].

The main extensional rifting and crustal NW-SE extension started
in Late Eocene [Sissingh, 1998] during which Late Variscan and
Permo-Carboniferous crustal discontinuities were transtensionally
reactivated [Schumacher, 2002]. The opening of the graben was
controlled by a paleostress field with a Symqx Orientation of NNE-
SSW [Ahorner, 1975; Illies, 1975] resulting in the development of
the NE-SW to NNE-SSW striking rift segments. Initial subsidence
starts in the southern and middle parts of the URG in Late Eocene
and is deduced from deposition of lacustrine sediments, which rest
unconformably on the subcropping Mesozoic strata. Sedimentation
in the southern and middle segment of the URG was restricted to
two depocenters that are superimposed on the ENE trending late
Paleozoic Burgundy and Kraichgau troughs, respectively. They are
linked by a narrow NNE striking subbasin that crosses the less
rapidly subsided crust in the area of the Northern Black Forest and
the Main Upper Rhine Highs (Fig. 3.3B). Alternating and gradual
sedimentation of marine and evaporitic deposits is interpreted to
be caused by temporary transgression from the south [Sissingh,
1998]. Continuous uplift and erosion of the graben shoulders is
indicated by clastic and conglomeratic deposits close to the rift flanks.
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In Lower Oligocene crustal extension and subsidence successively
shifted further north but synrift sedimentation also reflects local
changes in basin geometry. In the southern URG, the main depocen-
ter shifted to the W along to the active western main boundary
fault (WMBF). In the middle URG, NE trending elongation of the
depocenter close to the eastern rift flank reflects development of the
eastern main boundary fault (EMBF). By this time, the area along
the Northern Black Forest high is assumed acting as sinistral transfer
zone that connected both asymmetric graben segments. Structural
control of this transfer zone by the LBZ during Oligocene seems
questionable since opposite dips are inferred for the transfer zone
(NW vergent - based on isopach maps Schwarz and Henk [2005];
Schwarz [2005]) and LBZ (SW vergent - based on refraction seismic
data Eisbacher et al. [1989b]). During Oligocene transgression and
regression sporadically formed a marine channel from the Alpine
Foreland Basin to the North German Basin and marine clay and
marl series and evaporitic sediments were deposited throughout the
entire graben system. Uplift in the southern URG interrupted the
marine connection and may reflects beginning of large-scale tectonic
changes in the URG area.

A major reorientation of the regional stress field in the early
Miocene established a NE-SW-extensional to transtensional stress
field. Border fault segments were reactivated showing sinistral
and dextral oblique displacements, but also local inversion and
contraction [e.g. Illies et al., 1979; Rotstein et al., 2005; Rotstein and
Schaming, 2011]. The change of the regional stress field initiated
a new tectono-sedimentary regime. Subsidence and sedimentation
were restricted to the northern graben segment [Bartz, 1974; Pflug,
1982] whereas synrift deposits and older strata in the central and
southern segments of the URG were partly eroded [e.g. Villemin et al.,
1986; Sissingh, 1998]. Uplift and erosion also affected the Vosges and
Black Forest and is indicated by fluvial deposits of erosion products
in the graben center. The phase of uplift in the southern URG was
accompanied by local volcanic activity such as in the Freiburg area
where the Kaiserstuhl volcano built up. Thermal doming of the
Rhenish shield during the Miocene was also accompanied by major
volcanic activity and finally interrupted marine sedimentation in
the northern URG. The configuration of the Miocene depocenter
in the northern graben segment is already similar to that reflected
by the Quaternary isopachs (Bartz [1974], 3.3C). Here, Quaternary
alluvial deposits reach a maximum thickness of more than 380 m
near Heidelberg. During the early Quaternary, subsidence resumed
in the southern URG. Here, sedimentation was restricted to a N-S to
NNE trending subbasin SW of Freiburg [Schumacher, 2002].
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3.2 GEOLOGICAL SETTING OF THE SCHWARZWALD

The Schwarzwald is part of the central polymetamorphic crystalline
belt of the Variscan orogen developed between about 420 and 280
Ma. Exhumation of the Variscan basement rocks was caused by the
Cenozoic rifting of the URG. Tertiary updoming along the flanks of
the southern URG has caused erosion of about 2 km of Mesozoic
sedimentary platform cover rocks and has exposed the crystalline
basement in the Schwarzwald and Vosges Mountains. Uplift along
the graben shoulders of the southern URG was accommodated along
broad boundary fault zones with maximum displacement rates of
about 5 km. Tectonic evolution and major structural setting of the
exposed Variscan units coincide with that described for the URG as
pre-rift settings in section 3.1.1.

From north to south the Schwarzwald comprises four NE-trending
lithotectonic units accreted by oblique convergence during early Car-
boniferous time (Fig. 3.4, Eisbacher et al. [1989b]).

The low to medium grade metasedimentary and metavolcanic
rocks of the Baden-Baden Zone (BBZ) in the north represent the
southernmost parts of the Saxothuringian Zone of the Variscan oro-
gen. The rocks of the BBZ mainly comprise schists, meta-greywackes,
and marbles but also isolated lenses of basic metavolcanics and
altered ultramafic rocks. The BBZ is bounded to the southeast by the
ENE striking Lalaye-Lubine-Baden-Baden-Shear Zone (LBZ, see Fig.
3.3) that represents the diffuse structural boundary to the medium
and high-grade metamorphic rocks of the Central Schwarzwald
Gneiss Complex (CSGC). The tectonic contact between the BBZ
and the CSGC represents a dextral-transpressive ductile shear zone,
indicating high temperature metamorphism around 330-335 Ma
[Eisbacher et al., 1989b; Kalt et al., 2000]. It can be traced towards
SW along strike to the northern Vosges and is widely veiled by a
postkinematic biotite-muscovite granite, which intruded between
325-330 Ma and which was cataclastically deformed during sinistral
brittle reactivation [Krohe and Eisbacher, 1988; Kalt et al., 2000;
Wickert et al., 1990; Hess et al., 1995].

The CSGC represents the Moldanubian Zone of the Variscan
orogen and mainly consists of migmatic and, locally, mylonitic
paragneisses, orthogneisses, and minor metabasites, hosting isolated
lenses of relic eclogites and serpentinized peridotites [Kalt et al.,
1995; Marschall et al., 2003]. The CSGC was intruded at about
330-325 Ma by two major batholiths in the north and in the east and
two minor bodies accompanied by numerous, commonly NE-SW
striking, granitic to porphyritic dykes (Fig.  3.4). The contact
between the metamorphic CSGC and the sedimentary Badenweiler-
Lenzkirch Zone (BLZ) is a major crustal thrust. It is represented by
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Figure 3.4: Simplified geological map of the Schwarzwald area showing the
four NE-trending major lithotectonic units of the Variscan belt
and the Carboniferous granite batholiths (blue - NGC: North-
ern Schwarzwald granite complex; SGC: Southern Schwarzwald
granite complex; TGC - Triberg granite complex).

the mylonitic-cataclastic Todtnau shear zone that indicates dextral-
transpressive, SSE-directed convergence at about 330 Ma [Krohe
and Eisbacher, 1988; Eisbacher et al., 1989b]. The CSGC in the
hangingwall overthrust the Palaeozoic sedimentary-volcanic infold
of the BLZ. The about 5-10 km wide BLZ is a tectonic melange of
metasedimentary and metavolanic series that includes low-grade to
non-metamorphic Ordovician to late Carboniferous sedimentary and
volcanic rocks [e.g. Sawatzki et al., 2003]. The southern boundary
of the BBZ is a WNW-trending sinistral transtensive shear zone and
appears to be partly sealed by granitic intrusions [e.g. Krecher and
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Behrmann, 2007].

The migmatitic gneisses of the SSC form W- to NW-dipping pan-
els that were intruded by N- to NW-trending granitic plutons (Fig.
3.5). Emplacement of the massive granitic intrusions from mid-
dle to high crustal levels between about 332-334 Ma [Schaltegger,
2000] are related to a transitional regime of crustal reordering in late
Early Carboniferous, characterized by an extensional phase that fol-
lowed the phase of Early Carboniferous convergence [Eisbacher et al.,
1989b; Henk, 1997, Krohe and Eisbacher, 1988]. Due to the transi-
tional tectonic regime, the SSC batholiths can be subdivided into a
pre- and a post-tectonic granite series [Schaltegger, 2000]. The first
series comprise pre- to syn-tectonic, ductilely deformed batholiths
such as the Klemmbach- and the Schlichtenhaus granites that are
considered to be deformed during the compressive deformation of
the CSGC and BLZ assigned to a period between 340 and 330 Ma
[Krohe and Eisbacher, 1988]. The second series comprise the post-
tectonic little to non-deformed Albtal-, St.-Blasien-, Marlsburg, and
Bérhalde-Schluchsee granites that were emplaced during a period of
post-convergence crustal thinning and extension [Schaltegger, 2000;
Echtler and Chauvet, 1991].
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Figure 3.5: Overview map of the Southern Schwarzwald Complex between
Freiburg and Basel showing the distribution of the gneissic
rocks and location of the Carboniferous pre- and post-tectonic
batholiths.

At present, major fault zones between and within the four litho-
tectonic units of the Schwarzwald are commonly documented as
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cataclastic and mineralized fault zones [e.g. Krohe and Eisbacher,
1988]. During late Variscan times, between about 330 to 325 Ma, high-
level crystalline basement rocks cooled down due to the uplift of the
CSGC and SSC in upper crustal brittle levels. As a result, retrograde
mylonitic shear zones evolved into cataclastic fault zones [e.g. Eis-
bacher et al., 1989b] that repeatedly provided preferential pathways
for highly mineralized fluids [e.g. Bons et al., 2014].

3.3 PRESENT DAY STRESS STATE IN SW GERMANY

Determination of the present day stress state in the URG has been
the subject of numerous studies in the last decades. Regional models
of the recent state of stress mostly base on stress inversions from
URG earthquake data [e.g. Bonjer et al., 1984; Larroque and Laurent,
1988; Delouis et al., 1993; Plenefisch and Bonjer, 1997; Kastrup et al.,
2004] or have been deduced from neotectonic studies [e.g. Larroque
and Laurent, 1988; Bertrand et al., 2006; Peters and van Balen, 2007].
Additional, very local, information on the in-situ stress state were
determined from overcoring and hydraulic fracturing campaigns
[e.g. Greiner, 1975; Baumann, 1981; Klee and Rummel, 1999] or rely
on interpretations of borehole breakouts and drilling-induced tensile
fractures [e.g. Valley and Evans, 2007, 2009]. An overview of reliable
data is provided by the World Stress Map [Heidbach et al., 2008] and
is shown in Fig. 3.6.

Although local stress field variations are documented, rather stable
stress and deformation conditions are observed for the URG area.
An autonomous stress regime within the Central European crust is
hence not inferred for the graben system [Miiller et al., 1992]. The
URG is characterized by a generally uniform NW-SE orientation
of the largest horizontal stress component (Spmax). This stress
state is interpreted to be driven by plate boundary processes and
reflects a combination of forces related to continued convergence
of the Adriatic Block and the central European Plate and North Al-
tlantic ridge push [Regenauer-Lieb and Petit, 1997; Dezes et al., 2004].

Along strike of the URG slight variations of the Symqx Orientation
are observed. Stress indicators reveal a gradual counterclockwise
rotation of the o7 and o) plane as well as of the o3 direction of
about 30° from S to N [Plenefisch and Bonjer, 1997]. Values range
from N130°E to N135°E in the northern URG and from N145°E to
N160°E in the southern URG and northern Switzerland [e.g. Carey-
Gailhardis and Mercier, 1992; Delouis et al., 1993]. Interpretations of
fault-plane solutions also reveal a change in faulting regime along
the graben axis [e. g. Plenefisch and Bonjer, 1997]. The northern part
of the URG is characterized by an extensional stress state and active
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Figure 3.6: In-situ stress indicators for the URG area, compiled in the World
Stress Map [Heidbach et al., 2008], indicate a relatively homoge-
nous NW-SE to NNW-SSE orientation of the maximum hori-
zontal stress component (Symax). Few local perturbations of
the SHmax Orientation are observed in northern Switzerland, the
Soultz area, and along the EMBE.

normal faulting (07 = Sy, 02 = SHmax) Whereas in the seismically
more active southern part strike-slip faulting (61 = Stmax, 02 = Sv)
with secondary normal faulting prevails. Transition of the stress
orientation and change of the faulting regime, by permutation of
o1 and o, [Larroque et al.,, 1987], occurs in the central segment of
the URG and was documented for the Soultz area at the western
rift flank [Cuenot et al., 2006]. Here, stress indicators indicate a
transitional stress state with a change from normal to strike-slip
faulting at a depth of about 3.4 km [Cuenot et al., 2006].
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Next to these stress variations at basin scale also local perturba-
tions of the Symax Orientation are documented, e.g. at the western
flank of the central URG in the Soultz-sous-Foréts area. Here, an
extensive set of in-situ stress data has been gathered for depths down
to 5 km. Determined Syimax Orientations range from N125°E to
N185°E with mean values between N175°E + 10° [Cornet et al., 2007]
or N169°E + 14° [Valley and Evans, 2007]. A slight deviation from the
regional NW-SE to a N-S trend is evident and probably reflects stress
heterogeneities in the crystalline basement that are caused by local
structural geological settings such as horst and graben structures,
transfer and accommodation zones, or complex fault patterns.

Deep well investigations on the in-situ state of stress have been
conducted almost exclusively within the graben center. For the crys-
talline basement of the Schwarzwald only few in-situ stress measure-
ments are available. Existing studies are based almost always on near-
surface overcoring measurements [Greiner, 1978; Wolter, 1987], analy-
ses of hydrofracs [Rummel and Baumgartner, 1987], and the use of tri-
axial strain cells in shallow wellbores [Wolter, 1987; Hauser-Fuhlberg
et al.,, 2012]. However, among inherent uncertainties related to the
measurement techniques, significant stress perturbations due to the
topography hamper an unambiguous interpretation of these near-
surface data. More reliable data base on interpretations of earthquake
data. For the seismically active region of the southern Schwarzwald
stress inversions performed on earthquake focal plane solutions pro-
vide additional information about the Symax Orientation and the tec-
tonic regime. Here, comprehensive studies confirm the generally
uniform NW-SE orientation of Spymax and indicate that strike-slip
faulting with secondary normal faulting are the dominant faulting
regimes (Plenefisch and Bonjer [1997]; Bonjer [1997]; Kastrup et al.

[2004]; Fig. 3.7).
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Figure 3.7: Results of stress inversions performed by Kastrup et al. [2004]
for 30 earthquakes in the southern Schwarzwald area, presented
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INFERRING THE IN-SITU STRESS REGIME IN DEEP
SEDIMENTS: AN EXAMPLE FROM THE BRUCHSAL
GEOTHERMAL SITE

This section is published in Geothermal Energy, 2, 7,
doi:10.1186/540517-014-0007-z with minor changes in the desig-
nation of the sections.

ABSTRACT

Knowledge of the ambient state of stress is of crucial importance
for understanding tectonic processes and an important parameter in
reservoir engineering. In the framework of the 2500 m deep geother-
mal project of Bruchsal in the central part of the Upper Rhine Graben
new evidence is presented for the stress field in deep-seated sedimen-
tary rocks. With a sophisticated data analysis based on the concept of
critical stress ratios, we evaluate the quality and uncertainty range of
earlier stress field models in the Bruchsal area. New data from bore-
hole logging and leak-off tests in deep sediments are used to propose
an alternative stress profile for this part of the Upper Rhine Graben.
The revised stress field model for the Bruchsal area predicts a normal
with transition to strike-slip faulting regime. Stress field perturba-
tions and potential decoupling processes within specific clay-, salt-,
and anhydrite-bearing units of the Keuper can be observed. By com-
parison with other models, we can show a regional consistency of our
stress field model that is reliable throughout the central Upper Rhine
Graben extending from Bruchsal in the East to the Soultz-sous-Foréts
EGS site in the West.

4.1 INTRODUCTION

In a regional context, the stress field is typically used for investiga-
tion of neo-tectonic and recent geodynamic processes. The world
stress map [Heidbach et al., 2008] provides a sound database with
respect to determination of fault reactivation, tectonic deformation
and related earthquake hazard [e.g. Hergert and Heidbach, 2011].
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Moreover, stress is a key parameter in unconventional reservoir
engineering. Faults and fractures that are favorably oriented and
critically stressed for frictional failure often dominate fluid flow
[Barton et al., 1995; Townend and Zoback, 2000]. In this respect, a
higher resolution of the stress field is required and linear stress-depth
profiles should be used with caution, as principal stress magnitudes
can vary locally by topography, geological unconformities, strati-
fications, lithology or geological structures like faults or fractures
[Heidbach et al., 2010; Zang and Stephansson, 2010]. In sedimentary
rocks, stress field orientation and principal stress magnitudes show
significant variations depending on their rheological characteristics
[Anderson et al., 1973; Cornet and Burlet, 1992]. Interstratification
of stiff clastic sediments and clay-, salt-, and anhydrite-bearing
formations causes significant deviations from linear stress-depth
profile in deep sedimentary basins such as the North German basin,
the Paris Basin, and in continental rift systems such as the Upper
Rhine Graben (URG) [Cornet and Rockel, 2012; Wileveau et al.,
2007]. Thus, stress measurements in sediments (orientation and
magnitude) need to be evaluated with respect to the lithological
characteristics of the corresponding formation, and extrapolation
of measured stress values to depth should be conducted with care,
especially when only few measurements are available. With this in
mind and although the world stress map provides a large amount
of data, determination of local stress appears often to be insufficient.

In this study, we present a methodology for stress field estimation
in areas where a detailed knowledge of the local stress conditions is
unavailable. The approach is applied on the example of the Bruchsal
geothermal site, where a number of earlier studies have been carried
out with a similar aim. We will present a comparative review of the
existing data and add new unpublished data from two leak-off tests
(LOT) and our resulting approach applied to the Bruchsal area.

4.2 GEOLOGICAL SETTING

Bruchsal is located in the central segment of the URG close to its
Eastern boundary fault (Figure 4.1). The Bruchsal geothermal
doublet system operates through a 1932-meter-deep injection (GB1)
and a 2542-meter-deep production well (GB2). The highly frac-
tured geothermal reservoir, located at a depth ranging between 1.8
and 2.5 km, mainly consists of fine to coarse-grained sandstones
of the Lower Triassic (Buntsandstein) and gravelly sandstones
and breccia conglomerates of the Upper Permian (Rotliegend
and Zechstein). The overlying Triassic units are characterized by
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clay-rich formations with carbonate and dolomitic layers (Muschel-
kalk) and gypsum- and anhydrite-bearing layers of the Keuper.

The 300-km-long URG represents the central part of the European
Cenozoic rift system [Schumacher, 2002], extending over a distance
of more than 1000 km across central Europe. It is subdivided into
a NNE-striking southern, a NE-striking central, and a NNW to
N-striking northern segment (Figure 4.1). The evolution of the Ceno-
zoic URG was controlled by polyphase reactivations of a complex
set of crustal discontinuities of Late Paleozoic structures [Ziegler,
1990a]. The main extensional rifting and crustal NW-SE extension
started in Late Eocene [Sissingh, 1998] during which Late Variscan
and Permo-Carboniferous crustal discontinuities were transtension-
ally reactivated [Schumacher, 2002]. The opening of the graben
was controlled by a paleostress field with a Spmax Orientation of
NNE-SSW [Ahorner, 1975; Illies, 1975] resulting in the development
of a NE-SW to NNE-SSW striking graben. A major reorientation
of the regional stress field during early Miocene times established
a NE-SW-extensional to transtensional stress field with reactivated
fault segments showing sinistral and dextral oblique displacements,
but also local inversion and contraction [e.g. Illies et al., 1979].
The change of the regional stress field initiated a new tectono-
sedimentary regime. The synrift deposits and older strata in the
central and southern segments were uplifted and partly eroded
due to transpressional reactivation of these graben segments [e.g.
Rotstein et al., 2005; Rotstein and Schaming, 2011]. A number of
thermal anomalies in the western part of the central and northern
part of the URG are linked to different structural features such as
zones of uplift [Baillieux et al., 2013]. Subsidence and sedimentation
were restricted to the northern graben segment with a maxi-
mum Cenozoic graben fill of up to 3.0 km [Bartz, 1974; Pflug, 1982].

Numerous local studies have been carried out to determine the tec-
tonic stress field in the URG. Most of them are based on the analysis
and interpretation of earthquakes, tectonic studies, overcoring data,
hydraulic fracturing data, and borehole breakouts [Greiner, 1975; Bau-
mann, 1981; Larroque and Laurent, 1988; Plenefisch and Bonjer, 1997;
Valley, 2007]. Figure 4.1 presents an extensive data compilation for
the present-day stress field in the URG and shows the above men-
tioned major structural units of the rift system. The seismological
data are derived from fault plane solutions of earthquakes from 1971
to 1980 and incorporate 33 fault plane solutions selected by Larroque
et al. (198y), based mostly on data from Bonjer et al. [1984]. The fault
traces from Illies et al. [1979] are based on the interpretation of 2D
seismic sections. The information on the stress field orientation and
the faulting regime are taken from the world stress map [Heidbach
et al., 2008].
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Figure 4.1: Compilation of data relevant to the stress field in the URG.
Shown are stress field indicators derived from seismological and
well test data compiled in the world stress map [Heidbach et al.,
2008]. The underlying map shows a digital elevation model
based on SRTM data and the major tectonic fault systems (grey
lines; [Illies et al., 1979]. Position of the boundary faults and ma-
jor shear zones are displayed as red lines. Abbreviations: WMBF
— western main boundary fault, EMBF - eastern main bound-
ary fault, LL/BB-SZ — Lalaye-Lubine/Baden-Baden shear zone,
HTSBF — Hunsriick-Taunus southern boundary fault. For fur-

ther information on the data, see text.
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4.3 METHODS

The compilation of stress field indicators in Figure 4.1 highlights
the generally uniform NW-SE orientation of Symqx demonstrated
earlier by Miiller et al. [1992]. This general trend is confirmed by
stress inversion of earthquake fault plane solutions [Delouis et al.,
1993; Plenefisch and Bonjer, 1997]. The general trend of the stress
field shows a local variation with Sy qx Orientation in the northern
URG ranging N130°E - N135°E and in the southern URG / northern
Switzerland ranging N145°E - N160°E. Interpretations of fault plane
solutions also reveal a change in faulting regime in the URG [e.g.
Plenefisch and Bonjer, 1997]. The northern part of the URG is char-
acterized by an extensional stress state and active normal faulting
(o1 = Sy, 02 = SHimax)- In the seismically more active southern part,
strike-slip faulting (071 = SHmax, 02 = Sy) with secondary normal
faulting is the predominant mechanism. The transition of the stress
orientation and the change of the faulting regime by permutation
of o1 and o, [Larroque et al., 1987] occurs in the central segment of
the URG, in the area of the site of investigation, probably causing
a transitional stress state between normal and strike-slip faulting.

At the western central margin of the URG, an extensive set
of in-situ stress data is available for the geothermal site of
Soultz-sous-Foréts (France). Measured and derived orientations of
Stimax determined down to 5 km varies between N125°E and N185°E
with a mean value of N175°E + 10° [Cornet et al., 2007] and indicate
a transitional stress state down to 5 km with a change from normal
to strike-slip faulting at depths below 3 km [Cuenot et al., 2006].

4.3 METHODS
4.3.1  Symax Orientation

For the Bruchsal geothermal wells Eisbacher et al. [1989a] have de-
rived the Symax orientation from borehole breakouts in GB1 and
GB2 using oriented caliper logging. The logs were acquired in the
depth range of 1632-1900 m (GB1) and 2023-2525 m (GB2) in the
Keuper, Muschelkalk and Buntsandstein formations and have been
azimuth-corrected for the deviated wells. The values were subdi-
vided into zones of fairly homogeneous orientation (Table 4.1) rang-
ing between 50 and 100 m in depth. Spmqx Orientation was de-
termined by stacking caliper data in each zone, with uncertainties
of up to 20°. In addition to the stress-relevant data, the classifi-
cation of reservoir rocks is indicated in Table 4.1. The grey rows
indicate Symax Orientations determined in the clay-, gypsum-, and
anhydrite-bearing formations of the Muschelkalk and Keuper. These
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low-permeable units seal the reservoir which mainly consists of sand-
stones and conglomerates.

Table 4.1: Depth intervals (MD) of the analyzed borehole breakouts and de-
termined Sy qx Orientations in the wells GB1 and GB2 (Reser-
voir rocks are marked in white).

Depth interval Z SHmax stratigraphic formation

GB1
1650 — 1700 m  N104°E M. Muschelkalk & U. Buntsandstein
1700 — 1775 m  N137°E M. Buntsandstein
1775 — 1850 m  N142°E M. Buntsandstein
1850 — 1900 m  N145°E L. Buntsandstein & U. Permian

GB2
2026 — 2070 m  No9o°E M. Keuper
2070 — 2130 m  N163°E L. Keuper
2130 — 2230 m N125°E U. Muschelkalk & U. Buntsandstein
2250 -2328 m N125°E M. Buntsandstein
2330 - 2385 m Ni45°E M. Buntsandstein & U. Permian
2385 — 2475 m N131°E U. Permian
2475 - 2535 m  N128°E U. Permian

U. = Upper; M. = Middle; L = Lower

4.3.2 Sy and Pp calculation

The magnitude of the vertical stress, S,, is generally equal to the
weight of the overburden and can be calculated by integration of
the rock densities from the surface to the depth of interest. Conse-
quently, the stratigraphic units of the overburden were subdivided
in two major groups. The first group includes the Quaternary
and Tertiary formations of the graben fill, while the second one
includes the occurring Mesozoic formations. We assume an average
density of 2400 kg m~3 for the Cenozoic sedimentary succession
based on Rotstein et al. [2006]. For the Triassic Muschelkalk and
Buntsandstein, densities were determined from a litho-density log
(LDL) acquired in GB1 between 1650 and 1900 m (Figure 4.2). A
weighted mean rock density of about 2500 kg m~3 is indicated
in the reservoir formations. This value is close to the literature
data [Miiller et al., 1988; Plaumann et al., 1967]. With an average
thickness of the Tertiary graben sediments in Bruchsal of about
1350 m, a mean density of 2430 kg m~3 for the overburden is
calculated for a reservoir depth of 2000 m. This leads to a vertical
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stress magnitude of S, = 47.7 MPa and a gradient of 23.8 MPa km~".
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Figure 4.2: Measured rock densities obtained from a litho-density log in GB1
between 1650 and 1900 m. Red lines show mean density values
for the drilled stratigraphic units. Zones of very small rock den-
sities (< 2000 kg m~3 ) and increased porosities in the Buntsand-
stein are associated with major fracture and fault zones in the
geothermal reservoir.

The pore pressure, Pp, was calculated similarly, assuming that it is
close to hydrostatic. With an average depth of the free water table 60
m below ground level, the reservoir reveals tendency to slight under-
pressure condition. The fluid density of the geothermal brine is 1070
kg m—3 (T. Kolbel, 2013, pers. comm.). At mean reservoir depth of
2000 m, a pore pressure of Pp = 20.4 MPa and a gradient of 10.2 MPa
km~! was calculated. This leads to a ratio of pore pressure to vertical
stress magnitude of Pp = 0.43S,,.
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4.3.3 Stress field profiles for Bruchsal and adjacent areas

Eisbacher et al. [1989a] prepared two different stress profiles in-
cluding the minimum (Spmin ) and maximum (SHmax ) horizontal
stress components. The first stress field profile is based on the linear
extrapolation of overcoring data from outcrops and shallow wells
measured by Greiner [1978] hereafter referred to as the Greiner pro-
file. In detail, the model is based on Symax and Symin magnitudes
of 4.9 MPa and 3.7 MPa, respectively, from the 140-meter-deep
Auerbach tunnel, about 60 km north of Bruchsal (Figure 4.1). These
data were interpolated with measurements from the Wossingen
outcrop, 10 km SE of Bruchsal (Figure 4.1), with magnitudes
of SHmax = 2.2 MPa and Synmmin = 1.0 MPa. The obtained stress
profile results in a normal faulting regime for the Bruchsal area of:

SHmax = 2.2 + 0.019Z (MPa)
Shmin = 1.0 + 0.019z (MPa)

The second profile is based on the stress field compilation of
Rummel and Baumgdrtner (1982, unpublished) for central Europe
with data originating from 120 hydraulic fracturing measurements.
In SW Germany this compilation is based on wells at depths down
to 500 m. The linear extrapolation (hereafter referred to as the
Rummel & Baumgdartner profile) predicts a strike-slip regime with:

SHmax = 0.8 + 0.034z (MPa)
Shmin = 0.9 + 0.021z (MPa)

At a reservoir depth of 2000 m, the Rummel & Baumgértner and
Greiner profiles differ in Spmin by 3.9 MPa, only, but in Symax by
28.6 MPa. In the following, we compare these profiles to the well-
defined stress field models prepared for the Soultz geothermal site. In
Soultz, two profiles have been prepared recently: Cornet et al. [2007]
show that the Symqx magnitude is close to S, (mean S, gradient
of 24.5 MPa km™') resulting in a range of 0.95S, < Spmax < 1.1
S, between 2800 and 3600 m (Figure 4.3 A) and Valley [2007] char-
acterized the stress at Soultz between 1500 and 5000 m to be in the
range of 0.90S, < SHmax < 1.055, (with the same S, gradient, see
Figure 4.3 B). Both describe the transitional stress field between a
normal faulting (NF) and strike-slip (SS) regime.

With exception of Symax Of the Greiner profile, the two Bruch-
sal stress profiles differ significantly from the Soultz profiles (Fig-
ure 4.3). With a rather similar S, gradient of 23.8 MPa km~', the
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Figure 4.3: Comparison of existing stress-depth relationships and stress ra-
tios for the geothermal sites of Bruchsal and Soultz. Stress mag-
nitudes of SHmax and Symin are normalized by S,,. The stress
profiles of Greiner and Rummel & Baumgértner are based on
the combination and linear extrapolation of stress magnitudes
obtained from near surface hydro frac and overcoring measure-
ments. The Soultz stress profiles from Cornet et al. [2007] and
Valley [2007] are based on evaluations of large-scale injection ex-
periments and interpretations of borehole breakouts in the deep
crystalline reservoir of Soultz.

Rummel & Baumgirtner and the Greiner stress profiles would yield
Stimax/ Sy ratios at depths over 500 m of 1.4-1.5 and 0.8-1.0, respec-
tively (Figure 4.3A). Hence, the Rummel & Baumgértner profile pre-
dicts a strike-slip regime, while the Greiner profile indicates normal
faulting at depths below 500 m. In contrast, the ratios of Symin/ Sy in
both Bruchsal profiles are similar (0.8-0.9, Figure 4.3B), but differ
from the Soultz profiles with ratios of approx. o.5. Finally, it must
be stated that the two Bruchsal profiles are debatable since they are
derived from measurements at shallow depth only.

4.3.4 Critical stress concept

In-situ measurements and detailed analyses to determine the magni-
tude of Symax are rare in the URG. In such conditions, the critical
stress concept may constrains the Syimqx magnitude [Zoback et al.,
2003]. According to frictional equilibrium, one can assume that the
ratio between maximum and minimum effective stresses cannot
exceed the one required to cause slip on pre-existing faults that are
optimally oriented to the principal stress field [Jaeger et al., 2007;
Moos and Zoback, 1990]. Hence, effective differential stresses are
bounded by a critical ratio. Assuming that one of the principal
stresses is vertical and that there is no cohesion, the critical stress
ratio can be written after Jaeger et al. [2007] as:

01/03 = ($1-Pp)/(Ss-Pr) < (Vi 41 +1)° (4.1)
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where Pp is the in-situ pore pressure and p the coefficient of fric-
tional sliding. To predict limiting stress differences at depth, Ander-
son’s faulting theory has to be applied to determine which of the
principal stresses SHmax, Shmin, and S, correspond to S;, S;, and
Sz . This will depend on whether it is a normal (Eq. 4.2), strike-slip
(Eq. 4.3) or reverse faulting regime (Eq. 4.4):

01/03 = (S-Pp)/(Snmin-Pp) < (Vi +1+1)” 42)
01/03 = (SHmax-Pp)/(Shmin-Pp) < (\/ w2+ 1+ H)Z (4-3)

2

01/03 = (Smax-Pp)/(S-Pp) < (Vi +T+ 1) (4-4)
Based on these equations, the critical ratio of the principal stress
magnitudes depends on depth, pore pressure, and the coefficient of
frictional sliding. A coefficient of friction of 0.85 has been shown to
be applicable under shallow crustal conditions for normal stresses up
to 200 MPa, i.e. depths of approx. 6 km [Byerlee, 1978]. However,
it is generally accepted that hydrothermal alteration and clay content
in shear planes contribute to a significant reduction of the friction
angle during fault reactivation [Krantz, 1991]. But, since no data on
the mineralogical composition of the faults and fractures in Bruchsal
were acquired, we assume 11 = 0.85, which results in an effective stress
ratio of 07/03 < 4.68. The possible mechanically stable stress condi-
tions in different stress regimes have been comprised by Zoback et al.
[2003] to the so-called stress polygon. For a given friction coefficient,
the area inside the polygon represents the allowed stress, whereas

values lying outside the borders are unstable and yield failure.

4.4 RESULTS

In the following, we will present the results of the determination of
Shmin by two leak-off tests from the well GB2 as well as the appli-
cation of the critical stress concept to further constrain Symin and

SHmax~

4.4.1 Leak-off tests and Snmin magnitude

For the determination of the least principal stress magnitude, Shmin,
we interpreted new available data sets of two leak-off tests (LOT) that
were carried out in 1984 (Table 4.2).

The leak-off pressure (LOP) at the depth of the test is the sum of
the well head pressure and the pressure in the wellbore due to the
wellbore fluid. According to Zoback et al. [2003], we consider the
clear LOP of each test (corresponding to a distinct break-in-slope
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Table 4.2: Key parameters of the two leak-off tests conducted in the geother-
mal well Bruchsal GB2 in 1984.

LOT-2023 LOT-2245
Depth 2023 m 2245 m
Formation M. Keuper M. Buntsandstein
Drilling mud density 1.11 gcm 3 1.05 g cm 3
Well-head pressure 9 MPa 4.5 MPa
LOP = Shmin magnitude 31.0 MPa 27.6 MPa
Shmin gradient 15.3 MPa km ™' 12.3 MPa km ™!
Shmin/ Sy - ratio 0.64 0.52

M: Middle

of the linear pressure build-up) to be approximately equal to the
Shmin magnitude. While LOT-2023 is conducted in the weak Keuper,
LOT-2245 is located in stiff units of the Middle Buntsandstein. We
would like to emphasize that LOT-2023 results in a higher LOP of 31.0
MPa compared to LOT-2245 with a LOP of 27.6 MPa. This finding is
consistent with Sy min magnitudes obtained in comparable environ-
ments [Cornet and Rockel, 2012]. The determined Symin/ Sy ratios
show contradictory results to those from Soultz.

4.4.2  Critical stresses of Shmin

Based on the statements in section 4.2, a normal faulting regime
(NF) close to strike-slip transition is assumed for the Bruchsal area.
In a first step, the S, gradient of 23.8 MPa km~' is calculated for
a mean rock density of 2430 kg m~3. The application of the criti-
cal stress concept is illustrated in Figure 4.4 A. Applying eq. 4.2,
the Spmin magnitude of LOT-2023 (15.3 MPa km™") results in a
01/03 ratio that is smaller than the critical value of o07/03 < 4.68,
whereas the o1 /03 ratio of LOT-2245 (12.3 MPa km™') is larger in
depths over 500 m. The latter ratio violates the critical stress concept.
This may be due to errors in the determination of the S, (in the fol-
lowing called upper bound) or Spmin (in the following called lower
bound) gradient. It should be mentioned here that a higher magni-
tude of p also reveals higher critical stress ratios. The interpretation
of LOT-2245 (Shmin/ Sv = 0.52) leads to stress ratios between 6 and
7 at 3000 m depth. In order to be consistent with the critical stress
concept, a p of 1.1 is needed. We consider this rather unlikely and
discuss potential uncertainties in S, and Symin determination only.
Therefore, a sensitivity study on the rock density (or vertical
stress gradient) was conducted to fit the critical stress concept. In
this case, the lower bound of the stress ratio is modified. For the
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Figure 4.4: Application of the critical stress concept and uncertainty anal-
ysis of the determined S, gradient. A) Comparison of the
effective stress ratios o7/03 for Bruchsal calculated for the
Shmin magnitudes of the leak-off tests LOT-2023 (green line)
and LOT-2245 (red line) in GB2. The vertical dashed line rep-
resents the critical 07 /03 ratio of 4.68, i.e. the maximum stress
ratio for which the critical stress concept is valid. The blue line
shows corrected stress ratios for LOT-2245 to be consistent with
the critical stress concept (see text). B) Overview of maximum
possible rock density for derived Spmin magnitudes with re-
spect to fulfilling the criteria for the critical stress concept.

Shmin of LOT-2245, the assumed density of the overburden has
to be decreased at least from 2430 to 2000 kg m~3 (Figure 4.4 B),
yielding a decrease of the S, gradient by 18%, from 23.8 to 19.6
MPa km~'. After comparing this value with the LDL measurements
in GB2 (section 4.3.2), we can conclude that it is unrealistically
low. On the other hand, the lower bound of the ratio can be
investigated keeping the density distribution fixed. To comply with
the critical stress concept, Symin of LOT-2245 needs to be increased
by 7%, from 12.3 MPa km~! to 13.2 MPa km~!. Figure 4.5 shows
the corresponding stress profiles including the measured LOT data.

There are no error estimates given on the Bruchsal LOT mea-
surements. Based on the example from Soultz, we can assume a
reasonable uncertainty range for Spmin magnitudes of + 0.45z
[km] + 1.82, as derived from several large and small volume in-
jection tests [Valley and Evans, 2007]. If we assume similar error
margins for Bruchsal, a bandwidth of the Snmin profile can be
determined. An increase of the Symin/ Sy ratio from 0.52 to 0.55
is consistent with the critical stress concept and remains consistent
with the error margins determined for the deep geothermal wells
in Soultz. This represents a minimum Spmin gradient of LOT-2245,
referred to as LOT-2245 (SL) in the following (Figure 4.4 - blue lines).

The hypothesis on the NF tectonic regime also influences the consis-
tency with the critical stress concept. Following the same procedure,
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Figure 4.5: Uncertainty analysis of the determined Sy min gradients derived
from LOT-2023 and LOT-2245. According to the critical stress
concept, the effective stress ratio o7/03 should not exceed a
factor of 4.68 (grey shaded area). Assuming a S, gradient of
23.8 MPa km~! and a NF regime, the o /03 ratio for LOT-2023
is within this range whereas LOT-2245 shows inconsistent ra-
tios between 6 and 7. The slight increase of Symin from 12.3
to 13.2 MPa km~! (blue shaded area) indicates the minimum
necessary variation to keep the o/03 ratio of LOT-2245 within
the predicted threshold of o7/03 < 4.68. Uncertainty range of
Shmin magnitudes is estimated following observations of Valley
and Evans [2007] for deep well injection tests in Soultz.

it is obvious that a strike-slip regime with S; = SHmax > Sy would
result in an effective stress ratio of 01/03 > 4.68. This would rather
lead to a larger increase of the Symin gradient for LOT-2245 to com-
ply with the critical stress concept. Accordingly, this option is not
further considered in this study.

4.4.3 Critical stresses of SHmax

As described by Zoback et al. [2003] the applied critical stress
concept is illustrated in Figure 4.6 by the stress polygon. We assume
a pore pressure of Pp = 0.43S, and a frictional coefficient of p =
0.85. Points at the periphery of the polygon correspond to a state
of stress at the frictional limit (I - radial extension, II - normal
faulting, III - transitional normal/strike-slip faulting, IV - strike-slip
faulting, V - transitional strike-slip/reverse faulting, VI - reverse
faulting, VII - radial compression). According to eq. 4.2 and eq.
4.4, the lower bound on Spmax is given by SHmax = 0.55S, (see
previous discussion, Point I in Figure 4.6 A) and the upper bound
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by SHmax = 3.10S, (line between points V and VII in Figure 4.6 A).

The range of possible values from Spmin (i.e. measured LOT-2023
and corrected LOT-2245 (SL)) is constrained in Figure 4.6 B. The
lower bound of Symax as defined from LOT-2245 (SL) would
correspond to a radial extensional faulting regime. According
to our assumptions on a NF regime, Symqx may take any value
between Symin and S, (segment I-III in Figure 4.6 B) and reaches
the limit to a strike-slip regime. For LOT-2023 a stress ratio of
SHmax = Shmin = 0.64S, marks the lower bound for Symax. With
a relation of SHmax = 1.425,, a strike-slip regime seems possible, too.

A Shimax upper bound S, = S, = 3.10-S, B S
M Vi Vil v v i
3S, - 3, -
RF -
28, 4 \% 2, - v
SS| o5
Sinex = 1.42-S,
S 7 m S =S, 4 H potential stress ratios for S,,,../S,
V ap 7 ’ 1 in the Bruchsal reservoir
I ! \
P.= 04354 N p=043s] ] ; S
lower bound S, = S, = 0.55-S, | N LOT 2023; S, = 0.64S,
i1 LOT 2245 (SL); S, = 0.55'S,
T i )

Sv Zév Sév Simin P:S, Sv Zév Sév Simin

Figure 4.6: Stress polygon concept in Bruchsal to constrain allowable stress
ratios and related faulting regimes. A) Possible range for hori-
zontal stress components Sty qx and Snmin (each normalized
by Sy ) B) SHmax magnitudes accounting for Symin from the
leak-off tests LOT-2023 and LOT-2245 (SL). Grey shaded area in-
dicates the range of possible stress states between a strike-slip
and a radial extensional faulting regime.

4.5 DISCUSSION

The following discussion includes an assessment of the obtained
stress profile in a regional context and with respect to the well-
defined Soultz stress field. It should be mentioned that the sedi-
mentary cover at Soultz reaches a maximum depth of about 1400
m. Consequently, at the depth of the Bruchsal reservoir at Soultz, we
are already in the upper granitic reservoir [Genter et al., 2010].

4.5.1 Stress field variations

The orientation of Symax in Bruchsal between 125° and 145° agrees
with the general NW-SE trend of the regional stress field in SW Ger-
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many [Heidbach et al., 2008; Miiller et al., 1992] and thus, differs from
the values in Soultz by about 30-40°. This variation may be attributed
to decoupling at the interface between the crystalline basement and
the overlying sedimentary rock. Such a behavior is also observed
in the Otterbach-2 well in Basel. Breakouts and drilling induced
fractures identified above and below the sediment-basement interface
suggest a clockwise ~30° rotation of Symax [Valley and Evans, 2009].
In Bruchsal, internal variation of orientation seems to be linked
to lithological changes. A comparison of the Symqx Orientations
for different depth sections including their variation with the
litho-log of the two wells GB1 and GB2 is presented in Figure 4.7.

Generally, Symax orientation exhibits a high variability in the up-
per part of the investigated section of the Mesozoic sediments. Ori-
entations stabilize at about 140° below the Muschelkalk in GB1. With
the exception of the Middle Buntsandstein to Upper Permian in GB2,
the orientations stabilize below the Keuper at about 130°. Thus, high-
est variation is observed for the sections with a high clay, gypsum, or
anhydrite content. LOT-2023 is located in such lithology. Measured
Stimax Orientation is by about 30-40° off the general GB2 trend in this
depth range. The determined Symin magnitude of LOT-2023 is 3.4
MPa higher than that of LOT-2245. This observation is consistent with
results summarized by Cornet and Rockel [2012] and the increase in
Shmin by about 4 MPa in the Callovo-Oxfordian argillite of the Paris
basin [Wileveau et al., 2007]. It suggests that the leak-off tests in rocks
with a low friction coefficient behave generally in this manner, which
is also indicated by laboratory experiments [e.g. Krantz, 1991]. The
stronger rocks of the Middle Buntsandstein can support higher dif-
ferential stresses without failing than the weaker rocks of the Middle
Keuper. It is rather noteworthy that for the same stratigraphic unit in-
ternal deformation processes have also been described [Wirth, 1962].
Litho-log interpretations of numerous oil wells of the former oil field
Forst, 3 km north of Bruchsal, suggest massive internal shearing and
sub-horizontal deformation within the Keuper and especially in the
evaporitic layers of the Lower Keuper. With regard to our results,
both orientation and magnitude of LOT-2023 show similar deviations
and, thus, are not considered to be representative for the reservoir
zone of Bruchsal. In contrast, LOT-2245 is located within the section
of stable Sy qx Orientation.

4.5.2  Stress profile

The discussion on the suitability of earlier stress field concepts as well
as the new leak-off test data, lead us to propose an alternative stress
profile for the Bruchsal area that is presented in Figure 4.8. Our
resulting stress field model is based on the LOT-2245 (SL) applying
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Figure 4.7: Comparison of the stratigraphic and lithological well profiles of

the Bruchsal geothermal wells.

Stress field orientations based

on breakout analysis of oriented caliper logging data [Eisbacher
et al., 1989a]. Mean Symqx azimuths were determined by stack-
ing breakout data in zones of fairly homogeneous orientations to
take lithological characteristics into account.




4.5 DISCUSSION

the critical stress concept. It should be mentioned that the critical
stress concept restricts the ratio 07/03 depending on the coefficient
of frictional sliding. An increase of this ratio leads to shear failure on
the most favorable oriented fault or fracture plane. We are aware that,
if this fracture trend does not exist in the subsurface, larger stress
ratios may be applicable. However, with no detailed information on
the orientation of the fracture network, such as in Bruchsal, the appli-
cation of the critical stress concept is a rather conservative approach.
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Figure 4.8: Comparison of the estimated stress-depth relations and stress
ratios for the Bruchsal geothermal site. A) Predicted magni-
tudes for Symax based on the stated Greiner and Rummel &
Baumgirtner profiles and the newly derived Bruchsal profile, re-
spectively. The range between the assumed upper and lower
bound of Syymax covers a potential normal (NF), a radial exten-
sional (RE), and a transitional (NF/SS) faulting regime for the
Bruchsal model (see Figure 4.4 B) Overview of the minimum
horizontal stress component Syin. C&D) Comparison of the
potential stress magnitudes of Stimax and Shmin Normalized
by S.,.

Theoretically, our stress model has a Symax-depth relation con-
strained by LOT-2245 (SL) with radial extension as a lower bound
faulting regime and NF/SS transition as an upper bound (Figure 4.8
A). Geologically, the validity of the radial extension under the tec-
tonic settings of Bruchsal is, however, questionable. As discussed in
section 4.2, a transitional to normal faulting stress regime in the cen-
tral part of the URG in general and in Bruchsal in particular is rather
likely. This is consistent with the Soultz stress profiles or determined
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earthquake fault plane solutions [e.g. Ritter et al., 2009]. Thus, we
suggest our model to be valid for NF and NF/SS faulting regimes. It
should be mentioned that the Greiner profile is within our range of
Stimax for depths larger than 500 m. The proposed Sy min -depth re-
lation (Figure 4.8 B) presents the steepest gradient (except the results
for the uncorrected LOT-2245) and clearly deviates from the earlier
Greiner and Rummel & Baumgértner profiles.

4.6 CONCLUSIONS

World-wide, geothermal projects are often located in active tectonic
terrains with highly fractured subsurface reservoir rocks. The eval-
uation of the stress field in these projects is of main importance. It
improves the understanding of the structural setting of the reservoir
and supports the definition of an optimum exploration strategy by
targeting zones of high transmissivity. The geothermal sites in the
URG in central Europe are typically characterized in this context.
The Rhine Graben tectonics yields large differential stress levels and
favors therefore the existence of large fault and fracture systems. Due
to a rather complex history, local evidence of the stress field needs to
be evaluated. However, this importance of the stress field has only
been pointed out gradually and many earlier projects provide only
little relevant data. In this perspective, new concepts and method-
ologies need to be considered. Our application of the critical stress
concept to measured data may lead to better constrained results and
this within their uncertainty of the measurements. The critical stress
concept provides a number of solutions for the stress field model
depending on possible stress regimes. Using indications such as the
local geology and structural setting, the number of solutions has
been reduced to normal faulting and transition of normal faulting
to strike-slip regimes. Finally, based on new leak-off test data,
we have constrained a new stress field model for the Bruchsal area.

Our results show that in accordance with earlier studies, sedimen-
tary layers may have a large influence on both the orientation of the
mean principal stress direction and the magnitudes. This applies in
particular to clay- and anhydrite-rich layers that occur in this case in
the Keuper Formations and partly in the Muschelkalk. Stress decou-
pling and aseismic deformation within this formation cannot be ex-
cluded as also indicated by the results from the nearby Forst oil reser-
voir. We could show that stress magnitudes obtained in sedimentary
formations vary significantly due to different rheological characteris-
tics, and a linear stress-depth relation has to be treated only as a first
approach. The result from a leak-off test in the Middle Buntsandstein
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in Bruchsal is, however, consistent with the Symin/ Sy ratio of Soultz.
We may attribute this consistency across the entire E-W extension of
the URG and different lithologies to small differences in the mechan-
ical properties of the Soultz granitic basement and the sedimentary
rocks of the Middle Buntsandstein in Bruchsal.
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ABSTRACT

In extensional tectonic settings major structural elements such as
graben boundary faults are typically oriented subparallel to the
maximum horizontal stress component Symax. They are often
structurally accompanied by transfer zones that trend subparallel
to the extension direction. In the Upper Rhine Graben, such trans-
fer faults are typically characterized by strike-slip or oblique-slip
kinematics. A major re-orientation of the regional stress field
by up to 9o° of the Upper Rhine Graben in the Early Miocene
led to the present-day normal and strike-slip faulting regimes in
the North and South of the Upper Rhine Graben, respectively,
and a transition zone in-between. Consequently, conditions for
fault frictional failure changed significantly. = Moreover, it has
been observed during tracer and stimulation experiments that
such transfer faults may be of major importance for the hydraulic
field of geothermal reservoirs under the present stress condi-
tion, especially, when located between production and injection well.

In this context we have investigated slip and dilation tendencies
(Ts and Tp ) of major structural elements at reservoir scale for
two representative geothermal sites, Bruchsal (Germany) and Riehen
(Switzerland), located close to the Eastern Main Boundary Fault of
the Upper Rhine Graben. We have evaluated the quality and uncer-
tainty range of both tendencies with respect to potential variation
in SHmax Orientation. Despite significant differences in orientation
of the structures and the stress regimes, the resulting variation of
Ts and Tp reveal major similarities concerning the reactivation po-
tential of both, the graben-parallel structures and the transfer faults.
The conditions of criticality for tensile failure and non-criticality for
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shear failure suggest that transfer faults are most likely naturally per-
meable structures with low stimulation potential. This is in agree-
ment with the absence of both immediate tracer recovery and seis-
micity in the studied geothermal sites.

5.1 INTRODUCTION

Most of the geothermal systems world-wide are controlled by
their tectonic setting and related structural features. Extensional
tectonic settings and related structures comprising normal and
transtensional faults and fractures dominate in intra- and back-arc
basins, extending zones of orogenic belts, spreading ridges, and
continental rifts [Angelier et al., 1997; Curewitz and Karson, 1997;
Bellani et al., 2004]. Faults and fractures that are favorably oriented
and critically stressed for frictional failure commonly control both
fluid flow and reactivation potential [Barton et al., 1995; Sibson, 1996;
Ito and Zoback, 2000].

Extensional terrains and, in particular, continental rifts are com-
monly characterized by closely spaced and complex en-echelon
normal faults that represent main structural boundaries as described
for the West Anatolian or Basin and Range provinces [Faulds et al.,
2010, 2011b]. These normal faults can be linked either by accommoda-
tion zones or transfer faults. Complex interplay of such extensional
faults, including stress concentrations at and along fault tips and
fault intersections, favors localization of geothermal anomalies [e.g.
Curewitz and Karson, 1997; Baillieux et al., 2013]. Intersections of
graben-parallel normal faults with transversely oriented oblique-slip
faults are common structural features of some of the most productive
geothermal fields world-wide, e. g.. the Taupo Volcanic Zone in New
Zealand [Rowland and Sibson, 2004].

In this study, we highlight the interplay of graben-parallel
normal faults with high-angle transfer- or strike-slip faults and
its implication for the localization of geothermal reservoirs in
continental rifts by slip and dilation tendency (Ts and Tp) anal-
yses. The distribution of geothermal projects in the Upper Rhine
Graben (URG) allows the investigation and comparison of differ-
ent geothermal projects along its Eastern Main Boundary Fault
(EMBF). With Bruchsal and Riehen, we investigate two cases that
are sufficiently well-documented, geologically and structurally
comparable, but differ in their ambient stress field. We devel-
oped structural models and determined the in-situ stress state for
both fields. Ts and Tp analyses on local fault patterns were then
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interpreted in terms of structural control of the geothermal reservoirs.

To underline the complexity of structural control on geothermal
reservoirs, we note the well-documented anisotropy of flow and
geomechanical behavior of faults in the Soultz-sous-Foréts EGS reser-
voir. Here, fracture propagation during stimulation develops mainly
in N-S direction that is parallel to a secondary fault system [Dorbath
et al., 2009; Baillieux et al., 2011]. However, it is most likely that an
E-W striking fault impedes the connection of the southernmost well
GPK4 to the main reservoir as indicated from tracer tests [Sanjuan
et al.,, 2010]. This anisotropy in hydraulic conductivity among fault
zones is attributed to Spmax trending approximately N-S [Cornet
et al., 2007; Valley, 2007]. It may account for the occurrence of large
scale convection cells and temperature anomalies along N-S striking
fault zones in the western part of the URG [Béchler et al., 2003].

At the eastern margin of the URG, comparable stress based
observations were not acquired. The orientation of the EMBF
zone in Bruchsal and Riehen indicates a predominant trend of
graben-parallel NE-SW to NNE-SSW striking fault systems [Illies
et al., 1979]. NW-trending structures are observed in Riehen, but
numerical simulation of pressure data indicates reservoir extension
in graben-parallel direction [e. g. Mégel and Rybach, 2000].

In Bruchsal and Riehen, tracer tests were conducted through the
geothermal doublets that are aligned parallel to the EMBF zone in
order to investigate possible connection between the producer and
injector. As conservative tracer for such geothermal environment, 10
kg of uranine were injected into the RB-2 injection well in Riehen in
Nov /2009 [Schill and Klingler, 2011]. After 12 months of production,
the tracer could not be recovered. These results are somehow contra-
dictive to a graben-parallel alignment of the hydrothermal reservoir.
In the following, we will investigate and discuss the influence of fault
zones striking at a high angle to the graben axis on subsurface fluid
flow in deep systems.

5.2 GEOLOGICAL SETTING
5.2.1  General overview

The approximately 300 km long URG is part of the European Ceno-
zoic rift system [Ziegler, 1992], which extends over more than 1000
km in Central Europe (Fig. 5.1 A). The URG can be subdivided into
a NNE-striking southern, a NE-SW-striking central, and a NNW-SSE-
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to N-S-striking northern segment (Fig. 5.1 B). The evolution of
the Cenozoic URG was controlled by polyphase reactivations of a
complex pattern of Late Variscan and Permo-Carboniferous crustal
discontinuities [Schumacher, 2002; Ziegler et al.,, 2006]. NW-SE
extension started in Late Eocene [Sissingh, 1998] resulting in the
development of a SW-NE to SSW-NNE striking URG. A major
reorientation of the regional stress field during Early Miocene
established a NE-SW-extensional to transtensional stress field with
reactivated fault segments. They are characterized by sinistral and
dextral oblique displacement, local inversion and contraction [e.g.
Illies et al., 1979], and erosion occurring predominantly in the central
and southern segments of the URG [Rotstein et al., 2005; Rotstein
and Schaming, 2011]. Subsidence and sedimentation shifted north-
ward during Miocene time with a maximum Cenozoic graben-fill of
up to 3.0 km in the northern graben segment [Bartz, 1974; Pflug, 1982].

Determination of the recent tectonic stress field orientation has
been the subject of numerous studies in the URG. As shown in the
World Stress Map [Heidbach et al., 2008], the URG is characterized
by a generally uniform NW-SE orientation of the largest horizontal
stress component (SHmax , Fig. 5.1 C). This general trend shows lo-
cal variations along strike: Symaqx Orientations in the northern URG
range from N130°E to N135°E and in the southern URG / northern
Switzerland from N145°E to N160°E [Delouis et al., 1993; Plenefisch
and Bonjer, 1997]. Interpretations of fault-plane solutions also reveal
a change in faulting regime in the URG [e. g. Plenefisch and Bonjer,
1997]: the northern part of the URG is characterized by an extensional
stress state and active normal faulting (07 = S, , 02 = SHmax ), but
in the seismically more active southern part, strike-slip faulting (o7 =
StHimax » 02 = Sy ) with secondary normal faulting prevails (Fig. 5.1
D). The transition of the stress orientation and the change of the fault-
ing regime by permutation of o7 and o, [Larroque et al., 1987] oc-
curs in the central segment of the URG and was documented for the
Soultz area (western margin; [Cuenot et al., 2006]) and the Bruchsal
area (eastern margin, [Meixner et al., 2014]).
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Overview maps of the URG incorporating structural and stress
relevant data. A) Sketch map of Central European Cenozoic
Rift System (modified from Schumacher [2002]). BG: Burgundy
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map compilation based on Illies et al. [1979] and Peters and
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Taunus southern boundary fault. C) Stress field indicators de-
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sional stress [Heidbach et al., 2008]. D) Variation of the mag-
nitude of the horizontal stress components along the URG axis
leading to the different faulting regimes from strike-slip faulting
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segment.
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5.2.2  Structural setting of Bruchsal and Riehen

The Bruchsal and Riehen geothermal doublets are both located close
to the EMBF zone in the central and southern segment of the URG
(Fig. 5.1), respectively. The doublets consist of graben-parallel ar-
rangements of 1932 m and 1247 m deep injectors (GB1 and RB-2) and
2542 m and 1547 m deep producers (GB2 and RB-1) at Bruchsal and
Riehen, respectively. At both sites, production occurs in naturally
fractured and non-stimulated reservoirs at a length of 1100 m and
960 m, respectively. The reservoirs are located at depths between
1.1-1.5 km in the Upper Muschelkalk Group [Hauber, 1993] and
1.7-2.5 km in the Buntsandstein Group and the possibly underlying
Permian Zechstein Group [Bertleff et al., 1987]. Typical flow rates are
about 25 1 s 1 in both projects. Reservoir temperature differs between
130°C at Bruchsal [Bertleff et al., 1987] and 66°C at Riehen [Mégel
and Rybach, 2000].

Available data in Bruchsal include six analogue, migrated post-
stack seismic sections from the early 1980s (processed by Wintershall
AG, courtesy of EnBW AG). Five lines (Br8301, Br8302, Br8jo1,
Br8402, KBr8304) were acquired perpendicular to the EMBF zone
(Fig. 5.2 A). The graben-parallel seismic line Br8303 was not
processed due to a very low signal-noise ratio. Reinterpretation in
this study resulted in seven dominant reflectors that were attributed
to lithological changes in the Cenozoic graben fill and the Mesozoic
successions. Due to limited quality of the processed seismic lines,
their vertical resolution is restricted to about 2000 m depth. Addi-
tionally, it is significantly impaired in the vicinity of the EMBF zone
due to lateral refraction.

Four of the ten boreholes with available stratigraphic informa-
tion are deeper than 1000 m in the study area. Lithological and
stratigraphic logs of all ten boreholes were correlated and unified.
Due to completeness, the uppermost five reflectors in the Cenozoic
Graben fill, only, can be used to identify and correlate fault traces
and formation boundaries. The stratigraphic columns of the wells
GB1 and GB2 (modified after Bertleff et al. [1987], Fig. 5.3) were
used to verify the fault traces as suggested by the seismic lines.

The geological setting of the Riehen area has been previously de-
scribed by Schill and Klingler [2011]. It based on 2D seismic reflection
surveys, geological cross-sections, and structural maps [Fischer et al.,
1971; Glrler et al., 1987; Hauber, 1993]. Structural information were
also obtained from stratigraphic logs of 14 deep boreholes; includ-
ing eight boreholes shallower than 1000 m (ALL-1, ALL-2, SLM, ST]J,
HAL, GRE, BET, and WYL) and six boreholes deeper than 1000 m
(RB-1, RB-2, BS-1, OT-2, REI, NEU; Fig. 5.2 B).



5.2 GEOLOGICAL SETTING 67

3466000 3468000 3470000 3472000
1 1 1 1

5448000

5446000

T
5444000

T
5442000

| Legend N _g
@ Geothermal Wells ~ —— Boundary Fault 1 Geol. Cross Section g
@ Deep Wells — Major Fault — River
O Wells Oilfield Forst === Seismic Section A

3390000 3392000 3394000 3396000 3398000 3400000 3402000
L ! ! ! ! L L

Rheintal-Flexure
(EMBF)
Jee |

T T T
5276000 5278000 5280000

< T
5274000

T T
5270000 5272000

T
5268000

Legend
@ Geothermal Wells —— Profile - Gurler et al. (1987) T Major Fault certain N
@ Deep Wells — = Profile - Fischer etal. (1971) = - Major Fault assumed A
1 Geol. Cross Section T Boundary Fault —— River
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Fault structures in the Bruchsal area

At Bruchsal the subsurface is characterized by a complex fault
pattern that resulted from the deformation during URG tectonic
development. Several fault zones dissect the Mesozoic and Cenozoic
successions subdividing them into different fault-bound compart-
ments. The fault pattern is characterized by three structural trends.

e A first EMBF-parallel set includes NNE-SSW striking faults
with an average dip to W-NW. These faults show an en-echelon
geometry along strike and are synthetic to the EMBF (Fig. 5.4).
With an average dip of 60-80°, these faults accommodate the
majority of the bulk displacement of about 2000 m during the
main rifting phase. Termination of this main normal faulting
phase is indicated by post-faulting coverage with Early to Mid-
dle Miocene sediments in this part of the URG (Fig. 5.3).

* A second set of faults comprises NE-SW to N-S striking anti-
thetic normal faults. These antithetic normal faults can be di-
vided in two sub-groups. In the southern part (Br8401, Br8402),
they are confined to the Mesozoic sedimentary successions (Fig.
5.4 C). In the northern part (Br8301, Br8302, Oilfield Forst) sev-
eral of them also cut the Cenozoic sequences (Fig. 5.4 A and Fig.
5.4 B). Latest fault activity is visible as a seismic reflector inter-
preted as the Lower Miocene Corbicula beds. The evolution of
these antithetic fault zones seems to be kinematically linked to
the EMBF -parallel fault set. In the area of GB1 and GB2, all an-
tithetic normal faults join with the westernmost EMBF-parallel,
synthetic normal fault at different depths.

* A third set of NW-SE striking faults is postulated to accommo-
date the observed and significant vertical offset of about 500 m
between the Mesozoic sedimentary successions in the northern
and the southern part of the study area. As documented in the
seismic sections and the stratigraphic well logs, the top of the
Buntsandstein Group is located at about 1685 m (GB1) in the
north and 2220 m (GB2) in the south (Fig. 5.3). This discrep-
ancy is only partly explained by the 200 m larger distance to
the EMBF zone of GB2 compared GB1. Only a structural sepa-
ration of both parts caused by extension-related transfer faults
or preexisting and reactivated strike-slip faults can accommo-
date these discrepancies. Such a structure with similar offset
has been described by Wirth [1962] and Bertleff et al. [1987]
south of the Forst oil field (Fig. 5.2 A, Fig. 5.4 D). Furthermore,
indication of a comparable NW-SE trending fault zone is also
provided by analysis of slickenlines in a former Muschelkalk
quarry on the graben shoulder NE of Bruchsal [Illies, 1962].
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cross-sections in E-W direction close to the Qilfield Forst (A), the
injection well GB1 (B), the production well GBz2 (C). Position and
geometry of the faults has been inferred for GB1 and GB2 from
2D seismic data. The Oilfield Forst profile is based on strati-
graphic well log data and is modified after Wirth [1962]. The
geological cross-section in N-S direction show position of the as-
sumed high angle transfer faults. Localization of the profiles
are shown in Fig 5.2 A. Nomenclature of the identified seismic
reflectors and the corresponding formations boundaries are sum-
marized in Fig. 5.3.
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Fault structures in the Riehen area

The structural setting of the Riehen area is characterized by a com-
plex tectonic evolution from Late Eocene rift opening to Late Miocene
- Early Pliocene Jura folding that orginated in a zone of structural
weakness of the Central European lithosphere [Ziegler, 1992]. Re-
activations of the EMBF zone in the Miocene under a compres-
sional stress state caused flexuring and associated back-folding of
the graben fill and initiated the development of antithetic faults and
overturned beds close to the EMBF zone ([Laubscher, 2001]; Fig. 5.5
A and 5.5 B). The mean strike of the EMBF zone north of Riehen is
N-S; to the south it changes to NNE-SSW (Fig. 5.2 B). This structural
change is related to an intersection of two major fault trends in this
region. The geothermal wells RB-1 and RB-2 are aligned along this
structural change of the EMBF zone and probably are separated by a
NW striking fault (Fig. 5.5 C). Predominant fault trends constitute a
distinctive fault pattern, which can be subdivided into three different
fault sets.

e A first fault set is characterized by an average NW-SE strike
(fault zones of Sierentz, Weil am Rhein, and Rheinfelden - Fig. 5.2
B). This structural trend was established in Palaeozoic times in
the course of the Variscan orogeny [Schumacher, 2002].

* A second fault set contains Late Palaeozoic E-W to ENE-WSW
striking, high-angle basement faults [Ustaszewski, 2004]. This
trend is related to post-Variscan wrench tectonics that formed
a system of E-W to ENE-WSW striking Permo-Carboniferous
troughs and highs, which followed the general structural (E)NE-
(W)SW trend of the Variscan orogen [Ziegler, 1990a].

¢ Late Eocene to Late Oligocene E-W to WSW-ENE extension [Lar-
roque and Laurent, 1988; Ustaszewski, 2004] caused reactivation
of the pre-existing crustal discontinuities and established a third
fault set of graben-parallel N-S to NNE-SSE striking faults (fault
zones of Allschwil and Basel-Reinach - Fig. 5.2 B). Most of these
faults in the Riehen area are associated with the EMBF zone,
which is called Rheintal-flexure in that area [Laubscher, 2001],
outlining an average dip of about 65-70° to the west.
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Figure 5.5:

Structural setting in the Riehen area presented by geological
cross-sections in E-W direction close to the production well RB1
(A) and the injection well RB2 (B, modified after Giirler et al.
[1987]). The cross-section in N-S direction (C) show the position
of the transfer fault which is assumed to be located between the
geothermal wells and may explain the observed vertical displace-
ments of the sedimentary succession as recorded in the strati-
graphic well log. Localization of the profiles are shown in Fig
5.2 B. Nomenclature of the stratigraphic formations are summa-
rized in Fig. 5.3.



5.2 GEOLOGICAL SETTING

5.2.3 Stress states

Mean Sy qx Orientation of N142°E + 20°is based on bore-
hole breakout analysis on oriented caliper logs [Eisbacher
et al, 1980a], internal report of EnBW AG). A stress field
model for the Bruchsal area at reservoir depth was suggested
by Meixner et al. [2014] with the following stress gradients:

S, = 23.8 MPa km™'
Shmin = 13.2 MPa km™!

Shmin < SHmax P Sv
Pp = 10.2 MPa km™!

The revised stress field model for the Bruchsal area predicts,
due to the uncertainty of Symax, a potential faulting regime
ranging from radial extension to the transition of normal fault-
ing and strike-slip faulting. Geologically, a radial extensional
stress state (Shmin = SHmax) Seems to be questionable for
the central URG. Hence, we calculate the slip- and dilation
tendency only for a pure normal faulting (SHmax = 0.76S,)
and the most likely transitional faulting regime (SHmax = Sv).

Although no in-situ stress measurements are available from the
wells RB-1 and RB-2 in Riehen, constraints have been adopted
from previous analysis of the 5000 m deep BS-1 and 2755 m deep
OT-2 wells located about 3 km distance from the Riehen site (Fig.
5.2 B). The Symax and Spmin orientation were determined by
Haring et al. [2008], Valley and Evans [2009], and Sikaneta and
Evans [2012] from analysis of borehole breakouts and drilling-
induced tensile fractures (DITFs). The borehole breakouts and
DITFs indicate a mean Syimqx Orientation of N144°E + 14° and in
a depth range between 2569 and 4992 m in BS-1. Similar values
from OT-2 basement section indicate stable Sy ax Orientation in
the granitic basement at depth > 2500 m. An estimate of the stress
magnitudes of SHmax, Shmin, and S, is given by Haring et al. [2008]:

S, = 24.9 MPa km ™!
Shmin = 17.1 MPa km™'
SHmax = 32.6 MPa km~!

Similar to Bruchsal, the lower bound estimate of Symqx magnitude
was obtained by application of the critical stress concept. It should
be noted that, here, a friction coefficient of p = 0.6 has been applied
based on laboratory measurements of core samples [Haring et al.,
2008]. Assuming a homogeneous stress state in the area, we infer
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pure strike-slip faulting regime for Riehen. Pore pressure, Pp, was
calculated using fluid density of 1010 kg m~3 [Hauber, 1993] result-
ing in pore pressure gradient of 9.91 MPa km ™! . The hydrothermal
reservoir in Riehen is characterized by slight artesian conditions with
0.15-0.25 MPa overpressure in RB-2 and RB-1, respectively. Thus, a
mean hydrostatic overpressure of 0.2 MPa is taken into account.

5.3 FAULT MODELING
5.3.1 Slip- and dilation tendency

Slip tendency analysis is appropriate to determine reactivation poten-
tial of fractures and faults under given stress condition [Worum et al.,
2004, 2005; Collettini and Trippetta, 2007]. At reservoir scale, it has
been used in the past to link reactivation of faults with observed in-
duced seismicity during hydraulic stimulation [Moeck et al., 2009].
Generally, slip is likely to occur on a surface for which effective shear
stress (0r) equals or exceeds the frictional resistance to sliding. The
frictional resistance is proportional to the effective normal stress (om),
resolved across that shear plane. Slip tendency, Ts, is the ratio be-
tween the effective shear stress and the effective normal stress [Mor-
ris et al., 1996]. Whether a surface may slip depends on its cohesive
strength (c) and the coefficient of static friction (p1). For a pre-existing
surface cohesion may be neglected. In this case, Ts equals p. Dilation
tendency, Tp, is the relative probability for a fracture or a fault plane
to dilate under the local stress field [Ferrill et al., 1999]. Tp is defined
as the difference between the maximum principal compressive stress
(07) and the normal stress (o), normalized by the differential stress
(071 -03) and thus ranges between o (07 = 0y,) and 1 (03 = op).

Our calculations are based on 3D structural models of the two
geothermal sites under study. For structural modelling, the Corner
Point Gridding workflow implemented in Petrel® software (Schlum-
berger) has been used. The fault models were meshed into regular
triangles (fault patches) using the Structural Framework tool. Finally,
Ts and Tp are calculated with the software 3Dstress® for each fault
patch. The results are plotted as stereonet projection in the lower
hemisphere and additionally visualized on the 3D fault models.

5.3.2  Model geometry

A representative geometry of the faults in the two geothermal sites
under study is shown in a horizontal cross-section at depth of 1000 m
below sea level (Fig. 5.6). At Bruchsal, the 3D fault model covers an
area of 18 km? and extends to a depth of 3 km below sea level. The
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structural units incorporating the reservoir are bound by four major
fault systems: the EMBF zone in the SE, a large regional normal fault
zone in the NW, dipping to the W with a total vertical displacement
of about 600 m, and two NW-SE striking faults in the NE and SW.
The model includes a total of 29 faults that can be attributed to the
different fault sets described in section 5.2.2: 18 faults within an
overall fault area of about 104 km? are attributed to the EMBF-like set.
The 2nd and 3rd fault set incorporates 7 and 4 faults with an overall
area of about 9 km? and 30 km?, respectively. The latter represents
20% of the total fault surface. The two wells are aligned parallel to
the EMBF and separated by a NW-SE striking, most probably oblique
normal fault with a vertical offset of about 500 m (fault set 3).

The structural model of Riehen covers 10x10x6 km? Comparable to
the Bruchsal site, the tectonic units that incorporate the reservoir of
Riehen are bound by the EMBF zone to the E and by a steep oblique
normal fault to the SW. As observed in Bruchsal, the two wells are
aligned parallel to the EMBF zone and are separated by a NW-SE
striking, most probably oblique normal fault with an unknown offset.
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Figure 5.6: Fault pattern around the geothermal sites of Bruchsal (A) and
Riehen (B) at a depth of 1000 m below sea level based on 3D
fault models from 2D seismic sections, geological cross sections
and deep well data (see Fig. 5.2). Dashed lines represent fault
zones that are postulated by geological indications such as ver-
tical displacements and stratigraphic and lithological well log
variations.

5.4 RESULTS

In the following, we present Ts and Tp analyses of the two case
geothermal projects, Riehen and Bruchsal. We performed the analysis
in pure normal faulting and transitional normal faulting to strike-
slip regimes for Bruchsal and in pure strike-slip regime for Riehen
due to the range of valid magnitude ratios of the horizontal stress
components according to the critical stress concept [Meixner et al.,
2014].

5.4.1 Normal faulting and normal faulting/strike-slip regimes in Bruchsal

The results for the transitional model are shown in Fig. 5.7. Since
Stimax (N142°E) is orthogonal to the orientation of the URG, graben-
parallel faults show generally low values and little variability of
slip and dilation tendencies (Fig. 5.7 A and 5.7 B). Maximum
slip tendency of Ts = 0.85 is obtained for faults dipping 60° to
70° to the NE or SW. Maximum dilation tendency of Tp = 1.0 is
obtained for vertical faults striking parallel to Symax - Although
not observed, it should be mentioned that, for this stress state,
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vertical fault segments with orientation parallel to Spmqx may
show minimum slip and maximum dilation tendencies. The NW-SE
striking transfer faults inferred from geological constraints reveal
both, high Tsand Tp values up to 0.85 and 0.97, respectively
(Fig. 5.7 C and 5.7 D). The distribution of Ts and Tp is given
in Fig. 5.7 E and 5.7 F It reveals a bimodal distribution of both
parameters. About 60% of the total fault surface have Ts between
approximately o and 0.5, whereas about 20% have Ts around 0.8. A
comparable pattern is observed for Tp , with about 50% of the total
fault area showing values < 0.2 and 20% showing values between
0.8 and 1.0. Despite uncertainties in the fault geometry or the stress
field characterization, anisotropy of both Ts and Tp is observed.

In a pure normal faulting regime (Fig. 5.8), Ts for different
fault orientations is rather uniform. Almost 90% of the total
fault surface in Bruchsal has Ts values between 0.2 and o.5. In
contrast to the bimodal distribution observed under transitional
stress state, Ts values cluster around a single maximum between
0.3 and o0.4. Additionally, compared to the transitional stress
state, transfer faults exhibit the highest dilation tendencies > o.9.

So, regardless of the faulting regime, Tp is highly anisotropic ex-
hibiting large variation between transfer faults and the rest of the
faults. In contrast, anisotropy of Ts , between transfer faults and the
rest of the faults, increases when the stress state changes from the
normal to the normal faulting/strike-slip regime. Since the stress ra-
tio 01/03 is constant in the considered stress field models, the large
range of valid Symax magnitudes is responsible for this observed
increase. It is noteworthy that transfer faults are always favorably
orientated for tensile failure, but shear reactivation would most likely
happen under a normal faulting/strike-slip stress state, only.

5.4.2  Strike-slip regime in Riehen

The results for the pure strike-slip regime in Riehen are shown in
Fig. 5.9. Here, highest Ts of 0.6 are calculated for conjugated fault
segments that are aligned 30° from Spymqx Orientation of N144°E
(Fig. 5.9 A). The majority of the modeled fault segments, striking
E-W or N-S, have the largest slip tendencies, whereas segments
striking NW-SE or NE-SW have the smallest slip tendencies (Fig. 5.9
C). About 70% of the total fault area has Ts values between 0.4 and
the maximum of 0.6 (Fig. 5.9 E). Largest Tp values between 0.9 and
1.0 are observed for fault segments striking NW-SE with dip larger
than 70° (Fig. 5.9 B and 5.9 D). For the entire set of modeled faults,
however, rather homogeneously distributed Tp values from o to 1.0
occur (Fig. 5.9 F).
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Figure 5.7: Slip tendency (left column) and dilation tendency (right col-
umn) for Bruchsal under transitional faulting regime (normal
faulting /strike-slip). The first row shows stereonet projections
of the tendency values (calculated at 2000 m) overlaid by the
Bruchsal fault patch poles. The second row shows 3D views
(oblique top view from south) of the tendency distributions over
the Bruchsal fault pattern. The third row shows the percentage
of the cumulative fault areas affected by the tendency value in
0.05 intervals.
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Figure 5.8: Slip tendency (left column) and dilation tendency (right column)
for Bruchsal under normal faulting regime. The first row shows
stereonet projections of the tendency values (calculated at 2000
m) overlaid by the Bruchsal fault patch poles. The second row
shows 3D views (oblique top view from south) of the tendency
distributions over the Bruchsal fault pattern. The third row
shows the percentage of the cumulative fault areas affected by
the tendency value in o.05 intervals.
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In contrast to a pure normal faulting regime, where maximum
Ts depends on the dip of the fault, in the strike-slip regime, vertical
faults that strike parallel to Symax never reach the maximum Ts .
Thus, they are comparably less prone for shear failure in a strike-slip
regime. Similar to a normal faulting regime, vertical fault segments
that are parallel to Symax show Ts = o0 and Tp = 1.0 and show
therefore no reactivation potential in shear failure. The group of NW-
SE striking Sierentz, Weil am Rhein, and Rheinfeld fault zones as well
as the assumed fault intersection between the two geothermal wells
RB-1 and RB-2 approaches this optimal combination of Ts and Tp .
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Figure 5.9: Slip tendency (left column) and dilation tendency (right column)
for Riehen under strike-slip faulting regime. The first row shows
stereonet projections of the tendency values (calculated at 2500
m) overlaid by the Riehen fault patch poles. The second row
shows 3D views (oblique top view from south) of the tendency
distributions over the Riehen fault pattern. The third row shows
the percentage of the cumulative fault areas affected by tendency
value intervals of 0.05.
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5.5 SENSITIVITY OF Ts AND Tp WITH RESPECT TO THE
SHmax ORIENTATION

The results of Ts and Tp analyses depend on the accuracy of the
stress field orientation and the fault geometries. Absolute uncertain-
ties introduced by input data are difficult to assess. However, relative
uncertainties of geological models are often enhanced at crossing
points of faults [Wellmann et al., 2010]. Against this background, we
may assume that the orientation of the majority of the fault zone
patches is characterized by low uncertainty.

Uncertainties in stress field orientation are well-quantified with
+14° and +20° for the mean Synqax Orientations in Riehen

and Bruchsal, respectively. In the following, we will dis-
cuss the effect of uncertainty in the orientation Spmax On
our analyses. It is noteworthy that variation of fault ge-

ometry may further increase the uncertainty of our results.
However, such an analysis is beyond the scope of this paper.

For the Bruchsal fault model, we determined Ts and Tp for the
given uncertainty range of Spymax from N122°E to N162°E in nor-
mal faulting and normal faulting/strike-slip regimes (Fig.  5.10).
We present the percentage of the cumulative area of fault patches
(over the whole 143 km? of fault surface) affected by different Ts and
Tp intervals. For both, normal faulting and normal faulting/strike-
slip faulting regimes, the rotation of the Spmax from N122°E to
N162°E leads to a gradual increase of Ts on the majority of the fault
patches (Fig. 5.10 A and 5.10 C). Hence, from unlikely shear reactiva-
tion, most of the fault surfaces can shift towards a range of possible
shear reactivation. This is due to the fact that the associated fault
patches become subparallel to Symax for an orientation of N162°E.
In the range of the Syymax from N122°E to N162°E, Tp distribution
develops from bi-modal distribution to a single cluster for both stress
regimes (Fig. 5.10 Band 5.10 D). The variation of St{max in its uncer-
tainty range has little influence on the Tp of potential transfer faults
(0.8 < Tp < 1.0). The highest Tp of 1.0 is observed for transfer fault
strikes close t0 Symax. Additionally, increasing Symax azimuth
leads to an increase in Tp for the graben-parallel faults in the Bruch-
sal area.
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Figure 5.10: Uncertainty analysis of Ts and Tp with respect to variations
of the stress field orientation in Bruchsal. Comparison of the
cumulative fault areas exposed to slip tendency (A and C) and
dilation tendency (B and D) intervals, each calculated for a nor-
mal faulting (A and B) and a transitional normal faulting to
strike-slip regime (C and D) .

Significant influence on both Tp and Ts with respect to the total
fault surface of the Riehen model is not observed for clockwise ro-
tation of mean SHmax (N144°E) to N158°E (Fig. 5.11). The highest
Ts values of 0.45-0.6 apply for about 70% of the total fault area in
both cases. In contrast, anticlockwise rotation to N130°E substan-
tially decreases the fault surfaces affected by the maximum Tg value
of 0.45-0.6. In the latter case, the affected fault area is reduced to
about 35% of the total amount. Variations of Symax in the given
uncertainty range cause only minor changes in the Tp distribution;
about 10% of the total fault area show values between 0.9 and 1.0.

For the entire ranges of Ts and Tp, we observe different sen-
sitivity to variation of Symax azimuth for the entire fault models
of Bruchsal and Riehen. Comparably smaller sensitivity is ob-
served in Ts for the Riehen model. Different aspects may account
for this fact: 1) the fault model of Riehen incorporates a much
larger fault surface area (388 km?) and a broader range of fault
azimuths; 2) different faulting regimes lead to significantly dif-
ferent distribution of critical condition. Conjugated shear angles
in pure strike-slip regime predict four favorable fault geometries
(two optimal fault strikes with two dip directions each), whereas
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Figure 5.11: Uncertainty analysis of Ts and Tp with respect to variations
of the stress field orientation in Riehen. Comparison of the
cumulative fault area exposed to slip tendency (A) and dilation
tendency (B) intervals in a pure strike-slip faulting regime.

in normal faulting regime two optimal fault geometries, only,
exist (one favorable fault strike with two dip directions). Thus,
the probability of hitting a fault with maximum Ts is higher in
large structural models and for a pure strike-slip faulting regime.

In the following, we consider fault sensitivities to Ts and
Tp ranges that are the closest to critical condition and reactivation
(Table 5.1): Ts = 0.65-0.85 for Bruchsal, Ts = 0.45-0.6 for Riehen,
and Tp = 0.8-1.0 for both models. As shown previously, Ts is
most sensitive to changes in Symax (Within the given uncertainty
range). Anticlockwise rotation of Spmqx reduces the amount of
fault patches within the nearly critical stress range to nearly zero in
Bruchsal and from about 2/3 to 1/3 in Riehen. Since the majority of
the fault patches in Bruchsal are subparallel to the strike of the URG,
clockwise rotation of Syimax causes maximum alignment with these
structures and therefore decreases criticality of the transfer faults. As
mentioned above, in Riehen criticality is given for a large range of
Stimax due to the conjugated shear angles causing four Ts maxima.

Tp of the NW-SE striking structures are relatively invariable for
changes in Spmax within the given uncertainty ranges. Generally,
about 20-30% of the fault patches are within the critical range of Tp.
Structures striking subparallel to the URG, however, show an increase
in Tp with increasing Symax-
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Table 5.1: Compilation of the cumulative fault areas exposed to maximum
Ts values of 0.65-0.85 in Bruchsal and 0.45-0.6 in Riehen and
maximum Tp values of 0.8-1.0 with respect to variations of
SHmax Orientation.

Site Regime Tendency N122°E N142°E  N162°E
Bruchsal
NF Ts 1.5%  204%  38.6%
NF Tp 19.5% 21.1% 3.0%
NF/SS Ts 0% 1.7% 7.6%
NE/SS Tp 19.5%  21.7%  23.0%
Riehen
SS Ts 38.3% 61.3% 68.0%
SS Tp 21.8%  23.9%  37.2%

NF: normal faulting, SS: strike-slip

5.6 GEOMECHANICAL INTERPRETATION
5.6.1 Absence of critically stressed faults

As described in section 5.2.2, the stress field models were determined
using the critical stress concept [Zoback et al., 2003], which defines
constant o7/03 stress ratios based on friction coefficients of 0.85 for
Bruchsal and 0.6 for Riehen. Since the critical stress concept and the
slip tendency analysis are based on the same Mohr-Coulomb failure
criterion, maximum Ts values always equal pn. Thus, regardless
of the difference of the stress state between Bruchsal and Riehen,
the maximum slip tendency values are 0.85 and 0.6, respectively.
Variations of p may change the magnitudes of Ts, but its relative
distribution remains unaffected. Hence, only a comparison of the rel-
ative distribution of Ts and Tp between the two sites is meaningful.

Furthermore, since critically stressed fault or fracture zones are
characterized by exceeding a defined Mohr-Coulomb failure criterion,
they cannot be obtained in our slip tendency analysis. However, fluid
flow in fractured reservoirs often occurs only on critically stressed
zones [e.g. Barton et al., 1995; Ito and Zoback, 2000]. Since by defi-
nition critically stressed faults cannot be computed in our approach,
we assume that those close to critical stress condition shift to critical
if the o1/ 03 stress ratio exceeds our assumptions.
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5.6.2  Anisotropy of the Slip- and Dilation Tendency

As observed previously, Ts and Tp of fault segments strongly
depend on their strike. We investigate here this dependency. In
addition to the results of both geothermal fields, we performed this
analysis for sets of generic normal and strike-slip faults modeled
under Bruchsal and Riehen stress states. These modeled faults
allow us to cover the full range of fault azimuth and can provide
an overview of any potential fault behavior in the URG. Since
for a given azimuth Tsand Tp depend on the dip and depth
of the fault, 70° dipping normal faults and vertical strike-slip
faults are considered and analyzed for the representative depths
of 2000 m and 2500 m in Bruchsal and Riehen, respectively (Fig. 5.12).

We observe at both sites a similar behavior of Ts and Tp for
fault azimuths between about o0°and 100°. For these struc-
tures, critical conditions are not observed and lowest values for
both, Tp and Ts, occur at Spmin azimuth. Between 110° and
170°, normal faulting and normal faulting/strike-slip regime
at Bruchsal exhibit parallel trends for Tp and Ts for normal
faults with maximum values at Symax azimuth. In contrast,
for strike-slip faults, Tp has its maximum at Spmax, while
Ts is equal to o. In the strike-slip regime of Riehen, maximum
Ts and Tp cannot coexist. Maximum Tp coincides always with
minimum Tgs. At Symax azimuth, minima of Ts = 0.35 and
Ts = o are observed for normal and strike-slip faults, respectively.

These results indicate that faults trending parallel to the URG
are characterized by low reactivation potential for shear and tensile
failure. In contrast, the geomechanical behavior of transfer faults
depends strongly on their dip. Independent of the stress field,
sub-vertical faults with this azimuth cannot be reactivated for
shearing in any case. These structures, however, always show highest
reactivation potential for tensile failure. Inclined transfer faults
striking sub-parallel to Symqx azimuth exhibit highest potential for
shear reactivation in normal faulting regimes.

We would like to point out that according to our re-
sults, the steeply dipping faults, which are assumed to
be located between the injection and production wells, at
Riehen and Bruchsal, have the largest tendency among all
model faults to dilate in the related ambient stress fields.

Recalling that in both case studies no immediate connection be-
tween the production and the injection wells during tracer experi-
ment was observed [Schill and Klingler, 2011], we may suppose that
these steeply dipping faults act as hydraulic boundaries. Such bound-
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Figure 5.12: Distribution of the slip tendency (Ts, red) and dilation ten-

dency (Tp, blue) as a function of the fault plane azimuth, for
the Bruchsal fault model under normal faulting regime (A) and
under transitional regime (normal faulting/strike-slip; B), and
for the Riehen fault model under strike-slip regime (C). Dots
correspond to single fault patches of the corresponding fault
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5.7 CONCLUSION

aries may be characterized either by low or by high permeability,
but according to the observed high dilation tendencies, high fracture
permeability is more likely. This is especially the case for compara-
bly shallow reservoirs, since maximum Tp increases with decreasing
depth. The fact that these structures are characterized by low shear
reactivation potential may explain the absence of induced seismicity
during reservoir operation [e. g. Gaucher et al., 2015].

5.7 CONCLUSION

Although located both at the EMBF zone of the URG, the overall
tectonic setting, orientation and deformation type of the observed
structures and the stress regimes differ at both geothermal sites in
this study, Bruchsal and Riehen. However, our geomechanical study
shows that a similar structural control of the geothermal reservoir
may apply on both fields. The modeled ranges of Ts and Tp show
major similarities regarding the reactivation potential of both the
URG-parallel and the proposed transfer faults. Since transfer faults in
Bruchsal and Riehen have been inferred from geological constraints,
their geometry is not fully defined at these locations. They may be
vertical strike-slip faults or about 70°-dipping oblique normal faults.
Taking into account that the stress regime of the URG changes from
normal faulting over normal faulting/strike-slip to a pure strike-slip
regime, from the northern to the southern segments, the main obser-
vations are:

1. Apart from being a function of depth, Ts and Tp show strong
dependency on both, fault strike and dip. While the influence
of strike is rather uniform across the two areas, dip dependency
varies significantly for the different stress regimes.

2. Tp behaves similar across the entire URG. Highest tendency for
tensile failure is always observed for sub-vertical structures that
are aligned parallel to Symax - Along the EMBF zone, this
accounts mainly for NW-SE striking transfer faults.

3. The azimuth of the most favorably oriented faults for shear re-
activation changes within the URG. This is due to the change of
the stress regime within the area. Sub-vertical transfer faults
acting in strike-slip mode have no tendency to slip for ori-
entations parallel to Symax . Inclined transfer faults paral-
lel to Stmax have slip tendency values ranging from a max-
imum critical Ts equal to p, in normal faulting regime, to
a small subcritical value, in strike-slip regime. In the lat-
ter case, maximum Tgs is observed for faults striking approxi-
mately +30° from Spimax.
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The particular behavior of criticality for tensile failure and non-

criticality for shear failure of the transfer faults leads to the assump-
tion that such transfer faults are naturally permeable structures with
low stimulation potential under the given stress condition. This is in
agreement with both the observations of zero-tracer recovery and the
lack of seismicity in both geothermal sites in this study.
Due to the major reorientation of the regional stress field in the URG
during Late Miocene time with a Symax rotation of about 9o°, we
suppose that NW-SE striking faults are of major interest for geother-
mal exploration since they are expected to have low stimulation po-
tential and the highest permeability. This accounts for rifting-related
transfer zones as well as for pre-existing and probably reactivated
faults in general.
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ABSTRACT

Remote sensing techniques, such as the mapping of lineaments, can
provide additional information on the structural geological inventory
of an area of interest, i.e. if the study area is very large or is char-
acterized by bad outcrop conditions. However, evaluation of the ac-
curacy of lineament mapping results is still a challenging task since
relevant parameters, such as the inherent censoring and truncation
bias, vary for different elevation models. In this study we show
how statistical evaluations help to improve the reliability of lineament
mappings. Therefore we present a lineament analysis in crystalline
basement rocks based on two digital elevation models (ASTER, LI-
DAR) and satellite imagery data sets in order to identify fault traces
and their possible neotectonic activity in the seismically active south-
ern Schwarzwald. A statistical assessment of the orientation, average
length, and the total length of mapped lineaments reveals an impact
of the different resolutions of the data sets allowing to define maxi-
mum (censoring bias) and minimum (truncation bias) observable lin-
eament length for each set. For an increase of the spatial resolution
of the digital elevation model from 30 m x 30 m to 5 m x 5 m the
total lineament lengths decrease by about 40 % and the average lin-
eament lengths decrease by about 60 % with both still following a
power law distribution as documented elsewhere for fault and frac-
ture systems. Predominant NE-, N-, NNW-, and NW-directions of
the lineaments are observed in all data sets and correlate well with
known large-scale faults and associated minor faults and fractures
in the southern Schwarzwald. Application of a slip- and dilation
tendency analysis on the resulting fault pattern reveals the highest re-
activation potentials for WNW-ESE and NNE-SSW striking faults as
left- and right-lateral strike-slip faults whereas normal faulting may
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occur along NW-striking faults within the ambient stress field. Re-
mote sensing techniques in combination with highly resolved digital
elevation models and a slip- and dilation tendency analysis thus can
be used to quickly get first order results of the structural inventory of
and critically stressed faults in crystalline basement terranes.

6.1 INTRODUCTION

Identification of brittle faults in crystalline basement rocks is still a
challenging task because fault traces are commonly more difficult
to recognize and to track along strike in crystalline basement than
in sedimentary rocks. This is mainly because of missing markers
- stratigraphic layers, sills, or dykes — that impedes quantification
of displacements and finally hampers the reconstruction of the
structural evolution of brittle fault patterns and the possible response
of this fault pattern to the ambient stress field. The southern
Schwarzwald in SW Germany is a seismically active crystalline base-
ment area exposing Carboniferous granitic batholiths and high-grade
metamorphic gneiss complexes. The crystalline basement appears
to be devoid of faults in the geological maps, which is in marked
contrast to the abundantly mapped faults in the Triassic cover rocks
in the vicinity as for example in the Dinkelberg Block south of the
Kandern-Hausen Fault Zone and the Bonndorf graben system in
the east (Fig. 6.1). Digital elevation model and satellite imagery
analyses provide complementary methods to geological mapping.
Particularly, mapping of lineaments is proven suitable for a quick
and reliable first-order estimate on the structural inventory in a study
area [e.g. Castaing et al.,, 1996; Arlegui and Soriano, 1998; Jordan
et al.,, 2005]. A lineament analysis of the southern Schwarzwald by
Franzke et al. [2003] has been based on satellite imagery indicating
almost identical lineament densities for the crystalline basement and
the sedimentary cover rocks. In contrast to the geological maps, the
results of Franzke et al. [2003] can be interpreted in such a way that
major fault zones, although they are mapped almost exclusively in
the sedimentary cover rocks, do not arrest at the basement-cover
interface, but continue as brittle faults into the crystalline basement.

Information on the structural inventory of the crystalline basement
in the southern Schwarzwald is of major interest for many ongoing
research studies and crucial for sophisticated geomechanical and
geophysical models that are needed for a better understanding of
hydraulic and mechanical behavior of deep seated fault zones in
the crystalline basement. Information about location and depth
extension of brittle faults in the crystalline basement are needed
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to improve understanding of origin and evolution of hydrother-
mal anomalies in mountain ranges, such as observed between
the southern Schwarzwald area and northern Switzerland [Kohl
et al,, 2003; Rolker et al.,, 2015]. Here, coupling of tectonic and
geothermal processes are not fully understood and most theories
lack of information about subsurface fluid flow processes within
the crystalline basement. Deep seated, cataclastic fault zones in
mountain ranges can cause steep geothermal gradients probably
driving hydrothermal circulation even in convergent environments
[Derry et al., 2009; Guglielmetti et al., 2013]. Convective heat
transfer can be an important process to trigger cooling of an orogen
[Forster and Smith, 1989; Ingebritsen et al., 1989]. Especially faults
and fractures that are favorably oriented and critically stressed for
frictional failure dominate subsurface fluid flow [Barton et al., 1995;
Ito and Zoback, 2000]. Stress concentrations along fault tips and fault
intersections may favor localization of deep seated fault-bounded
convection cells [Curewitz and Karson, 1997]. However, for the
southern Schwarzwald such comprehensive investigations are miss-
ing due to the lack of information about brittle faulting patterns.

We present three lineament analyses applied on three different
sources of remote sensing data: The first data set comprises satellite
imagery data of Franzke et al. [2003], the other data sets comprise
high-resolution ASTER-DEM and LIDAR-DEM data with spatial

resolutions of approximately 30 m x 30 m and 5 m x 5 m, respectively.

To characterize the reactivation potential of the obtained
(lineament-) fault pattern, we constrain both the ambient stress field
and faulting regime in the southern Schwarzwald based on published
data and apply a slip- and dilation tendency analysis as proposed
by Morris et al. [1996] and Ferrill et al. [1999]. Identification of
fault zones by lineament mapping and assessment of possible neo-
tectonic activity of these zones (given that regional stress-field data
are available) may be widely applicable since the coverage with high-
resolution remote sensing data steadily increases worldwide.

6.2 REGIONAL SETTING
6.2.1  Geological overview

The Schwarzwald is part of the central polymetamorphic belt of
the Variscan orogen that developed between about 420 Ma and
280 Ma. From north to south the Schwarzwald comprises four
NE-trending lithotectonic units accreted by oblique convergence
during early Carboniferous time (Fig. 6.1, Krohe and Eisbacher,
1988; Eisbacher et al., 1989b). The low to medium grade metasedi-
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mentary and metavolcanic rocks of the Baden-Baden Zone (BBZ) in
the north represent the southernmost parts of the Saxothuringian
Zone of the Variscan orogen. The BBZ is separated to the southeast
from the medium to high-grade metamorphic rocks of the Central
Schwarzwald Gneiss Complex (CSGC) by a ductile shear zone.

The CSGC represents the Moldanubian Zone of the Variscan oro-
gen and mainly consists of paragneisses, orthogneisses, minor
metabasites, and isolated lenses of relic eclogites and serpentinized
peridotites [e.g. Kalt et al., 2000; Marschall et al., 2003]. Two large
granitic batholiths accompanied by two minor bodies intruded into
the CSGC in the north and east ((Fig. 6.1A). Granitic dykes in the
CSGC commonly trend NE-SW whereas in the granite dykes also
trend NNE-SSW and NW-SE [e.g. Schleicher and Fritsche, 1978]. To
the southeast, at the northern margin of the Badenweiler-Lenzkirch
Zone (BLZ; Fig.  6.1A), the mylonitic-cataclastic Todtnau thrust
indicates dextral-transpressive, SSE-directed convergence at about
330 Ma [Krohe and Eisbacher, 1988]. The CSGC in the hang-
ingwall overthrust the low-grade to non-metamorphic Palaeozoic
sedimentary-volcanic successions of the BLZ. Along the southern
limb E-striking panels mark a transtensional fault boundary with
the high-grade metamorphic Southern Schwarzwald Complex
(SSC). The high-grade metamorphic gneisses of the SSC form W-
to NW-dipping panels that were intruded by N- to NW-trending
batholiths (Fig. 6.1B). These massive granitic plutons intruded into
middle to high crustal levels and originated during late orogenic E-
W-oriented extension-transtension that followed early Carboniferous
NNW-SSE-convergence [Grimmer et al., 2016; Krohe and Eisbacher,
1988; Eisbacher et al., 1989a; Henk, 1997].

Our study area mainly covers the SSC, but extends also into the
BLZ and CSGC. The study area is covered towards east by Permian
and Triassic sedimentary rocks. To the west it is bound by the Ceno-
zoic Upper Rhine Graben and to the south by a WSW-ENE-trending
Permian basin largely covered by Mesozoic sedimentary rocks. The
major structural units and fault zones in the SSC are shown in Fig.
6.1B. Structurally, they can be grouped into:

* (W)NW-(E)SE striking structures such as the Bonndorf Graben
Zone (1), the Kandern-Hausen Fault Zone (4), and the Vorwald
Fault Zone (6);

* NNE-SSW trending features associated with the main boundary
fault zone of the Upper Rhine Graben (2);

e NNW-SSE striking fault zones such as the Schweighof Fault
Zone (3) and the Wehratal Fault Zone (5).

Dextral displacement of the Albtal granite along the Vorwald Fault
Zone (Fig. 6.1B) point to an origin of the NW to WNW trending
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Figure 6.1: A) Simplified geological map of the Schwarzwald area showing
the borders of the four NE-trending major lithotectonic units
(dashed green lines) of the Variscan belt, the Carboniferous
granitic batholiths (red), and the locations of in-situ stress mea-
surements (stars). B) Overview map of the study area in the
SSC between Freiburg and Basel showing the distribution of the
gneissic and granitic rocks. The fault map clearly illustrates the
lack of structural information in the Variscan basement. Abbre-
viations: NSB/SSB — northern/southern Schwarzwald batholith;
TB - Triberg batholith; CSGC - central Schwarzwald gneiss
complex; SSC — southern Schwarzwald Complex; BBZ — Baden-
Baden Zone; BLZ — Badenweiler-Lenzkirch Zone; TSZ — Todtnau
Shear Zone
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faults during post-orogenic extensional-transtensional tectonics [Em-
mermann, 1967]. Polyphase Mesozoic and Cenozoic reactivations
of these fault zones is documented in the crystalline basement (e.g.
Vorwald Fault Zone: Huber and Huber-Aleffi, 1984) but can also be
traced as structural gain in the cover rocks, such as the Bonndorf
Graben Zone.

6.2.2  Regional stress state

The Alpine foreland is characterized by a systematic, fan-like orien-
tation of the maximum (Sy) and minimum (Sy) horizontal stress
directions [Miiller et al., 1992; Heidbach et al., 2008]. For the crys-
talline basement in the southern Schwarzwald only few in-situ stress
measurements are available (Fig. 6.1A, Table 6.1).

Table 6.1: Stress field orientation data of the southern Schwarzwald. For
location see Fig. 6.1A.

Type  Location Rock type  Depth Type Q-WSM  mean Sy [N°E]  Ref.
Range [m] (n)
Borehole
Menzenschwand  Granite 95 TSC 164.0 (4) 1
Menzenschwand  Granite 116 - 119 D C 44.6 £ 23 (7)* 1
Forbach Granite 96 - 155 TSC A 145.6 £ 5.7 (5) 2
Hechtsberg Gneiss 75 - 296 H B 138.6 + 17.7 (5) 3
Schénmatt Gneiss 78 - 264 H 165 (1) 3
Moosengrund Granite 83 - 258 H 123 (2) 3
Quarry
Bollschweil Limestone 5 D B 153.0 £ 19 (12) 4
Kleinkems Limestone 5 D B 176 £ 13 (10) 4
Menzenschwand  Granite 2-4 D A 140.7 £ 5.9 (9) 1
FPS
10 - 15 SI (a) 144.0 (15) 5
Southern 10 - 15 SI (b) 141.0 (15) 5
Schwarzwald 0-23 SI (a) 145.0 (30) 5
0-23 SI (b) 142.0 (30) 5

SI: stress inversion of focal plane solutions (FPS); In-situ measurement in wellbores - TSC:
triaxial strain cell, D: doorstopper, H: hydrofrac analyses. Labels a and b indicate two different
stress inversion methods [Kastrup et al., 2004]. QWSM: Quality assessment according to the
world stress map classifies in-situ measurements as A, B, and C quality for a Sy azimuth
uncertainty within 15°, 20°, and 25°, respectively. * test site very close to tectonic fault. Ref-
erences - 1: [Wolter, 19871; 2: [Hauser-Fuhlberg et al., 2012]; 3: [Rummel and Baumgirtner,
19871; 4: [Greiner, 1978]; 5: [Kastrup et al., 2004].

Stress field measurements are based on near-surface in-situ

measurements in quarries [Greiner, 1978; Wolter, 1987], analyses
of hydrofracs [Rummel and Baumgdrtner, 1987], and the use of
triaxial strain cells [Wolter, 1987, Hauser-Fuhlberg et al., 2012].
Stress inversions performed on earthquake fault-plane solutions
provide additional information about the o7 and o3 orientation in
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deeper crustal levels. The data indicate a generally uniform NW-SE
orientation of Sy within a predominant strike-slip faulting regime
with secondary normal faulting [Plenefisch and Bonjer, 1997; Kastrup
et al., 2004].

According to Table 6.1, we assume Sy azimuth trending N140°E
+ 10°. Wellbore measurements from greater depths are also used for
the estimation of principal stress magnitudes (Fig. 6.2). The verti-
cal stress magnitude (S,) is assumed to follow a lithostatic pressure
gradient with a mean rock density of 2650 kg m~3. Almost all mea-
sured magnitudes of Sy are larger than S,, excluding a pure nor-
mal faulting regime. All measurements with Sy magnitudes larger
than S, predict a thrust faulting regime which is at odds with natu-
ral seismicity showing no evidence for thrust faulting in the southern
Schwarzwald [Kastrup et al., 2004]. Hence, we estimate the following
stress-depth trends for Sy and Sy, solely based on the in-situ mea-
surements in the Forbach granite, describing the following strike-slip
regime: Sy = 0.017-z + 0.160 and Sy = 0.048-z + 0.189 with z in m.
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Figure 6.2: In-situ stress measurements in crystalline basement rocks of the
Schwarzwald. The red lines follow the linear stress-depth rela-
tion that has been used in this study for the estimation of the
St and Sy, magnitudes. For references see Table 6.1.
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6.3 METHODS
6.3.1 Data

We compare three lineament analyses using satellite imagery and dif-
ferent digital elevation models (DEM).

¢ The first lineament analysis (lineament set) in the Schwarzwald
of Franzke et al. [2003] is based on processed Thematic Map-
per (TM) and ERS-1 satellite imagery and is designated as the
FRANZKE data set (Fig. 6.3). TM was an Earth scanning, mul-
tispectral sensor introduced in the NASA-Landsat 5 program
with a spatial resolution of the three interpreted spectral bands
of 30 m x 30 m. The analyzed ERS-1 raster data set originates
from an ESA-European Remote Sensing satellite and provides a
spatial resolution of 25 m x 25 m.

340?000 341?000 342?000 343?000 344?000 345?000

5320000

Legend

@ City

— Rhein

Lineament - Franzke et al. (2003)

Quality

— certain

- == uncertain

Sedimentary cover rocks*
Tertiary

B Jurassic

- Triassic

- Permian

Badenweiler-Lenzkirch Zone

I undifferentiated

Background Image:

LIDAR-DEMS (center)
ASTER-DEM (margin)

* Based on Geological Map of Baden-
Wiirttemberg; 1 : 50 000; Landesamt
fiir Geologie, Rohstoffe und Bergbau
Baden-Wirttemberg (2015)

1:300.000 0 25 5 10
— —

km

T T T T T T
3400000 3410000 3420000 3430000 3440000 3450000

Figure 6.3: Lineament mapping in the southern Schwarzwald from Franzke
et al. [2003] based on Thematic Mapper and ERS-1 satellite im-
agery with spatial resolutions of 30 m x30 m and 25 m x 25 m, re-
spectively. Lineaments outline predominant (S)SW, (W)NW, and
N trending strike directions in the gneissic and granitic basement
rocks.

¢ The second lineament set is based on spaceborn-derived ele-
vation data that provides a spatial resolution of 1 arc-second
which corresponds to a horizontal and vertical resolution of
27 m x 27 m and < 1 m, respectively. This lineament set is
designated as the ASTER-DEM data set.
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¢ The third lineament set, designated as the LIDAR-DEM5 data
set, is based on airborne laser scanning data with a horizontal
resolution of 5 m x 5 m and a vertical resolution of < 0.5 m,
respectively.

Both DEMs provide slightly different information about surface to-
pography, since the ASTER-DEM represents a digital surface model,
only, while the LIDAR-DEM;5 can be regarded as true digital terrain
model.

6.3.2 Lineament mapping

Following O’leary et al. [1976], we define a lineament as a mappable,
simple or composite linear feature on a surface, whose parts are
aligned in a rectilinear or slightly curvilinear relationship and
which differs distinctly from the patterns of adjacent features and
presumably reflects a subsurface phenomenon. Especially in areas
with a distinct topography (steep elevational gradients and hill
slopes), inclination of faults has a significant impact on lineament
identification. Fault traces of subvertical faults, as associated to
strike-slip tectonics, are not influenced by the topography and
should be clearly visible as linear features. In contrast, fault traces of
inclined faults, as associated to dip-slip tectonics, follow topography.
As curvilinear fault traces these features may not are clearly visible as
lineaments. Hence, inclined faults in areas with a distinct topography
probably are, a priori, statistically underestimated. Lineament length
is furthermore relative to the scale of observation. This accounts
for both the resolution of the DEM and the size of the study area.

For data processing and visualization we used the geoinformation
system software suite Arc-GIS. For lineament mapping we choose a
visual approach on the basis of slope gradient maps, aspect maps,
and shaded relief maps. The latter were created for illumination az-
imuths of 45°, 90°, 135°, and 180° respectively. Depending on whether
the lineaments were clearly detectable in all four illumination scenar-
ios, we classified them into the categories ‘certain” and ‘uncertain”.
Each lineament was cross-checked with topographic maps for linear
anthropogenic features such as roads or railroad tracks. Since the
FRANZKE data set covers the entire Schwarzwald area, we clipped
it to the same size of the ASTER-DEM and LIDAR-DEM5 data sets.

For statistical consistency and comparability, e.g. for evaluation of
the lineament orientation, we cut the lineaments of each set in nearly
regular 250 m segments. The remaining end pieces of each lineament
with lengths < 250 m are considered equivalent to the regular 250 m
segments. As a result, each lineament data set describes a distinct
left-skewed normal distribution.
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6.3.3 Slip- and Dilation Tendency Analysis

Slip on faults is controlled by the balance between resolved shear
stress and the magnitude of frictional resistance [Lisle and Srivastava,
2004]. Slip on faults thus may occur when effective shear stress ()
equals or exceeds frictional resistance. Controlling mechanical pa-
rameter for slip on faults are the cohesive strength (c), the coefficient
of static friction (p), and the resolved normal stress (0;,). For the
reactivation of pre-existing faults cohesion may be neglected. In
this case, the ratio of resolved shear stress to resolved normal stress
equals the coefficient of static friction p. This ratio is designated as
the slip tendency (Ts; Morris et al. [1996]). Slip tendency analysis
of faults is appropriate to determine their reactivation potential in
different tectonic settings as for example for seismological studies
of aftershocks [Collettini and Trippetta, 2007] or for prediction of
fault reactivation at the sedimentary basin scale [Worum et al., 2004,
2005]. At the reservoir scale slip tendency analysis has been used
to link fault reactivation with induced seismicity during hydraulic
stimulation [Moeck et al.,, 2009] or for prediction of geomechan-
ical anisotropies in complex fault patterns [Meixner et al., 2016].

Dilation tendency, Tp, is the relative probability for a frac-
ture or a fault to dilate within the ambient stress field [Ferrill
et al.,, 1999]. Tp is defined as the difference between the max-
imum principal compressive stress (07) and the normal stress
(on), normalized by the differential stress (o7 - 03). Tpis a
relative value ranging between o (07 = on) and 1 (03 = op).

The calculation is straightforward if the geometry of the fault and
the in-situ state of stress is known. For the calculation of Tg and
Tp we assume that identified 1D lineaments are caused by brittle de-
formation processes and that they represent surface traces of fault
zones. Since the geometry of fault zones cannot be inferred from lin-
eament mapping, we created 500 m deep, vertical fault planes out of
the LIDAR-DEM5 data set and meshed them into nearly equilateral
triangles (fault patches). Ts and Tp are calculated with the software
3Dstress® for each fault patch. A schematic overview of our work-
flow is shown in Fig. 6.4.
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Figure 6.4: Generalized flowchart showing the steps for identification of
fault zones in the crystalline basement rocks of the southern
Schwarzwald. The three considered lineament data sets are
based on remote sensing imagery and digital elevation models
with horizontal resolutions ranging from 3om x3omtosmx5
m. Application of a slip- and dilation tendency analysis for the
lineament model of the high-resolution LIDAR-DEM5 data set
is used for a geomechanical characterization of potential fault
zones in the ambient stress field.

6.4 RESULTS
6.4.1 The ASTER-DEM and LIDAR-DEMs5 lineament maps

The lineaments extracted from ASTER-DEM and the LIDAR-DEMs5
are shown in Fig. 6.5 and 6.6. The ASTER-DEM and LIDAR-DEM5
data sets consist of lineaments with a total length of about 1066.6 km
and 887.1 km, respectively. In the ASTER-DEM data set the maxi-
mum lineament length is 13.4 km and in the LIDAR-DEM5 data set
the maximum length is 10.4 km. Both data sets are characterized by
a heterogeneous spatial distribution of the lineaments. In the north-
ern part of the study area an apparent lower lineament density is
observed in both data sets. The BLZ seems to separate a tectonic unit
with few lineaments in the N from a tectonic unit with many linea-
ments in the S. Noteworthy, this separation also marks the structural
boundary between the CSGC in the north and the SSC in the south.
Next to this general N-S trend, local variations of the lineament den-
sity are observed. In the ASTER-DEM data set and the LIDAR-DEM5
data set the SW region of the study area, between the BLZ and the Tri-
assic units NE of Basel, show the highest apparent lineament density.
In the SSC, the apparent lineament density decreases to the E.
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Figure 6.5: Lineament map of the southern Schwarzwald based on the

ASTER-DEM with a spatial resolution of 27 x 27 m. Lineaments
indicate predominant NE, NW, and N trending strike directions
in the gneissic and granitic rocks.
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Figure 6.6: Lineament map of the southern Schwarzwald based on the

LIDAR-DEMs5 with a spatial resolution of 5 m x 5 m. Similar
to the ASTER-DEM data set (Fig. 6.5), lineaments show predom-
inant NE, NW, and N trending strike directions in the crystalline
basement.
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Since both DEMs show rather comparable spatial distributions of
the mapped lineaments the question arises whether the difference
in spatial resolution of both input data sets has an impact on the
mean lineament length or the lineament orientations, which will be
discussed in the next section.

6.4.2 Statistical evaluation of the lineament sets
Lineament length

The total length of the identified lineaments significantly decreases
with increasing resolution of the elevation data. Franzke et al. [2003]
mapped lineaments with a total length of 1412.2 km based on TM and
ERS-1 satellite imagery. We mapped lineaments with a total length of
1066.6 km for the ASTER-DEM data set and 887.1 km for the LIDAR-
DEMs5 data set. This is a decrease of the overall lineament length of
about 40% for an increase of the spatial resolution by a factor of 36.

Histograms of the three data sets also indicate distinct variations in
statistical distribution of the individual lineament lengths (Fig. 6.7).
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Figure 6.7: Statistical evaluation of the lineament data sets for the south-
ern Schwarzwald mapped for satellite imagery (FRANZKE -
red) and digital elevation models (ASTER-DEM - green; LIDAR-
DEM5 - blue) regarding the lineament lengths. Histogram assess-
ment (A) and cumulative frequency distribution (B) show right-
skewed normal distributions of the mapped lineaments for all
input data sets but, remarkably, with an increase of the spatial
resolution of the elevation models a significant decrease of the
average lineament length is observed.

101



102

LINEAMENT ANALYSIS IN CRYSTALLINE BASEMENT ROCKS

All three data sets are characterized by a similar, right-skewed nor-
mal distribution for lineament lengths of up to 14 km. The average
lineament length is significantly decreasing for an increasing resolu-
tion of the elevation data (Fig. 6.7A). The average lineament length
decreases by more than 60% from 3.2 km (FRANZKE data set) to
1.2 km (LIDAR-DEM5 data set). The cumulative frequency distribu-
tion of the mapped lineament lengths illustrates this observation (Fig.
6.7B). The 80% interval of the mapped lineaments in the FRANZKE-,
ASTER-, and LIDAR-DEMs5 data set is represented by a lineament
length of about 4.2 km, 2.3 km, and 1.4 km, respectively.

Lineament orientation

In contrast to the lineament lengths, histogram assessments of
the lineament orientations indicate rather comparable statistical
distributions for the FRANZKE-, ASTER-, and LIDAR-DEM5 data
sets (Fig. 6.8A).
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Figure 6.8: Statistical evaluation of the lineament data sets extracted from
satellite imagery (FRANZKE - red) and digital elevation mod-
els (ASTER-DEM - green; LIDAR-DEM5 - blue) regarding the
orientation of the lineaments. The histograms (A) and the rose
diagrams (B) indicate the existence of the similar predominant
NW, NNW, NNE and NE strike directions in all lineament data
sets but with a slightly different weighting of individual trends,
especially for the NNE striking lineaments.

Four predominant trends of lineament orientations are observable
in all data sets but weighting of individual trends shows variations:
A well-defined maximum between 100° and 140° azimuth is visi-
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ble in all data sets and contains all NW-SE trending lineament seg-
ments. Other trends are oriented in the NNW-SSE-, N-S-, and NE-
SW-direction (Fig. 6.8B). Relative frequencies of these trends vary in
the three data sets. In the FRANZKE data set the N-S trend seems to
be statistically overrepresented and the NNW- and the N-trend seem
to be clustered in a single maximum as with higher resolution of the
elevation data the N-S-trend is less often observed and mapped.

6.4.3 Slip- and dilation tendency analysis

We performed a slip- and dilation tendency analysis on the base of
the LIDAR-DEM5 data set for assessment of the reactivation poten-
tial of these faults. The results of these calculations are shown in Fig.
6.9. Generally, an anisotropic distribution of both parameters can be
observed for the lineament set. Largest Ts values up to 0.875 are ob-
served for NW-SE and for NNW-SSE striking lineaments (Fig. 6.9A).
Faults with this orientation are preferably observable in the eastern
part of the SSC. Here, the major regional fault zones such as the NW
striking Kandern-Hausen- and the Vorwald fault zone (Fig. 6.1B)
and all subparallel striking faults show large slip tendencies of Ts >
0.75. This NW fault trend is also observed in the CSGC, north of the
BLZ. Here, this trend is visible from E to W throughout the study
area. The longest identified lineaments follow this NW strike and are
associated with major structural units like the NW-SE trending Bon-
ndorf Graben (Fig. 6.1B).

A secondary fault trend that is characterized by a high potential
for shear reactivation comprises NNW striking faults such as the
Schweighof- and the Wehratal fault zone (Fig. 6.1B) and is predom-
inantly observed S of the BLZ, in the E of the SSC. In the strike-slip
stress state of the southern Schwarzwald both fault trends are prone
for reactivation as conjugated shear zones with the NW and NNW
trending faults acting as sinistral and dextral strike-slip faults, respec-
tively. Both the NNW and the NW trending fault zones also show
largest dilation tendencies of Tp > 0.8 (Fig. 6.9B).

103



104 LINEAMENT ANALYSIS IN CRYSTALLINE BASEMENT ROCKS

Freiburg @

A B ] .

0.000 0.125 0.250 0.375 0500 0.625 0.750 0.875

Freiburg @
)

N\ K

B B ] .

0.000 0.143 0.286 0.429 0.571 0.714 0.857 1.000

Figure 6.9: Slip tendency (A) and dilation tendency (B) calculations for the
LIDAR-DEM5 lineament set in the southern Schwarzwald un-
der strike-slip stress conditions and with an Sy orientation of
N140°E. Both values are calculated for vertical fault planes and
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6.5 DISCUSSION

Generally, the obtained lineament sets clearly illustrate the ap-
parent discrepancies between the mapped faults in the southern
Schwarzwald and the results of remote sensing techniques. The
FRANZKE, ASTER-DEM, and LIDAR-DEMs5 data sets all reveal a
high lineament density in the SSC (Fig. 6.3) and show similar orien-
tation distributions of lineament trends, but with variations of rela-
tive frequency of the different lineament trends. Especially the value
of the maximum and minimum lineament length is significantly dif-
ferent in each data set. These differences seem to be related to the
resolution of the remote sensing data. The question arises if the lat-
ter systematically predesignates the sampling bias for lineament ex-
tractions (see also Scheiber et al. [2015]). Completeness of mappable
lineaments next to their upper and lower bound in each data set is dif-
ficult to assess, but may be compared to widely observed and better
constrained length statistics of fault and fracture systems as discussed
in the next section.

6.5.1 Lineament statistic and elevation models

The visibility of lineaments on the DEMs and especially on the satel-
lite imagery is probably impaired by various causes such as geology,
vegetation, anthropogenic influences (e.g. roads), and by bias that
is typically related to the sampling and mapping process itself [e.g.
Scheiber et al., 2015]. The latter one may lead to incompleteness of
the identified lineaments and probably results in wrong spatial and
statistical distributions. To quantify this sampling bias we performed
a statistical evaluation of the lineament length distribution.

The frequency distribution of fault length and fracture length is gen-
erally approximated by one of the following functions Dershowitz
and Finstein [1988]; Korvin [1989]: an exponential distribution,
a lognormal distribution, a gamma law distribution, or a power
law distribution. However, power law relationships associated
with fractal fragmentation are widely used to describe distribution
of fracture properties such as length and displacement [Bonnet
et al., 2001] and can be expressed as: n(w) = aw o; with 2 as a
constant and « as the power law exponent. In order to charac-
terize the lineament-length behavior for our three lineament sets,
we have made a general log-log plot of the cumulative length
distributions (Fig. 6.10A). A compilation of power law exponents
is given by Bonnet et al. [2001] and is shown in Fig. 6.10B. The
a-values determined for fracture and fault lengths at various scales
range between 1.5 and 3.0 with a maximum between 2.0 and 2.5.
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Figure 6.10: A) Cumulative frequency distribution of the fault length as ob-
served in the LIDAR-DEM5, ASTER-DEM, and FRANZKE data
sets. Cumulative lineament length is normalized to a map area
of 1 km2 Lineament length distributions can be described by
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a sampling bias. B) Compilation of power law exponents, «,
by Bonnet et al. [2001] show values mainly ranging between
1.5 and 3.0 (yellow area) with a maximum between 2.0 and 2.5
(blue area). The line elements indicate «-values that have been
calculated in this study for different ranges of fault lengths be-
tween upper and lower length limits, representing the sampling
bias for our lineament mapping.
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In a log-log plot of the cumulative length-distribution a power
law relationship will be expressed by a straight line with a constant
slope. The length distributions in this study seem to follow an
exponential relationship. On the one hand, exponential fits for
fracture length distributions are also described in other studies
[Dershowitz and Einstein, 1988] and are interpreted to reflect early
stages of deformation as a result of fracture growth under a uniform
state of stress [Bonnet et al., 2001]. On the other hand, resolution
effects and finite-size effects imposed on a power law population can
result in distributions that appear to be exponential or lognormal [e.g.
Hudson and Priest, 1983; Odling et al., 1999]. In our study deviation
from a power law function is obvious in the range of the maximum
(censoring bias) and minimum (truncation bias) observable linea-
ment lengths. These deviations from a power law relationship may
be due to incomplete sampling of lineaments below a certain value
(lower limit) and the limited size of the sampling area (upper limit).

Assuming a power law distribution in Fig. 6.10A we define a
lineament length of 8 km as upper limit (censoring bias). There
are very few representatives of these largest features and are only
mapped sporadically. Whether this observation is the result of a
geological threshold (e.g. limited fault lengths due to fault seg-
mentations) or of a sampling bias (lineament cutoffs at the model
boundary) remains unclear. However, regarding a power law fit
the cumulative length distributions in all data sets a steepening of
the distribution curve can be seen for lineaments longer than about
8 km. Here «-values larger than 3.0 are calculated (Fig. 6.10B).

An obvious lower limit (truncation bias) should be recognized as
a distinct inflection point towards short lineament lengths, but is
not observed. In order to get a rough estimate, we have calculated
the «-values for increasing length ranges with a fixed maximum
length of 8 km (line elements in Fig. 6.10B). For the LIDAR-DEMs5
and the ASTER-DEM data set a rather comparable truncation length
of about 600 m and 1700 m is calculated for x-value limits of 1.5
and 2.0, respectively. The FRANZKE data set shows an about 50%
larger truncation length of 1100 m and 2250 m for the same «-value
limits. The differences between the FRANZKE and the ASTER data
set (both with almost similar spatial resolution) clearly show the
advantage of a DEM with shaded relief-, aspect-, and slope gradient
maps compared to rather static satellite imagery. It clearly indicates
the limited applicability of the latter one at small scales. In contrast,
the resolution of our elevation data sets has no significant influence
on visibility of the longest observed lineaments. Here power law
exponents show rather comparable magnitudes.
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Within these critical length ranges for the mappable lineaments «-
values are calculated which are in good agreement with comparable
studies [Castaing et al., 1996; Bonnet et al., 2001]. Linearity of the
lineament length distribution between the upper and lower sampling
bias may have the appearance of completeness of the detected linea-
ments but a systematic statistical underestimation for the considered
scale range cannot be ruled out. We are also aware that the consid-
erations about the length distribution in our lineament sets cannot
be linked to the observed spatial lineament patterns. The apparent
consistency to a power law fit would be still given if one lineament
orientation was statistically underestimated and another one was sta-
tistically overestimated by the same amount. This effect of statistical
uncertainty is hard to assess since fault trends are not distributed ho-
mogeneously but rather are aligned in predominant strike directions.
This may be of great importance in areas with active tectonics. Com-
pleteness of our identified lineament sets is thus hard to evaluate and
probably needs extensive field-work studies. However, our observa-
tions for the southern Schwarzwald confirm the generally accepted
power law relationship for fracture and fault properties but conclu-
sions about the statistical reliability can be done only within the scale
range of the lineament/fault lengths we considered (about 1-8 km)
and extrapolation of distribution patterns to other scales should be
avoided. Since lineament lengths do not span more than an order
of magnitude in scale range additional data, e.g. from field-work
studies, are needed for determination of local and regional frequency
distributions.

6.5.2 Fault geometry and reactivation potential

Reactivation potential of fault segments within an ambient stress
field strongly depends on their strike and dip. For identified linea-
ments, where fault dip is not observable from remote sensing, slip-
and dilation tendency analyses seem to be obsolete. As a first-order
approach we thus calculated Ts and Tp for subvertical structures
only (see section 6.3.3). To furthermore quantify the reactivation
potential for varying performed fault dips we also calculate Ts and
Tp for a set of generic faults covering the full range in fault strike
in 0.25° steps. Ts and Tp were calculated for the maximum depth
of 500 m and for fault dips of 60, 70, 80, and 9o°, respectively. The
results of the Ts and Tp calculations are shown in Fig. 6.11.

Due to the fact that the underlying stress field model solely bases
on in-situ measurements of the stress magnitudes, it is rather note-
worthy that the maximum calculated slip tendency value is 0.875.
This value is close to 0.85, a threshold value that is related to a co-
efficient of static friction of 0.85 as recommended for the considered
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depth range [Byerlee, 1978]. The measured stress ratios in our study
are in accordance with those which can be estimated by the critical
stress concept of Zoback et al. [2003].
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The slip tendency curve (Fig. 6.11A) clearly shows two local
maxima and two local minima. This pattern for the shear reacti-
vation potential of fault planes is typical for strike-slip faulting. A
first minimum is calculated for faults striking N50°E, parallel to Sy.
Fault planes with this orientation show Ts values between 0.0 and
0.3 for dip angles varying from 9o to 60°, respectively. This fault
trend, regardless of the fault dip, is not prone to shear reactivation in
the ambient stress state. A second minimum is calculated for faults
striking approx. N140°E, i.e. almost parallel to Sy. Subvertical faults
of this orientation cannot be reactivated for shearing in a strike-slip
faulting regime, but in a normal faulting regime. Also inclined
faults never show Tg values larger than o.4. The largest Ts values
of 0.85 are calculated for fault zones that are aligned about 30°
from Sy orientation of N140°E. Structures oriented parallel to these
two trends show highest reactivation potential for dextral (N110°E)
and sinistral (N170°E) shear reactivation. Maximum Tg values are
solely calculated for vertical faults. Inclined structures, such as
potential normal faults, always show values larger than o.7. The
distribution of the dilation tendency (Fig. 6.11B) is characterized
by only one local maximum and minimum. Regardless of the dip,
faults striking parallel to Sy always show minimum Tp values.
Faults that strike parallel to Sy always show maximum Tp values
and thus are prone for dilatant reactivation in the ambient stress state.

We would like to point out that faults striking N110°E and
N170°E are characterized by both, large Ts and large Tp values.
This incorporates the NNW-SSE striking Schweighof- and Wehratal
fault zones and the NW-SE striking Kandern-Hausen- and Vor-
wald fault zone. Structures with this orientations show highest
probability for shear and dilatant reactivation in the regional stress
field, especially if they are subvertically oriented. Interestingly,
both critical directions are clearly visible in all three data sets
(Fig. 6.8). The N110°E fault strike is the most frequently mapped
fault orientation. Consequently, a large amount of the total fault
surface area of about 444 km? show largest Ts and Tp values. This
observation is shown exemplarily in Fig. 6.12. for the LIDAR-
DEM5 data set. Here, for the Sy orientation of N140°E almost
50% of the total fault surface is exposed to Ts values larger than
0.7 and Tp values 0.8. This unimodal distribution changes only
slightly with respect to variations of the Sy orientation by + 10°
which represents the uncertainty related to the measurement process.

However, predominant strike directions of all three data sets are
oriented favorably for reactivation. The question arises whether this
is coincidentally or whether favorably oriented faults are mapped
more often. Since topography is affected by erosion, young active
fault zones probably are easier to be recognized on elevation mod-
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els than inactive ones. Hence unfavorably oriented faults in the
southern Schwarzwald, e.g. with NE-SW strike, may be less visi-
ble in the elevation data and are thus statistically underestimated.
However, predominant NW to NNW strike directions and predic-
tion of strike-slip reactivation of these faults correlate well with nodal
planes determined for the southern Schwarzwald [Bonjer et al., 1984;
Bonjer, 1997; Kastrup et al., 2004]. Correlation of natural seismic-
ity to individual fault traces (identified as lineaments) seems futile
because of uncertain fault geometries and hypocenters as deep as
30 km. Both ASTER- and LIDAR-based lineament maps outline
heterogeneous spatial distributions of the lineaments with the pre-
dominant WNW-ESE-, N(NE)-S(SW)-, and NNW-SSE-trends that are
also well displayed by well-documented faults (Fig. 6.1B). Hetero-
geneous distribution of lineaments is expressed by apparent lower
lineament densities in the CSGC and higher lineament densities in
the SSC. The origin for these heterogeneities is not yet understood,
but may be related to the different lithologies since gneisses prevail
in the CSGC whereas granites prevail in the western SSC. Cooling
and associated embrittlement of the crystalline basement during ex-
humation occurred during late Variscan times within a predominant
E-W-extensional to transtensional stress field [Grimmer et al., 2016].
Brittle faulting in the gneisses developed in cooling mylonitic shear
zones that grade locally into cataclastic shear zones and hence from
ductile to brittle faulting [e.g. Sibson, 1977; Krohe and Eisbacher, 1988;
Eisbacher et al., 1989a]. These cataclastic fault zone may follow the
structural gain of the inclined mylonitic shear zones and thus show
smaller dip angles than faults and fractures in the granites. Here, ori-
entation of the earliest faults and fractures is most likely expressed
by dykes in the batholiths displaying the predominant NW-SE-, NE-
SW-, and N-S-trends (Fig. 6.1B). With larger dip angles, and hence
with more linear fault traces on the land surface, these faults may are
easier to detect as lineaments in the crystalline basement rocks.

6.6 CONCLUSION

We presented three lineament analyses in crystalline basement
rocks based on two digital elevation models (ASTER, LIDAR) and
one satellite imagery data set in order to identify fault traces and
their possible neotectonic activity in the seismically active south-
ern Schwarzwald. In each analysis lineaments were identified in
the Paleozoic basement. Our findings are in contrast to existing
geological maps on which the crystalline basement appears to be
devoid of faults but match well with fault patterns that have been
documented for the Triassic cover rocks in the vicinity. Assuming
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that the identified lineaments represent fault zones, our lineament
analyses provide additional structural geological information for the
southern Schwarzwald area.

A statistical assessment of the obtained lineament sets was per-
formed to quantify the impact of the resolution of the elevation
data on the lineament extraction. Evaluation of orientation, average
length, and the total length of mapped lineaments reveals that for
an increase of the spatial resolution of the elevation models from
30 m x 30 m to 5 m x 5 m the total lineament lengths decrease by
about 40% and the average lineament lengths decrease by about 60%.
Regarding the lineament orientations, similar predominant trends
are observable in all data sets but with a slightly different weighting
of individual trends. However, predominant NE-, N-, NNW-, and
NW-directions of the lineaments that are observed in all data sets
correlate well with known large-scale faults and associated minor
faults and fractures in the southern Schwarzwald.

Comparison of the lineament sets furthermore allow to quantify
maximum (censoring bias) and minimum (truncation bias) observ-
able lineament length for each elevation model. Resolution of our
elevation data sets has no significant influence on the censoring bias
of approximately 8 - 10 km. In contrast, the truncation bias seems
to be dependent on the elevation model with an about 50% larger
truncation length for the satellite imagery (2250 m) compared to the
LIDAR-DEMs5 and the ASTER-DEM data sets (1700 m). Within both
limits, all lineament-length-distributions follow the well constrained
power law distribution that is documented elsewhere for fault and
fracture systems. Our approach shows how statistical assessments
significantly improve the reliability of lineament mapping studies.

Application of a slip- and dilation tendency analysis on the
resulting fault pattern in the southern Schwarzwald reveals the
highest reactivation potentials for NW-SE and N-S striking faults
as left- and right-lateral strike-slip faults within the ambient stress
field. Normal faulting may occur along NW-striking dip-slip faults.
Interestingly, the most frequently mapped lineament strike direc-
tions in all three data sets are oriented favorably for reactivation.
Assuming that active fault zones are expressed by well-marked
fault traces on the land surface, our observation may point to neotec-
tonic activity along Paleozoic (N)NW to (W)NW trending fault zones.

Since worldwide coverage with high resolution digital elevation
models is constantly increasing, lineament mapping in combination
with slip- and dilation tendency analysis are suitable tools to quickly
get first order results of the structural inventory and critically stressed
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faults, particularly in very large areas lacking detailed structural in-
formation and with bad outcrop conditions.
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ESTIMATING FAULT ACTIVITIES BY REMOTE
SENSING AT A GEOTHERMAL RESERVOIR
ANALOGUE OF CRYSTALLINE ROCKS

7.1 INTRODUCTION

As described in Chapter 6, geological maps of the southern
Schwarzwald area highlight the lack in structural geological informa-
tion. Large areas of the seismically active crystalline basement appear
to be devoid of faults. This is in marked contrast to the abundantly
mapped faults in the Triassic cover rocks of the vicinity and does
not reflect the complex tectonic evolution of this area. Conducted
lineament analyses additionally indicate high densities of simple and
composite linear features in this area, which presumably reflect tec-
tonic processes. Geomechanical characterizations of these lineaments
let us conclude that a group of lineaments is favorably oriented for
frictional failure in the ambient state of stress. Neotectonic activity
in the southern Schwarzwald, probably related to reactivation of
Variscan fault trends, seems plausible and moderate seismic activity
in this area [e.g. Bonjer, 1997; Kastrup et al., 2004] clearly points
at active, brittle deformation processes. However, extensive field
work campaigns can fill the gap of missing information but the size
of the study area of about 2000 km? quite obviously impedes the
gain of detailed data in an appropriate time span. To still further
evaluate (neo)tectonic activity in the southern Schwarzwald, a vast
variety of geomorphological techniques can be applied. Especially
morphotectonic approaches have been developed to quantitatively
or quantitatively designate the interplay of active deformation
processes in the upper crust and consequent morphological changes
of landforms and landscapes.

Generally, shape of the Earth’s surface is understood to reflect dy-
namic processes of exogenous and endogenous forces that interacted
as result of an energetic disequilibrium. Landforms and landscapes
change to attain equilibrium conditions in a nonsteady environment.
This can be understood as continuous competition between tectonic
forces that tend to build up topography and surface processes that
tend to reduce topography. Numerous conceptual models and
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techniques in tectonic geomorphology address to define this balance
[e.g. Burbank and Anderson, 2012; Bull, 2007]. They always have
to tackle the inherent complexity of landscape evolution because
individual (tectonic and surface) processes occur at several spatial
and temporal scales and because they are linked with multiple levels
of feedback.

This chapter aims to test several morphotectonic approaches with
respect to their applicability in crystalline basement rocks. Therefore
we focus on two different scales: 1) the entire area of the southern
Schwarzwald Crystalline to aim at a more regional characterization
of active deformation processes, such as uplift motion or block ro-
tation; 2) the Vorwald fault zone (see Fig. 6.1B) to investigate ap-
plicability of morphotectonic and hydrographic methods for identi-
fication of neotectonic fault activity along this major variscan fault
trend. A number of research studies have been aimed at the simi-
lar focus to infer the tectono-sedimentary history of the area between
the southern Schwarzwald and the Alpine foreland. A brief summary,
which mainly bases on the comprehensive studies of Haldimann et al.
[1984]; Naef et al. [1985]; Miiller et al. [2002]; Ziegler and Dezes [2007];
Ziegler and Fraefel [2009], is given in the following section.

7.2 NEOGENE EVOLUTION OF THE SOUTHERN SCHWARZWALD
7.2.1  Uplift of the southern Schwarzwald block

The Cenozoic tectonic history of the southern Schwarzwald and the
northern foreland of the Alps was dominated by two main tectonic
events: the main phase of the Alpine orogeny and the formation of
the URG (see Chapter 3). During the Oligocene to early Miocene
rifting phase, the entire URG subsided continuously. During Neo-
gene, subsidence solely continued in the northern part of the URG.
The southern parts of the URG and the adjacent graben shoulders
were uplifted and subjected to erosion during late Burdigalian (early
Miocene) to early Pliocene times [Dezes et al., 2004; Ziegler and
Dezes, 2005]. Phases of uplift of the Schwarzwald basement can be
inferred from the sedimentary record of erosional Molasse deposits
such as the Jura-Nagelfluh. Onset in sedimentation of these conglom-
erates, that were shed from the Schwarzwald southeastwards, point
at rapid bedrock uplift that started in the late Aquitanian and peaked
between 17-21 Ma during the Burdigalian to Serravallian [Miiller
et al., 2002]. The overall uplift rate of the Schwarzwald Crystalline
is purely constrained but can be deduced from the vertical uplift of
Mesozoic cover rocks that outcrop E of the crystalline basement. Here,
cumulative uplift of about 8oo m (SW of Tuttlingen; about 50 km E
of the Feldberg) and 500-600 m (NE of Ulm) can be inferred from
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a 150 km long coastline that was formed within the Upper Jurassic
units by a marine transgression during Burdigalian [Geyer and Gwin-
ner, 2011]. Mean uplift rates of 0.04-0.05 mm a~! are calculated for
the area of Tuttlingen if constant uplift motions are assumed but the
observed E-W gradient in overall vertical uplift suggests that motion
rates are even larger towards the W, in the central Schwarzwald area.
Comparable uplift rates of 0.04-0.1 mm a~! (for the last 10 Ma) have
been deduced from mass balance calculations of the Schwarzwald
orogen, which indicate integrative bedrock uplift rates of 0.6-1.2 km
between 40 and 10 Ma and 0.4-1.0 km within the last 10 Ma [Roll,
1979]. Thermo-chronological studies in the Schwarzwald Crystalline
confirm this phase of tectonic activity since they indicate an acceler-
ating cooling trend from early Miocene times onward that, probably,
can be attributed to bedrock uplift and erosional unroofing [Link,
2009; Timar-Geng et al., 2006a,b; Dresmann et al., 2010]. Rapid uplift
of the Schwarzwald basement during Burdigalian was accompanied
by the volcanic activity in the Kaiserstuhl (15-19 Ma) and Hegau (16.2-
6 Ma) area [Geyer and Gwinner, 2011]. After this early Miocene phase
of rapid uplift, the crystalline basement continued to rise slowly in
response to its isostatic adjustment to erosional unloading. Geodetic
data confirm Quaternary activity in the Schwarzwald Crystalline and
point at differential fault related uplift motions of large scale crustal
blocks. Horst structures show uplift rates in the range of 0.1-0.25 mm
a— ! [Miiller et al., 2002] and 0.2-0.3 mm a~' [Demoulin et al., 1998]
whereas graben systems such as the Bonndorf graben show gradual
subsidence since Miocene.

7.2.2  Evolution of the drainage pattern

Variation in the Schwarzwald drainage system generally was driven
by topographic changes, which were induced by tectonic and climatic
processes and which controlled deposition patterns of the adjacent
sedimentary basins. The drainage pattern shows significant varia-
tions during the last 20 Ma as response to the Neogene uplift of
the Schwarzwald basement and formation of the Jura fold-and-thrust
belt (JFTB). Both tectonic activities exerted strong control on the loca-
tion of the repeatedly shifting watersheds between the rivers Danube,
Doubs, and Rhine that flow into the Black Sea, the Mediterranean,
and the North Sea, respectively [e.g. Ziegler and Fraefel, 2009; Reiter
et al., 2015].

During late Oligocene, the Schwarzwald area was characterized by
low topographic reliefs. Rivers almost entirely drained to the SE, to-
ward the Molasse basin. Burdigalian uplift of the Schwarzwald block
caused development of a drainage system that was controlled by S- to
SE-directed consequent rivers. At this time, the proto-Rhine drained
the URG northwards, N of the watershed near the Kaiserstuhl.
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The onset of the Late Miocene JFTB formation between ~8-5.3 Ma
changed the general drainage direction in the Molasse basin from SW
to NE that can be regarded as precursor of the Aare-Danube river sys-
tem [Ziegler and Fraefel, 2009]. Progressive subsidence of the Bresse
Graben at ~4.2 Ma caused the separation of the paleo-Aare from the
Danube drainage system and the deflection of the paleo-Aare towards
the W along the southern flank of the Schwarzwald [e.g. Ziegler and
Dezes, 2007; Ziegler and Fraefel, 2009]. This led to the amalgamation
of the paleo-Aare with the proto-Doubs resulting in the Aare-Doubs
river system.

In late Pliocene (~2.9 Ma), uplift of the Bresse Graben and coeval sub-
sidence of the southern URG led to the deflection of the paleo-Aare
to the north into the Rhine Graben and finally to the amalgamation
with the proto-Rhine. The watershed between the North Sea and the
Mediterranean Sea, thus, shifted towards the south at the southern
end of the URG. Gradual subsidence of the graben basin with accom-
panying uplifting of the graben shoulders produced a new, deeper
erosional base level with a short flow path to the North Sea. At this
times, the Danube catchment area was reduced gradually but still
included the Alpine Rhine. At ~1.7 Ma, ongoing subsidence of the
Upper Rhine Graben caused eastwards directed incision of the Aare-
Rhine tributaries towards the Danube system. [Ziegler and Fraefel,
2009; Villinger, 1998]. The Rhine river system was extended system-
atically eastwards capturing more of the Danube headwaters in re-
sponse to headward erosion, assisted by the run-off of glacial melt
waters during the Donau/Glinz glacial stages [Villinger, 1998]. As a
result, the Aare-Rhine tributaries captured the Alpine headwaters of
the river Rhine in the area of Lake Constance.

During the Quaternary the Rhine river tributaries in the Schwarzwald
area continued to incise in response to the gentle bedrock uplift of
the basement and ongoing subsidence in the URG area [Haldimann
et al.,, 1984]. The capture of the upper section of the Feldberg-Danube
by continuing river incision of the river Wutach between 19-20 ka
marks the youngest deflection of a river from the Danube to the Rhine
drainage system. Adaption to the new erosional base level (Danube
678m asl in Donaueschingen; Rhine 345 m asl at the Aare confluence)
caused formation of the up to 150 m deep Wutach gorge, which is
interpreted to be incised in only 6 ka (~25 mm a~') during the late
Wiirmian pleniglacial under periglacial conditions of the southern
Schwarzwald [Einsele and Ricken, 1995].
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7.3 INPUT DATA AND METHODS
7.3.1  Geomorphological indices

In this study, calculation of morphotectonic and hydrographic pa-
rameters focuses on the crystalline basement rocks of the southern
Schwarzwald. Therefore, invariable climatic conditions throughout
the study area and equivalent rock strength values for each rock type
are assumed. These assumptions reflect a first order approach only
but are basic requirements for comparison of landscape forms, i.e. for
evaluation of exhumation and erosion processes. The study aims to
characterize the topographic form of the landscape (surface rough-
ness) in order to identify uplift and subsidence motion of crustal
blocks. For the ZR-ratio calculation ASTER-DEM elevation data were
used with a spatial and vertical resolution of 27 x 27 m and < 1 m,
respectively. For the analyses of the river response high-resolution
LIDAR-DEM5 elevation data were used with a spatial and vertical
resolution of 5 x 5 m and < 0.5 m, respectively.

Morphological forms of a landscape almost always reflect surface-
shaping processes, operating on a variety of timescales. As a result,
observed geomorphology may be representative of tectonics and cli-
mate that are not observable at the present time and probably do not
point at recent crustal deformation processes and neotectonic fault
activity. To still characterize the latter ones we used precise leveling
data, which are described in the next section.

7.3.2  Precise leveling data

Generally, precise levelling campaigns provide very accurate data
on relative vertical movements of the ground surface, i.e. when a) a
dense network of benchmarks exists, and b) measurements have been
repeated over a long period of time. Both basic requirements are ful-
filled for an existing leveling network in SW Germany. These precise
leveling data, which have been kindly provided by K. Zippelt from
the Geodetic Institute (GIK) at KIT, were used to infer recent uplift
or subsidence rates for the crystalline basement of the Schwarzwald
area. Discussion on data acquisition and data treatment is far beyond
the scope of this chapter but information are published by Fuhrmann
and Zippelt [2013]; Fuhrmann et al. [2013, 2014].

Precise leveling measurements base on the fundamental principle
that observations of levelling are height differences between fixed
benchmarks. Individual heights of these benchmarks can be es-
timated by consecutively adding the measured height differences
to the height of a starting point, a benchmark with a well-known
absolute height. In the southern Schwarzwald, the individual
benchmarks are arranged in first and second-order leveling lines
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that are grouped together in closed loops and build up a geodetic
network (Fig. 7.1).
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Figure 7.1: Leveling lines in the southern Schwarzwald. Shown are the rel-
ative motion rates with respect to the reference point in the city
of Freudenstadt. Data Fuhrmann et al. [2014].

The marginal benchmarks of the network belong to a first-order
loop whereas the internal benchmarks build up second-order loops.
Due to a longer time period of repeated measurements, the first one
yield a higher accuracy for vertical displacement rates [Fuhrmann
et al, 2013, 2014]. Repeated levelling measurements along these
loops finally allow calculation of vertical displacement rates (relative
to a reference point in the city of Freudenstadt) for the entire network.

Measurements of vertical displacement rates have been conducted
in SW Germany for more than half a century [Fuhrmann et al,
2014, and references therein]. Generally, they point to moderate
height changes and tilt movements of crustal blocks in the southern
Schwarzwald basement. Maximum vertical displacement rates
between 0.3 and 0.4 mm a~' are observed [Milzer et al., 1988;
Demoulin et al., 1998]. Since displacement rates and individual
measurement errors (kinematic error, model-related error, loop
error) are almost always of same order of magnitude (Fig. 7.2A),
significance of the geodetic vertical motion rates may is questionable
but probably indicate regional trends of uplift and subsidence.



7.3 INPUT DATA AND METHODS 121

Vertical displacement [mm/a]

| | | |
600 800 1000 1200

Benchmark ID

B C

120 20 -
g Sedimentary & crystalline rocks 1 Crystalline rocks

15

Fault activity?

10

Count

0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Absolute vertical displacement [mm/a] Absolute vertical displacement [mm/a]

Figure 7.2: Precise leveling data of the southern Schwarzwald for first and
second-order leveling lines. Shown are the displacement rates
and error margins related to the data acquisition and data treat-
ment procedures (A) and histograms of the absolute vertical mo-
tion rates between two neighboring benchmarks; undifferenti-
ated for all benchmarks of the data set (B) and for benchmarks
that are solely located in crystalline basement rocks (C). Motion
rates larger than 0.3 mm a~! exceed inherent error margin and
may point at local fault activity.

It is noteworthy that interpretation of the leveling data depends on
the rock type where the individual benchmark stands. Quality of the
leveling data is significantly impaired when benchmarks are prone
to non-tectonic natural phenomena or anthropogenic influences such
as groundwater and oil extraction, consolidation of sediments, and
mining activities. For example, rifting-related vertical motion may
partly accounts for the large subsidence rates within the graben cen-
ter SW of Freiburg (Fig. 7.1) but non-tectonic processes cannot be
ruled out. In order to derive tectonic deformation processes from the
data, we excluded all benchmarks with questionable stands such as
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in sedimentary rocks. In this study, interpretations of precise leveling
data solely depend on data from benchmarks, which are located in
gneissic and granitic rocks. An statistical comparison of both data
sets is shown in Fig. 7.2B, C.

7.4 ZR-RATIO ANALYSIS
7.4.1  Introduction

Following [England and Molnar, 1990] vertical change of a land
surface is determined by a) the rate at which bedrock is being carried
upward (bedrock uplift rate); b) the rate of deposition at the surface;
c) the rate at which material in the subsurface is compacting; and d)
the rate of denudation:

surface uplift = bedrock uplift + deposition - compaction - denudation

Because compaction and deposition both occur primarily in sedimentary
basins, they are generally ignored. Denudation results from the steady re-
moval of material from a region and comprises two different processes.

e Erosional denudation (erosion) results from mechanical, chemical,
and organic weathering of rock and includes the mass-movement pro-
cesses that transport eroded material from the point of degradation.

e Tectonic denudation reflects tectonic deformation processes in an ex-
tensional regime and thus is typically associated with normal or
transtensional strike-slip faults. This process, e.g. as observed for low
angle detachments, can result in rapid removal of very large volumes
of rock and thereby promote isostatic rebound.

Both processes lower the surface altitude and enhance thinning of the
upper crust. Analysis of tectonically active landscapes requires documen-
tation of rates of bedrock uplift, tectonic and erosional denudation, and
related geomorphic processes. Topographic characteristic of the landscape,
such as slope angles, river incision rates, river valley asymmetries, forms
of escarpments and mountain fronts are proven suitable to constrain uplift
and subsidence rates [e.g. Burbank and Anderson, 2012; Bull, 2007].

Surface roughness is regarded as a key land-surface parameter to to
both identify individual landforms and determine the processes acting
upon them. A variety of methods, mainly dependent on the investigated
scale, have been proposed to calculate topographic roughness [Grohmann
et al.,, 2011]. Common to all is the observation that surface roughness of a
landform is dependent upon a) the material properties, b) processes acting
upon it, and c) the time elapsed since landform formation. We calculate
roughness by application of a ZR-ratio analysis to define the characteristic
relief and geomorphic expression of the Schwarzwald mountain range.
This analysis aims to investigate the surface morphology to infer uplift
or subsidence of the crystalline basement, which may indicate crustal
deformation processes and point at neotectonic fault activity.
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7.4.2  Methodology

The ZR-ratio is a dimensionless, geomorphic parameter which characterizes
the topographic form of a landscape [Formento-Trigilio and Pazzaglia, 1998;
Nash and Johnson, 2003] and can be calculated by a moving window tech-
nique for a grid of elevation data. The ZR-ratio is defined as

ZR= (Z—-R), (7.1)

where Z is the local mean elevation and R is the local mean relief. The
local mean elevation is calculated from:

Z= Zan/n, (7-2)

where ) | Z, is the sum of elevation values within a circle of radius r
(measured in number of cells in the grid). A circular window of the radius
r = 1tkm was used in this study. The parameter n is the number of elevation
values within the circle of radius r. As a result, a kind of a low-pass filter is
produced. The local mean relief is calculated in a similar way:

E = (zmax - zmin)r (7'3)

where Znqx and Z,,in are the maximum and minimum elevation, re-
spectively, within a circular window of radius r. Local mean elevation val-
ues are compared to mean relief values for each map grid. The ZR-ratio
thus defines the surface morphology and determines the local ruggedness
of a landscape. It describes how a landscape expresses variable rates of rock
uplift or subsidence. A schematic sketch of different landscapes with their
corresponding ZR-ratios are shown in Fig. 7.3.
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Figure 7.3: Exemplary calculation of the ZR-ratio for different topographic
form of a landscape. (For further explanations see text.)

7.4.3 Results & Discussion

Southern Schwarzwald

The entire study area is characterized by a rather heterogeneous pattern for
the ZR-ratio (Fig. 7.4 - 7.7). The URG area in the W, the Rhine river valley

123



124

ESTIMATING FAULT ACTIVITIES BY REMOTE SENSING

in the S, and the eastern part of the crystalline Schwarzwald basement
all show largest ZR-ratios of ZR > 5. Theses areas are characterized by
flat landscape forms with a small surface roughness. The western part of
the crystalline Schwarzwald basement, along the NNE-SSW striking main
boundary fault of the URG, is characterized by a large surface roughness.
Here, smallest ZR-ratios of ZR < 1.5 were calculated.

Despite a general NW-SE decrease in calculated ZR-ratios across the
crystalline Schwarzwald basement, locally, large gradients of the surface
roughness are observed. Sharp transitions in topographic roughness
predominantly occur along river valleys (Fig. 7.4). From E to W, river
valley reliefs successively increase in the study area. Topography along
the upper reaches of the easternmost rivers (Wutach, Steina, Schliicht,
Schwarza) shows almost no visible increase in relief by erosional processes
whereas steep valleys were formed by the rivers at the W and SW flank of
the southern Schwarzwald.

A general correlation between the ZR-ratios and the structural geological
inventory seems questionable (Fig. 7.5, 7.6). Locally, e.g. along the river
valleys of the Hauensteiner Alb and Schwarza or along the Wehratal shear
zone (see Fig.  6.1B), the observed increase in topographic roughness
seems to related to structural zones of weakness. If these zones act as
preferential rivers flow paths due to an increased bedrock erosion along
them, it is likely that they have partially controlled formation and shape
of the drainage pattern during uplift of the crystalline Schwarzwald
basement. In this case the rivers partly follow preexisting fault zones
which probably are hidden for lineament mappings due to their coverage
by fluvial sediments. However, for large areas of the study area almost no
significant correlation between the faults/lineaments and the topographic
roughness is recognizable. Remarkably this also accounts for the NW-SE
striking Bonndorf Graben system that shows gradual subsidence since the
Miocene.

One should be aware of the fact that ZR-ratios do not allow unambigu-
ous interpretations with respect to active tectonics. Distribution of ZR-ratios
can be similar among contrasting regions and thus do not necessarily im-
ply comparable tectono-sedimentary histories. Especially large ZR-ratios,
which are calculated for plain topographies (see Fig. 7.3a), can be attributed
to different tectonic settings. Such landscape forms are observed for areas
that are characterized by subsidence, sedimentation, or intensive denuda-
tion. Large ZR-ratios thus can be calculated for both a sedimentary basin
and a deeply-eroded, low-relief peneplain. It is obvious that the large ZR-
ratios in the URG area and along the Rhine valley in the S (Fig. 7.4) are
caused by sedimentation, which systematically decreases the topographic
relief.
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Figure 7.4: Surface roughness of the crystalline basement of the southern
Schwarzwald as derived by the ZR-value calculation superposed
by the major tributary stream network (line elements). Warm
colors indicate a moderate, cold colors indicate a large surface
roughness. For detailed explanation see text.
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Figure 7.6:
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The large ZR-ratios in the eastern part of the Schwarzwald basement are
of similar magnitude but point at a different tectono-sedimentary regime.
Rather flat landscape forms with a low surface roughness in the crystalline
Schwarzwald can be interpreted in different ways and can lead to the fol-
lowing, partly contradictory, inferences with respect to past and recent de-
formation processes:

¢ Case 1) Large ZR-ratios can be interpreted to point at a deeply-eroded,
low-relief peneplain. For the Schwarzwald basement such a struc-
tural setting can be ruled out since a heterogeneous topography and
steep longitudinal river profiles are contradictory to a low-relief non-
constructional plain, which is solely controlled by its close approach
to its erosional base level.

* Case 2) Large ZR-ratios can also be interpreted to indicate crustal
blocks that are characterized by young and rapid uplift motion. When
uplift rates significantly exceed those of erosion, rapid exhumation of
crustal blocks occurs and mountain ranges are formed. In this case, a
low surface relief do not indicates subsidence and sedimentation but
rather beginning of erosional denudation in an area with young and
rapid bedrock uplift. Fast exhumation of plateau-like crustal blocks
then seems conceivable. Assuming this case to be valid for the study
area, the general NW-SE gradient of the ZR-ratios and partly sharp
transitions between local roughness distributions may indicate differ-
ential uplift motions of crustal blocks rather than a uniform basement
uplift of the Schwarzwald Crystalline. Small ZR-ratios in the western
part of the Schwarzwald basement hence can be interpreted to be the
result of an ‘old’, early Neogene phase of uplift motion. Here, intense
erosive and tectonic denudation successively increased the relief and
ruggedness of the topography (see Fig. 7.3b, c). The topographic
relief of the eastern part of the Schwarzwald basement would indi-
cate a slight contrary tectonic history. The rather small surface rough-
ness can be interpreted to indicate separated crustal blocks, which
are affected by ‘younger’, probably late Neogene to Quaternary up-
lift motions and which are at the beginning of a new cycle of ero-
sive and tectonic denudation. Differential uplift and Neogene and
Quaternary block tectonics were repeatedly discussed for the south-
ern Schwarzwald and are mostly attributed to the reactivation of pre-
existing Variscan discontinuities in the crystalline basement [e.g. Hu-
ber and Huber-Aleffi, 1984, 1990; Miiller et al., 2002].

* Case 3) Both case 1 and case 2 base on the assumption that lateral
variations of the surface roughness are the result of bedrock uplift
and pure tectonics that control the erosional denudation for a static
erosional base level. For the southern Schwarzwald one has to con-
sider a second mechanism that has led to a significant increase in
fluvial erosion: the distinct lowering of the hydraulic base level in
the course of the Neogene changes of the Schwarzwald drainage net-
work (see Chapter 7.2.2). The change of the drainage direction of the
Schwarzwald rivers from the Aare-Danube over the Aare-Doubs to
the Aare-Rhine river system in the last ~5 Ma repeatedly moved the
Rhine/Danube watershed towards the SE. Driven by the gradual sub-
sidence of the southern URG and Neogene uplift of the Schwarzwald
basement, the headward erosion of the Rhine, first from the Kaiser-
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stuhl area (Freiburg) to the S (Basel) and later to the E, caused step-
wise deflection of the Schwarzwald rivers towards the drainage direc-
tion of the Rhine. Catchment of the Schwarzwald rivers by the Rhine
are clearly visible along their upper reaches, i.e. for the rivers Hauen-
steiner Alb, Schwarza, Steina, and Wutach. Here, sharp deflections
of the river courses up to 9o° point at the change in drainage direc-
tion from ESE to S. Discharge rates of the receiving streams proba-
bly increased significantly during late Miocene (adaption to the Aare-
Doubs system) and late Pliocene (adaption to the Aare Rhine system)
times. Due to the different hydraulic base levels between the Danube
and the Rhine river (difference ~300-400 m), the Schwarzwald rivers
needed to adapt to new erosional base levels. As a result, increased
river incision rates and successive headward erosion of the tributary
streams may forced development of steep river gorges and larger to-
pographic reliefs.

Multiple levels of feedback between tectono-sedimentary processes
hamper unambiguous interpretations of the calculated ZR-values as geo-
morphic expression of the Schwarzwald mountain range, i.e. when aiming
at identification of active tectonics. Low relief landforms, such as observed
for the E Schwarzwald area, may reflect Late Neogene and Quaternary
bedrock uplift but also can be explained by the repeated shifting of the
Danube/Rhine watershed. As observed for the 150 m deep Wutach gorge,
distinct increases of the erosional rates (Wutach ~25 mm a~ ') point at
rapid adaptions of Schwarzwald rivers to the erosional base level of the
Rhine. The observed E-W variations in surface roughness throughout the
Schwarzwald basement probably reflects the stepwise catchment of the
Schwarzwald rivers by the Rhine, along the western and the southern flank
of the Schwarzwald block. In this case the calculated ZR-values can be
interpreted such that the change in surface roughness divides ‘old’ low
relief topographies of the Danube drainage area from ‘young’ large relief
topographies from the Rhine drainage area. However, precise leveling data
from the last decades give evidence for Quaternary uplift and subsidence
motion in the Schwarzwald area (Fig. 7.7). A correlation of large ZR-values
(low reliefs) and recent uplift motions and vice versa is indicated by the
data for large parts of the study area. Subsidence mainly is observed SE
of Freiburg and along the Wiese river valley, whereas uplift motion is
observed in the area N of Todtnau and in the SE part of the Schwarzwald.
Rapid bedrock uplift thus can not be ruled out as driving mechanism of the
landscape evolution of the Schwarzwald Crystalline.

Case study - Vorwald block

Our analysis aims to investigate the surface morphology to infer crustal
deformation processes that point at neotectonic fault activity in the south-
ern Schwarzwald. Spatial patterns in the leveling data seem to be related
to differential uplift motions and thus indicate active crustal deformation
processes in the crystalline basement. Assuming that these uplift motions
are the expression of fault-bounded block tectonics, fault activity should
be observed in the southern Schwarzwald. A case study in the area of the
Vorwald block in the SE Schwarzwald was carried out to identify recent
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deformation processes in the basement (Fig. 7.8 - 7.9).

The Vorwald block mainly consists of granitic basement rocks and is
structurally separated from the surrounding units by the NW-SE striking
Vorwald fault and Eggberg fault zones and the N-S striking Wehratal shear
zone (Fig. 7.8A). The crystalline basement of the Vorwald block and north
of it is characterized by a moderate topographic relief. Small ZR-values
suggest plain landscape forms and a small surface roughness. As indicated
by precise leveling data, the ZR-value distribution correlates well with
measured vertical motions of the basement (Fig. 7.8A & 7.7). Rapid uplift
of the Vorwald block with uplift rates that exceed those of the starting
erosional denudation may resulted in development of plain topographies
across the exhumed crystalline basement.

Tectonic compartmentalization of the Vorwald block is clearly indicated
by steep valley slopes that lead to rapid increases in the surface roughness,
i.e. along the Wehratal shear zone and the Eggberg fault zone. The trace of
the Vorwald fault zone can be clearly followed in NW-SE direction although
its topographic expression is less clearly developed. A lineament analysis
(see Chapter 6) hints at the existence of several unmapped NW to NNW
striking faults across the Vorwald block. In contrast to the Vorwald or Egg-
berg fault they exhibit a less dominant topographic expression (e.g. label
D in Fig. 7.8A). Whether this is the result of a different style of faulting
(south-dipping normal faulting of the Vorwald fault zone vs. subvertical
strike-slip faulting within the Vorwald block), or whether the difference is
an indicator for the duration of fault activity is difficult to prove. However,
precise leveling data suggest fault activity within the Vorwald block. When
considering solely the motion rates between two neighboring benchmarks,
differences in displacement rates that are larger than 1 mm a~' probably
point at fault activity between them. In the study area such a relation can
be repeatedly observed (Fig. 7.8B). Interestingly no distinct variations
in vertical motions are apparent across the first-order Vorwald fault zone.
To the N and S local deviations in vertical motion seem to be related to
individual on NW to NNW striking lineaments, which is in good agreement
with the results of our geomechanical analyses (see Chapter 6). Since
individual structures show almost no topographic expression of activity,
although leveling data point at recent slip movements, we conclude that a)
recent fault activity in the crystalline basement exists, probably by sinistral
and dextral strike-slip reactivation of Variscan trends, and b) fault activity
may is to young to increase the surface relief significantly.

Finally we can conclude that the morphotectonic analysis of the southern
Schwarzwald basement and the precise leveling data clearly point at neo-
tectonic activity of predominantly (W)NW-(E)SE striking faults. Fault traces
of these structures at the surface, e.g. of the Vorwald Fault Zone, can be
clearly followed along their fault traces on the surface by often clearly devel-
oped topographic expressions. Precise levelings across such faults indicate
displacement rates of >1 mm a~'. Earthquake activity in the study area
gives further evidence for neotectonic activity of these structures. Slip- and
dilation tendency analysis on the obtained fault pattern reveals the high-
est reactivation potentials for WNW-ESE and NNE-SSW striking faults as
left- and right-lateral strike-slip faults. These faults probably are critically
stressed for shear reactivation in the ambient state of stress.
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Figure 7.9: Morphotectonic analysis of the Vorwald block in the SE
Schwarzwald. The ZR-value distribution (color code) reveal the
topographic relief of the crystalline basement; warm colors indi-
cate a moderate, cold colors indicate a large surface roughness.
Seismic activity of individual fault zones (line elements) can not
be verified due the lack in information regarding the fault geome-
try but earthquake distribution still point at a general neotectonic
activity of NNW and NW structures.

These WNW-ESE and NNE-SSW striking faults may accommodate differ-
ential uplift motion within the basement. Earthquake focal plane solutions
show that strike-slip faulting with secondary normal faulting are the domi-
nant faulting regimes (Fig. 7.9; Plenefisch and Bonjer [1997]; Bonjer [1997];
Kastrup et al. [2004].






CONCLUDING DISCUSSION

8.1 IMPLICATIONS FOR EGS RESERVOIRS IN THE UPPER RHINE
GRABEN

Generally, determination of structural geological and geomechanical
reservoir properties is limited to time and cost-consuming drillings that
finally reflect only a small portion of the whole reservoir. Complementary
studies in reservoir analogues have often been shown, e.g. for oil and gas
production, that they can fill this lack in information. However, reliability
of the knowledge transfer from the analogue into the reservoir must always
be proved.

In this thesis structural geological, geomechanical, and geomorphological
studies have been conducted for the crystalline basement of the southern
Schwarzwald (Section 6 and 7), which is assumed to be a fairly good
analogue for the EGS relevant, petrothermal reservoir rocks in the URG.
Lineament mappings reveal existence of predominant fault strike directions
in the basement with a distinct maximum to NNE-SSW in the FRANZKE
data set and to (W)NW-(E)SE in the ASTER-DEM and LIDAR-DEMj5
data sets (Section 6.4.2). Slip- and Dilation Tendency analyses point
at increased shear reactivation potentials of subvertical structures that
strike approximately W(NW) or (ES)E. When assuming that the statistical
distribution of the described fault pattern in the Schwarzwald analogue
was representative, then the proposed geomechanical anisotropy should be
also observable in the crystalline basement within the graben center.

Verification of this structural pattern in the URG is challenging since only
few information on fault distributions in the basement are available. The
former Basel geothermal site provides a perfect access to an enhanced EGS
reservoir in a distance to the outcropping analogue rocks of only 10 km.
Previous analysis of the hydraulic stimulation and the seismic risk allows
to compare the occurrence of critically stressed fractures/faults in a natural
and engineered environment.

8.1.1  The 2006 stimulation of the Basel EGS

In 2006 approximately 11’500 m® of water were injected into the 5 km-deep
well in Basel. The granite in the open hole section below 4629 m depth
was hydraulically stimulated with a maximum wellhead pressure of 30
MPa and a maximum flow rate of 50 1s~! [Haring et al., 2008]. During the
hydraulic stimulation, more than 13’500 earthquakes were induced close to
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the injection point [Dyer et al., 2010]. Most of the seismicity occurred during
the water injection with event magnitudes of up to M 2.6. Although flow
rate was first reduced and later stopped, a M1 3.4 event occurred five hours
after shut in. Figure 8.1 gives a brief overview of the structural geological
information that have been inferred from analyses of the induced seismicity.

The hypocenters of the more than 3500 locatable events are restricted
to a NNW-SSE oriented lens-shaped cloud, about 1.2 km in diameter and
200 m wide, with a single offsetting branch to the ESE [Baer et al., 2007;
Deichmann et al., 2008]. The overall alignment of the microseismicity is
hence consistent with the estimated direction of maximum horizontal stress
of N144°E + 14° [Valley and Evans, 2009], which is furthermore in excellent
agreement with the stress field derived from the natural seismicity observed
in the wider Basel region [Plenefisch and Bonjer, 1997; Kastrup et al., 2004].
Fault plane solutions for the 28 strongest events, with M between 1.7 and
3.4 that occurred between 3.12.2006 and 6.5.2007, indicated movements on
approximately E-W and N-S striking fracture planes (Fig. 8.1d; Deichmann
and Ernst [2009]; Deichmann and Giardini [2009]). Processing of individual
multiplets, representing groups of events that can be interpreted as having
similar focal mechanisms and rupture plane orientations, clearly point at
reactivation of distinct fracture/fault planes in the reservoir. They generally
vary in azimuth and dip but indicate preferential stick-slip movements
along steeply dipping and NNW and ESE striking structures (Fig. 8.1¢;
Dyer et al. [2010]; Kraft and Deichmann [2014]). This observation of rather
NNW-SSE trending crustal discontinuities, as inferred from the multiplets
processing, and rather N-S and E-W striking nodal planes of the 28 largest
events, as derived from the single event analysis, clearly point at different
rupture plane orientations for large and small magnitude events. Whereas
the interpreted rupture planes from the multiplets show rather small angles
to Sy, the fault plane solutions of the large magnitude events point at
shear angles of approximately 45°. The reason for this discrepancy is still in
the focus of scientific studies, which often suggest that uncertainties in the
data account for it [e.g. Kraft and Deichmann, 2014]. However, slip- and
dilation tendency analyses may explain these findings.

Dyer et al. [2010] have shown, that frictional failure started close to the
casing shoe at the start of the stimulation. Many of these early microseis-
mic events represent a NNE trending multiplet, indicating reactivation of
a NNE trending rupture plane in close vicinity of the well. Haring et al.
[2008] have shown that the predominant natural fracture set in the reservoir
contains (N)NW-(S)SE striking features with steep dip angles >60° to W-SW.
Two major cataclastic fractures zones of unknown geometry are repeatedly
assumed to intersect the open hole section. Analysis of logging data by
Ziegler et al. [2015] furthermore indicates that fractures of this dominant
structural trend a) are spatially clustered into 10-100 m wide zones of high
fracture frequency, b) show considerable argillic alteration, and c) are par-
tially open. These zones are unfavorably oriented for shear reactivation in
the ambient stress field (Fig. 8.1e, f). They are characterized by small slip
tendencies and very large dilation tendencies, i.e. when they have high dip
angles. I suggest that continuous pressurization caused dilatant opening of
these fractures, probably without exceeding the minimum principal stress.
In this case, pure shear motions along these structures play only a subordi-
nate role albeit they were observed as repeated stick-slip events. Repeating
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Figure 8.1: Analysis of the seismicity induced during the Basel EGS stimu-
lation in 2006. Rose diagrams show the strike of the focal mecha-
nism nodal planes for the largest 28 induced events (a), 30 natu-
rally occurring earthquakes (b) [both after Deichmann and Giar-
dini, 2009], and for the LIDAR-DEM5 lineament mapping in the
southern Schwarzwald (c; see section 6). (d) Epicenter map with
the focal mechanisms for the 28 largest events [after Deichmann
and Ernst, 2009]. The size of each stereograph is proportional to
magnitude (1.7 < My > 3.4). The location of the Basel geother-
mal well is indicated by the green circle. The blue focal mecha-
nisms are part of the mainshock family. (e) Horizontal sections
through the multiplets, indicating groups of events that can be
interpreted as having similar focal mechanisms and fracture ori-
entations [after Dyer et al., 2010]. (f) Slip- and dilation tendency
analysis of major fault zones in the Basel-Riehen area (see Fig.

5.12).
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earthquakes along a single fault patches (asperities) have been described
also for the induced sequences in the Soultz EGS by Bourouis and Bernard
[2007]. They propose that repeated events occur as response to increased
fault weakening due to rising pore pressure. The observation of repeated
slip of the early stimulated fracture zones in Basel, which are characterized
by distinct argillic alteration, may can also be interpreted as repeated failure
of asperities on small creeping faults.

I assume for the early phase of the Basel stimulation that a) the increase
in pore pressure caused dilatant opening of fractures that are unfavorably
oriented for shearing (large Tp & small Tg values), b) multiplets point at
repeated shear reactivation of individual fault patches (asperities), and c)
the weakening effect of rising pore pressure probably is causes by aseismic
fault creep in their surrounding that in turn increases the loading on
the asperities as postulated by Bourouis and Bernard [2007]. Such fault
behavior would imply rather similar failure processes in the Basel and
Soultz EGS during pressurization of the reservoir. The combination of
primarily dilatant opening (large Tp values), secondarily shear reactivation
(small Ts values), and aseismic fault creep of NNW striking fractures may
partly explains the occurrence of small magnitude events subparallel to
Sy and thus explains the observed NNW alignment of the multiplets. The
overall shape of the NNE oriented lens-shaped seismic cloud seems to be
controlled by dilatant failure of pre-existing fracture zones in the direction
of the maximum dilation tendency.

The large magnitude events are related to N-S and E-W striking nodal
planes. Faults of these orientations are optimally oriented for shear reactiva-
tion in the ambient state of stress, when assuming a friction coefficient of p
= 1 and optimal shear angles of + 45° to Sy . These faults show maximum
slip tendencies and moderate dilation tendencies (Fig. 8.1d, f). During
continuous pressurization, these structures are prone for pure shear reacti-
vation as sinistral and dextral strike-slip faults. The steady increase of pore
pressure during and after injection may have triggered large areas of these
pre-existing and critically stressed faults. Regional activity of this structural
trend is clearly indicated by both the naturally occurring earthquakes that
show similar focal mechanisms [Plenefisch and Bonjer, 1997; Kastrup et al.,
2004] and the morphotectonic analysis of the southern Schwarzwald as de-
scribed in section 6 and 7.

The application of the slip tendency and dilation tendency theory for de-
scription of the evolution of induced seismicity in Basel is in good agree-
ment with the observations during the reservoir stimulation. This analysis
still has to be treated as first order approach since coupled processes in
the fractured reservoir have not been addressed in this study. Magnitudes
of the slip- and dilation tendency values of a stimulated fracture plane in-
crease linearly with increasing flow rates and pore pressures, disregarding
the poroelastic behavior of the porous rack matrix. According to the theory
of poroelasticity [Biot, 1941; Wang, 2000], the pore fluid pressure and the
stress field are coupled. An increase or decrease in the fluid content in a
continuous porous rock matrix will increase or decrease the pore fluid pres-
sure, but also tends to expand the volume of the rock matrix, including the
pore space. This coupled process induce additional stresses and pressures,
which are distributed over time by diffusion, depending on the permeabil-
ity and the poroelastic properties of the porous matrix. Thus, an increase
of the injection rate often is observed to be followed by a small increase of
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pressure due to the elastic opening of the fractures and the additionally cre-
ated permeability. An analogous coupling exists between the temperature
and the stress field [Zimmerman, R. W., 2000], it is described by the theory
of thermoelasticity [Nowacki, 1986]. In the course of injection of cold water
in a high-temperature reservoir, temperature changes result in expansion or
contraction of the rock and the fluid, causing additional thermal stresses.
A massive perturbation of pore fluid pressure and temperature thus can
result in rock failure through a lowering of the effective stresses. Both cou-
pled processes and their impact on the in situ state of stress and hence on
the rock failure conditions are not incorporated in the slip- and dilation
tendency analysis. However, the structural geological interpretation of the
induced seismicity of the Basel EGS stimulation, as well as the proposed
geomechanical processes for the fault reactivation, are in good agreement
with the following results I have obtained for the southern Schwarzwald.

¢ The conducted ASTER-DEM and LIDAR-DEMs5 lineament mappings
in the southern Schwarzwald point at complex fault patterns with a
predominant strike direction N110°E to N130°E (Section 6.4.1). The
lineament mapping of Franzke et al. [2003] implies that most of the
faults strike approximately between N170°E and N10°E. Despite a mi-
nor counterclockwise rotation of 20°, both fault trends are in good
agreement with the orientations of the focal mechanism nodal planes
for the largest 28 induced events in Basel and the focal mechanisms
that have been derived from naturally occurring earthquakes (Fig.
8.1a,b,c). Due to the fact that N-S striking structures are less often
observed as lineaments on the high resolution DEMs, I consider the
(W)NW-(E)SE striking structures being the predominant fault trend
in the crystalline basement of the Schwarzwald. The statistical fault
distribution in the reservoir analogue hence may can be considered to
be representative for the crystalline basement in the graben center, at
least for the southern segment of the URG. The identification of simi-
lar structural patterns in the Basel reservoir and in the Schwarzwald
confirms that the use of remote sensing techniques in outcropping
reservoir analogues can add reliable structural information to often
uncertain reservoir models.

¢ The morphotectonic analysis of the southern Schwarzwald basement
and the precise leveling data clearly point at neotectonic activity of
predominantly (W)NW-(E)SE striking faults. Faults of this orientation,
e.g. the Vorwald Fault Zone, can be followed along their fault traces
on the surface by often clearly developed topographic expressions
(Section 7.4.3). Precise levelings across such faults indicate displace-
ment rates of >1 mm a~'. These faults probably are critically stressed
for shear reactivation in the ambient state of stress and thus may are
preferred candidates for induced large magnitude events during hy-
draulic treatments of EGS reservoirs in the southern URG. Assuming
that such critically stressed faults in the basement do not extend into
the overlying sediments, they probably will not be recognized by seis-
mic surveys. Such hidden faults may be capable of hosting significant
induced seismicity, as experienced for the Basel EGS stimulation, i.e.
when they are intersecting or are in close vicinity to the injection well.
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8.2 IMPLICATIONS FOR HYDROTHERMAL RESERVOIRS IN THE UPPER
RHINE GRABEN

In the Basel EGS, NNE-SSW and WNW-ESE trending fault zones are
assumed be critically stressed. In the southern URG, the (WN)W-(ES)E
trend is associated with faults of Variscan age or Permo-Carboniferous
troughs [e.g. Ustaszewski, 2004]. Such critically stressed structures prob-
ably control both the fluid flow and reactivation potential [Barton et al.,
1995; Sibson, 1996; Ito and Zoback, 2000]. They may represent primary
targets for petrothermal systems in the URG, showing increased fracture
permeabilities and good stimulation potentials. Similar conclusions can
be drawn for non-stimulated, hydrothermal reservoirs in the URG, which
often occur in deep sediments along the (N)NE - (S5)SW striking main
boundary faults. NW to NNW trending faults, as inferred in Bruchsal
and Riehen, probably dissect graben-parallel faults, which are the most
frequently observed structures close to the main boundary faults. A distinct
fault-bounded compartmentalization of hydrothermal reservoirs has to
be expected for Bruchsal and Riehen. In both reservoirs NW to NNW
striking faults are interpreted to (partly) control subsurface fluid flow since
conducted tracer tests between the NNE-SSW aligned doublet wells have
not shown expected breakthrough curves during continuous circulation.
Reconstruction of the tectonic and structural geological evolution of a
fault-bounded compartmentalization in Bruchsal and Riehen is challenging.
Polyphase rift evolution of the URG caused by repeatedly changes of the
ambient stress field formed a complex pattern of faults of different strike
directions. Formation of rifting-related synsedimentary Cenozoic faults and
reactivation of pre-rift crustal discontinuities result in structural settings
that can hardly be reconstructed on the basis of 2D seismic sections. In
Bruchsal, NW to NNW striking faults are interpreted as high angle transfer
faults that strike orthogonal to the eastern main boundary fault, which is
composed of a set of NNE-SSW striking en echelon normal faults. A steeply
dipping transfer fault, as a structural stepover delimiting intrabasinal fault
blocks, may explains both the vertical displacements that are observed on
the 2D seismic sections from N to S and the existence of synthetic and
antithetic normal fault. Similar structural configurations at basin scale has
been described for the northern URG by Derer et al. [2005]. One should be
aware that also accommodation zones locally can lead to lateral changes in
subsidence rates along the rift axis of an extending terranes [e.g. Faulds
and Varga, 1998]. In this case, relay ramps or faulted relay ramps that
connect the hanging wall of one fault to the footwall of another fault
probably transfer the strain between the en echelon synthetic normal faults.
A south facing relay ramp could also explain the southward increasing
displacement rates. In contrast to a transfer fault, such a relay ramp should
be expressed by a distinct southward dipping of the formations sub-parallel
to the main boundary fault, which could not be deduced from the E-W
aligned 2D seismic sections. Verification of the structural settings of both
reservoirs seems impossible, since no high-resolution 3D seismic surveys
are available. However, sub-vertical structures that strike NW-SE are
aligned parallel to Sy and thus show highest tendency for dilatant opening
(maximum dilation tendencies). These zones are not prone for shear
reactivation in the southern URG. Due to the regional strike-slip faulting
regime, maximum reactivation potentials (maximum slip tendencies)
should be observed for faults that strike approximately +30-45° to Sy. In
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the central and northern segments of the URG, where a transitional normal
to strike-slip faulting regime prevails, shear reactivation of these NW-SE
trending faults as oblique normal faults seems possible. Fault zones of this
orientation are characterized by large slip tendencies and large dilation
tendencies. In both segments of the URG the most critically stressed
faults may can be identified along this strike direction. Recalling that in
Riehen and Bruchsal no immediate connection between the production
and the injection wells during tracer experiment was observed [Schill and
Klingler, 2011], I suppose that these steeply dipping faults may act as
highly conductive hydraulic boundaries. Similar to deep EGS reservoirs,
they probably act as preferential fluid-pathways and thus most likely rep-
resent dominant structural controls in hydrothermal reservoirs. This may
accounts for both, pre-existing Variscan faults, as proposed for Riehen, and
Cenozoic rift-related transfer zones, as proposed for Bruchsal. The existence
of geomechanical anisotropies in sedimentary rocks may not only affect
the geothermal projects but also hydrocarbon or CO;, sequestration projects.

83 IMPLICATIONS FOR STRESS FIELD CHARACTERIZATIONS

Estimates on the frictional failure of rock require both definition of the fault
or fracture geometry and the in-situ state of stress. Especially the latter is
poorly constrained in the URG. I could show, exemplary for the geothermal
site of Bruchsal, how stress measurements in deep seated sediments can
be evaluated to still infer indirectly the local stress condition (Section 4).
In Bruchsal extrapolation of measurements from sedimentary cover rocks
to greater depths is hampered by the following reasons: a) magnitudes and
orientations of the principal stresses are biased by geological unconformities
and lithological variations, b) potential stress decoupling processes within
specific clay-, salt-, and anhydrite-bearing units probably cause significant
stress field perturbations, and c) estimates of maximum horizontal stress
magnitudes are missing, as is frequently the case. In such conditions, the
critical stress concept may constrains the Sy magnitude [Zoback et al., 2003].
According to frictional equilibrium, one can assume that the ratio between
maximum and minimum effective stresses cannot exceed the one required to
cause slip on pre-existing faults that are optimally oriented to the principal
stress field [Jaeger et al., 2007; Moos and Zoback, 1990]. Thus I suggest, that
the effective differential stresses in Bruchsal are also bounded by a critical
ratio. The revised stress field model for the Bruchsal area predicts a transi-
tional normal to strike-slip faulting regime. On the one hand, this prognosis
is slightly different to existing stress field model of that region that consis-
tently point at a pure normal-faulting regime. On the other hand, it is in
good accordance with the well constrained stress models at Soultz, which
is located in the same segment of the URG. However, the robust stress char-
acterization for the Soultz reservoir down to 5 km depth allows to test our
proposed stress model for plausibility, i.e. the assumed limitation of the dif-
ferential stress. Figure 8.2 shows a compilation of stress-depth relations of
the principal stresses in Soultz, which have been obtained by Valley [2007];
Valley and Evans [2007]; Cornet et al. [2007] for the crystalline basement.
The stress-depth ratios for Pp, Sy, and S, show only slight variations
in the magnitudes and thus seem to be well constrained. On the contrary,
previous studies do not impose very tight constraints on the magnitude
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of Sy. Generally, almost identical magnitudes are observed for Sy and
Sy. The best fit estimate of the Sy magnitude is marked as green square
in Figure 8.2. Interestingly, the best fit constraint of the Sy magnitude
in Soultz can be reproduced by application of the critical stress theory.
Calculation of the maximum allowed differential stress requires only
reliable estimates for Pp, Sy, and S,, which is always the case in Soultz
(see Eq. 2.39). The black dashed lines in Figure 8.2 indicate stress-depth
ratios for Sy that were obtained for friction coefficients of 0.7, 0.8, and o0.9.
The one for p = 0.8 is in very good agreement with the previously obtained
best fit estimate of the Sy magnitude. The widely accepted sub-equality
between the vertical and the maximum horizontal principal stress is also
indicated by the critical stress concept. This concept of limited differential
stresses on the basis of a 0.8 friction coefficient surprisingly leads to



83 IMPLICATIONS FOR STRESS FIELD CHARACTERIZATIONS

Sy magnitudes that exceed those of the vertical stress in the depth of about
3.4 km, predicting a switch in maximum stress orientation from vertical
to horizontal. This gradual transition from a normal faulting regime in
upper part of the reservoir to a strike slip faulting regime in the deeper
part has been previously concluded by Cuenot et al. [2006] from analyses
of focal mechanisms. The required friction coefficients of 0.8 is furthermore
in perfect agreement to what is suggested for frictional failure processes
in Soultz by Cornet [2007] and to various deep well stress measurements
in different tectonic regimes [Zoback and Healy, 1992; Brudy et al., 1997].
Hence, I conclude that the application of the critical stress concept leads to
reliable stress-depth ratios in the URG, although the resulting linear stress
profiles are considered to be a first rough estimate of the in-situ state of
stress. Nevertheless I believe that the observations in Soultz support the
plausibility of a) the stress field models that we described for Bruchsal,
Riehen, and the southern Schwarzwald, and b) the calculations of the slip-
and dilation tendencies, due to the fact that both concepts base on the same
fundamental predictions of the classical Coulomb friction law.

The enhanced geothermal systems (EGS) concept seems to be the most
promising way to access the huge resources of heat in low enthalpy regions
such as the Upper Rhine Graben. The EGS technology is considered to play
an important role for the future energy production but exploitation of the
geothermal resource is still hampered by larger investment costs for the re-
alization of projects and the level of uncertainty in the exploratory phase of
new projects. The observations of insufficient enhancements of existing per-
meable structures and the occurrence of felt earthquakes during a hydraulic
stimulation highlights the urgent need for further research of the associated
geomechanical processes. I hope that the described implications for the EGS
and hydrothermal reservoirs, as well as for future stress field characteriza-
tions, help to improve the understanding of the hydro mechanically coupled
processes under stimulation conditions and lead to better prognoses of fa-
vorably structural settings and fault patterns in the Upper Rhine Graben.
Both will be needed to increase the magnitude of economically recoverable
geothermal resources in SW Germany.
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