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ABSTRACT

With its potential to provide base-load electricity, geothermal energy can take an
important share of the future energy mix. As estimated by the International Energy
Agency, geothermal power can contribute to 3.5 % to the world-wide power production
by 2050. To reach this goal, the development of Enhanced Geothermal Systems (EGS)
is a major challenge. This technology allows the exploitation of low-enthalpy reservoirs
developed in depths of up to several kilometers. For an economic operation of such
reservoirs, pre-existing fractures are widened and new fractures are created by high
pressure injection of fluids, thus creating and enhancing fluid pathways. With only a
small number of EGS power plants installed world-wide, the technology is still in an
early stage of development. The intended upscaling of power plant capacities from
currently below 10 MW to future 100 MW meets severe obstacles including the
assurance of efficiency, profitability and safety of geothermal facilities. The safety
aspect mainly addresses the creation of microseismicity during hydraulic stimulation
and the accidental creation of perceptible events. Key to control microseismicity is a
deeper understanding of processes induced by high pressure fluid injection into and
production from a geothermal reservoir. The understanding of such processes is the
basis for mitigation of large seismic events, while optimizing the economic efficiency of
the power plant.

This thesis is a contribution to an improved understanding of the relation between
geological structures, rock mechanics and induced seismicity in EGS. The object of
research is the EGS pilot facility in Soultz-sous-Foréts (France). This geothermal site
stands out due to the experience of more than 25 years of development, testing and
operation, which makes it a worldwide unique basis for EGS research. The PhD project
was partly conducted within the portfolio topic GEOENERGIE of the Helmholtz
Association of German Research Centres and it was funded by Energie Baden-
Wuerttemberg (EnBW), Germany. The database for the studies formed several
geophysical logs and drill core samples, courtesy of GEIE Heat Mining in Soultz,
drilled rock cuttings provided by BRGM in Orléans, and catalogues of induced
seismicity from the wells GPK1 [Jones et al, 1995] and GPK3 [Dorbath et al, 2009;
Dyer et al., 2003].

The main focus of this work is on hydrothermal alteration zones in the granitic rock
mass of the geothermal reservoir in Soultz. These zones are affecting large parts of the
reservoir rock, yet little is known about their precise location and their significance for
reservoir mechanics. The first of four analyses aims at the localization of such
hydrothermally altered zones and the quantification of their clay contents. A novel
method based on a neural network is developed, which derives the clay content of
fractures along the borehole wall from spectral gamma ray and fracture density
derived from image logs. The neural network is trained on the correlation between the
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fracture density, the density of clay-filled fractures, and spectral gamma ray
signatures. Synthetic clay content logs (SCCLs) are created, indicating the clay-content
along the boreholes. Calibration with reference data from the drill-core of the well
EPS1 demonstrates a good accordance of the generated SCCL with the reference and
underpins the potential of this method.

The application of the neural network on the deep Soultz wells GPK1-GPK4 and the
characterization of hydrothermal alteration on the basis of drilled rock cuttings is the
focus of the second study. It is demonstrated that magnetic susceptibility measured
along the drill core of the reference well EPS1 is inversely correlated with the SCCL.
Therefore, optical and magnetic mineralogical investigations of drilled rock cuttings,
which reflect the magnetic signature of their original host rock, reveal to be suitable to
characterize hydrothermal alteration of the Soultz granite. An alteration index from
temperature dependent susceptibility measurements represents the alteration grade of
the granite and is used to calibrate the SCCLs for GPK1-GPK4.

The calibrated SCCLs are subsequently used to investigate the mechanical significance
of alteration zones. The main focus of this study is on the interpretation of borehole
breakout analyses and observations during and after reservoir stimulation on the basis
of the SCCLs. The study reveals a cumulative occurrence of breakouts in clay rich
zones, indicative of a mechanical weakening of the rock. The deviation of the breakout
orientation from their mean orientation in intervals with high SCCL might be an
indicator of a stress field manipulation in clay rich zones. It is shown that there is a
correlation between the occurrence of aseismic movements and increased clay contents
in the rock. An influence of clay on induced seismic events is emphasized by the inverse
correlation of the clay content with the maximum magnitude of induced seismic events,
which has never been shown before on the scale of a geothermal reservoir.

The significance of clay-filled fractures on induced seismicity is further investigated in
the fourth study, which aims on the characterization of seismicity induced during the
1993 stimulation of GPK1. In this study the critical pressure of fractures is determined
by applying different mechanical properties according to the fracture clay filling. A
probabilistic model of fracture orientations in the open-hole section of GPK1 is created
and the fracture clay content is determined from the SCCL. Accordingly, decreasing
mechanical strength is attributed to the fractures with high clay contents and the
critical pressure of the fractures is determined. Comparison with the characteristics of
induced seismicity during stimulation demonstrates that both, the occurrence of
seismic events at low stimulation pressure, and the evolution of induced seismic events
could be explained by discriminating fractures with different mechanical properties.
Although based on a simplified model, the result of this analysis highlights the
significance of hydrothermal alteration zones for reservoir mechanics and seismic
events induced during reservoir stimulation and operation. It can be used as a basis for
more complex geomechanical models of processes related to pore pressure changes in
rock masses.
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Als eine der wenigen erneuerbaren Energien ist die Geothermie in der Lage,
Grundlaststrom zu liefern, weshalb sie einen wichtigen Stellenwert im zukiinftigen
Energiemix einnehmen kann. Die Internationale Energiebehorde schitzt, dass im
Jahre 2050 ein Beitrag der geothermischen Energie zur weltweiten Energieversorgung
von bis zu 3,5 % moglich ist. Die gr6fte Herausforderung um dieses Ziel zu erreichen,
ist die Weiterentwicklung von Enhanced Geothermal Systems (EGS). Diese
Technologie ermoglicht es, Niederenthalpie-Lagerstéatten zu nutzen, die in Tiefen bis
zu mehreren Kilometern erschlossen werden. Fiir eine wirtschaftliche Nutzung solcher
Reservoire, werden durch das Einbringen von Fluiden unter hohem Druck bestehende
Kluftsysteme erweitert und neue Kliifte geschaffen, um den Durchfluss durch das
Gestein zu erh6éhen. Mit bisher nur wenigen installierten EGS Kraftwerken weltweit,
steht die Technologie jedoch noch am Anfang ihrer Entwicklung. Die angestrebte
Erh6hung der Kraftwerkskapazitdten von derzeit 10 MW auf zukiinftige 100 MW stoBt
auf erhebliche Hindernisse, wie zum Beispiel die gleichzeitige Gewahrleistung der
Effizienz, der Wirtschaftlichkeit und der Sicherheit geothermischer Systeme. Der
Sicherheitsaspekt zielt vor allem auf die Erzeugung mikroseismischer Ereignisse
wihrend der hydraulischen Stimulation, wobeil in seltenen Fillen auch splrbare
Ereignisse auftreten. Ein Schliisselfaktor, um die Mikroseismizitit kontrollieren zu
konnen ist ein tiefgehendes Verstdndnis der Prozesse, die durch das Injizieren von
Flissigkeiten unter hohem Druck oder wihrend der Produktion aus einem
geothermischen Reservoir in Gang gesetzt werden. Nur so kénnen groflere seismische
Ereignisse verhindert werden, wiahrend jedoch gleichzeitig die Wirtschaftlichkeit des
Kraftwerks optimiert wird.

Diese Dissertation liefert einen Beitrag zu einem besseren Verstindnis der
Zusammenhédnge zwischen geologischen Strukturen, der Gesteinsmechanik und
induzierter Seismizitiat in EGS. Im Mittelpunkt der Untersuchungen steht das EGS
Pilotprojekt in Soultz-sous-Foréts (Frankreich). Dieser Geothermie-Standort zeichnet
sich durch die Erfahrung von tiber 25 Jahren Entwicklung, Erprobung und Betrieb
aus, was 1hn zu einer weltweit einzigartigen Grundlage fir EGS-relevante Forschung
macht. Die Studien wurde zum Teil innerhalb des Portfolios GEOENERGIE der
Helmholtz-Gemeinschaft Deutscher Forschungszentren durchgefithrt und wurde von
der Energie Baden-Wiirttemberg (EnBW) mitfinanziert. Die Datengrundlage fiir diese
Arbeit bilden mehrere geophysikalische Logs und Bohrkernproben, die von GEIE Heat
Mining, Soultz zur Verfigung gestellt wurden. Bohrklein wurde bereitgestellt vom
franzosischen geologischen Dienst (BRGM) in Orléans. AuBerdem werden
Seismizititskataloge der Bohrungen GPK1 [Jones et al, 1995] und GPK3 [Dorbath et
al, 2009] verwendet.
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Der Fokus dieser Arbeit liegt auf hydrothermalen Alterationszonen im Granit des
geothermischen Reservoirs in Soultz. GroBe Teile des Reservoirgesteins sind von
hydrothermaler Alteration betroffen, jedoch ist nur wenig tber deren genaue Lage und
ihre Bedeutung fiir die Reservoirmechanik bekannt. Das Ziel der ersten von vier
Untersuchungen ist daher zunachst die Lokalisierung der alterierten Bereiche und die
Quantifizierung ihrer Tongehalte. Dazu wird eine neuartige Methode basierend auf
einem neuronalen Netz entwickelt, die dazu in der Lage ist, den Tongehalt aus
Spektralen Gamma Ray und Kluftdichte-Logs abzuleiten. Das neuronale Netz wird
hierbei auf die Korrelation zwischen der Kluftdichte, der Dichte tongefiillter Kliifte und
den Signaturen des Spektralen Gamma Ray Logs trainiert. AnschlieBend werden
synthetische Tonlogs (SCCLs) erzeugt, die den Tongehalt entlang der Bohrung
anzeigen. Die Kalibrierung der SCCL mit Referenzdaten des Bohrkerns aus der
Bohrung EPS1 bestéatigt die geringe Abweichung des erzeugten SCCLs von der
Referenz und untermauert das Potenzial dieser Methode.

Die Anwendung des neuronalen Netzwerkes auf die tiefen Bohrungen GPK1-GPK4
und die Charakterisierung der hydrothermalen Alteration anhand von Bohrklein steht
im Mittelpunkt der zweiten Studie. Es wird gezeigt, dass die magnetische
Suszeptibilitit, die entlang des Bohrkerns der Referenzbohrung EPS1 gemessen
wurde, invers mit dem entsprechenden SCCL korreliert. Daher erweisen sich optische
und magnetische Untersuchungen des Bohrkleins, das die magnetische Signatur seines
Herkunftsgesteins widerspiegelt, als geeignet, um die hydrothermale Alteration des
Soultz Granits zu charakterisieren. Ein Alterationsindex, der aus thermomagnetischen
Messungen bestimmt wird, repriasentiert den Alterationsgrad des Gesteins und dient
der Kalibrierung der SCCLs fiir die Bohrungen GPK1-GPK4.

Die kalibrierten SCCLs werden im Folgenden genutzt, um die mechanische Bedeutung
von Alterationszonen zu untersuchen. Der Schwerpunkt dieser Untersuchung liegt auf
der Interpretation von Bohrlochrandausbriichen und verschiedenen Beobachtungen,
die wiahrend und nach der Reservoir-Stimulation gemacht wurden, auf Grundlage der
SCCLs. Die Studie offenbart ein gehduftes Auftreten von Bohrlochrandausbriichen in
tonreichen Zonen, was auf eine Schwichung des Gesteins in solchen Bereichen
hindeutet. Die Abweichung der Orientierung der Randausbriiche vom
durchschnittlichen Mittel in Bereichen mit hohen SCCL-Werten kénnte ein Hinweis
auf eine Verdnderung des Spannungsfeldes in tonreichen Zonen sein. Weiterhin zeigt
sich ein Zusammenhang zwischen dem Auftreten aseismischer Bewegungen und
erhéhten Tongehalten im Gestein. Eine Beeinflussung der induzierten Seismizitéit
durch Ton zeigt sich in der inversen Korrelation zwischen der maximalen
Eventmagnitude induzierter Beben und dem Tongehalt, was bisher noch nie auf der
geothermischen Reservoirskala gezeigt werden konnte.

Die Bedeutung von tongefiillten Kliften fir die induzierte Seismizitdt wird in der
vierten Untersuchung niher betrachtet, in der eine Charakterisierung der Seismizitét,
die wihrend der Stimulation der Bohrung GPK1 im Jahre 1993 aufgezeichnet wurde,
angestrebt wird. Dazu wird der kritische Druck von Kliiften bestimmt, wobei je nach
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Tongehalt der Klufte verschiedene mechanische Parameter zugewiesen werden. Es
wird ein Wahrscheinlichkeitsmodell der Kluftorientierungen im Open-Hole Bereich der
GPK1 erstellt, wobei der Tongehalt der Kliifte anhand des SCCLs bestimmt wird.
Entsprechend der SCCL Werte wird den Kliiften mit héheren Tongehalten dann eine
geringere mechanische Festigkeit zugewiesen und anschlieBend der kritische Druck
berechnet. Ein Vergleich der Ergebnisse mit den Eigenschaften der induzierten
Mikroseismizitit zeigt, dass sowohl das Auftreten von seismischen Ereignissen bei
geringen Stimulationsdriicken als auch der Verlauf der induzierten Seismizitdat mit der
Unterscheidung zwischen Kliiften mit unterschiedlichen mechanischen Eigenschaften
erklart werden koénnte. Obwohl die Berechnungen auf einem vereinfachten Modell
beruhen, unterstreicht das Ergebnis der Studie die Bedeutung der hydrothermalen
Alterationszonen fiir die Reservoir-Geomechanik und die Seismizitit, die wihrend der
Stimulation und dem Betrieb eines Reservoirs induziert wird. Es kann als Basis fur
komplexere Modelle von Prozessen dienen, die 1im Zusammenhang mit
Porendruckidnderungen im Gestein stehen.
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INTRODUCTION

1 INTRODUCTION

The recently published report of the Intergovernmental Panel on Climate Change
(IPCC) of the United Nations (UN) confirmed an advancing climate change, wherein
the emission of carbon dioxide is seen as the main initiator of this process [/PCC, 2014].
Renewable energy forms replacing fossil fuels are a key factor towards halting the
climate change. During the stepwise transition from the fossil and atomic power
production to renewables, a challenging goal is the insurance of base-load power
without additional CO:z impact of interim technologies. Among a wide range of
renewables, geothermal energy can take an important share in the reduction of
greenhouse gases. This quasi-inexhaustible energy source can replace fossil fuels for
electricity production and heating and cooling of buildings. In contrast to other
renewables, which are based on fluctuating resources, geothermal energy is
permanently available and can provide COz-neutral base-load electricity. Geothermal
energy production is totally controllable and as a domestic resource it is independent
from imports.

Hyro [
Wind
Solar
Bio Total installed
capacity
Installed capacity
Geothermal . in Europe
CSP
Tidal
0 200 1000

Installed Capacity [GW]

Figure 1-1- Installed capacity of renewable powers worldwide and in Europe. CSP = concentratea
solar power. Hydropower has by far the largest share in renewables, followed by wind and solar
power. However, besides hydropower and under certain circumstances biomass, geothermai
energy is the only non-fluctuating energy amongst the presented. Data is from RENZ21 [2015]

According to the REN21 [2013] report, geothermal electric generating capacity grew by
an estimated 300 MW in 2012, resulting in a total capacity of 11.7 GWe and generating
at least 72 TWhe. The total capacity of geothermal contributing to renewable energy
production is estimated to 223 TWh, corresponding to only ~2.4 % of the total installed
capacity of renewables (Figure 1-1). The small share of geothermal to the total
renewable energy production is mainly originating from the localized occurrence of
high enthalpy reservoirs. Whereas geologically favored countries like Iceland,
Indonesia, New Zealand, Kenya or the Philippines can cover a substantial part of their
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electricity demand by direct use of hydrothermal resources, the major part of developed
nations are located in low-enthalpy regions, where underground temperatures are too
low for direct geothermal use.

The harvesting of energy from low-enthalpy reservoirs requires drilling of deep wells
into low-permeable basement rocks. The concept of enhanced geothermal systems
(EGS) allows economic energy production in low-enthalpy regions, like the major part
of Central Europe (Figure 1-2). With the exception of a small high-enthalpy area in
western Italy, where the first electricity producing power plant was installed in
Larderello in 1913, geothermal electricity production in Central Europe is restricted to
EGS. The first EGS pilot project in Europe was started in 1987 with the drilling of the
well GPK1 in Soultz-sous-Foréts at the Western border of the Upper Rhine Graben.
Today, the total installed geothermal capacity in Europe is ~1.6 MW (as in 2010) with
11.4 TWh/a electricity production [EGEC, 2011].

Bl high enthalpy

[ high temperature basins

|:| medium temperature basins

|:| low-enthalpy

Figure 1-2: Main geothermal resources in Europe [modified after Antics and Sanner, 2007]. The
major part of Europe 1s characterized by a medium temperature to low-enthalpy undergrouna
suited for EGS only. In 1913, a high-enthalpy reservoir in Larderello (Italy) was for the first time
used for geothermal electricity production. In the 1990s, a FEuropean EGS prototype was
Installed in the crystalline basement of the Upper Rhine Graben (Soultz-sous-Foréts, France).
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1.1 ENHANCED GEOTHERMAL SYSTEMS

The principle of EGS is the circulation of fluids through artificially created or enhanced
fluid pathways in primary low-permeable reservoir rock. Circulation is either
accomplished by the extraction and re-injection of natural geothermal brine or, in the
case of dry reservoirs, by the injection of water from the surface. Hydrofracturing
[Sharma et al, 2004] or thermal fracturing [Charlez et al, 1996], which aim at the
creation of new fractures as fluid pathways, are mostly restricted to tight sedimentary
rocks [Stober and Bucher, 2012]. More common is the forced shearing and dilation of
naturally occurring fractures by the injection of water [Baumgiértner et al., 2004] or
chemicals [Nami et al, 2008] into the reservoir. Chemical stimulation is based on the
dissolution of minerals on fracture surfaces to enhance the fracture permeability. The
injection of high-pressurized water into the reservoir during hydraulic stimulation
aims at inducing faulting of fractures and increasing permeability until economic flow
rates are reached. Figure 1-3 illustrates the principle of an EGS system. Hot water
from the geothermal reservoir is extracted through a production well. It is used to
produce electricity with a steam turbine or at lower temperatures with a binary power
plant system. This way, energy in the form of heat is dissipated from the geothermal
fluid and its temperature is reduced. The loop is closed by the re-injection of the fluid
into the reservoir, where it is heated up again.

The vision of the International Energy Agency (IEA) is a contribution of geothermal of
3.5 % to the global electricity production by 2050, thus avoiding 800 megatons of COq,
whereas half of the expected increase is made up by EGS [/EA, 2011]. The IEA aims at
installing minimum 50 EGS research power plants and at upscaling EGS capacity by a
factor of 3 until 2025. Eventually 100 MW. power plants are planned to be realized in
2050 by the serial installation of EGS modules. This challenging goal can only be
reached by an improved networking between scientists, engineers, governments and
the public in order to face the obstacles that currently inhibit the development of
geothermal energy.

Among the most important challenges and milestones for EGS development as defined
by IEA are

e The reduction of drilling costs by advancing the development of cheaper drilling
technologies,

e Arousing investors' interest and confidence in geothermal projects by defining
medium- and long-term targets for geothermal energy technologies,

¢ The economic harvesting of geothermal energy from different geological
environments,

¢ Improving social acceptability of the technology by controllability, i.e. facing the
problems of environmental impacts and safety.
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Surface
Installations

(
}

S S
Production well Injection well
Geothermal
Reservoir

Figure 1-3° Principle of an enhanced geothermal system. Cool water is injected into an enhancea
connected fracture network penetrating the geothermal reservoir. The heated water is extractea
by a production well. A steam turbine by a binary power plant system on the surface produces
electricity, which is directly delivered to the power network. With the re-injection of the coolea
down water, the loop 1s closed.

In addressing these challenges, the installation of large-scale EGS projects is an
essential step. The first EGS pilot project in Europe was installed in the 1990s in
Soultz-sous-Foréts. In more than 25 years of research, a world-wide unique scientific
database and experience has accumulated. The large-scale experiment in Soultz
provided and still provides the possibility to test exploration and monitoring
techniques, borehole methods and components of the power plant and to explore the
short-term and long-term response of the geothermal reservoir to fluid circulation and
heat extraction. Today, Soultz is the only geothermal site world-wide exploiting a
reservoir at depths below 5000 m. Several important milestones were reached during
the development of the reservoir. Amongst these is the increase of productivity by the
factor 1000 after hydraulic stimulation of the reservoir at 3.6 km in 1997 [Koh! et al,
1997]. The productivity of the lower reservoir (<5000 m) was increased by the factor
100 by chemical and hydraulic stimulation in 2007 [Zischner et al., 2007], and 4 years
later, circulation experiments achieved a further increase by the factor 2 [Genter et al,
2013]. Successful prediction of the reservoir response to stimulation was accomplished
in 2007 [Kohl and Mégel, 2007]. In 2011, the occurrence of seismic events during
production could be reduced by a factor 0.04, as well as the magnitude of events.
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The Soultz site was the first successful installation of EGS world-wide, yet new
questions arose during its operation. It is for example still not fully understood, why
seismicity during stimulation of the well GPK4 was different from those of the
remaining wells [Calo et al., 2014]. Whereas the seismic cloud of the GPK4 stimulation
reached its full dimension in an early stage of injection and the wellhead pressure
curve was rather flat, the spatial extension of induced seismicity during the
stimulation of GPK1 developed with increasing injection pressure. A key factor towards
a better characterization of the related processes is the understanding of the fluid
mechanics during and after hydraulic stimulation. There is evidence that the processes
before and after stimulation are different le.g. Schoenball et al., 2012; Schoenball et al.,
2014]. A further aspect, which remains unsolved, is the role of aseismic movements
contributing to the total displacement on fractures during stimulation [Cornet et al.,
1997]. The assessment of their role for reservoir geomechanics and the prediction of
their occurrence is a subject of research. The mentioned tasks are only some of the
challenges of the EGS technology, which are related to the reservoir structure. A sound
analysis of the reservoir rock is therefore fundamental to face these challenges. The
present thesis aims at an improved characterization of the Soultz reservoir with the
objective to better understand related mechanical processes.

1.2 MOTIVATION

25 years' experience during EGS development in the Upper Rhine Graben (URG) in
Central Europe highlighted the importance of a sound reservoir characterization for
safety and success of an EGS power plant installation and operation. In recent years,
the large exploration risk, problems with wellbore stability and the occurrence of
induced seismicity caused the failure of several projects and hampered the
implementation of the EGS technology in the Upper Rhine area. Especially, avoiding
perceptible seismic events with their immediate impact on the environment of a
geothermal power plant has become a major task in EGS associated research.

The opening of fractures, which is the goal of hydraulic stimulation, is accompanied by
small seismic events. Such events are wanted as they indicate shear movements on
fractures, which are needed to enhance the fracture permeability, and they are a useful
tool for the characterization of a reservoir. However, if large perceptible earthquakes
occur, anxiousness can be caused amongst the local resident population. This happened
for example during stimulation of the Basel Deep Heat Mining Project in 2006, where a
M;=3.4 earthquake occurred le.g. Haring et al, 2008] or during operation of the
Landau geothermal power plant, when a M=2.4 and a M;=2.7 earthquake happened
[Groos et al, 2013]. As a consequence, the Deep Heat Mining Project in Basel was
abandoned and the Landau power plant had to reduce the injection pressure, thus
reducing its economic efficiency.
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A key factor to promote development of the EGS technology is an efficient exploitation
of geothermal reservoirs to reach economic flow rates while keeping environmental
impacts controllable and reducing them to a minimum. The role of scientists is to
provide the basis for an understanding of the coupled processes in a geothermal
reservoir during its development and exploitation. Knowledge of these processes is
fundamental for the application of new technologies and stimulation techniques. Their
analysis requires the combination of reliable characterization methods and reservoir
models. For the creation of reservoir models the establishment of more detailed
structural and geological databases is needed. Present techniques have to be refined
and novel approaches are required to extract more information from available data.

In Germany, the crystalline basement provides the largest potential for EGS due to
elevated temperatures and profound fracturation [Schill et al, 2011]. However, the
exploration and characterization of crystalline geothermal reservoirs is a major
challenge due to their complex structure and mineralogy. The Soultz geothermal
reservoir is located in the crystalline basement of the Upper Rhine Valley and is
therefore representative of crystalline EGS reservoirs. Due to its long-term operation
experience and its huge database, the Soultz site is predestined for the development
and testing of techniques applicable to crystalline reservoirs and it was therefore
selected as a basis for this thesis.

1.3 THESIS STRUCTURE

In the context of the social and energy-economic framework of EGS related science, the
present thesis aims at presenting novel approaches to contribute to a deeper
understanding of interrelated processes of geological structures, mineralogy and rock
mechanics. The focus is on hydrothermal alteration zones in crystalline rock. The
thesis 1s presented as a cumulative dissertation comprising four individual studies
addressing hydrothermal alteration and associated rock mechanical phenomena. Three
of the studies have been published in a scientific journal and one of them is accepted as
a reviewed conference paper of the World Geothermal Congress in 2015. It is currently
prepared for publication in a scientific journal.

The first part of the thesis will provide fundamentals about hydrothermal alteration
and related rock mechanics, which highlight the relationship between different
processes and the importance of hydrothermal alteration. Following, the benchmark
data of the EGS pilot project in Soultz-sous-Foréts are reported. The second part
consists of four studies, which build on each other, and which address the following
questions:
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e Is it possible to localize and quantify clay zones in a crystalline geothermal
reservoir? (chapter 4)

e Which methods are suitable to characterize hydrothermal alteration in the
absence of core samples? (chapter 5)

e Are alteration effects on geomechanics directly observable in a reservoir?
(chapter 6)

e Can the evolution of induced seismicity be explained and assessed with the
occurrence of alteration zones and resulting mechanical contrasts? (chapter 7)

The following outline provides an overview of the four studies, which are supposed to
provide answers to these questions.

Localization of hydrothermally altered zones (chapter 4)
This study has been published in Geophysical Journal International.

The first study involves the development of a method to localize hydrothermally altered
fracture zones in crystalline reservoir rocks on the basis of standard borehole logging
techniques. The localization of these zones is a basis for estimating the mechanical
friction of rock. The lack of sample material and extensive logging in geothermal
projects was the incentive to find a method to derive information about the location of
hydrothermally altered zones from standard logs measured in boreholes. The developed
method is based on a neural network using the Kohonen algorithm and proved to be
very successful in creating synthetic logs (SCCL) from spectral gamma ray data. These
logs semi-quantitatively indicate the density of clay-filled fractures along a borehole in
five groups. More than 90 % of a core-derived reference log could be reproduced with a
deviation of <1 SCCL group. The created synthetic logs serve as a basis for further
investigations to characterize the significance of clay zones in the Soultz granite.

Characterization of hydrothermal alteration (chapter 5)
This study has been published in Geophysical Journal International.

On the basis of the SCCL, magnetic mineralogical investigations are performed on
cutting material from the deep geothermal wells GPK1, GPK3 and GPK4. The focus of
this study is on the calibration of the SCCL on the basis of magnetic susceptibility
measurements combined with optical microscopy and on a characterization of
hydrothermal alteration without core material. The study shows that magnetic
susceptibility is strongly correlated with the alteration degree of the Soultz granite. An
alteration index on the basis of x-7 curves could be derived indicating the alteration
degree of the sample. The combination of magnetic susceptibility investigations with
optical microscopy is necessary in order to correctly interpret the susceptibility
measurements.
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A major finding of this study is that the SCCLs are also valid in the deep Soultz
geothermal wells and can be calibrated with magnetic susceptibility measurements.
Furthermore, it is highlighted that cutting material can provide valuable information
about the geothermal reservoir, if no core samples are available.

Significance of hydrothermal alteration for rock mechanics (chapter 6)
This study has been published in Geothermal Energy.

The role of hydrothermal alteration for the frictional behavior of fractures and the
mechanical strength of rock have been extensively studied on-site or in laboratories
around the globe. The third study provides a review of the most important findings
with respect to the relation between hydrothermal alteration and rock mechanics, the
stress field, and induced seismicity. The role of hydrothermal alteration on the rock
mechanical properties in Soultz is investigated by interpreting observations from
earlier studies on the basis of the SCCL logs. It is shown that hydrothermally altered
rock has a lower mechanical strength, depending on the grade of alteration. There is
evidence for a stress decoupling in hydrothermally altered zones, which results in a
change of magnitude and orientation of the stress field. Furthermore, weak zones are
assumed to affect the evolution of induced seismicity and the occurrence of aseismic
movements. A major finding of this study is an inverse correlation between the clay
content of fractures and the maximum magnitude of seismic events induced on the
fractures. This has never been demonstrated before on the scale of a geothermal
reservoir.

Critical pressure of fractures (chapter 7)
This study has been accepted as a proceedings paper of the WGC in 2015 and is
currently prepared for publication in a scientific journal.

The final study describes an approach to reconstruct the evolution of induced seismicity
during the 1993 stimulation of GPK1 with a probabilistic model of the critical pressure
of fractures. A preliminary study on the failure probability of fractures revealed that
more information about the frictional properties of fractures is necessary in order to
better estimate their critical pressure. Therefore, the SCCL logs are used in this study
to assess the frictional properties of the fractures in Soultz. With a probabilistic
distribution of fracture orientations and clay content, the number of fractures shearing
at a certain pore overpressure is determined for the open hole section of GPK1. The
results of the critical pressure distribution derived from applying different frictional
parameters are compared to induced seismicity during hydraulic stimulation of the
well in 1993. The results show that the presence of weak fractures with low friction
coefficients and/or low cohesion could explain the evolution of induced seismic events.
This approach can be used as a basis for more sophisticated models of induced
seismicity.
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2 HYDROTHERMAL ALTERATION IN FAULTS
AND ITS NEURO-INFORMATIC
CHARACTERIZATION

The modification of the rock structure and mineralogy during hydrothermal alteration
has two major effects: The impact on the mechanical properties of rock due to the
weakness of hydrothermal alteration zones, and the influence of the hydraulic
properties of hydrothermally altered fluid pathways. Due to the importance of these
effects for reservoir performance, the characterization of alteration effects and their
localization in rock structures has become a major task for EGS. This chapter provides
fundamentals about the most important aspects of hydrothermal alteration for rock
mechanics and hydraulics. In the second part of the chapter, the principle of neural
networks and self-organizing maps is introduced as a tool to characterize rock masses
and the occurrence of hydrothermal alteration on the basis of logging data.

As these fields of research are rather complex, only an outline of the state of research
relevant for this thesis is provided. For the fundamentals of geomechanics related to
faults and earthquakes, mainly the works of Scholz [2010], Kanamori and Brodsky
[2004], and Jaeger et al. [2007] were consulted. Fundamentals about clay minerals and
hydrothermal alteration were mainly taken from Meunier [2005] and Velde [1995] and
for neural networks, the works of Haykin [1999], Galushkin [2007] and Kohonen [1984;
2001] were used.

2.1 HYDROTHERMAL ALTERATION

The fracturation of rock masses during their tectonic history creates pathways for the
percolation of hot fluids. Even, when these fluids have disappeared in recent days, they
have left their marks in the form of hydrothermal alteration zones. The basic principles
of hydrothermal alteration processes will be described in this section.

Velde [1995] defines rock alteration as the transformation of a rock mineral
assemblage into a new set of minerals, which is more stable under the ambient
hydrothermal conditions. The transformation of the rock forming minerals is induced
by their local interaction with hot fluids having temperatures, which are more than 5°C
warmer than the surrounding environment.
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The fluids in a hydrothermal system are aqueous solutions of various phases like salts
and gases. Their temperature can range from several tens of degrees to a maximum
fluid temperature of 400°C and the salinity ranges between 0 to several wt-%. The
pressure of the fluid is close to the hydrostatic pressure of its original environment
with a maximum of 100 MPa [Velde, 1995]. At its original place, equilibrium
established between the fluid and the surrounding rock. When the fluid rises to
shallower depths, the conditions change and a new equilibrium state is approached,
which includes chemical and mineralogical changes of the fluid and the surrounding
rock. Hydrothermal alteration is the response of the pre-existing mineral assemblage to
the temperature and/or chemical changes under the influence of an aqueous solution.
In this process, mainly hydrous minerals are formed and especially clay minerals are
preferred, whereas the number of newly formed phases is usually small [/noue et al,
1992]. The formation of new minerals can result from the transformation of primary
silicates and clay minerals or from their precipitation from the fluid.

These processes are controlled by the changing thermo-chemical conditions, which
causes the formation of alteration fronts characterized by specific mineral assemblages.
Such alteration fronts form a zonation around hydrothermally altered fracture zones,
the so-called alteration halos.

2.1.1 GEOMECHANICAL PROPERTIES OF ALTERATION ZONES

The importance of clay zones for the geomechanical structure and earthquake
mechanics in brittle rock became an important issue in the framework of mitigation
studies of natural and man-made disasters. A strong focus was given to hydrothermal
alteration in crystalline rock and its effect on mechanical friction. Recent studies on the
San Andreas Fault revealed the significant impact of clay inside faults and fractures on
their mechanical and hydraulic properties. Evidence for the role of clay as zones of
weakness or some kind of lubricant on faults promoting aseismic movements has been
described by Schleicher et al [2006b], Dolan et al [1995], and Wu et al [1978]. Clay
minerals are a characteristic of creeping faults with rates of up to 30 mm/a assumed for
the San Andreas Fault [Chang et al., 2013]. Studies on the slipping behavior of the San
Andreas Fault suggest that the fault is not merely creeping but it rather consists of
creeping patches, which build up stress on other patches with high friction. If the stress
is large enough, these high friction patches rupture and cause seismic events [e.g.
Chang et al.,, 2013]. This theory is supported by the work of Amelung and King [1997],
who observed a continuous earthquake activity on creeping faults. A major result of
their study is that creep and earthquakes are not two separated phenomena, but two
processes, which go hand in hand. This has been reported earlier for numerous faults
and continental margins [e.g. Brune, 1968; Mulargia et al., 2004; Voisin et al., 2004].
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Mechanical friction

The stress state of a rock mass mainly originates from tectonic forces, topography and
geologic structures. At any point, it can be described by the magnitude and the
orientation of the three principal stress components: the vertical stress Sy, the
maximum horizontal stress .Sz, and the minimum horizontal stress Sk In addition to
its rock mechanical properties, the mechanical strength of a fracture is significantly
affected by its orientation relative to the principal stress. According to the Mohr-
Coulomb criterion, the stress on a fracture can be expressed as

T=c+S, tang 2-1)

where z1is the shear force on the fracture plane, cis the cohesion, S, is the normal force
on the fracture plane, and @ is the internal friction angle.

In terms of the maximum and minimum principal stress S; and Ss the shear and
normal force acting on a fracture are given by

Sn =%(51 +53) +%(Sl —S3)cos 2P 2-2)

T = %(51 —S3)sin2p (2-3)
_T.e 24

b=3t3 (;

where f1is the critical plane of failure for the respective rock mass.

tensile
cracks

S S, s, s' 8, 8§ S

-+

P. increase

Figure 2-1° Mohr-circle representing the stress state on a fracture (black circle). A pore pressure
Increase shifts the circle towards the failure envelope (grey circle) and induces shear, when the
fracture (star) cuts the envelope. S is the normal stress, T the shear stress, S1-Ss and S1’-Ss' the
maximum, Intermediate and minimum principal stress before and after pore pressure (P,
increase respectively, 28 is the failure angle of the fracture, ¢ is the internal friction angle of the
rock and c is its cohesion.
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These correlations can be graphically expressed by the Mohr circle. Figure 2-1 is a
sketch of the Mohr circle representing the stress state in a rock mass at a certain
depth. Each fracture plane inside the reservoir can be represented by the normal on
this plane as a point inside the circle. Depending on its orientation in the ambient
stress field, a fracture can occur anywhere inside the Mohr circle. The failure envelope
is the threshold between the stable state of the fracture and its failure, whereas the
distance to the failure envelope is a measure of the required change of the current state
to cause failure. The gradient and the intersection of the failure envelope with the y-
axis are determined by the mechanical friction and the cohesion of the rock or the
fracture surfaces. As a result, fractures at any orientations can shear upon a change of
the effective stress (S-P,), if their specific failure envelope is crossed. Without knowing
the frictional properties of each fracture, there is no control of the parameters, which
cause failure of the fracture. These parameters include

— The magnitude and orientation of the principal stress components,
— Pore pressure,

—  Fracture orientation, and

—  Friction and cohesion.

Especially, friction and cohesion of a fracture, which are characteristic factors for its
mechanical properties, are hard to determine. Numerous studies were conducted to
investigate these parameters. An early study by Byerlee [1978] revealed a uniform
friction coefficient of rocks independent from the rock type. In his experiments, he
found that the friction of different rocks depends on the confining pressure rather than
on the rock type. He defined the following rules, which are known as Byerlee's law:

10 MPa < s, <200 MPa, T = 0.85s, 2-5)

200 MPa < s, <1500 MPaq, T =50+ 0.6s, (2-6)

However, Byerlee discovered that, if the gouge zone formed during slip on fracture
surfaces is large enough, it can control the mechanical properties rather than the rough
fracture surfaces. Then, the minerals, of which the gouge consists, determine the
mechanical properties of the fracture. Especially, some clay minerals can have much
lower friction coefficients than those specified by Byerlee's law [Byerlee, 1978; Byerlee
and Savage, 1992]. As a result, hydrothermal alteration and the occurrence of clay can
reduce the mechanical friction of rock. This was confirmed in several experiments.
Zoback et al. [2012] and Kohli and Zoback [2013] for example investigated the
relationship between clay content and mechanical friction of shale gas reservoir
samples under wet conditions. They observed a linear decrease of the friction coefficient
with increasing clay content from 0.8 at 10 wt-% clay to 0.4 at ~50 wt-% clay. Similar
results were obtained by Tembe et al. [2010] for artificial clay gouge samples of quartz
and illite and for natural soil samples tested by Akayuli et al. [2013]. The friction
coefficients they measured for different clays vary and are much lower than those of
other minerals like quartz or feldspars.
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Farthquakes and the a- and b-value

Further characteristic parameters describing the frictional properties of rock are the a-
and h-value from the Gutenberg-Richter law. Gutenberg and Richter [1942] observed
that the occurrence of earthquakes with a certain magnitude in a region follows a
logarithmic law and they described this relationship:

log,oN = a — bM 2-7)

with N the number of earthquakes with magnitude >M, a and b are constants. In
seismogenic regions, the parameter b is typically equal to 1. Depending on the tectonic
regime, b can vary between 0.5 and 1.5, but also values of >2 are observed in
earthquake swarms, where a significantly higher proportion of small earthquakes
occurs. The a-value is a representative of the total seismicity rate of a region.

As the frictional properties of rocks determine their slipping behavior, a correlation
between the weakness of rocks and the occurrence of large and small earthquakes is
expected. A bvalue of 1 represents a logarithmic relationship between the magnitude
of events and their frequency, whereas b-values > 1 reflect an increased number of
small earthquakes. Hence, high bAvalues are expected in areas, where no large
differential stress can build up. Schorlemmer et al. [2005] compared the results of
numerous earthquakes from different settings and of laboratory data. They found that
the bvalue differs systematically with the faulting regimes. The highest bvalues are
observed in normal faulting regimes (up to 1.2), whereas the lowest b-values occur in
thrusting regimes (as small as 0.6), and strike-slip regimes are in between. Based on
the stress prevailing in the respective regimes, Schorlemmer et al. concluded that the
b-value inversely correlates with differential stress levels. This was also confirmed by
laboratory experiments performed by Amitrano [2003], who observed a decreasing b-
value with increasing differential stress. Creeping fault sections exhibit high b-values
around 1.3 [Schorlemmer and Wiemer, 2005]. Based on these results altered and
fractured areas ought to be characterized by the occurrence of small events and creep,
rather than by large earthquakes. This theory was for example posed by Heinicke et al.
[2009] who investigated the correlation between hydrothermal alteration and the
occurrence of earthquake swarms. They observed in the Vogtland Region of
northwestern Bohemia that in addition to increased pore pressure and shear stress the
mechanical weakening of rocks and the dissolution of fracture walls plays an important
role for the evolution of earthquake swarms. Interestingly, the maximum magnitude of
such earthquake swarms is limited to 5 [Heinicke et al, 2009], which supports the
theory of earthquakes with limited magnitudes occurring in regions with rocks of low
friction coefficients. When analyzing b-values, one has to consider that this value is
affected by numerous parameters, not least by the way it is computed. Besides the
strength of the rock, the main affecting parameters of b are the stress field, the focal
mechanism of the earthquakes and the presence of large geologic structures [Scholz,
2010 and references herein].
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In geothermal reservoirs, the b-value is not constant throughout different operational
stages. Large variations of b-values in time and space were for example observed by
Bachmann et al. [2012]. They calculated the b-alue for the time period during
injection and after injection in the former EGS project in Basel, Switzerland. The b-
values varied from 1.58 during injection to 1.15 after injection, which indicates a larger
proportion of small earthquakes during injection.

Sliding on a fault

The rupture behavior of a fault from the Dietrich-Ruina constitutive model [Dieterich,
1978; Ruina, 1983] describes the frictional evolution of a fault for different sliding
velocities with the material parameter (a-b) representing the difference in steady-state
friction. It indicates stable sliding of fault surfaces during slip, if (a-b) > 0, or unstable
sliding, if (a-h) <0. The synonyms for stable and unstable sliding are velocity
strengthening and velocity weakening behavior, respectively. The effect of clay on the
rupture behavior of faults has been studied in many laboratory experiments. Ikari et
al. [2011] found experimental evidence for a relationship between the weakness of
rocks and their frictional stability: rock samples with a low friction coefficient exhibit
velocity strengthening behavior, whereas samples with high friction coefficients show
velocity weakening behavior.

This indicates the occurrence of brittle failure only on rocks with high friction
coefficients. Biegel et al. [1989] and Scholz et al. [1972] investigated the sliding
behavior depending on the evolution of fault gouge. They observed velocity weakening
during the initial sliding stage but with increased sliding displacement, when a gouge
has formed, it evolved to velocity strengthening. Zoback et al. [2012] observed
experimentally on shale gas samples that faults with clay contents higher than 30 %
slide stable (i.e. (a-h) > 0), whereas faults with a lower clay content slip unstable G.e.
(a-bh) <0). They reasoned that such clay-rich faults slide aseismically, whereas the
faults with lower clay contents produce microseismic events. Such results suggest that
the filling of a fracture with gouge or hydrothermally formed clay minerals not only
affects its friction coefficient, but also its frictional evolution during sliding. Higher clay
contents and fine material inside fractures favor velocity strengthening behavior.

14|



HYDROTHERMAL ALTERATION IN FAULTS AND ITS
NEURO-INFORMATIC CHARACTERIZATION

2.1.2 ALTERATION EFFECTS ON THE HYDRAULIC PROPERTIES OF
A FRACTURE

Hydraulic flow through fractures is commonly described by the cubic law [Boussinesq,
1877]. In this approach, fractures are represented by two parallel plates with aperture
am (Figure 2-2a). The transmissivity through the fracture strongly depends on its
aperture and it can be expressed by

T aran 2
_Eu (28
K——T 2-9
ap (29

for an even surface and for a rough surface, respectively, where x is the fluid viscosity.
The hydraulic aperture asof a rough surface is reduced by the presence of irregularities
generally referred to as asperities (Figure 2-2b). The transformation of minerals during
hydrothermal alteration can increase the aperture of a fracture by the dissolution of
asperities (Figure 2-2c), or it can reduce it by the precipitation of secondary minerals,
thus strongly enhancing or reducing the flow through the fracture (Figure 2-2d).

a) c) ~, dissolution

a

Yy

* v _—
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b) d)

e N flow decreased
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Figure 2-2: Flow through fractures represented by two parallel plates. a) Flow through an even
fracture with aperture am. b) Flow through an uneven fracture, when the hydraulic aperture is
used instead of am (an<am). ¢) The dissolution of asperities during hydrothermal alteration
increases ap and enhances the fracture transmissivity d) The precipitation of secondary minerals
on the fracture surface during hydrothermal alteration can reduce an, thus strongly reducing the
transmissivity of a fracture.
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Being key factors for the success of an EGS system, the controlling parameters of
permeability and transmissivity must be characterized to improve the efficacy of
hydraulic and chemical stimulations. However, the effect of hydrothermal alteration on
hydraulic flow through fractures is more complex than just a change of the fracture
aperture, while most of the relevant processes are interrelated. The following section
provides an overview of hydraulic effects of hydrothermal alteration.

Fault zones rich in phyllosilicate material tend to have lower permeabilities than
quartz or framework silicate-rich gouges [Faulkner et al, 2010]. The permeability of
fault gouge is strongly controlled by the fraction of clay. However, due to grain size
effects and compaction characteristics, there is a non-linear relation between
permeability and the fault zone clay content under hydrostatic conditions. For example,
in a quartz-clay mixture with a clay-content increase between 25 and 40 vol.-%, the
clay particles sit in the pore space between quartz, and the compaction characteristics
are largely controlled by the quartz framework [Revil et al, 2002]. In experiments of
Takahashi et al. [2007] and Crawford et al. [2008], the permeability reduction during
deformation increased with increasing clay content from 0 to 24 vol.-%. Between 18 and
24 vol.-% clay, a dramatic permeability reduction of ~2.5 orders of magnitude occurred.
In a gouge with more than 29 vol.-% clay content in contrast, deformation reduced
permeability by only 0.5 orders of magnitude. This indicates that at larger percentages
of clay, permeability is less sensitive to the magnitude of the clay fraction. Besides the
fraction of clay, the permeability through clay-filled fractures depends on the clay
structure. Fibrous illite for example, which precipitates in pores, was observed to
reduce the permeability of oil reservoirs much more than platy crystals [ Wilkinson and
Haszeldine, 2002]. Due to their often platy structure, the alignment of clay crystals can
result in a permeability anisotropy [Faulkner and Rutter, 1998]. Faulkner and Rutter
[2000; 2003] showed that also temperature and pore fluid chemistry can strongly affect
the permeability of natural clay-rich rocks by altering physico-chemical interactions
between the rocks and the aqueous pore fluid. Chemical processes can for example
cause the precipitation of calcite, which reduces the permeability. Calcite precipitation
is not only limited to carbonatic rocks or sediments. It is also commonly observed in
granite, even when it is not covered by carbonate sediments [Fourcade et al., 2002].

Low permeability of clays inside fractures can cause pore pressure increase and reduce
the fault strength [Ikari et al, 2009], which is important for the forced circulation of
fluids through rock masses. Fault zones can act as impermeable barriers, which keep
up high pore fluid pressure [Byerlee and Savage, 1992; Rice, 1992]. Due to increased
pore pressure, impermeable fractures are prone for shearing. Therefore, they are major
target zones for hydraulic stimulation and permeability can be increased by orders of
magnitude due to induced shearing [e.g. Economides et al, 1989]. On the contrary,
shearing in a gouge with coarse grains and high initial permeability can reduce the
permeability significantly due to comminution [Zoback et al., 2012].
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The sealing of fractures with quartz makes them impermeable and rigid and the
initially low permeability cannot be increased by hydraulic stimulation [Economides et
al, 1989]. Fractures bearing carbonates as an alteration product in contrast are
observed to be good candidates for hydraulic stimulation in oil fields [ Warpinski et al.,
2009]. In such fractures, chemical stimulation with hydrochloric acid can produce
excellent results [Kalfayan, 2008].

Hydrothermal alteration also affects the surface structure of fractures. A fresh natural
fracture has sharp edges and asperities providing numerous contact surfaces between
the fracture walls. Dissolution and precipitation processes during hydrothermal
alteration cause a smoothing of the fracture surface by dissolution of asperities and the
precipitation of fine material in between [e.g. Morrow et al., 2001; Sausse, 2002]. The
increase of contact surfaces between the fracture walls leads to a decrease in
permeability. Furthermore, the flow paths through rough and smooth surfaces are
quite different. While smooth surfaces exhibit a regular flux, a large number of
asperities and contact surfaces leads to pronounced channeling of the flow through
fresh fracture surfaces [Sausse, 2002].

2.2 ARTIFICIAL NEURAL NETWORKS FOR LOG
INTERPRETATION

When analyzing borehole logs, to characterize petrophysical properties of reservoir
rocks, one is confronted with a large number of data. Conventional log interpretation
techniques often reach their limits upon complex issues like the localization and
characterization of hydrothermally altered facies. Novel techniques are required to
make better use of available data, which is often limited in geothermal drillings.
Neural networks have the potential to extract information from multidimensional data,
which cannot be obtained from common methods. This chapter provides an outline of
the fundamentals and the operation mode of neural networks.

The organization and operating mode of an artificial neural network (NN) is based on
the features of a biological brain. According to Haykin [1999], an artificial neural
network is defined as a massively parallel distributed processor, which consists of
simple processing units. It has a natural propensity for the storage of experimental
knowledge and makes it available for use. The resembling of the artificial brain covers
two aspects:

1) The network uses a learning process to acquire knowledge from its
environment.

2) The acquired knowledge is stored in interneuron connection strengths (synaptic
weights).
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There is a clear analogism between the elements of biological neurons and those of
artificial neurons, which is schematically shown in Figure 2-3. Incoming information is
weighted by the synaptic weights, which determine, in which way a single signal
contributes to the net input. The knowledge of a network is stored in these weights.
The transfer of the net input from a neuron to another is determined by a threshold
function. This function controls, when and what kind of output is transferred to the
connected neurons. Knowledge of a network can be acquired in three ways: supervised
learning, unsupervised learning, and reinforcement learning.

a) Neurons

A\ Dentrites N
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7 Cellular body Dentrites: incoming pulses
Synapse: junction
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| ( Cellular body: summation of
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information above a threshold
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:7/- \ 7 T ™ ¥.Z: outgoing pulses
{ 3\ [ “

X, Y > Iwx, f[x); Y: Y > Zvy, 9 v} >
\ / \ /
N\ /

o~ ~_

Figure 2-3° Schematic sketch of the connection between two natural neurons and two artificial
neurons of a neural network. The dendrites of a natural neuron correspond to the input vectors
of an artificial neuron. In the cellular body and in the artificial neuron, the incoming information
1s summed up. Above a certain threshold the information 1s passed to a neighboring neuron,
which is connected by a synapse. In the natural neuron this is accomplished by an action
potential. The artificial analogue is the activation function. In this way, many neurons are
connected to each other and information can be transferred in a directed manner.

Supervised learning is accomplished by proposing the correct solution to the network.
The weights between the neurons are adjusted to best approximate the provided
solution. Unsupervised learning, i.e. learning without providing a solution, clusters the
input on the basis of similarities between the parameters (self-organization).
Reinforcement learning is a hybrid method between supervised and unsupervised
learning. Here, the correct solution is not provided, but the network obtains feedback, if
a released solution was right or wrong. The following two chapters will briefly describe
the principles of supervised learning and unsupervised learning. Reinforcement
learning was not used in this thesis and is therefore not discussed. Details on
reinforcement learning can be found for example in Haykin [1999] or Galushkin [2007].
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2.2.1 SUPERVISED LEARNING

For supervised learning, the user serves as a teacher by providing input pairs of data
and the corresponding solution. There are various learning algorithms, each of them
serving best for certain applications. Different algorithms are discussed in Haykin
[1999]. The most commonly used algorithm is back-propagation. Here, information
from the real world is passed to a layer of neurons, the so-called input neurons. This
neuron layer is connected to a further hidden layer of neurons, which in turn is
connected to the output layer. Each layer communicates with the following layer by
weighted connections. During the training, the output layer is taught to give the
correct result depending on the data given to the input-layer. At the beginning of the
training phase, the network is provided a pair of corresponding input-output data. In
order to retrieve the connection characteristics between input and output, the network
uses a two-phase propagation-adapt cycle. This means that as soon as the input
pattern is provided to the input layer, it is propagated through the layers and an
output is generated. This output is then compared to the reference dataset and for each
output unit an error is computed (first phase). In the second phase, these errors are
communicated to each node, which is directly connected to the output. Then, the error
propagates back to the input layer and each neuron receives its specific error. This
error signal is then used to update (adapt) the respective connection weights in order to
better approach the training dataset. The weight is modified according to

AW,:]'=£'6i'aj (2-10)

where A wj is the modification of the weight w between the neurons 7 and j, £ is a
predefined learning parameter, ; is the delta value of the neuron 7 and ag;is the output
of neuron j. The delta value is a measure of the deviation of a neuron from the desired
output.

It is determined for output neurons by

61' = fa,ct(inputi) ' (ai,desired - ai,observed) (2'11)

and for hidden neurons by

6 = Flolimput) - ) (51 wy) (2-12)

with face(input) the first derivative of the activity function of the neuron i, a; the
activity level of neuron 7, L is the layer following layer Z, and /is the neuron following
neuron 1 [Rey and Wender, 2011]. The procedure is repeated until a predefined
deviation from the real data or a predefined number of iterations are reached. The
information stored in the network can now be applied and recalled on any dataset.

|19



HYDROTHERMAL ALTERATION IN FAULTS AND ITS
NEURO-INFORMATIC CHARACTERIZATION

2.2.2  SELF-ORGANIZING NETWORKS

Self-organization plays a role in almost every aspect of science. The characteristics of
self-organization are that it happens spontaneously, it is not directed and it is not
controlled by any intrinsic or extrinsic factors. The organization of a system evolves by
the mutual interaction of its components. In this way, the system can evolve, learn and
adapt. An often unconscious example of self-organization is the coaction of differential
cells to form organs and life-forms, or the creation of life itself by a spontaneous self-
organization of molecules. In geology, the spontaneous crystallization of minerals, or
stick slip patterns between interfaces incorporate self-organizing patterns.

The flexible and manifold application of self-organization is used in self-organizing
neural networks for pattern identification in complex data. In contrast to networks
using supervised learning, self-organizing networks are trained without supervision.
The network tries to find patterns and regularities in the input data and to organize
them in a predefined way. The self-organizing network consists of an input-layer and
an output layer of neurons, which are connected by weighted junctions. Typically these
two layers are a two-dimensional array of neurons. These 2D feature maps are mostly
rectangular or hexagonal and are called Kohonen-maps [after Kohonen, 1984]. In the
training phase of the network, the input vectors are presented sequentially in time.
The desired output is not specified. When enough input vectors have been presented,
the network defines clusters by adapting the weights of the neuron connections wjin a
way that the point density functions of the clusters approximates the probability
density function of the input vectors:

AWU(n+1) =AWU(n)+9U(n)£ (2'13)

where n is the current iteration number and € is the neighborhood function, which is
specific for a neuron. The neighborhood function is often Gaussian, and it determines
how much the neighboring neurons are affected by the weight modification of a node.
This way, the topological distance of the neurons determines, how their connection
weights are changed. Close neurons are sensitive to physically similar inputs. Thus,
the topology of the input is preserved in the two-dimensional representation of the
data. The number of iterations should be predefined with respect to the size of the self-
organizing map. According to Kohonen [2001] the number of iterations should be at
least 500-fold the number of output neurons.
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3 THE SOULTZ GEOTHERMAL SITE

The EGS pilot power plant in Soultz-sous-Foréts is located in the northeastern part of
France (Alsace) at the western border of the Upper Rhine Graben, 40 km linear
distance from Karlsruhe (Figure 3-1). An unusually high geothermal gradient in this
area was discovered during oil exploration drillings between 1888 and 1970 [Dezayes et
al, 2005al. This temperature anomaly together with a profound interconnected
fracture network was the determining factor for the initiation of a geothermal pilot
project for energy production. It started with the drilling of the first well GPK1 in 1987.

The elementary facts about the Soultz EGS project will be provided in this chapter.

Landau
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Figure 3-1° Location map of the Upper Rhine Graben.
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3.1 GEOLOGICAL CONTEXT: UPPER RHINE GRABEN
TECTONICS

The Upper Rhine Graben (URG, Figure 3-1) is a 300 km long and 30-40 km wide NNE
trending structure of the European Cenozoic rift system (ECRIS) [e.g. Illies, 1975]. The
Graben structure developed from an intracontinental foreland rifting contemporarily
with the collisional phases of the Alpine and Pyrenean orogenies [Schumacher, 2002],
which started about 65 million years ago in Late Mesozoic. The north-northeast trend
of the Rhine Graben developed in parallel to the graben systems of southeastern
France, which follow the strike of the alpine deformation front [e.g. Brousse and Bellon,
1983]. The large scale geological structures, which can be encountered in the URG
rocks, can be related to various stress regimes evolving subsequently to the Alpine and
Pyrenean collisions.

N « s a) Middle Eocene N « c) Early Miocene
" N-S compression 5, NE-SW compression
- NW-dipping strike-slip ' x - NNE-SSW dextral
faults, striking N50° strike-slip faults

- - NE-dipping strike-slip ’ o - ENE-WSW sinistral
S faults, striking N150° ) strike-slip faults

N s b) Late Eocene-Oligocene ‘P d) Late Miocene-recent
*1 E-W extension S, NW-SE compression

- B0-70° E or W-dipping . - steeply dipping, N-S striking
faults, striking N-S S sinistral strike-slip faults

' - north-dipping, E-W striking
* - K dextral strike-slip faults

Figure 3-2: Sketch of the different stress regimes prevailing in the URG from mid Focene to
recent times and the fracture systems evolving from the different regimes.

During Middle and Late Eocene, the area of the URG was subject to N-S compression
(Figure 3-2a), which originated from the collisional forces of the Alpine orogeny.
Reactivation of large Permo-Carboniferous and Mesozoic faults during these times
indicate a horizontal S; orientation of N19°E [Dezayes et al., 1996]. The following main
rifting stage of the URG deformation during Late Eocene to Late Oligocene is
characterized by an E-W extension (Figure 3-2b) resulting from an exchange of the
stress magnitudes of S; and Sz upon a collisional coupling in the collision zones [Dézes
et al., 2004]. The evolution of steeply dipping N-S oriented faults is associated with this
stage, as well as graben subsidence and the deposition of thick sedimentary beds in the
southern part of the URG.
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This extensional phase was followed by a NE-SW compressional phase in Early
Miocene (Figure 3-2c). It was accompanied by an uplift of the Black-Forest and Vosges
and increased sedimentation rates in the northern part of the URG. The recent stress
field of the URG is NW-SE compressional (Figure 3-2d) and developed in Late Miocene
from the counter clockwise convergence of Africa-Arabia with Europe and the North
Atlantic ridge push [Dézes et al., 2004]. The associated faults are steeply dipping, N-S
striking sinistral strike-slip or E-W striking dextral strike-slip faults [Dezayes et al,
1996]. The seismic activity of the Cenozoic Rift System is evidence of its ongoing
tectonic evolution.

3.2 THE THERMAL ANOMALY AT SOULTZ-SOUS-FORETS

The hydrocarbon exploration of the Pechelbronn area from the 15th century on revealed
the occurrence of bitumen at shallow depths, which can be attributed to an increased
thermal gradient. Haas and Hoffmann [1929] characterized this thermal anomaly and
found that locally temperatures can reach 50 °C at shallow depths of 400 m.

The ECRIS hosts some of the major geothermal anomalies in Europe in extensional
settings away from active volcanic areas. Heat flow rates can exceed 150 mWm™2 with
temperatures reaching 120 °C at 1000 m depth. The occurrence of high temperature
anomalies is usually attributed to the circulation of hot fluids. Hydrothermal
convection at the Graben scale can be observed in the URG and is also occurring along
major faults in the Soultz area [Dubois et al, 1996]. As this convection is restricted to
fault and fracture systems, temperature is not homogeneously distributed in the URG.
For the origin of the geothermal anomaly at Soultz, two hypotheses exist. The first
attributes the increased temperature gradient to hydrothermal circulation along
favorably oriented fracture zones in the basement and through the overlying highly
permeable sandstone aquifer. These fractures are propped open by recent compressive
shear strain parallel to the central graben segment. The second hypothesis identifies
inherited fractures in the basement as circulation paths [Baillieux, 2012 and references
herein].

Both hypotheses suppose that the hydrothermal water originates from meteoric water
infiltrating into fractures at the graben shoulders or into the sedimentary cover and
descending to greater depths, where it is heated up and circulates through connected
fracture systems, transferring the heat to shallower depths. It is assumed that the
infiltration of meteoric water and the formation of hydrothermal water are ongoing
processes, as well as hydrothermal alteration of rocks around the flow paths [Dubois et
al, 2000; Dubois et al., 1996].
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3.3 GEOTHERMAL PILOT PROJECT

3.3.1 DEVELOPMENT

The drilling of GPK1 in 1987 was the initiation of the geothermal project in Soultz-
sous-Foréts. The well was drilled to a depth of 2000 mTVD (true vertical depth), where
a temperature of 140 °C was encountered. Several injections and tracer tests followed
and temperature and flow logs were measured. A downhole seismic network was
installed to monitor and to locate microseismic events induced during injection
[Dezayes et al., 2005al. An important step for the characterization of the geothermal
reservoir was the deepening of the former oil well EPS1 to 2227 mTVD in 1990/1991
with a full drill core recovery from 930 m to the bottom hole. In 1992, GPK1 was
deepened to 3600 mTVD and large scale hydraulic tests were performed. In 1995, a
third well (GPK2) was drilled to a depth of 3900 mTVD. Several hydraulic tests and
hydraulic stimulations of GPK1 and GPK2 followed in order to enhance the reservoir
permeability. GPK2 was deepened to 5084 mTVD in 1999 and finally, two more wells
(GPK3 and GPK4) were drilled in 2002 and 2004, to depths of 5031 mTVD and
4982 mTVD, respectively. Permeability in these wells was increased by hydraulic
stimulations (Table 3-1). In the 25 years of development and operation, a huge
database of borehole logging, seismic monitoring, scientific publications, PhD theses,
laboratory and operation data have accumulated. The huge database characterizes the
Soultz geothermal site as a unique and outstanding project for scientific research.

3.3.2 RESERVOIR GEOLOGY AND HYDROTHERMAL ALTERATION

The geothermal system in Soultz-sous-Foréts exploits mainly two geothermal
reservoirs in the crystalline basement, which is covered by 1.4 km Mesozoic sediments.
The upper reservoir at around 3500 m depth is hosted by a Hercynian coarse-grained
porphyritic monzogranite, which is characterized by large kalifeldspar megacrysts in a
matrix of quartz, feldspars, plagioclase, biotite, amphibole and accessory minerals like
magnetite, titanite, apatite, allanite and zircon. The lower reservoir is located in fine-
grained two-mica granite with primary muscovite flakes [Hooijkaas et al, 2006], which
1s encountered at depths greater than 4600 m. Both granites underwent several stages
of hydrothermal alteration, which caused the formation of pronounced alteration zones.

The porphyritic granite has a weathering surface resulting from an exhumed stage in
the formation history, when meteoric water could infiltrate the rock mass. This paleo-
weathering caused a pronounced reddening of the granite by the precipitation of
hematite (Figure 3-3a), but it plays no role in the deeper parts of the rock, where the
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geothermal reservoirs are located. The complex alteration history of the granitic body is
an ongoing process, which started in Variscan times. Mainly two types of alteration are
distinguished: pervasive alteration and vein alteration. The earlier propylitic alteration
is a weak isochemical alteration of the granitic matrix without a change in the granite
texture (Figure 3-3b). It incorporates the partial transformation of biotite and
hornblende into chlorite, the replacement of plagioclase by illite and the formation of
hydrogarnet and epidote within the granite.

i X
paleo- pervasive standard moderately

weathering alteration granite altered

. a ; (Hooijkéas zn
highly extremely Bt-rich two-mica
altered altered granite granite

Fligure 3-3° Different alteration types and grades of the porphyritic Soultz granite as observed on
drill core samples (a-g) and a sample of the lower two-mica granite (h).

The second alteration, superposing the earlier stages involves strong chemical and
textural changes mainly in and in the vicinity of fractures. The fractured zones in the
Soultz granite are characterized by a specific structure. Around the quartz vein, which
often seals the center of the fracture, a distinct zonation is observed. In the brecciated
and cataclased zone, the original structure of the granite is lost and hydrothermal
alteration has transformed feldspars or biotite into clay minerals. Depending on the
respective minerals that have formed, the granite becomes greenish in the case of
chlorite or epidote, reddish, if hematite has formed or yellowish if the dominating clay
mineral is illite [Genter et al, 2000]. This vein alteration is significantly changing the
mechanical and structural properties of the rock [Valley and Evans, 2006]. Along with
the mineralogy the physical parameters like porosity, bulk density and P-wave velocity
of the rock change [Ledésert et al., 2010].
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In some altered zones, quartz, biotite, plagioclase and hornblende are totally dissolved
[Ledésert et al, 2010]. The precipitations in veins contain secondary quartz, barite,
illite, carbonates, iron oxides, and locally illite-smectite and chlorite-smectite mixed-
layers [Genter et al., 2000; Schleicher et al, 2006al. Various alteration grades can be
distinguished on core samples and cuttings ranging from low to extreme alteration
(Figure 3-3c-f). The same kinds of alteration are also observed in the biotite-rich
granite, a facies variation of the porphyritic granite (Figure 3-3g), and the deeper two-
mica granite (Figure 3-3h).

3.3.3 HYDRAULIC PROPERTIES OF THE SOULTZ RESERVOIR

During circulation tests in the Soultz-sous-Foréts geothermal reservoir, large fracture
zones gathered more than 20 % of the fluid [Dezayes et al, 2010al. Along with the
dimension and geometry of a fracture, its surface and its filling are affecting its
permeability. Sausse and Genter [2005] found that hydrothermal alteration results in
smoothing of the fracture surfaces and prevents the channeling of flow inside the
fracture. The average porosity of the fresh standard granite is below 1 % [Genter et al.,
2000]. The porosity values measured for hydrothermally altered samples are often
higher than those of breccia and microbreccia. For altered samples, Genter et al. [2000]
determined porosities between 1.7 % and 25 % by mercury porosity measurements.
Altered plagioclase, which makes up to 40 % of the rock volume [Ledésert et al., 1999],
has porosities between 20 % and 27 %.

The filling of fractures with clay minerals in contrast can result in significant reduction
of the fault permeability, which can cause increased pore pressures and reduce the
frictional strength [Ikari et al, 2009]. The importance of hydrothermally altered zones
for fluid circulation was highlighted earlier by Evans et al. [2005b], who found that
permeability creation during stimulation of the well GPK1 was limited to the interior
of hydrothermally altered structures. Evans et al. [2005a] discovered that all fractures
in GPK1 whose permeability could be enhanced during stimulation show evidence of
shear.
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They analyzed flow logs and temperature logs for the GPK1 stimulations in order to
find primary permeable zones and those zones, which became permeable during
stimulation. The major findings of their study were: (1) Flow is switching between the
neighboring fractures of a fault zone, (2) Permeable fractures tend to be
hydrothermally altered, but shearing could damage fracture fillings and thus make the
fillings prone to be washed out and (3) Permeability creation/enhancement is focused
on cataclastic shear zones with hydrothermal alteration. On the contrary, gouging can
also lead to ineffective stimulation due to asperity indentation and clogging of
apertures.

3.3.4 OPERATION AND CONFIGURATION OF THE SOULTZ EGS

Since the start of the geothermal project in Soultz in 1987, scientists from various
countries are working on the exploration of the Soultz geothermal reservoir and on the
optimization of the power plant installations. Between 2000 and 2007, several
circulations, injections, and hydraulic and chemical stimulations were performed in the
four deep wells GPK1-GPK4. An overview of the stimulation and circulation activities
before 2010 is provided in Table 3-1.

The surface installations of the power plant were built up between 2007 and 2008 as an
Organic-Rankine-Cycle (ORC) power plant for production of electricity and heat.
Today, water is produced at ~175 °C and re-injected with ~70 °C, whereas the pumping
rate is between 25-35 1s'l. Heat from the working fluid is extracted by a tube bundle
heat exchanger and the net thermal power is 21 MW. The ORC cycle for electricity
production works with isobutane and an air cooling system. The inlet pressure at the
single level radial flow turbine is 1.9 MPa. With the current triplet configuration of
GPK2 as production well and GPK3 and GPK4 as injectors, around 2.1 MW electrical
power can be produced [Genter, 2014, pers. comm.]. A scheme of the ORC configuration
and the well trajectories in Soultz is presented in Figure 3-4. Figure 3-5 provides an
overview of the logs, which were available for this thesis.
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Table 3-1° Overview of the circulation and stimulation activities on the Soultz wells GPKI-4.
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Figure 3-4° Schematic of the current configuration of the Soultz geothermal power plant.
Electricity is produced with an Organic Rankine Cycle (ORC) using isobutane as working fluid.
Currently, GPK2 is used as production well and GPK3 and GPK4 are injectors. The
configuration of production and injection wells is flexible. The borehole trajectories are drawn to
scale and geometry, the power plant cycle is only schematic.
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3.3.5 CRITICAL PRESSURE

It is supposed in the Soultz reservoir that a large proportion of fractures is optimally
oriented in the present stress field and are therefore critically stressed [Cornet et al,
2007; Evans, 2005]. With the profound knowledge of the state of stress and the fracture
orientations derived from image logs in the Soultz geothermal reservoir, the Mohr-
Coulomb criterion can be used to estimate the critical pressure of fractures defined as
their distance from the friction line (see Figure 2-1):

(T—o0)

tan @

P=0-— (3-1)
where P is the critical pressure, ois the effective normal stress acting on the fracture,
7 is the effective shear stress acting on the fracture, cis its cohesion and ¢ the friction
angle. This relation derived from the Mohr-Coulomb criterion is used to calculate for
fracture families with certain orientations their respective critical pressure in the
stress field of their depth [Meller et al., 2012].
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Figure 3-6: Mohr diagram for the fractures in a 150m interval of GPKS3 in a depth interval ol
4500m to 4650m and the state of stress at 4650m.

The Mohr-circle plot of the fractures in the Soultz reservoir (Figure 3-6) shows that the
difference between Sy and Sz is small and the majority of fractures lies on the left side
of the circle, which means they are close to the failure line. A pressure increase in the
order of 10 MPa would shear a large proportion of the fractures, if a friction coefficient
between 0.6 and 1.0 is defined. These coefficients represent the upper and lower bound
for crystalline rock as defined from observations and laboratory tests [Byerlee, 1978;
Reches et al., 1992].
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Figure 3-7 shows the resulting distribution of the critical pressure in the well GPK3
between 4500 and 4650 m, which is obtained from the Terzaghi corrected fracture
density [7erzaghi, 1965]. The plot shows that a large proportion of fractures have
critical pressures close to 0 MPa indicating they are critically stressed. These results
are in accordance with studies from Cornet et al. [2007] and Evans [2005] who
identified a high number of fractures in Soultz, which are close to failure.

n of fracs

0 10 20 30 40 50 60 70 80 90
GPK3 - Critical Pressure [MPa] - [4500 m - 4650 m]

Figure 3-7° Distribution of the critical pressure in the depth interval of 4500 to 45660m of GPKS3.
A friction coefficient of 0.6 was used. Low values of P, are evidence of critically stressed fractures
that can shear due to small pore pressure changes.

With Mohr-Coulomb, the number of fractures prone for shearing upon applying a
certain stimulation pressure can be estimated for each well and depth section.
However, in order to do so, the frictional properties of the fractures have to be known.
The major challenge for such approaches is in the predefinition of a friction coefficient
and cohesion for all fractures inside the reservoir. As the fractures inside the Soultz
granite are affected by various grades of hydrothermal alteration (chapter 3.3.2),
studies by Zoback et al. [2012] and Tembe et al. [2010] suggest that fractures with
different alteration grades have different friction coefficients while friction is
decreasing with increasing clay contents. In order to discriminate between fractures of
different alteration grades (and hence friction), a tool is required to localize
hydrothermal alteration zones and to identify clay inside fractures. The identification
of hydrothermally altered zones to create an improved model of the critical pressure in
Soultz was the incentive of the following chapters.
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4 THE APPLICATION OF A NEURAL NETWORK
TO MAP CLAY ZONES IN CRYSTALLINE
ROCK

This study has been published in Geophysical Journal International.

MELLER, C., A. GENTER, AND T. KOHL [2014]. The application of a neural network to
map clay zones in crystalline rock. Geophys J Int, 196 (2), 837-849, doi:
10.1093/gji/ggt423.

ABSTRACT

The appearance of clay in fractures is an important issue of applied geoscience as it not
only affects the stability but also the flow paths through rocks. Forming a link between
hydraulic, geochemical and mechanical processes, clay structures need to be thoroughly
investigated. The growing importance of clay for waste disposal, petroleum research,
geothermal exploration, and geotechnical engineering necessitates tools to find and to
characterize clay structures and clay minerals indirectly from geophysical measuring
methods. Particularly, there is need for a technique enabling to map clay-rich zones
from geophysical well logs acquired on-site in order to assess the mechanical and
hydraulic properties of rocks. In the present study we present a neural network based
method to map clay bearing fracture zones in crystalline facies. The study has been
performed on the basis of geophysical and geological data acquired at the geothermal
site of Soultz-sous-Foréts (France), in the granitic reservoir. A neural network was
trained on geophysical logs from the fully cored exploration well EPS1. Calibration of
the network was done on reference logs derived from the drill core. The effective
calibration enabled the creation of synthetic clay content logs, which predict the clay
amount in fractures along the well with >74 % accordance with a reference log.

High clay contents could be located in faults, on which aseismic movements have been
identified. The validation of this relationship destines the synthetic logs to help
identifying potentially weak zones from geophysical logging methods. With application
on non-cored wells, this tool can become a powerful means for assessing the probability
of aseismic movements on faults caused by the presence of clay and estimating the
hydraulic properties of fractures.
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4.1 INTRODUCTION

4.1.1 THE IMPORTANCE OF CLAY IN APPLIED GEOSCIENCES

Clay bearing structures are of major importance in applied geoscience. A peculiarity of
the material is the linkage between geomechanical, hydraulic and geochemical
processes. In terms of geomechanics, clay is both a blessing and a curse. Commonly,
clay structures in sedimentary rock are of major interest for the safe storage of waste
deposits [e.g. Cho et al, 2010]. Due to its flexible structure, clay can enclose dumped
material and seal it from the environment. Therefore, clay formations are regarded
particularly suitable for nuclear waste disposal. Contrary, the soft behavior of clay can
be problematic, if its appearance lowers the structural stability of reservoirs, boreholes,
slopes or fundaments [e.g. Cappa and Rutqvist, 2012; Koleini et al., 2012; Mokni et al.,
2012].

However, clay does not only appear as a sedimentary rock structure, but it also plays a
major role as a geochemical alteration product of certain minerals. As such, it appears
e.g. in fractured rock, where the appearance of clay minerals on fracture surfaces can
hamper the migration of fluids along flow paths [e.g. Velde, 1977]. As clay plays an
important role as a host rock for oil and gas as well as for the migration and retention
of hydrocarbons, especially the hydrocarbon industry has put major efforts into the
investigation of clay minerals and structures and into techniques for their localization
le.g. Titov et al, 2010]. Clay mineral identification and localization requires a large
variety of geophysical and laboratory methods. As such, geophysical borehole logging is
broadly applied using radiometric or electric methods like resistivity logs or induced
polarization, neutron scattering and gamma ray logs. Due to their clear signature on K,
Th, U logs, clay is often used for stratigraphic correlation in sedimentary rocks, but the
complexity of crystalline rocks requires new methods of clay identification and location
in the subsurface. The present paper focusses the importance of clay for crystalline
geothermal systems.

4.1.2 CLAY IN CRYSTALLINE GEOTHERMAL RESERVOIR ROCKS

The heat stored in the crystalline basement rock is considered to be the major
geothermal resource in wide areas [Kohl et al, 2005]. Faults and fractured systems in
crystalline rocks present hydraulic pathways for hydrothermal fluids. Enhanced
Geothermal Systems target fractures to efficiently produce and inject geothermal brine.
Because of their high permeability and heat supply, fractured crystalline settings
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provide ideal conditions for their exploitation as geothermal reservoirs and the
production of heat and electricity [e.g. Genter et al., 2003].

For EGS both, the presence of hydraulic pathways and the mechanical behavior of a
reservoir are of major importance for the success of hydraulic stimulation and the
operation of a power plant. The permeability of a reservoir is one of the limiting factors
to the production and injection flow rates. Permeability is not only affected by the
dimension and geometry of the fracture, but also by its surface and its filling. The
appearance of fractures filled with clay minerals remarkably decreases the
permeability of a geothermal reservoir. The hydraulic properties of a fracture play also
an important role for the appearance of large earthquakes during hydraulic
stimulation [Charléty et al., 2007].

“Fracture” is a generic term describing a natural discontinuity without visible
displacement. It corresponds generally to small-scale discontinuities. At Soultz, many
individual fractures were observed and measured from the cores of the EPS1 well [e.g.
Genter and Traineau, 1992; Genter and Traineau, 1996] in which we conducted our
study. They analyzed 800 m length of granitic cores and a full structural
characterization was conducted. On core, small-scale fractures were systematically
filled by carbonates, chlorite, iron oxides, epidote or sulfides mainly. Fractures are
mode 1 (opening) fractures. The term fault defines a natural discontinuity with a
significant off-set. On the cores, it was possible to identify faults due to the occurrence
of striations, off-set or other structural criteria [Genter and Traineau, 1996]. Faults
were generally filled by secondary hydrothermal minerals such as geodic quartz,
carbonates, barite and clay minerals (illite). Faults are mode 2 (shearing) fractures.
The concept of fracture zone is also used in this study. It corresponds to a spatial
concentration of both fractures (Mode 1) and faults (Mode 2) visible at core scale
associated with a significant hydrothermal alteration and the appearance of clay
minerals [Genter et al., 2000].

Clay minerals inside fractures are formed during alteration of the reservoir rock
fostered by the circulation of geothermal brine throughout the history of the reservoir.
In fractures of igneous crustal rocks the dissolution of primary minerals and the
crystallization of clay minerals are the most significant and the most common fluid-
rock interactions [Meunier, 2005]. The most common geochemical reactions are the
alteration of silicates into trioctahedral illite and smectite or dioctahedric chlorite.

There are also other processes observed like the recrystallization of phengite and an
illitization of previously formed clay minerals. Along with the prevailing stress field
and the structure of a reservoir, these processes are supposed to considerably affect the
strength of crystalline rock [Valley and Evans, 2006] and thus change its mechanical
behavior. Janecke and Evans [1988] found for example that under certain temperature-
pressure-strain rate conditions altered feldspars behave ductile instead of brittle in an
altered shear zone in southeastern Arizona.
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Tembe et al. [2006] tested the mechanical properties of cuttings from the SAFOD
borehole in central California. They prepared the samples as artificial gouge on
granite/sandstone forcing block containing sawcuts. With triaxial frictional sliding
tests a profile of the friction coefficient along the borehole was obtained. Samples
containing clay minerals had a considerably smaller friction coefficient than quartzo-
feldspathic rocks. As together with the laboratory setup many sample preparation
parameters could have affected the measurements, it is questionable, if the obtained
data is transferable to in-situ scales. Duebendorfer et al. [1998] suggest alteration
processes as an origin of aseismic shortening in Southern California. Some other
authors also found evidence that the presence of clay in fractures as gouge plays an
important role for the occurrence of aseismic movements on fault zones and fractures
le.g. Dolan et al., 1995; Schleicher et al., 2006b; Wu et al, 1975]. Due to their major
importance for reservoir mechanics and in order to be able to plan effective stimulation
while mitigating the risk for large earthquakes., it is desirable to be able to map in a
geothermal well potentially weak zones correlated with the appearance of clay
minerals.

Present approaches to locate weak zones in a reservoir often use P- and S-wave
velocities le.g. Freund, 1992] or electrical tools [e.g. Titov et al, 2010]. One shortcoming
of the seismic approach is the low resolution, which makes it impossible to map clay-
zones in the scale of few meters. Moreover, the impedance contrast between fractured
crystalline rock and clay-bearing fractures is not large enough to differentiate between
them both. The identification of clay from electrical logs is difficult, when (conductive)
hydrothermal waters fill the reservoir pores or when Fe- bearing minerals occur in the
rock matrix. As a consequence, one must always use several log types for
interpretation. Unfortunately, they are not always available. Therefore, the goal is to
be able to characterize clay-bearing zones based on standard geophysical data. The
evaluation of complex interaction between manifold parameters makes it necessary to
find a method, which is able to deal with multidimensional input data, to reduce its
dimension and to extract the desired information.

With the present study, a characterization of the clay distribution along a borehole
using geophysical logging data is performed. We introduce a tool for the detection of
clay in wellbores on the basis of various geophysical logging techniques. With the help
of a neural network analysis (NNA) applied on radioactive log profiles and fracture
density curves, synthetic clay content logs (SCCL) are created for geothermal wells in
Soultz-sous-Foréts (Alsace, France). After a rough review of the available data,
reference clay content logs (index-SCCLs, iSCCLs) are created from core data of the
investigation well EPS1. These logs are reference datasets, which represent the real
clay content inside faults of the granite derived from core analysis. The neural network
is then trained on the logging data of the well based on information from the iISCCL.
The network is calibrated and different input parameters are tested in order to find the
configurations that yield the best result. Finally, the benefit of the present results on
the estimation of reservoir hydraulics and geomechanics is discussed.
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4.2 THE GEOTHERMAL SITE IN SOULTZ-SOUS-FORETS

4.2.1 GEOLOGY AND ALTERATION PROCESSES

The geothermal site in Soultz sous Foréts at the western boundary of the Upper Rhine
Graben is a multi-well system with the two injection wells reaching a depth of 5100 m
(GPK3) and 3600 m (GPK1) respectively and the production well reaching 5080 m
(GPK2). Two more wells were drilled to 5260 m (GPK4) and 2230 m (EPS1) depth
respectively. The elaborately investigated pilot well EPS1 will be of major importance
for this study.

The reservoir rock is an intrusion of a post-tectonic Variscan monzogranite overlain by
a sedimentary cover of 1400 m thickness. The mineralogical composition of the granite
is mainly characterized by large K-feldspar megacrysts in a matrix of quartz, biotite,
plagioclase and amphibole. Accessory minerals are titanite, apatite and magnetite
[Genter and Traineau, 1991]. During the multi-phase tectonic history of the opening of
the Upper Rhine Graben a pronounced fracture network formed in the granitic rock.
Simultaneously, several stages of fluid inflow can be reconstructed [Schleicher et al.,
2006al, during which primary minerals have been dissolved and secondary mineral
phases precipitated. The earlier propylitic alteration is a weak isochemical alteration of
the granitic matrix without a change in the granite texture. It incorporates the partial
transformation of biotite and hornblende into chlorite, the replacement of plagioclase
by illite and the formation of hydrogarnet and epidote within the granite. The second
alteration, superposing the earlier stages involves strong chemical and textural
changes mainly in and in the vicinity of fractures. In some altered zones, quartz,
biotite, plagioclase and hornblende are totally dissolved [Ledésert et al, 2010]. The
precipitations in veins contain secondary quartz, barite, illite, carbonates, iron oxides,
and locally illite-smectite and chlorite-smectite mixed-layered minerals [Genter et al,
2000; Schleicher et al, 2006a].

The fractured zones in the Soultz granite have a specific structure, which can be seen
in Figure 4-1. Around the quartz vein, which often seals the center of the fracture, a
distinct zonation is observed. In the brecciated and cataclased zone, the original
structure of the granite is lost and hydrothermal alteration has transformed feldspars
or biotite into clay minerals. Depending on the respective minerals that have formed,
the granite becomes greenish in the case of chlorite or epidote, reddish, if hematite has
formed or yellowish if the dominating clay mineral is illite [Genter et al., 2000]. This
velin alteration is significantly changing the mechanical and structural properties of the
rock. Along with the mineralogy the physical parameters like porosity, bulk density
and P-wave velocity of the rock change [Ledésert et al., 2010].
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Valley and Evans [2006] found from laboratory measurements that the uniaxial
compressive strength of the granite is lower for samples showing vein alteration. These
altered zones are therefore of major interest in terms of rock mechanical properties.

Clay
Minerals 14 20cm al

bt ¥

~ Altered i Sl Cataclased S Brecciated
Granite 2SNl Granite SEEEEN Granite

Figure 4-1° The zonation of an altered fault. Unrolled photograph of the EPS1 core K195, at 2156
m depth (top). The picture represents a scanned core, which means that planar Iines become
sinusoidal if they cut the core at an angle, which is not horizontal. Clay minerals occur mainly in
the zone of hydrothermally altered granite, but they can also occur in the remaining zones. Two
consecutive horizontal lines represent 20 cm

4.2.2 THE SOULTZ LOG DATABASE

During many years of scientific research at Soultz, a huge database of logging data,
research results and scientific publications has been accumulated for the geothermal
wells [Genter et al, 2010]. The five wells have been logged with different logging
techniques. Some of them cover the whole wells, but many of them are only available
for intervals. The 2227 m deep well EPS1, located 40 m to the northeast of the GPK2-4
wellheads, has been fully cored from 930 m depth. The core covers 487 m of sandstone
and 810 m of granite. Because of this unique data record, the well EPS1 plays an
important role in the following analysis although it is not part of the multi-well
geothermal production. The top of the granite is at about 1400 m.

38|



THE APPLICATION OF A NEURAL NETWORK TO MAP
CLAY ZONES IN CRYSTALLINE ROCK

The sedimentary cover will not be part of this study. There are different logs available
for the five wells. An overview is given in Figure 4-2. Most log types have been
conducted in the shallowest well EPS1 as this was intended to be an investigation well.
The deepest wells GPK3 and GPK4 have only been logged by the standard logs, i.e. the
spectral gamma ray, which incorporates the standard gamma ray (SGR), the potassium
(K), thorium (Th) and uranium (U) logs. The borehole wall has been investigated by
Ultrasonic Borehole Imager (UBI) logs. Therefore, SGR, K, Th, U, image logs, and the
caliper are the only logging data available for all five wells.

. BHTV | 1400 2230
EPS1TD: 2230m caliper | 1396 2218
core 2127
deep, medium, shallow resistivity, deep induction | 1378 == 2215
density | 1420 2222
SGR 1420 — 2222
K, Th, U | 1420 e—— 1980
neutron 1799 2222
sonic travel time, vs, vtube | 1400 1998
SP | 1370 ==t 2013
temperature 2190
GPK1 TD: 3580m caliper | 1408 3578
density | 1425 3578
FMI 1959 3564
FMS | 1420 1994
SGR, K, Th, U 1443 3576
neutron 1425 =t 2006
photoelectric factor, T 1425 3578
deep resistivity, shallow resistivity 1427 2013
SP, microresistivity | 1370 == 2013
UBI 1947 3552
sonic travel time, vs, vstonely, poissons ratio | 1401 1998
GPK2 TD: 5084m SGR, K, Th, U 2001 4516
radius 3192 4632
resistivity 3492 4512
UBI 1435 3868
sonic travel time, vs, vtube, poissonsratio, T | 1419 3724
) echo amplitude 1445 4542
GPK3 TD: 5091m magnetometer 1445 5091
radius |-1396 5033
SGR, K, Th,U | 1396 5033
temperature 1445 5091
transittime 1445 5091
uBl 1453 5091
. magnetometer, T 1446 5260
GFK4 TB: 5260m radius 1446 5165
SGR, K, Th, U 1446 5051
UBI 1454 5250

Figure 4-2: Overview of logs available for EPS1. BHTV=Borehole Televiewer, SGR = Standara
Gamma Ray, FMI = Fullbore Formation Micro Imager, FMS = Formation Micro Scanner
(resistivity), T = temperature, echo amplitude = amplitude of reflected acoustic signal, vs = shear
wave velocity, vtube = tubewave velocity, SP = Spontaneous Potential, UBI = Ultrasonic
Borehole Imager, vstonely = stonely wave velocity.
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4.3 FIRST DATA ASSESSMENT

Because of their various physical and chemical properties, clay minerals can be
identified from geophysical borehole logs (after Ellis and Singer [2007]):

- Resistivity logs are sensitive to the structurally bound water inside the clay
layers or on the surface of clay minerals.

- The neutron porosity log is sensitive to hydrogen contained in water molecules.

- Gamma ray logs identify abundances of radioactive isotopes included in the
structure of clay minerals. Illite for example has a high K-content,
montmorillonite integrates Th.

As the occurrence of clay minerals is strongly correlated with the vein alteration, one
would expect higher clay content and consequently higher SGR values with increasing
alteration grades. Vein alteration occurs mainly on big fractures or on zones with a
high fracture density. In order to further investigate this correlation, a fracture density
log for EPS1 is computed. This is achieved by counting the fracture density along the
well in a sliding window of 1 m length and a sampling rate of 0.1 m. The limitation for
fractures larger than the sampling rate is overcome by counting them also in the
neighboring interval. For calibration purposes, EPS1 is especially suited as data can be
directly be derived from the core. The fracture fillings have been determined and a
synthetic clay content log (SCCL) for the density of clay filled fractures was computed
for EPS1. Henceforth, this log will be referred to as Index-Synthetic Clay Content Log
(Index-SCCL or iSCCL). Following, the granite is subdivided into 5 groups of different
alteration grades in order to investigate the relationship between alteration (.e. clay
content) and SGR values (Table 4-1).

Table 4-1- Classification of the different Iithologies into five qualitative alteration grades visually
described from cutting analysis [Genter and Tenzer, 1995/,

alteration grade description of lithology from the litholog (cuttings)

0 — fresh granite porphyritic granite, biotite-rich granite, K-feldspar megacrysts,
kalifeldspar-rich granite, xenolith, K-feldspar cumulate,
microgranite, two-mica granite, hematized granite, leucogranite
and propylitized granite

1 —low alteration | Poorly hydrothermalized granite and altered porphyritic granite

2 — moderate moderately altered granite and cataclased granite
alteration

3 — highly altered | highly altered granite, breccia and crushed microbreccia

4 — extremely extremely altered granite, quartz vein, protomylonite, mylonitised
altered granite and fracture zones
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Previous assumptions regarding higher SGR values with increasing clay content and
higher alteration grade cannot be verified easily (Figure 4-3). The computed Index-
SCCL is plotted versus the SGR data of EPS1 and the alteration grade is illustrated
color-coded. The effect is probably caused by various primary minerals in the granitic
matrix like biotite or K-feldspar, which can also incorporate radioactive isotopes. This
makes it necessary to use the whole gamma spectrum of K, Th and U logs and to find a
method to resolve the complex interaction of granitic matrix and clay minerals from
these multidimensional logging data.
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Figure 4-3 Crossplot of the clay-filled fracture density counted from the EPS1 core vs. SGR. The
color of the dots represents the alteration grade of the host rock. There is no correlation visible
between the clay content, alteration grade and the SGR counts. The vertical lines occurring
between 0 and 1 fracture per meter are artifacts of the 0.1 m precision of the clay-filled fracture
density calculation.
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4.4 BACKGROUND AND METHODOLOGY

The neural network analysis is a method, which has proven itself in the application on
multidimensional data in many fields. It is for example a common method in face
recognition le.g. Lawrence et al, 1997] or in image processing le.g. Cochocki and
Unbehauen, 1993], but it has also been used for geological tasks. In geological context,
it has among others been applied for earthquake prediction [4/ves, 2006]. Alves used a
tool originally developed for financial analysis and applied it on the seismicity
occurrence of the Azores. With this method, he successfully predicted the July, 1998
and the July, 2004 earthquakes. Singh [2005] applies an NNA on conventional logs like
gamma ray, neutron and density logs for the porosity/permeability prediction of the
Uinta Basin. Maiti et al. [2007], Chawathe [1994], Nikravesh [1998], Benaouda et al.
[1999], Baldwin et al. [1990] and Rolon et al. [2009] use the NNA technique for facies
prediction in different geological settings. Their works have in common that the NNA
technique is used for the creation of synthetic logs for wells, where measurements are
missing. More specifically, Rolon et al. [2009], Ayala Marin and Garcia-Yela [2010],
Dingding et al. [2006] train the network on wells, for which all desired logs are
available and create synthetic logs by applying it on wells, where the data is
incomplete. The obtained logs can replace real loggings, which cannot be measured as a
consequence of low budgeting or technical reasons. An overview of the applications of
NNA in the petroleum industry is given by Ali [1994]. To our knowledge this study is
the first application to use NNA for the detection of clay zones and the estimation of
the amount of clay minerals in altered igneous rock for geothermal purposes.

Because of its flexibility and versatileness, the application of a neural network is suited
to meet the challenge of identifying complex correlations between wall rock and
measurements in multidimensional geophysical logging data. In this section the
different aspects, which make the neural network suitable for the problem of
identifying clayey fracture zones, are explained.

For the present study the Schlumberger Software Techlog64 (version 2011.2.1) is used.
The Techlog software package allows handling and interpreting a multitude of multi-
well data. In addition to common statistical methods the software provides the
possibility to evaluate logging data with more complex approaches like the neural
network analysis called /PSOM.

Basically, a neural network consists of an input and an output layer of numerous units
called neurons. Each neuron is able to receive process and transmit information. While
connected, input-units receive signals from the environment and output-units pass
information to the environment. The kind of connection between these units is
manipulated by weights, which control the transmission of information.
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The weights can be positive and negative and they can be of various magnitudes. Thus,
the input of a neuron depends on the output or activity of the connected neurons and on
the weight between them.

For our study, the Kohonen-algorithm [Kohonen, 1984] is used. This algorithm works
with a self-organizing map (SOM), which is a two-dimensional representation of the
multidimensional network. It helps understanding, how data is organized and it allows
basic manipulations of the computed network. The computing of the SOM consists of a
training phase, where the network analyses the given input, and a propagation phase,
where the acquired knowledge is tested.

Figure 4-4: The neural network analysis with a Kohonen map from the input log (a) to the
synthetic log (d). In detail: (a) Input logs give their information to the input neurons (empty
circles) and the input data is classified in a map according to close patterns. (b) The weights
between input and output neurons (colored circles) are adjusted and the network unravels. The
nodes can be illustrated on a 2D SOM. (c) The indexing dataset controls the clustering of the
nodes. Each node is assigned to a certain group (illustrated by the different colors). (d) The
network identifies similar patterns in the application dataset and assigns them to the groups
given by the index.

In the training phase, the input logs are classified, i.e. each neuron is assigned
different patterns of log response (Figure 4-4a). Initially, the weights between the
neurons are arbitrarily chosen. Then, the network selects an input vector and the
activity of the output-neurons is calculated. The unit, which is most excited, is the one
with the closest properties and the minimum distance to the input pattern.

Then, the weights to this unit are adjusted in a way that the input vector is better
approximated (Figure 4-4b). The same, but in a weaker form, happens to the
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neighboring units. The learning parameter, which determines, how much the weights
are changed, is reduced after each cycle, so that the changes to the weights become
smaller and smaller. This process is repeated until the predefined number of iterations
is reached. If the number of cycles is large, the changes become continuously smaller,
and the network approaches a stable state.

First, the network learns how the petrophysical properties and the reference
classification (index) are correlated; this is the so-called supervised mode. In order to
create synthetic logs representing the groups of the index-log, the nodes of the SOM
have to be assigned to the respective index groups. This process is called the indexation
of the map and it is done with the minimal distance method. Each pattern identified in
the log corresponds to a certain index group given by the reference log. Nodes with
similar properties are assigned to the same group, if the distance between the
properties of the node and the group is minimal. Thus, each node of the SOM is
assigned to the index node with the closest properties. The result of this process can be
directly seen on the two-dimensional map (Figure 4-4c), where the different groups are
represented by different colors.

In the following propagation phase, the knowledge of the network stored in the weights
of the neurons is tested in order to check its quality. Herein, this is achieved by
applying the network on the input data and comparing it with the index log, which was
initially given as a basis for learning. With application of the trained network on itself,
patterns in the logs are grouped into neurons assigned to the group of the respective
index neuron (Figure 4-4d). By comparing the resulting log of the propagation phase
with the index log, wrongly assigned units can be corrected and the result of the
created synthetic log can be improved.

Among the parameters which affect the performance of the Kohonen map, are the
number of iterations, the radius and the algorithm of the neighborhood function, the
learning parameter, the size of the SOM, and the dimension of the network. The
number of neurons should be adapted to the data. It should be considerably smaller
than the number of input samples in order to achieve a proper learning and indexation.
The number of iterations should be high enough for the network to converge to a stable
state during the learning process. Kohonen [2001] suggests that the number of
iterations should be at least 500-fold the number of output units. These parameter-
effects will be discussed in the following section.
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4.4.1 METHODOLOGY FOR THE IDENTIFICATION OF CLAY-
BEARING FRACTURE ZONES USING AN NNA

Training of the NNA on the Reference Logs of EPS1

In the learning phase, the network is trained on the gamma ray logging data and the
core fracture density log. The NNA is tested with SOM sizes of 10x10, 15x15, 20x20,
and 25x25 nodes. After Kohonen [2001] the iteration numbers should then be at least
50'000, 112'500, 200'000, and 312'500. In this study, 120'000, 1'000'000, 3'000'000
respectively 5'000'000 cycles are applied and their results are compared in order to find
optimum settings. The result of the learning process is a map of nodes with each of
them representing a spectral composition of SGR, K, Th, U, and fracture density data.
Following, the nodes are indexed according to the Index-SCCL log. This way, the
neurons of the map are categorized into five clay content groups (corresponding to 0-
20 %, 20-40 %, 40-60 %, 60-80 % and 80-100 % of the maximum Index-SCCL value and
numbered from 1 (low density) to 5 (maximum density)). In the following propagation
phase, the result will be processed in order to improve the correlation between the
index and the modeled log. The procedure will be explained in the next chapter.

Testing the Quality of the Network by i1ts Application on the Input Data

The processing of the NNA is necessary to reassign nodes to the proper facies, which
have been wrongly indexed. This is done in the propagation phase, where the network
is reapplied on the input data to compare the reference log with the synthetic log.
Improvement of the results is done manually by working on the SOM, on a two-
dimensional representation of the network, the spectra for the index groups and the
model log. As an example, the procedure is explained for an NNA with 100 nodes
(Figure 4-5).

Manual processing is necessary to avoid misinterpretations caused by influences of the
rock matrix, but it has to be thoroughly decided, which combinations of log intensities
show clay and which are caused by the granitic matrix. Different clay minerals, which
have miscellaneous characteristics, excite different log responses that are mixed with
the influence of the host rock. Therefore, the matrix lithology has always to be
considered before reassigning a node.
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Index-SCCL SCCL

10 x 10 SOM

Figure 4-5: Self-organizing map- Each square of the map represents one node. Each node of the
SOM reflects a specific spectral composition, which is displayed as a pie chart. The size of each
portion is related to the intensity of the log response. The node color represents the respective
ISCCL group. Dots on the spectra of each square represent samples that define a node. The
closer the dots are to the center of the square, the closer their properties are to those of the index
node. During processing the node responsible for the classification of a specific depth to one of the
5 clay content groups can be displayed. The corresponding node is marked with a white circle in
the SOM and the depth interval is highlighted in light blue. By comparing for each group the
probability to fit a node, poorly defined nodes can be redistributed to a different group.
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4.5 RESULTS

The resulting SCCLs for different SOM sizes agree closely with the Index-SCCL
(Figure 4-6). The synthetic log for the map size of 25x25 nodes provides the best
results. The synthetic clay log named SCCL 25x25 presented in Figure 4-6 was created
with a SOM of 625 nodes using 5'000'000 iterations for the network training.

Table 4-2: Percentage of depth intervals of the SCCL deviating by varying degrees from the
Index-SCCL (rounded values). No deviation means that the SCCL matches the Index-SCCL i.e.
the prediction of the SCCL is correct.

deviation from | depth
Index-SCCL intervals
none 74.3%

1 group 16.4%

2 groups 5.6%

3 groups 3.1%

4 groups 0.6%

To quantitatively analyze the quality of the modeled log, the percentage of correctly
determined index groups is calculated. The model provides a great accordance with the
index (Table 4-2). A major portion (74.3 %) of depth intervals has been correctly
assigned and 90.7 % of the depth intervals deviates maximum 1 group from the index.

The network cannot only reconstruct the largest densities of clay-bearing fractures, but
it is also able to assess their quantity (Figure 4-6). The upper zone of high clay content
and fracture density between 1400 m and 1540 m is characterized by the formation of
clay minerals from feldspars and a superposition of paleo-weathering. The medium
part between 1540 m and 1980 m penetrates porphyritic granite of different alteration
and fracturation grades, while all gamma ray logs are available. The big fracture zone
between 1620 and 1640 m, at 1660 m and at 1700 m depth are very well reconstructed
in the SCCL. Even for the paleo-alteration zone at the top of the granite to a depth of
about 1550 m, where logs are sometimes very sensitive to the various alteration
products, the model shows great accordance with the Index-SCCL.
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Figure 4-6: SCCLs for various SOM dimensions for EPS1 and the input logs SGR, K, Th, U,
normalized core fracture density and the Index-SCCL. The fracture density and the Index-SCCL
have been computed from core data and serves as a reference. The SCCL are the logs modelea
using a SOM with different sizes. Accordance between Index-SCCL and SCCL- 10 x 10: 62.9 %,
15x 15°66.2 %, 20 x 20° 69.9 %, 26 x 25° 74.3 %.
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The quality of the SCCL is not the same for the prediction of clay groups 1-5 (Figure
4-7). The diagram shows for each iSCCL group the respective predicted group. The pie
chart illustrates the sum of depth intervals covered by the respective groups. The
prediction is most accurate for group 1 where the clay-filled fracture density is low
(Figure 4-7 (left)). If group 1 has been determined from core data, for 87 % of the
respective depth intervals this group is really predicted by the SCCL. The prediction of
group 2 1s more uncertain and it is to 31.5 % misinterpreted as group 1. For the
interpretation of the statistics it is also important to consider the decreasing number of
depth intervals for higher density of clay-filled fractures. Even though the correct
amount of clay is not in all cases properly determined, the deviations of the predicted
model groups from the real ones are mostly only by one group, that is no more than
20 % more or fewer total clay content. So, the present model can distinguish between
clay-filled fractures and fractures without clay. For the purpose of mapping potentially
weak zones, this is a prerequisite.
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Figure 4-7° Left: The graph shows for each Index-SCCL group belonging to a depth interval,

which group is predicted by the model. The numbers inside the bars give percentage for each
group rounded to one decimal. Right: The figure shows for each group the total depth covered.
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Figure 4-8° Comparison of the clay model with other measured logs (Iithology, neutron, short
normal resistivity (SN), spontaneous potential (SP). The intervals (a), (b) and (c) marked with
the red rectangle are zones, where the model predicts too much clay (rectangle (a)) or too little
clay-(rectangles (b) and (c)). In the lithology log, red intervals are standard granite, yellow is
biotite-rich granite, light-blue is kalifeldspar cumulate, purple is xenolith, green is
hydrothermalized granite.
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4.6 DISCUSSION

4.6.1 ORIGIN OF DEVIATIONS FROM THE ISCCL

The largest clay-bearing fracture zones and the zones without clay can be reconstructed
very well. Smaller zones are not fitted by the model. Examples for such zones are
shown in Figure 4-8. In some intervals, the model predicts more clay-filled fractures
than there are (Figure 4-8a). One reason for that is in the granitic rock matrix. The
mentioned interval lies in a kalifeldspar cumulate (light-blue interval in the lithology
log) with a naturally high K content. Therefore, the SGR and K readings of this zone
are increased and the NNA interprets this as enrichment in clay minerals.

In a few zones the predicted density of clay-filled fractures is lower than it is observed
in the core (Figure 4-8b). The respective interval is in xenolithe, which possibly gives a
different background signal than the standard granite and thus leads to an
overestimation of the clay-fracture density. However, in some zones, where we observe
such behavior (e.g. Figure 4-8c), the input data are incomplete. If one or more of the
gamma ray logs is missing, the indexation is difficult and the prediction of the model
has to be carefully assessed.

4.6.2 THE SENSITIVITY OF THE NNA CONFIGURATIONS

Depending on the NNA configurations, the result of the model may change. In order to
test the influence of the different parameters, the network was run several times using
different numbers of nodes and clay groups. The results are discussed below.

The models for SOM sizes of 10 x 10, 15x15, 20 x 20 and 25 x 25 maps are compared in
order to investigate the effect of a higher number of nodes. The respective SCCLs are
shown in Figure 4-6. Sizes larger than 25 x 25 are physically not reasonable as the
number of input samples is too small to guarantee a proper learning and indexing.
Using a higher number of nodes improves the resolution of the data and it gives the
possibility to better assign the log responses to different groups (Table 4-3). This way,
small nuances between index groups and nodes can be better captured. Figure 4-6
compares the logs modeled with different SOM sizes. The resolution and the quality of
the logs increase with increasing number of nodes (larger map). This is also confirmed
by the statistical evaluation of correctly determined depth intervals (Table 4-3).
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Table 4-3° Comparison of the percentage of correctly modeled clayey fracture density groups for
different input parameters of the NNA. The learning phase span 5'000'000 iterations.

Parameters Ex. 1 Ex. 2 Ex. 3 Ex. 4 Ex. 5 Ex. 6
size of SOM 10by 10 |15by 15 [20by 20 |25 by 25 |25by 25 |25 by 25
number of clay |5 5 5 3 5 10
groups

correctly 62.9 % 66.2 % 69.9 % 84.2 % 74.3 % 50.0 %
determined

intervals

nodes : samples | 1:33 1:15 1:8 1:5.3 1:5.3 1:5.3

For the present model, five clay content groups (0-20 % to 80-100 % of maximum clay-
bearing fracture density) are used. Using more groups makes the processing of the
model a lot more complicated and the model is worse than for the model with only five
groups. Only 50 % of the depth intervals can be correctly modeled by using 10 clay
content groups. One reason for that is that the number of samples which are the basis
for the definition of an index group is much lower (down to 3 samples) and no more
representative. Furthermore, the sampling rate of the logs sets a limitation to the
depth intervals belonging to the same clay content group. They are often as small as
0.25 m. When comparing this to the sampling rate of 0.15 m for gamma ray logging,
such groups cannot be resolved from these logs as they are characterized by only one
sampling point. Therefore, it is not considered reasonable to refine the resolution by
using more index groups. A smaller number of groups (Ex. 4, Table 4-3) can improve
the correlation between index and model, but the resolution is worse and informative
value gets lost.

The NNA was run with different numbers of iterations. Different orders of magnitude
between 100'000 and 5'000'000 have been compared and the learning process of the
map been observed. At the beginning of the learning phase there are large changes in
the spectra defining the nodes of the SOM until a nearly stable state is reached. After a
sufficiently high number of iteration cycles, we can only observe very small changes in
the map. The large number of degrees of freedom for larger sized maps is reflected by
the required number of iterations. For the 10 x 10 map, the stable state was reached
after 500'000 cycles, for the 25 x 25 map we used 5'000'000 iterations. Although a
higher number of cycles also involves a longer computing time, it is better to use a
preferably high number of iterations. Otherwise, the neuronal network has not
completely adjusted to the input data and the result is neither representative nor
reproducible. For the present study the computing time was only few minutes, so we
could easily apply high numbers of iterations, but for larger datasets this could be an
important factor to consider.
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Compared to the minimum 312'500 iterations postulated by Kohonen [2001], a factor
10 higher number was used During the learning process we could observe that the
stable state for a 25x25 map was not reached at all after 312'500 iterations From this it
is obvious that the postulated minimum is really an absolute minimum to obtain
reproducible results but it is better to use a preferably high number of cycles and to
observe the learning process in order to find the optimum settings.

Because of its iterative learning character, the exact weight distribution of a neural
network can never be exactly reproduced in a further run. However, the resulting
models and statistics of different runs of the SOM are very stable. This is a big
advantage in the usage of NNA, as there are many ways to reach the goal. This is not
the case, if the number of iterations is chosen too small or if the number of nodes of the
SOM is not adapted to the input data. However, once the parameters are thoroughly
chosen and the network calibrated with a high number of cycles to reach the stable
state, the result will be approximately the same for each NNA.

4.6.3 THE BENEFIT OF FURTHER GEOPHYSICAL LOGS FOR
INTERPRETING SCCLS

In order to identify logs that are useful to assess the certainty of modeled clay-zones,
log responses in real clay zones in EPS1 are investigated. It is found that there is no
log, on which all clay zones can be identified. The peaks of resistivity logs, especially
the short normal (SN) log, often coincide with large amounts of clay (Figure 4-8). The
neutron log in contrast is sensitive to hydrogen atoms, which can be incorporated into
the structure of clay minerals, but appears also in water molecules of fluids. However,
peaks in the neutron log can only be observed in very large fracture zones with large
amounts of clay. Smaller zones are not seen, which is possibly due to their low
hydrogen content. From this log, we can only assess where the fractured zones are and
where clay is likely to appear. The spontaneous potential (SP) log is one of the best
indicators for clayey zones. Its peaks coincide with high clay amounts and the log
resolution is also very good (Figure 4-8). Also on this log not all clay zones can be seen
and unfortunately, we do not have neutron logs for the deepest wells. The effect of
using these logs as an additional input for the NNA is following discussed.

As they were sensitive to some of the clay bearing fracture zones, the NNA is run again
three times, each time adding the neutron log, the SP log and the shallow resistivity
log respectively to the original input. The addition of the SP log could improve the
correspondence between iISCCL and SCCL from 74.3 % to 78.0 %, while the SN log
improved it to 75.5 %. The neutron log in contrast could not improve the result. The
correspondence was only 61.1 %.
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One reason for that may be that the neutron log is sensitive to fractures in general, not
only to clay filled fractures. The SP and SN log however, are sensitive to the charged
elements of clay minerals and are thus better indicators for clay-bearing zones.
Unfortunately, these methods are not standard logging techniques anymore and might
not be available for other wells, on which a NNA should be applied.

4.6.4 APPLICATION OF THE NNA TO OTHER WELLS AND ITS
IMPLICATION FOR ROCK MECHANICS AND HYDRAULICS

By application of the trained network on GPK1-4, SCCLs are created for the remaining
wells. Comparing the SCCL of GPK1 (Figure 4-9) with data of large microseismic
events [Charléty et al, 2007] reveals the occurrence of large earthquakes in GPK3
between 4500 and 4600 m depth, where the clay content is predicted very low. We
observe brittle instead of ductile behavior, which might be fostered by clays, and
apparently the flow paths are permeable in this clay-poor zone. Otherwise, a pressure
sufficiently high to create large seismic events could not have built up.

MD SGR K Th U SCCL 25x25

meter | 150 gaPi 350 | 0 wit-% 10| 0 PPM 60| 0 ppm 15[0 5
— — S S

===

Figure 4-9: Section of the clay model for GPK1. Purple rectangle’ aseismic zone after Cornet et
al. [1997]. Rectangles with question marks might be also aseismic due to high clay content.
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Cornet et al. [1997] found that near the bottom of GPK1 there is a zone, where aseismic
movements took place on several fractures (Figure 4-9) after hydraulic stimulation of
the bottom hole section. GPK1 is cased down 2840 m depth. Below the casing shoe,
some clay is predicted, where Cornet et al. identified aseismic zones. In order to further
investigate the correlation between clay minerals in fractures, hydraulic properties and
aseismic creep, more detailed studies need to be conducted. Such studies might also
clarify, if the predicted high clay content zones (Figure 4-8) are also potentially
aseismic.

4.7 CONCLUSIONS AND OUTLOOK

A new methodology is presented, which can be used to predict the density of clay
bearing fractures along boreholes with very good accuracy. The network has been
trained on a dataset consisting of SGR, K, Th and U and fracture density logs derived
from image logs. The clay content data gathered from the EPS1 core served as a
reference log GSCCL). In order to obtain the best possible results the parameters of the
NNA have been selected according to the input data. The best results could be obtained
by choosing a SOM size of 25 x 25, which corresponds to a network with 625 nodes. A
number of 5'000'000 learning cycles was found to be sufficient for the network to
converge. The most significant limitations of the neural network have been found to be
incomplete logging data or a complex interaction between rock matrix and clay
minerals, which affects the gamma ray logs. In such intervals, which rarely occurred,
clay bearing fractures are missed by the model or clay zones are spuriously predicted
by the model. More than 90 % of the modeled intervals deviate maximum 20 % from
the core derived reference log and 74 % of the intervals maintaining clay-filled
fractures could be exactly reconstructed. Using additional logs like SP or resistivity
could improve the results, but they might not always be available. Other logs like
neutron could not improve the model, but they can be helpful for the interpretation of

the SCCL.

So far, clay-bearing facies could only be reliably mapped in sedimentary environments.
This neural network based technique makes it possible to locate clay-bearing zones also
in crystalline environments, where the contrast in physical parameters is not
sufficiently large to easily identify clay on well logs. The big advantage of this method
is that it only needs standard geophysical loggings and can thus be widely applied. The
resolution of the SCCLs depends on the resolution of the input logs only, so the
synthetic logs can see small clay-bearing fracture zones down to the decimeter scale.
Compared to the clay-localization using S-waves/P-waves or electrical logs (resistivity,
conductivity, SP) [Freund, 1992; Titov et al, 2010], the neural network based method
allows a semi-quantitative estimate of the amount of clay present.
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The SCCL of the non-cored well GPK1 showed clay-filled fractures in potential
aseismic zones and low clay content in intervals, where large microseismic events
occurred. The connection between the appearance of clay and the occurrence of
seismicity and aseismic movements makes the NNA a powerful tool to identify
potentially weak zones and hydraulic pathways. An application on the remaining
Soultz wells GPK2-4 might therefore be used as an indicator for reservoir mechanics
and hydraulic properties. The implication for clay-filled fractures on geomechanics and
hydraulic rock properties will be proven in future studies.

The flexibility of neural networks makes this technique easily applicable to all kinds of
environments and well logs. Therefore, it is not only interesting for geothermics but for
all applications exploring and using the underground.
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magnetic mineralogical investigations of drilled rock cuttings. Geophys J Int, 199 (1):
465-479, doi: 10.1093/gji/ggu278.

ABSTRACT

Clay minerals as products of hydrothermal alteration significantly influence the
hydraulic and mechanical properties of crystalline rock. Therefore, the localization and
characterization of alteration zones by downhole measurements is a great challenge for
the development of geothermal reservoirs. The magnetite bearing granite of the
geothermal site in Soultz-sous-Foréts (France) experienced hydrothermal alteration
during several tectonic events and clay mineral formation is especially observed in
alteration halos around fracture zones. During the formation of clay minerals,
magnetite was oxidized into hematite, which significantly reduces the magnetic
susceptibility of the granite from ferrimagnetic to mostly paramagnetic values. The aim
of this study was to find out if there exists a correlation between synthetic clay content
logs and measurements of magnetic susceptibility on cuttings in the granite in order to
characterize their alteration mineralogy. Such a correlation has been proven for core
samples of the EPS1 reference well.

Synthetic clay content logs were created from gamma ray and fracture density logs
using a neural network. These logs can localize altered fracture zones in the GPK1-4
wells, where no core material is available. Mass susceptibility from 261 cutting
samples of the wells GPK1-GPK4 was compared with the neural network derived
synthetic logs. We applied a combination of temperature dependent magnetic
susceptibility measurements with optical and electron microscopy, and energy
dispersive X-ray spectroscopy to discriminate different stages of alteration.

We found, that also in the granite cuttings an increasing alteration grade is
characterized by an advancing oxidation of magnetite into hematite and a reduction of
magnetic susceptibility. A challenge to face for the interpretation of magnetic
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susceptibility data from cuttings material is that extreme alteration grades can also
display increased susceptibilities due to the formation of secondary magnetite. Low
magnetic susceptibility can also be attributed to primary low magnetite content, if the
granite facies changes. In order to interpret magnetic susceptibility from cuttings,
contaminations with iron from wear debris of the drilling tools must be eliminated.
Provided that the magnetic mineralogy of the granite is known in detail, this method in
combination with petrographic investigations is suited to indicate and characterize
hydrothermal alteration and the appearance of clay.

5.1 INTRODUCTION

The experience of more than 10 years of water circulation and several hydraulic
stimulations in the geothermal reservoir of the geothermal power plant in Soultz-sous-
Foréts (France) showed, that, in contrast to other enhanced geothermal systems like
Basel or Landau [e.g. Catalli et al., 2013], the magnitude of seismic events induced by
circulation of fluids is rather low [e.g. Baisch et al., 2010]. A possible reason for this
behaviour is that clay minerals inside fractures can act as lubricants on fault zones and
promote aseismic instead of seismic movements as it is observed on the San Andreas
Fault [Moore and Lockner, 2013]. Due to their substantial effect on rock mechanics,
such clay rich fracture zones are of major importance for the characterization and
engineering of a reservoir. The objective of our study is the localization of these zones
using a correlation between magnetic susceptibility of granite cuttings and the
synthetic clay content logs and proving its reliability.

5.2 THE SOULTZ-SOUS-FORETS SITE

5.2.1 GEOLOGICAL SETTING

The geothermal project in Soultz-sous-Foréts at the western border of the Upper Rhine
Graben targets a granitic intrusion of Variscan age overlain by 1.4 km Cenozoic and
Mesozoic sediments. A porphyritic monzogranite hosts the geothermal reservoir and
extends to a depth of ~4800 m forming the main granitic body of the Soultz geothermal
system. It is characterized by large kalifeldspar crystals in a matrix of quartz,
plagioclase, biotite, amphibole and accessories of magnetite, titanite, apatite, and
allanite [e.g. Hooijkaas et al., 2006]. The reservoir rock has been penetrated by five
deviated wells with the deepest well reaching 5260 m measured depth (MD) and a pilot
well (EPS1), which has been completely cored to a depth of 2300 m.

58|



IDENTIFICATION AND CHARACTERIZATION OF
HYDROTHERMALLY ALTERED ZONES IN GRANITE

N S

VD
-Om
.
Cenozoic ’_ o

sediments SSEE
=T

Muschelkalk Sates

-1000m
Bunter Sandstone

Paleoalteration

F2
Porphyritic §

EP -2000m
granite
-3000m
Intensely altered
granite
GPK1

-4000m

Biotite/amphibole
rich granite

2 mica granite GPK2 GPK3 GPK4 -5000m

Figure 5-1° Overview of the trajectories of five deep wells at Soultz and the Iithological profile to
a depth of ~5000 m true vertical depth (TVD). Sketch is based on borehole trajectory data.

At 4800 m depth, fine-grained two-mica granite occurs hosting the second geothermal
reservoir. It is interpreted as a younger intrusion into the older porphyritic granite and
it contains primary muscovite and biotite while kalifeldspar is depleted [Hooijikaas et
al., 2006]. The well trajectories and the different facies are sketched in Figure 5-1. The
Soultz intrusions belong to the magnetite series [Ishihara, 1977], with primary
magnetite as the main carrier of susceptibility. Fresh granite contains ~1 wt-% multi-
domain magnetite with a grain size between 300 and 500 um. Magnetic susceptibility is
between 10 and 80 x 102 SI depending on the wt-% of magnetite [Just et al., 2004].

5.2.2 THE FORMATION OF CLAY MINERALS DURING
HYDROTHERMAL ALTERATION

Due to large-scale wrench tectonics and block rotations during the Cretaceous, large
fault zones were formed during the Variscan orogeny [e.g. Edel et al., 2013]. Such zones
provided pathways for fluids, which percolated large areas of the orogenic belt [e.g.
Guillou-Frottier et al., 2013] and altered the Soultz granite in two major alteration
events. The first alteration stage occurred in Middle Carboniferous, when permeable
zones formed inside the granite. This pervasive alteration event affected the granitic
matrix, but had no influence on the structural properties of the rock [Genter and



IDENTIFICATION AND CHARACTERIZATION OF
HYDROTHERMALLY ALTERED ZONES IN GRANITE

Traineau, 1992]. Pervasive alteration is characterized by a transformation of
plagioclase and biotite into illite, calcite and chlorite. Just and Kontny [2012] found
that during circulation of Oz-rich fluids, magnetite was partially oxidized into martite
in discrete zones near the fluid pathways. In such zones, the grain size of magnetite
was reduced and magnetic susceptibility decreased from ferrimagnetic values
(<15x 103 SI) to paramagnetic values in the order of 108SI. Secondary hematite
precipitated from residual fluids.

The second alteration stage took place in Late Carboniferous, when early Variscan
fault zones were reactivated. Subsequent circulation of hydrothermal fluids through
fractures caused the formation of alteration zones around the fractures as large as
several tens of meters. These fracture zones are significantly influencing the structural
properties of the granite [Genter and Traineau, 1992]. The alteration halos are
characterized by a central zone, sometimes sealed by quartz, surrounded by brecciated
and altered rocks [Genter and Traineau, 1992]. The alteration intensity varies from
fresh (no alteration) to extremely altered facies and is mainly characterized by a
transformation of silicates into clay minerals [e.g. Schleicher, 2005] and by an
increasing amount of secondary clay minerals and carbonates. The main secondary
minerals are quartz, calcite, illite, hematite, and chlorite. Pyrite and Fe-carbonates
were formed and the granite was exhumed to the surface in late Variscan times [Fritz
et al, 2010; Ledésert et al, 1996]. In the upper part of the pluton, where meteoric
waters infiltrated the paleo-surface, the Fe-carbonates and maghemite (y-Fe20s3)
decomposed and secondary fine-grained hematite precipitated [Just and Kontny, 2012].
Martite pseudomorphs formed after magnetite grains, whereas the size of the
magnetite relics depends on the alteration intensity and on the intensity of stage I
alteration. Martite was often fractured and a second hematite generation formed along
the cracks. Magnetic susceptibility is mostly below 1x 103SI and hydrothermally
altered wall rocks show the lowest magnetic susceptibility (0.2-0.3 x 103 SI) reflecting
the most intense vein alteration. After deposition of the sedimentary cover in Mesozoic
times, the infiltration of organic matter from the overlying sedimentary cover reduced
martite back into secondary magnetite in the deeper part of the granite [Just, 2005].

5.2.3 RELEVANCE OF MAGNETIC SUSCEPTIBILITY FOR THE
OCCURRENCE OF CLAY MINERALS

Just et al [2004] found that during hydrothermal alteration, which lead to the
formation of clay minerals, there was also a transformation of magnetite (FesO4) into
hematite (a-Fe20s) (martitization). This process has previously also been observed
elsewhere in granite, basalts and itabirites le.g. Angerer et al, 2011; Lagoeiro, 1998;
Oliva-Urcia et al, 2011]. Magnetite oxidation is accompanied by a reduction of
magnetic susceptibility [Genter and Traineau, 1992].
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Core material of the reference well EPS1 provided the unique opportunity to
investigate in detail hydrothermal processes and fractures directly on samples. Just et
al. [2004] compared the bulk magnetic susceptibility log along the EPS1 core of
Rummel and Koénig [1991] with the appearance of rock alteration and changes in the
magnetic mineralogy. They found, that an increasing alteration grade was
accompanied by decreasing magnetic susceptibility.

Meller et al. [2014b] developed a method to create synthetic clay content logs (SCCL)
on the basis of spectral gamma ray measurements. Such logs provide a semi-
quantitative measure of the appearance of clay minerals inside fractures related to
hydrothermal alteration. The method to create such logs will be described in the
following chapter. According to the results from Just et al [2004], we expected a
correlation between the SCCL and magnetic susceptibility of EPS1. Plotting the bulk
magnetic susceptibility curve generated after data from Rummel & Koénig [1991]
against the SCCL reveals an inverse correlation between the amount of clay and
magnetic susceptibility (Figure 5-2). This inverse correlation between results from two
totally independent methods suggests that magnetic susceptibility can be used as a
marker of hydrothermal alteration. The objective of this work is to create SCCL logs for
the deep Soultz boreholes GPK1-4, where no direct observation of fracture mineralogy
is possible due to the lack of core samples. With magnetic mineralogical investigations
on cuttings of these wells we wanted to investigate, if the mineralogical changes due to
hydrothermal alteration, which have been described on the EPS1 core, can also be
observed in the deeper part of the geothermal reservoir.

The importance of clay as a control to fracture mechanics has been highlighted earlier
[Rummel and Schreiber, 1993; Rummel et al., 1991; Valley and Evans, 2003]. Clay can
be localized by resistivity logs, spontaneous potential logs or sonic logs or it can be
identified directly on core material. However, due to low budgeting, boreholes for
geothermal applications are generally not cored and only standard (wireline) logs like
calliper, image logs and spectral gamma ray are measured.

For certain scientific purposes, further logging analyses such as resistivity,
spontaneous potential, flow-meter logs, etc. might be conducted. Unfortunately, this is
often not the case and if so, these logs are only conducted as spot measurements for
selected depth intervals. In contrast to drill cores, cuttings are obtained from each
drilling without additional costs. Most of the structural information about the reservoir
is lost in the rock chips of cuttings. Therefore, these rock chips are mainly used for the
creation of lithology logs and for geochemical analyses. The loss of structural
information, however, plays no role for bulk magnetic susceptibility of the cuttings, as
it only depends on the mineralogical content of the sample. With the help of
microscopic studies, drilled rock cuttings can provide important additional information
about the composition of rocks and chemical processes in a reservoir.
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Just [2005] verified that hydrothermal alteration is responsible for the transformation
of silicates and magnetite oxidation in the granite. This process has also been observed
by Pandarinath et al. [2013] for the Los Azufres geothermal system in Mexico. The
authors found that with increasing depth, hydrothermal alteration increases and the
fraction of magnetic minerals decreases. Thus, magnetic susceptibility was found to
decrease with depth. Our study focusses on the localization and characterization of
hydrothermally altered intervals along the wells GPK1-4 using the temperature-
dependence of magnetic susceptibility in combination with microscopic methods on
cuttings material.
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Figure 5-2° A comparison between the core derived synthetic clay content log representing the
density of clay-filled fracture along the well with magnetic susceptibility (x) in 1073 SI of the
EPS1 core reveals an excellent correlation between low magnetic susceptibility values and high
clay content. Susceptibility data are taken from Rummel & Konig [1991] and the SCCL is from
Meller et al. [2014b].Methods for the identification of vein alteration and its magnetic properties

5.2.4 DETECTING CLAY FROM SPECTRAL GAMMA RAY LOGS USING
A NEURAL NETWORK

Meller et al. [2014b] described a method to find clay bearing fracture zones on the basis
of spectral gamma ray and fracture-density logs by applying a neural network on the
logging data. They created a reference dataset for the appearance of clay inside
fractures on the basis of core data from the pilot well EPS1 at Soultz-sous-Foréts. The
reference was used to train the neural network using a Kohonen-algorithm [Kohonen,
1984]. This algorithm uses a self-organizing map, which is a two-dimensional
representation of the multidimensional network. In the training phase, the neural
network classifies the input logs in a way that each pattern of log responses is assigned
to a node of the neural network. This process is repeated until a certain number of
iterations is reached and the network has optimally approximated the input. In the
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subsequent indexing phase, the network learns how the log responses are correlated
with the appearance of clay. For this purpose, the reference clay log is used to group
the nodes of the neural network into the predefined SCCL classes. The nodes are
distributed into the classes with the closest properties. After this indexing, the network
has the knowledge about how clay, fracture density and spectral gamma ray are
correlated. This knowledge can be recalled when applying the network on the logs from
the remaining wells.

In order to investigate the correlation between alteration intensity, magnetite
oxidation, and the formation of clay minerals in the deep wells GPK1, GPK2, GPK3
and GPK4, we applied the network, which was trained on the EPS1 spectral gamma
ray and fracture density logs, on the respective logs of the deep Soultz wells.

5.2.5 MAGNETIC SUSCEPTIBILITY MEASUREMENTS FOR WELL
CHARACTERIZATION

For measurement of magnetic susceptibility and temperature dependence of magnetic
susceptibility 261 cutting samples from the following depth intervals of the wells
GPK1, GPK3 and GPK4 were selected:

i) 147 samples for GPK1 from 1800-1829 m, 2594-2744 m and 3452-3547 m
ii) 43 samples for GPK3 from 3296-3482 m and 4704-4915 m and
iii) 71 samples for GPK4 from 3384-3542 m and 5030-5258 m.

Figure 5-3° Photo of cuttings from porphyritic granite (GPKI, 2618 m) on millimeter paper.

The cuttings are very fine-grained with grain sizes between 0.1 mm to 1 mm (Figure
5-3). GPK2 cuttings were not used due to poor quality. Bulk magnetic susceptibility
was measured with an AGICO KLY-2 Kappabridge with an applied magnetic field of
300 Am? at a frequency of 920 Hz. Magnetic susceptibility of each sample was
measured three times and average of these three values is normalized by the sample
density.
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5.3 RESULTS

5.3.1 SYNTHETIC CLAY CONTENT LOGS FOR THE WELLS GPK1-4

The SCCL logs of the deeper wells provide a semi-quantitative log of the clay-filled
fractures (Figure 5-4). They allow discriminating several zones with distinct clay
content. This is indicated by five groups of increasing clay content, whereas group 1
represents 0-20 % of the maximum density of clay-filled fractures and group 5
represents the highest density (80-100 %). The groups are defined in the legends of
Figure 5-2 and Figure 5-4.

Based on the synthetic logs, we can define several depth intervals with different
characteristics from the top to the base of the wells: Interval I, which ends at about
1900 m depth, is characterized by high clay content with SCCL groups 4 and 5. It is
followed by interval II, which contains ~150 m of low clay (SCCL 1 and 2) with a
central structure with SCCL 4 and 5 indicating a clay-rich interval at about 2100 m.
This interval can be observed in all four wells. In GPK1 and GPK2 (Figure 5-4 a and b),
interval III contains a succession of small intervals with changing contents of clay-
filled fractures. In interval III of the wells GPK3 and GPK4 (Figure 5-4 ¢ and d) the
SCCL is generally higher and it can be subdivided into two sub-intervals IIIa and IIIb.
IITa contains several broad and clay-rich structures alternating with intervals of low
SCCL (ittle clay). Interval IIIb has high SCCL values in GPK3, but smaller SCCL
values in GPK4. Interval IV is characterized by low SCCL in GPK2 and 3, whereas in
GPK2 fracture information is missing in this depth and the SCCL log might not be
correct. In GPK1 and GPK4, there are broad intervals of intermediate SCCL (groups 2
and 3) alternating with thick intervals without or with very little clay (SCCL group 1
and 2). The deepest interval V beginning at a depth of ~4600 m again shows an
increased density of clay-filled fractures, which might be due to the transition of
porphyritic granite to the fine-grained two-mica granite.

Resuming, the highest SCCL is expected in the upper parts of the wells (interval I) and
around the structure at ~2100 m in all wells. Furthermore, clay-rich zones occur in
GPK1 around 2700 m, 2900 m and 3300-3500 m. In GPK2, high SCCL values indicate
high clay content between 4600 m and 4800 m. GPK3 has several clay-rich intervals
between 2800 m and 3600 m and below 4600 m. GPK4 is the well with the highest
SCCL, especially in the intervals IIIa, IV and V.
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Figure 5-4: SCCLs for the wells GPK1-GPK4 created by the neural network application. The
colors represent the different groups of increasing density of clay-filled fractures as explained by
the legend. The blue lines beside the logs indicate the depth intervals, for which cuttings were
available. The logs are subdivided into four respectively tive depth intervals I to IV or V, which
are similar in each well. The black ellipse in zone II highlights a clay-rich structure, which can
be seen in each well.
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5.3.2 MAGNETIC SUSCEPTIBILITY OF CUTTINGS

Large variations of mass magnetic susceptibility have been measured for the three
wells, ranging from 3=0.16 to 7.35 x 10 m3kg?! for GPK1, »=0.24 to 8.92 x 103 m3kg'!
for GPK3, and »=1.59 to 17.91 x 103 m3kg?! for GPK4. In the following, the symbol
y indicates mass susceptibility in 10-3m3kg'!, whereas x in Figure 5-2 is bulk susceptibility in
SI. From the described previous data we expected higher yin fresh granite than in the
altered granite. Figure 5-5 shows exemplary results for different reservoir depths with
increasing depth from GPK1 to GPK4. The GPK1 interval around 1500 m is neglected
as this interval is characterized by high paleo-alteration intensity. This alteration is
not of interest for this study. A comparison between the measured y and the respective
lithology (Figure 5-5) indicate that the strong correlation between susceptibility and
SCCL seen in Figure 5-2 is not always apparent. However, there is a tendency towards
higher yin the porphyritic granite than in altered facies (Figure 5-5a, b).

The SCCL can better explain intervals of low y than the lithology log. In the depth
interval 2625 to 2660 m of GPK1, the litholog indicates fresh porphyritic granite. yis
only high between 2625 and 2640 m followed by a slight decrease. In contrast to the
lithology log, the SCCL log indicates the appearance of clay-filled fractures between
2640 and 2660 m, which are a sign for alteration in this interval. This is in accordance
with low magnetic susceptibility. Poor correlation between y and SCCL can be found,
for example, in the extremely altered facies between 3490 and 3500 m in GPK1 (Figure
5-5b) or in the fresh porphyritic granite between 4780 and 4810 m in GPK3 (Figure
5-5c). In alternating sequences in the order of few meters, there is poor correlation
between alteration and y. We assume that this is a result of the large sampling
interval, which is in the order of the thickness of lithological units. An important
observation is that the transition between porphyritic and two mica granite correlates
with a decrease of y (Figure 5-5c). The two mica granite is characterized by lower
magnetite content than the porphyritic granite.

With a statistical analysis of SCCL versus magnetic susceptibility we further
investigated the correlation between magnetic susceptibility logs and the SCCL logs.

The cross-plot of SCCL group number versus mass susceptibility (Figure 5-6) reveals
that yis inversely correlated with the clay content indicated by the SCCL. The mean
mass magnetic susceptibilities (%) and their respective standard deviation (02
measured for the five SCCL groups are:

Group 1: % =3.5 (02=4.97)

Group 2: % =3.01 (02=4.62)
Group 3: % =2.24 (0>=1.96)
Group 4: 7 =1.61 (02=1.54)
Group 5: 7 =0.42 (62=0.28).
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Figure 5-5: GPK1, GPK3 and GPK4 susceptibility logs derived from measurements of the mass
susceptibility of cuttings. Shown is a comparison between SCCL and mass susceptibility of
cuttings for certain depth intervals of GPK1, GPK3 and GPK4. The colored bars indicate where
low magnetic susceptibility correlates with high clay content (blue) and vice versa (brown). The
simplified Ilithology is created after the litholog derived from cuttings examination by Genter and
Traineau [1993] for GPK1, Dezayes et al. [2003] for GPKS3 and Dezayes et al. [2005b] for GPK4.
The colors are explained in the legend. Blue circles indicate the selected samples for k-T
measurements and thin section analyses.
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> 1is lower for higher clay content, which is in agreement with the results of the
measurements done by Just et al. [2004]. Although the mean values indicate
decreasing susceptibility with increasing clay content, there is a large scattering of yin
each SCCL group (Figure 5-7a), which is also reflected by the large standard deviation
of % (Figure 5-6). According to the observation in EPS1 that magnetic susceptibility
decreases with increasing clay content, we would expect the lowest y for the SCCL
groups 4 and 5, yet low yis measured for all SCCL groups. This may be due to the
varying amount of magnetite present in the samples, and the diluting effect on cuttings
material by large phenocrysts of feldspar with diamagnetic to paramagnetic y values.
Alternatively, the blending of sample material from different depth intervals may
dilute the y intensity.
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Figure 6-6° Synthetic Clay Content Log groups versus mass susceptibility of cuttings. With
increasing group number, ie. higher clay content, mass magnetic susceptibility (y) is lower.
Circles represent the mean values of measured magnetic susceptibility and bars indicate the
standard deviations. The dashed line is the regression line. The equation of the regression line
and the R2 value are given in the lower right corner of the diagram.

As a result, minerals from depth intervals with different alteration grades and
different SCCLs can be mixed, which means that the SCCL assigned to a sample might
not be representative for that interval. For GPK4, for example, the sampling interval
was between three and 24 meters [Dezayes et al, 2005b]. In GPK3, the maximum
distance between two samples was 16 m. This might be the reason, why the largest
scattering of y vs. SCCL can be observed in GPK3 and GPK4 (Figure 5-7c and d),
whereas scattering is lowest in GPK1 (Figure 5-7d). Here, the sampling interval was
1 m, the highest number of samples available. In the GPK1 well, a clear tendency
towards higher y was found in the fresh granite and towards lower values in the clay-
rich sections (Figure 5-5).
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Although the scattering of yis high, we measured the highest y only in fresh lithology
(SCCL groups 1 and 2).For the well GPK4, the minimum yin each SCCL group is
considerably higher than for the GPK1 samples, but there is no clear indication from
lithology explaining the different behaviours. We assume that magnetic susceptibility
is increased due to contamination of the cuttings by wear debris from the drill bit or
other drilling tools. This aspect has been further investigated by microscopic
examination of the samples.
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Figure 5-7: Measured susceptibility values for the different SCCL groups for all wells (a) ana
separated for GPKI1 (b), GPKS3 (c) and GPK4 (d). The dashed line is the regression line with the
respective equations and R? value given in the diagram. For GPK4 four y values of SCCL1 ana
SCCL2 are above ~14. These samples are not plotted here and are excluded for the regression

calcula

tion.
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5.4 CHARACTERIZATION OF HYDROTHERMAL
ALTERATION BY MAGNETIC MINERALOGICAL
INVESTIGATIONS OF CUTTINGS

The excellent correlation between decreasing y and the appearance of clay, which has
been demonstrated on the EPS1 core (Figure 5-2), has not always been observed in the
magnetic susceptibility measurements of cuttings. Therefore, a more detailed
understanding of the magnetic mineralogy of cutting samples is necessary to correctly
interpret the results. The following section summarizes the main aspects of our
magnetic mineralogical investigations. These results are compared to -earlier
investigations on EPS1 core material by Just et al. [2004] and Just and Kontny [2012].

5.5 MINERALOGICAL AND MAGNETIC METHODS

Magnetic mineral assemblages in fresh and altered granite cuttings were studied from
samples with very low and very high susceptibility, respectively (blue circles in Figure
5-5). Twelve samples were selected for thin section investigations under reflected and
transmitted light using a Leitz Orthoplan optical microscope. Two samples were
additionally investigated by electron microscopy (Quanta FEG 650 from FEI, with an
acceleration voltage of 15kV) and with energy dispersive X-ray spectroscopy (EDX)
using a Quantax 400 with an XFlash-Detector, in combination with the software Esprit
1.9 from Bruker AXS Microanalysis GmbH. In order to explain the behaviour of
samples with intermediate to high susceptibility but different degrees of alteration in
the SCCL, the altered sample GPK1-C40 and the fresh sample GPK1-C73 from the
porphyritic granite were selected. Our goals were to identify and to compare their
carriers of magnetic susceptibility and the mineral assemblage.

Magnetic susceptibility as a function of temperature (x-7"curves) was measured for 16
samples (~0.2 g) in order to determine Curie points and to characterize mineral
transformations, which is useful for the identification of magnetic minerals. x-7 curves
were measured with a KLY-4S Kappabridge applying a magnetic field of 300 Am™! and
a frequency of 875 Hz. The sample was first heated from —192 °C to room temperature
(low-temperature run) with a heating rate of approximately 4 °C/min. Afterwards, the
sample was measured from ambient temperature to 700 °C and cooled back to room
temperature with a heating rate of 10 °C/min. The measurements were conducted in an
Argon atmosphere with a flow rate of 100 ml/min to minimize mineral reactions with
atmospheric oxygen during heating. The raw data were corrected for the empty furnace
and normalized to y at room temperature.
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5.6 RESULTS OF MAGNETIC MINERALOGICAL
INVESTIGATIONS

5.6.1 MICROSCOPIC IDENTIFICATION OF MINERAL PHASES

Two distinct granite facies occur in the granitic body of the Soultz geothermal system
the porphyritic granite and the two-mica granite (Figure 5-5). The main focus of our
cuttings investigation involved the porphyritic granite because alteration stages are
better defined in this facies. The porphyritic granite contains large phenocrysts of K-
feldspar and a coarse grained matrix of quartz, biotite, and plagioclase. Accessory
phases are mainly zircon, titanite, sometimes with inclusions of lamellar hemo-ilmenite
grains and pyrite (Figure 5-8a and b), and magnetite.
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Figure 5-8' Microscopy of the sample GPK1-C73 (fresh granite). a) is in reflected light, b) is a
back-scattered electron photograph, ¢) and d) are EDX spectra of hemo-ilmenites with different
titanium contents.
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Thin sections of cuttings of two-mica granite from the deeper part of the GPK4 well
look different from those of the GPK1 and GPK3 wells. The occurrence of cross-hatched
microcline and myrmekite is typical for the two-mica granite facies and has already
been described by Dezayes et al. [2005b]. Microcline and myrmekite can be seen in thin
sections as well as muscovite associated with biotite. In the two mica granite, we have
also identified magnetite as the main magnetic mineral albeit its abundance seems to
be less than in the porphyritic granite. However, we were not able to quantify the
different contents of magnetite in the two granite facies as their distribution is
heterogeneous.

Cutting samples from the altered granite are characterized by a higher amount of
hematite than magnetite. Both minerals are always intergrown indicating a
replacement relationship (Figure 5-9a). It is not clear if magnetite replaces hematite or
if magnetite is transformed into hematite in these grains. Just and Kontny [2012] also
observed an intergrowth of magnetite and hematite in thin sections of granite from
stage I alteration [see Fig. 3d in Just and Kontny, 2012]. In addition to a higher
amount of hematite, we observed iron-bearing carbonates in the more altered samples
(Figure 5-9b and c).

A frequently observed paragenesis in altered samples is that of allanite, rutile, apatite
and titanite with iron oxides (Figure 5-9 e and f). Goethite and hematite occur as
alteration seams around the fractured cuttings. This alteration appears not to be a
product of hydrothermal alteration, but rather a secondary effect due to humidity
inside the stored samples. We recognized, that iron-oxide alteration seams are more
pronounced in the samples of GPK1 than in those of GPK3 and GPK4. GPK1 was
drilled in 1992 and therefore these samples are older than the samples from GPK3 and
GPK4 that were drilled in 2002 and 2003/2004 respectively. This means, they have
been exposed longer to atmospheric oxygen and moisture. Therefore, we attribute the
more pronounced oxidation to the long storage time of the GPK1 samples. Such an
alteration due to storage has also been observed around iron flakes, which occur as
contaminations in the cuttings (Figure 5-9g). The EDX spectrum of the iron flake
showed iron, oxygen, manganese, chromium, and silica (Figure 5-9h), which probably
reflect the composition of the material of the drilling tool. The oxidation rim around the
flakes only showed iron and oxygen.
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Figure 5-9° Microscopy, BSE images and EDX spectra of some minerals in the sample GPK1-C4(
(altered granite).
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5.6.2 «-T CURVES

Figure 5-10 shows typical x-7 curves of fresh and altered porphyritic and two-mica
granite from the GPK1-4 wells. In all samples, magnetite was identified as the main
carrier of magnetic susceptibility, which is indicated by the occurrence of the Verwey
transition (Tv) at 120 K (-153°C) and a Curie temperature at ~580°C.

Fresh and altered granite cuttings of well GPK3 and 4 are all contaminated iron debris
(Figure 5-10a, b, d) indicated by the magnetic susceptibility behaviour between 600 and
700 °C where magnetic susceptibility does not reach zero. Even GPK1 cuttings stored
for the last 20 years occasionally contain iron flakes (Figure 5-9g and h). These iron
flakes were, however, no longer recognized in x-7 curves of GPK1 samples (Figure
5-10c), which indicates their oxidation (formation of rust) and therefore their rare
survival over this time period.

In the altered sample of the porphyritic granite (Figure 5-10c), a transformation above
400 °C into a ferrimagnetic phase has been observed. This feature can be related to
iron-bearing carbonates, which transform at this temperature into a ferrimagnetic
spinel phase (Just and Kontny, 2012), and which is also in agreement with our
microscopic observations (Figure 5-9b, ¢ and d). This interpretation is supported by the
cooling curve, which only shows magnetite and a ferrimagnetic phase with a Curie
point at 499°C [inflection point method, 7auxe, 1998] and the features from the heating
curves are destroyed.

The difference in the reversibility of the x-7'curves indicates that a degree of alteration
occurred during the heating experiment. In the cooling run of the GPK1 samples,
susceptibility is considerably higher than in the heating run. This indicates the
formation of new ferrimagnetic mineral phases (e.g. magnetite from hematite or
secondary Fe-bearing carbonates) during the heating run. The curves confirm the
observation by Just and Kontny [2012], who found that more pronounced stage II
alteration in the sample is reflected by less reversibility of the susceptibility curve.
They defined an alteration index (AI) similar to that of Hrouda [2003] as a measure for
the irreversibility of x-7' curves, calculated according to the formula Al = Kcrroom —
KuTrooms where xcrrom and karmweom are the normalized susceptibility of the cooling
respectively heating run at room temperature.

For less altered samples, A/ 1is <1, whereas more altered samples have A7 >1 with the
highest values measured for stage II alteration (maximum of 4.8). Samples of GPK4
show a negative alteration index, which indicates the decomposition of magnetite or a
transformation of the iron chips during heating. However, this behaviour is not
observed in the x-7 curve of the separated iron chips (Figure 5-11), which have an
alteration index of 0.04. This suggests that the iron chips increase the absolute value of
magnetic susceptibility of the samples, but do not affect the alteration index.
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Figure 5-10: k-T curves for the samples a) GPK3-C3 (porphyritic granite), b) GPK3-C22 (two-
mica granite), ¢) GPK1-C7 (altered porphyritic granite) and d) GPK4-C4 (altered two-mica
granite). Susceptibility is normalized to the susceptibility at room temperature for the low-
temperature (LT) and high temperature run (HT) as indicated in the upper left corner of the
graphs. The black curves show the heating run and the grey curves the cooling run, respectively.
The alteration index (Al is given for each curve.

Although identified by its red internal reflections in thin sections, hematite was not
seen directly in x-7 curves. No Morin transition of hematite at ~263 K (-10 °C) or Néel
temperature at 675 °C was observed. We assume that magnetite masks the Morin
transition of hematite, whose susceptibility is three orders of magnitude weaker than
that of magnetite. The missing Néel temperature and the increase of magnetite content
during the heating experiment indicate that hematite is transformed into magnetite.
Therefore, higher alteration indexes in the altered granite samples are mainly related
to the transformation of hematite and iron-bearing carbonates into magnetite.

Some fresh and altered cutting samples of all wells, but most pronounced in GPK1
(Figure 5-12a and c), show a conspicuous increase in magnetic susceptibility at about
250 °C forming a peak at about 300 °C, which is followed by a decrease. Between about
400 and 580 °C magnetic susceptibility is higher than below 250 °C indicating that a
phase with higher magnetic susceptibility must have formed. This phase is not stable
during the heating procedure and transforms presumably into magnetite. An increase
in magnetic susceptibility is for example observed at the A-transition of minerals, which
is a change in the magnetic state by a rearrangement of vacancies. Although the strong
increase in susceptibility at 250 °C resembles the one observed for the A-transition of
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hexagonal pyrrhotite [e.g. Kontny et al., 2000], where the magnetic state of the mineral
changes from anti-ferromagnetic to ferrimagnetic, and the and the Curie temperature
at about 350 °C might be indicative for ferrimagnetic iron sulphides like smythite or
greigite [Dunlop and Ozdemir, 1997], we have microscopically identified pyrite as the
only occurring iron sulphide. Samples with the conspicuous peak at about 300 °C also
do not show a pronounced field-dependence of magnetic susceptibility (Figure 5-12b
and c), which would be a clear indication of ferrimagnetic pyrrhotite [e.g. Hrouda,
2003].

GPK1-C40; 3497m, metal chips
Normalized to 41.2*10° m*/kg (LT)
48.3*10°m’/kg (HT)
1.4
1.2
1.0
£08
2
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Figure 5-11° k-T curve of iron chips separated from the sample GPK1-C40. The curve shows the
formation of a new ferromagnetic phase (probably magnetite) during heating. The newly formea
magnetite 1s indicated by its Curie-temperature. The sample becomes paramagnetic at 800°C.

A similar but not equivalent bump in x-7’curves was observed by Petronis et al. [2011]
in the Western Granite from NW Scotland and is actually widespread for magnetite-
bearing rocks [Hrouda, 2003]. This feature is in general attributed to maghemite, an
oxidation product of magnetite. Because we clearly see that a new phase with higher
magnetic susceptibility has formed at 250 °C (higher magnetic susceptibility level
between 400 and 580 °C), we suspect that we see a two-stage phase transformation of a
phase with lower magnetic susceptibility to a strong ferrimagnetic phase (or we see a
Hopkinson peak of a ferrimagnetic phase with small grain sizes) and then to
magnetite. We suspect that the peak might be attributed to the formation of
maghemite from the oxidation products of the iron chips, which is transformed in the
course of further heating to magnetite. Maghemite formation is often observed during
heating of iron oxides like goethite or hematite [e.g. Cornell and Schwertmann, 2003].
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Figure 5-12: k-T curves and field dependency of the samples GPK1-C40 and GPKI1-C73. The k-1
curves (a and ¢) show the formation of several mineral phases during the heating run. The
formation of pyrrhotite can be excluded, as the samples show no field dependency (b and d).

This interpretation would be in agreement with the observation that this behaviour is
most pronounced in cutting samples from the GPK1 well, in which iron flakes are most
oxidized. In order to find an evidence for this hypothesis we selected some iron chips
from the sample GPK1-C40 (see Figure 5-12a) and measured a x-7 curve (Figure 5-11).
Magnetic susceptibility increases continuously during heating of the iron chips, but
below 300 °C the gradient of the curve becomes steeper reaching a maximum at around
260 °C and forming a peak at 280 °C. This is probably the same peak, which we
observed in the x-7'curves of the cutting samples. Further heating clearly indicates the
formation of magnetite, which is a major phase of the iron flakes. We relate this
behaviour to the oxidation seams around the iron chips and take it as evidence for our
hypothesis that the 300 °C peak in our samples is mainly related to oxidation products
of the iron flakes.
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5.7 DISCUSSION

5.7.1 SCCL LOGS FROM SPECTRAL GAMMA RAY DATA

The application of the neural network method [Meller et al., 2014b] makes it possible to
find altered and clay rich zones along the geothermal wells. In general, the logs allow
discriminating between five different intervals of high and low clay content,
respectively. The logs show a high content of clay-filled fractures in the upper part of
all four deep wells. In the deeper parts of the reservoir, the patterns are different
between the boreholes, which might be due to the fact that the upper parts of the wells
are very close to each other, whereas below 3000 m the wells are increasingly deviated
from each other. The change in lithology is not clearly visible in the SCCL logs, but the
transition from intensely altered facies to two-mica and amphibole rich granite at
~3500 m and the transition to the fine-grained two-mica granite at ~4600 m are
reflected by a change in clay content and in the pattern of clay appearance. Several
structures can be identified, which might indicate fracture or alteration zones, and
have not been taken into account in previous studies. This is for example a structure at
2100 m MD, which can be seen in all four deep wells and in EPS1. A large fracture
zone has been identified in GPK3 and EPS1 [Dezayes et al, 2000; Genter and
Traineau, 1995], but not for the remaining wells. Such zones are related to vein
alteration and the high clay content can weaken the granitic rock. The identification of
these potentially weak zones is important as they most probably behave different than
the intact or unaltered rock mass. Compared to previous petrographic approaches for
the localization of altered zones, this SCCL method is independent from cutting losses
or other drilling-related effects, which can lower the quality of the cutting material. It
1s based on standard logging techniques and provides the possibility to obtain complete
synthetic logs in a rather short time.

5.7.2 CHARACTERIZATION OF ROCK ALTERATION BY MAGNETIC
MINERALOGICAL INVESTIGATIONS

Magnetite was found in all samples from which we measured x-7 curves independent of
granite type and degree of alteration, although the proportion is small in the altered
samples. The strong decrease of magnetic susceptibility in the altered samples can be
related to the oxidation of magnetite to hematite as already stated by Just et al. [2004]
and Just and Kontny [2012]. According to these earlier studies on the EPS1 cores, a
significant decrease of magnetic susceptibility occurs in stage II altered granite, which
is restricted to fault zones with an intense brittle deformation and brecciation of the
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granite as well as alteration halos in the adjacent wall rocks. Illite along with Fe-
carbonates, pyrite and hematite (martite) occur as alteration minerals, which are
shown to transform into ferrimagnetic magnetite during heating in x-7" curves and,
therefore, can be recognized easily. The strong irreversibility of x-7" curves for the
highly altered stage II samples observed by Just and Kontny [2012] was also seen in
our x-7 measurements from the cuttings (Figure 5-10a). The most important
transformation seen in k-7 curves is the one from hematite into magnetite. In addition,
we found Fe-bearing carbonates in the cuttings, which are observed in the x-7 curves
by the transformation into magnetite above 400 °C. In addition to these mineral
transformations, we recognized in nearly all samples another phase with a peak in
susceptibility at about 300 °C, which is not described from the EPS1 core material. This
phase is most likely related to the oxidation products of iron flakes, which occur as
contamination in the cuttings and could also be seen in x-7 curves of iron chips
separated from the cuttings. The peak might reflect the formation of maghemite from
oxidation products of the iron contaminants during heating of the samples [Gendler et
al., 2005; Taylor and Schwertmann, 1974].

Iron flakes have been observed microscopically (Figure 5-9a) and in some x-7 curves
(Figure 5-10c). Especially in the cuttings from the longest stored GPK1, these iron
flakes are strongly oxidized to a mixture of different Fe-oxides. Due to the lower
content of fresh iron in GPK1 cuttings, the GPK1 sample portion separated for -7
measurements might be free of original iron flakes and just contain the oxidation
products. Therefore, GPK1 magnetic susceptibility decreases to paramagnetic values
above 600 °C, while still showing the peak below 300 °C. The contamination of the
cuttings by iron flakes can significantly disturb the correlation between magnetic
susceptibility and SCCL. For example, GPK1-C40 (3485 m, see Figure 5-5b) from the
altered granite shows a higher magnetic susceptibility than we might expect according
to its alteration degree (Fe-bearing carbonates, high amount of hematite, few
magnetite). Therefore, the iron contamination must be eliminated before magnetic
susceptibility measurements, which was not done in this study. Our study has shown
that high yin combination with low alteration index (AI<1) is typical for the
porphyritic granite and low yin combination with negative alteration index (AI < 0) is
typical for the two-mica granite. Low magnetic susceptibility in combination with
strongly irreversible x-7 curves (Al > 1) and the formation of magnetite above 400 °C
clearly indicates alteration stage II, which has also produced the highest amount of
clay minerals. There are several reasons for high magnetic susceptibility, which we
identified by microscopic investigations. High magnetic susceptibility is either related
to a high amount of fresh magnetite in unaltered rock or due to secondary formation of
magnetite in extremely altered samples. Furthermore, high y can be caused by
contaminations with iron debris from the drilling tools. Low y is a result of magnetite
oxidation in the course of hydrothermal alteration, but it can also be attributed to a
primary low magnetite proportion in cutting material. The latter effect explains why
also fresh, unaltered granite have low y (Figure 5-6).
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5.7.3 CALIBRATION OF SCCLs

Magnetic susceptibility measurements from the EPS1 core and clay concentration
calculated from borehole measurements (SCCL) show a strong correlation (Figure 5-2)
suggesting that magnetic susceptibility can be used in the magnetite-bearing Soultz
granite as an independent alteration indicator. One of the goals of this study was to
investigate the applicability of magnetic susceptibility measurements on cuttings as a
calibration tool for the SCCL logs of the deep wells GPK1-4. We found magnetite as the
primary magnetic mineral in all samples independent of their facies. The degree of
magnetite oxidation to hematite indicates rock alteration and thus the presence of clay
minerals. In several depth intervals, SCCL and y were inversely correlated, but we
could identify several difficulties. In general we found a reasonable correlation between
the different SCCL groups and magnetic susceptibility of cuttings (Figure 5-6),
although there is a large scattering of magnetic susceptibility values, especially in the
fresh granite. The reason for this large scattering is probably a mixture of rock chips
from certain depth intervals and the inhomogeneous distribution of magnetite within
the granite. The larger the sampling interval, the more different granite types
(porphyritic vs. two-mica granite and fresh vs. altered granite) can be mixed and the
resolution and quality of y measurements is hampered. Petrographic changes smaller
than few meters thickness cannot be seen. Some small rock pieces might also get lost
during their vertical transport uphole and clay minerals may be dissolved.
Furthermore, there can be enrichment in flaky minerals like biotite and muscovite.
Due to their shape, they float on the mud, as it has for example been observed in GPK4
[Dezayes et al, 2005b], where biotite was enriched. Washing of the cuttings of GPK3
and GPK4 could also have affected the mineralogical content by dissolving small
particles. In terms of calibration of the SCCL we can state that it is not straightforward
postulating high clay content for low ysamples and no clay in high y samples
respectively, but the analysis showed that high magnetic susceptibility is only
systematically measured in fresh samples. It is possible to calibrate the SCCL at least
for intervals, where no clay is expected. For the remaining intervals, susceptibility of
cuttings can be used as an auxiliary means to calibrate the SCCL log.

5.8 CONCLUSION

In this study, we introduced a new method to identify altered and clay-rich zones
within a magnetite-bearing granitic reservoir. For the first time, synthetic clay content
logs (SCCL) have been created from borehole logs by a neural network analysis
indicating the alteration along the deep wells in Soultz-sous-Foréts. These logs can be
interpreted on the basis of magnetic mineralogical investigations of cuttings, describing
the mineral transformations resulting from hydrothermal alteration in the deeper part
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of the granitic reservoir. Magnetic susceptibility measurements on cuttings allow a
calibration of SCCL logs. By comparing EPS1 core and GPK1-4 cuttings magnetic
susceptibility data with the calculated SCCL, we were able to define intervals with
fresh and altered granite albeit with different success. This study, however, revealed
that petrographic investigations in combination with x-7" curves on cuttings material
are powerful tools to decipher different granite types and different degrees of
alteration. The degree of alteration is reflected by y, which is lower for highly altered
samples. Low ycan also be observed in fresh granite types with a primary low
magnetite proportion, but can be discriminated by magnetic mineralogical
investigations. For a better resolution of the data and for calibration measurements, we
suggest a sampling interval for the cuttings of ideally 1 m. Furthermore, iron
contaminations from the drill bit should be eliminated prior to magnetic mineralogical
investigations in order to receive better results.

Being so far merely a by-product of drilling and only used for creating lithology logs
and chemical analysis, cuttings should be paid more attention for reservoir
characterization, as they provide significant information. Magnetic susceptibility of the
cuttings 1s fast and easily measured. In order to be able to correctly interpret the
measuring results, petrographic investigations like transmitted and reflected light
microscopy of thin sections, REM, EDX and x-7" measurements are necessary. With
these methods, the magnetic mineral assemblage can be identified and the alteration
processes can be reconstructed.

Based on the results of this study, further investigations on fracture mechanics and
hydraulics related to the appearance of clay inside fractures are made possible. The
effect of clay inside fractures on induced seismicity is one of the major issues to be
investigated. Furthermore, the influence of clay on fracture permeability needs to be
further analysed and will be the topic of future work.
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MELLER, C. AND KOHL, T. (2014). The significance of hydrothermal alteration zones for
the mechanical behavior of a geothermal reservoir. Geothermal Energy 2 (12). doi:
10.1186/s40517-014-0012-2

ABSTRACT

The occurrence of hydrothermally altered zones is a commonly observed phenomenon
in brittle rock. The dissolution and transformation of primary minerals and the
precipitation of secondary minerals affect rocks in terms of mechanics, stress
conditions, and induced seismicity.

The present study investigates commonly observed phenomena of hydrothermal
alteration and observations at the geothermal site of Soultz-sous-Foréts, which are
related to the occurrence of hydrothermal alteration. Geomechanical observations at
Soultz are interpreted on the basis of synthetic clay content logs, which are created
from borehole logging data, and which identify clay in hydrothermally altered zones.

It is shown that hydrothermal alteration results in a reduction of the frictional
strength of the reservoir rock. Weak zones can act as stress decoupling horizons, which
locally perturb the stress field and affect the evolution of the microseismic cloud. For
the first time it is shown on a reservoir scale that large magnitude seismic events are
restricted to unaltered granites, whereas in clay zones only small magnitudes are
observed. It is demonstrated that clay rich zones foster the occurrence of aseismic
movements on fractures.

Secondary mineral precipitation during hydrothermal alteration has a great effect on
the geomechanical properties of a geothermal reservoir. The identification of such
zones 1s a first step towards understanding the relation between alteration and
mechanical processes inside a reservoir and can help reducing induced seismicity
during hydraulic stimulation of a reservoir.
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6.1 INTRODUCTION

The importance of clay zones for the geomechanical structure and the earthquake
mechanics in brittle rock became an important issue in the framework of mitigation
studies of natural and man-made disasters [Holmes et al., 2013]. A strong focus was
given to hydrothermal alteration in crystalline rock and its effect on mechanical
friction. Recent studies on the San Andreas Fault revealed the significant impact of
clay inside faults and fractures on their mechanical and hydraulic properties. Faults
and fractures are target zones for enhanced geothermal systems (EGS), as they provide
pathways for geothermal fluids. In terms of mitigation of induced seismicity, while
increasing the permeability of the geothermal reservoir, detailed understanding of
hydraulic and mechanical processes of fractured rock is key for the success of an EGS
project.

6.1.1 THE SIGNIFICANCE OF CLAY FOR GEOTHERMAL PROJECTS

The development of enhanced geothermal systems (EGS) in low-enthalpy regions like
the Upper Rhine Graben in central Europe involves the application of hydraulic
stimulation for permeability enhancement in the geothermal reservoir. Mostly located
near residential areas, there is a claim for safety and controllability of the geothermal
technology from the public. In the past, people were concerned by the occurrence of
small perceptible earthquakes, caused by stimulation activities or during operation of
geothermal power plants like the magnitude M;=3.4 earthquake in Basel in 2006 [e.g.
Hiring et al, 2008] the M;=2.9, Mi=2.5 and M;=2.3 in Soultz-sous-Foréts in 2003,
2000 and 2004 [Dorbath et al, 2009] or the M;=2.4 and M;=2.7 earthquakes near
Landau in 2009 [Groos et al, 2013]. The injection of fluid into the underground
changes the effective stress, thus inducing slips on fractures and faults associated with
seismic events in brittle rock. In order to predict or even control the seismic behavior of
a geothermal reservoir, the geomechanical structures and the associated processes
must be known.

In fresh and homogeneous rock, the relation between stress and mechanical failure is
commonly described by the Mohr-Coulomb criterion [Scholz, 2010] with flow through
fractures to be characterized as sub-laminar by Darcy flow [Sausse, 2002]. In
geothermal reservoirs however, the percolation by geothermal brine promotes the
formation of hydrothermally altered zones around fluid pathways. The dissolution of
primary rock-forming minerals and the precipitation of secondary minerals like quartz,
clay or carbonates change the in-situ conditions with respect to mechanical strength of
the rock. In such zones, simple models might no longer apply and the reservoir
behavior 1s difficult to assess. Evidence, that simple rock mechanical models no longer
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account during and especially after the shut-in of hydraulic stimulation, have been only
recently highlighted by Schoenball et al. [2014], who demonstrated a change in the
stress regime during stimulation.

Several studies demonstrate the relation between geomechanics, earthquake
characteristics and the weakness of rocks on a crustal and regional scale. For
geothermal projects, however, the geomechanical properties of a reservoir are to be
known on a very local scale in the order of several meters. The size of hydrothermal
alteration zones can range from millimeters to several kilometers. In order to
characterize a geothermal reservoir and to assess its geomechanics, it is important to
understand the significance of such alteration zones. Therefore, it is necessary to know
and to understand, if and how large-scale geomechanical rules and observations can be
transferred to the reservoir scale.

The present paper conducts an investigation on the significance of hydrothermal
alteration in the granite of the geothermal site in Soultz-sous-Foréts (France) and the
change of its mechanical parameters. The basis of the analyses is synthetic clay logs,
which are created from spectral gamma ray logs using a technique introduced by
Meller et al. [2014b]. These logs are indicative of the occurrence of clay bearing
fractures along the boreholes. The newly derived results are investigated under the
light of the existing geomechanical interpretation, which is summarized in the
following chapter.

6.1.2 CURRENT STATE OF RESEARCH ON THE ROLE OF CLAY IN
FAULT ZONES

Evidence for the role of clay as zones of weakness or some kind of lubricant on faults
promoting aseismic movements has been described by Schleicher et al. [2006b], Dolan
et al [1995], and Wu et al [1975]. Clay minerals are a characteristic of creeping faults
with rates of up to 30 mm/a assumed for the San Andreas Fault [Chang et al., 2013].
Studies on the slipping behavior of the San Andreas Fault however suggest that it is
not merely creeping but it rather consists of creeping patches, which build up stress on
patches with high friction. If the stress is large enough, these high friction patches
rupture and cause seismic events [e.g. Chang et al, 2013]. This theory is supported by
the work of Amelung and King [1997], who observed a continuous earthquake activity
on creeping faults. A major result of their study is that creep and earthquakes are not
two separated phenomena, but two processes, which go hand in hand. This has been
reported earlier for numerous faults and continental margins le.g. Brune, 1968;
Mulargia et al., 2004; Voisin et al., 2004].
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Recent studies at the geothermal site in Soultz-sous-Foréts revealed similar
mechanisms during shear movements on faults. Bourouis and Bernard [2007] observed
in data of seismicity induced during GPK1 stimulation repeated shear movements on
fault asperities surrounded by creeping zones. Schmittbuhl et al. [2014] observed in
laboratory experiments a close relationship between seismic and aseismic movements
on faults and conclude that aseismic processes can drive seismicity, almost
independent from fluid pressure. The triggering of seismic events by creep movements
is an important issue for EGS systems and needs to be considered for the mitigation of
large seismic events.

Clay minerals, which are a main product of hydrothermal alteration [e.g. Meunier,
2005; Velde, 1995], sometimes have very low friction coefficients of ~0.3 [e.g. Morrow et
al, 1992 and references herein, and c.f. Figure 6-1b]. The frictional properties of clay
minerals however, strongly depend on their structure and water content. Therefore, it
is not easy to estimate the frictional properties of clay filled faults [Moore and Lockner,
2007]. Many studies have been conducted on the relationship between the nature of
fracture fillings and fault mechanics. Zoback et al. [2012] and Kohli and Zoback [2013]
investigated the relationship between clay content and mechanical friction of shale gas
reservoir samples under wet conditions. They observed a linear decrease of the friction
coefficient with increasing clay content (Figure 6-1a) from 0.8 with 10 wt-% clay to 0.4
at ~50 wt-% clay. Similar results have been obtained by Tembe et al. [2010] for
artificial clay gouge samples of quartz and illite and for natural soil samples tested by
Akayuli et al. [2013]. The friction coefficients they measured for different clays vary
and are much lower than those of other minerals like quartz or feldspars (Figure 6-1b).

The rupture behavior of a fault from the Dietrich-Ruina constitutive model [Dieterich,
1978; Ruina, 1983] describes the frictional evolution of a fault for different sliding
velocities with the material parameter (a-b) representing the difference in steady-state
friction. It indicates stable sliding of fault surfaces during slip, if (a2-b)> 0, or unstable
sliding, if (a-b)<0. The synonyms for stable and unstable sliding are velocity
strengthening and velocity weakening behavior, respectively. The effect of clay on the
rupture behavior of faults has been studied by many laboratory experiments. Ikari et
al. [2011] found experimental evidence for a relationship between the weakness of
rocks and their frictional stability: rock samples with a low friction coefficient show
velocity strengthening behavior, whereas samples with high friction coefficients show
velocity weakening behavior (Figure 6-1). This indicates the occurrence of brittle
failure only on rocks with high friction coefficients. Zoback et al. [2012] observed
experimentally on shale gas samples that faults with clay contents higher than 30 %
slide stable (i.e. (a-b)> 0), whereas faults with a lower clay content slip unstable G.e.
(a-h)< 0, Figure 6-1c). They reasoned that such clay-rich faults slide aseismically,
whereas the faults with lower clay contents produce microseismic events.
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Figure 6-1° Friction coefficient and a-b for different rock types. a) Friction coefficient for rocks
and a soil with different clay contents. Increasing clay content reduces the frictional strength. b,
Range of measured friction coefficients for different rock types (data from Ikari et al. [2011)). ¢
(a-b) parameter for rocks and soil with different clay contents and d) (a-b) for different rock
types. With increasing clay content the friction coefficient is reduced and (a-b) increases. High
clay content and low friction results in velocity strengthening behavior. Rock types with low
friction show velocity strengthening behavior. Experimental data from Zoback et al. [2012] is
derived from measurements on shale and Tembe et al. [2010] measured artificial quartz-illite
samples. Akayuli et al. [2013] did experimental studies on soil.
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The dataset of Tembe et al. [2010] illustrates a dependence of (a-b) of illite-quartz
samples on the illite content. For these samples, no velocity weakening behavior is
observed. The reason for this is that quartz can behave both, velocity strengthening,
and velocity weakening and under the experimental conditions it was velocity
strengthening (a-b)> 0 (Figure 6-1c), but nevertheless the effect of the clay proportion
of the samples on (2-b)is significant.

As the frictional properties of rocks determine their slipping behavior, a correlation
between the weakness of rocks and the occurrence of large and small earthquakes is
expected. The so-called b-value, which is derived from the Gutenberg-Richter law
[Gutenberg and Richter, 1954], describes the proportion of small relative to large
earthquakes. A bvalue of 1 represents a logarithmic relationship between the
magnitude of events and their frequency, whereas b-values > 1 reflect an increased
number of small earthquakes. High b-values are expected in areas, where no large
differential stress can build up. Schorlemmer et al. [2005] compared the results of
numerous earthquakes from different settings and of laboratory data. They found that
the bvalue differs systematically with the faulting regimes. The highest b-values are
found in normal faulting regimes (up to 1.2), whereas the lowest b-values occur in
thrust events (as small as 0.6), and strike-slip events are in between. Based on the
stress prevailing in the respective regimes, Schorlemmer et al. concluded that the b-
value inversely correlates with differential stress levels. This was also confirmed by
laboratory experiments performed by Amitrano [2003], who observed a decreasing b
value with increasing differential stress. Creeping fault sections show very high b-
values around 1.3 [Schorlemmer and Wiemer, 2005]. Based on these results, the
occurrence of small events and aseismic movements in strongly altered and fractured
areas 1s expected, rather than large earthquakes. This assumption has also been
proposed by Heinicke et al. [2009] who investigated the correlation between
hydrothermal alteration and the occurrence of earthquake swarms. They observed in
the Vogtland Region of northwestern Bohemia that in addition to increased pore
pressure and shear stress the mechanical weakening of rocks and the dissolution of
fracture walls plays an important role for the evolution of earthquake swarms.
Interestingly, the maximum magnitude of such earthquake swarms is limited to 5
[Heinicke et al., 2009], which supports the theory of only small earthquakes occurring
in regions with rocks of low friction coefficients. When analyzing b-values, one has to
consider that this value is affected by numerous parameters, not least by the way it is
computed. Besides the strength of the rock, the main affecting parameters are the
stress field, the focal mechanism of the earthquakes and the presence of large geologic
structures [Scholz, 2010 and references herein]. In geothermal reservoirs, large
variations of A-values in time and space have for example been observed by Bachmann
et al. [2012]. They calculated the b-~value for the time period during injection and after
injection. The bh-values varied from 1.58 during injection to 1.15 after injection, which
represents a larger proportion of small earthquakes during injection.
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Dorbath et al. [2009] calculated a b-value of >1.2 for the stimulations of the well GPK2
at Soultz, whereas for the well GPK3, which is maximum 500 m away from GPK2 it
was determined to 0.9. They related this behavior to the presence of large fault zones in
the vicinity of the well, which dominate their seismic evolution.

6.2 THE SOULTZ GEOTHERMAL SITE

The European geothermal project of Soultz-sous-Foréts (France) targets a geothermal
anomaly at the western border of the Upper Rhine Graben. Five wells have been drilled
to a maximum depth of 5 km. Three of these wells are currently used for operation with
two wells as injectors (GPK3, GPK4) and one producing well (GPK2) [Genter, pers.
comm]. The upper geothermal reservoir is hosted by a porphyritic Hercynian
monzogranite (Figure 6-2a), overlain by 1.4 km of Mesozoic sediments. The lower
reservoir lies in fine-grained two-mica granite, which can be encountered at depths
greater than 4.6 km. The pluton has been affected by the Upper Rhine Graben
tectonics, which caused the formation of large sets of faults and fracture zones. These
faults and fractures are the main pathways for circulating fluids and are thus
responsible for the permeability of the rock [Genter and Traineau, 1992]. Paleo-
circulation of meteoric fluids from the Graben shoulders led to pronounced alteration of
the Soultz granite. The first pervasive alteration affected the whole granitic matrix
(Figure 6-2b), but had no effect on the structural properties of the granite. It involved
the formation of mainly chlorite and hematite. A subsequent vein alteration event
significantly changed the granite structure (Figure 6-2c). During this alteration event,
primary minerals were dissolved and secondary minerals precipitated [Schleicher,
2005]. Alteration halos developed enfolding the zones around fractures affected by
hydrothermal alteration. These halos can be several tens of meters thick and are
characterized by the transformation of mainly silicates and the precipitation of
secondary clay minerals, quartz, carbonates, sulfates and iron oxides [Genter and
Traineau, 1996]. The dominating clay minerals of the vein alteration are several
generations of illites and smectites, and minor tosudite and chlorite [e.g. Bartier et al.,
2008]

The sealing of fractures by secondary minerals and the transformation of silicates into
clay minerals affected the hydraulic and mechanical properties of the rock [Charléty et
al, 2007; Valley and Evans, 2003], whereas the details of such processes are still
subject to extensive research. Bartier et al. [2008] highlighted for example the
importance of clay mineralogy for the permeability of the Soultz granite, which is
reduced by illite precipitation, but enhanced by tosudite precipitation. Ledésert et al.
[2010] highlighted the complexity of processed linked to porosity/permeability
formation and decrease by the dissolution and transformation of primary minerals and
the formation of new minerals. The type and structure of clay minerals is not only
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important for the evolution of porosity and permeability, but also for the shearing
properties of a fault filled with clays. The variation of hydro-mechanical properties of
the rock with different alteration types and grades makes it important to first detect
alteration zones and, second, to understand their significance for the performance of a
reservoir.

a) Fresh granite

b) Pervasive Alteration c) Vein alteration

Figure 6-2: Core pictures of different facies of the Soultz granite. a) Fresh granite without
evidence of hydrothermal alteration. b) Pervasive alteration with mainly formation of hematite
and no structural influence. c) Vein alteration with dissolution of silicates and precipitation ol
clay minerals.

6.3 METHODS

The basis for the rock mechanical studies are neural network derived SCCL logs, which
present the clay content along the borehole in a semi-quantitative way with five groups
of increasing clay content. In sedimentary rocks, clay minerals can be easily identified
from peaks in spectral gamma ray (SGR) logs. In crystalline rock in contrast, apart
from clays numerous other minerals contain radioactive isotopes, which makes it
difficult to identify clay minerals on SGR logs. Therefore, a neural network is used,
which makes it possible to identify different signal patterns on logging data and to
localize the clay-bearing zones. The resolution of the resulting SCCL logs is on the scale
of decimeters.

The neural network for the creation of the synthetic clay content logs uses a self-
organizing map working with a Kohonen algorithm [Kohonen, 1984]. The principle of
this procedure is the grouping and indexing of patterns according to their spatial
distance from each other. Each combination of n logs represents a vector in n
dimensions. The location of these vectors in n dimensions determines their assignment
to the nodes of a two-dimensional self-organizing map. Thus, their dimension is
reduced, which makes it easier to classify them. The number of classes can be defined
according to the desired resolution.
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The network is trained using supervised learning, which means the grouping and
classification of the nodes based on reference data. These reference data are used to
teach the neural network how different parameters are correlated. For this study, the
reference data consists of spectral gamma ray logs and a fracture density log. A log
representing the density of clay-filled fractures was derived from core investigations of
the EPS1 reference well and served as a template for the classification of the nodes.
For the deep wells GPK1-GPK4, the fracture density log could be computed on the
basis of fractures identified on borehole image logs. The resulting SCCLs (Figure 6-3)
semi-quantitatively represent the density of clay-filled fractures along the boreholes
with five groups. The major flow paths through the granite are marked by dashed lines.
Group 1 represents the group with the lowest clay content and group 5 represents the
highest clay content. The comparison with reference data has shown that only ~10 % of
the logs deviate more than 1 SCCL group from real data and the vertical resolution of
the logs i1s between 10 and 50 cm depending on the resolution of the SGR logs, from
which they are derived.

The SCCL logs allow discriminating between zones of high and low clay contents.
Whereas the upper parts of all wells are characterized by high SCCL values,
representing the paleo-alteration surface, the lower parts are very different for the five
wells. Intervals with high SCCL are mostly found around fractures, which have been
identified as permeable on flow logs, but hydrothermal alteration also occurs away
from such fractures. However, not all permeable fractures are located in altered zones.
This might be due to the fact that extreme alteration leads to a clogging of fractures
with clay minerals, thus reducing its permeability [Sausse, 2002]. The actually flowing
fractures might not have been permeable in the past, which prevented the surrounding
rock from being hydrothermally altered. Increased clay content is seen at the bottom of
the wells below 4600 m at the transition between the porphyritic to two-mica granite.
For details of this neural network method, the SCCL logs and the calibration of the
logs by magnetic mineralogical investigations, refer to Meller et al. [2014b] and Meller
et al. [2014a].

For the deep wells in Soultz, no core material is available. Therefore, petrophysical and
geologic parameters can only be derived from borehole measurements and seismicity
catalogs. This study is mainly based on breakout and fracture analyses conducted on
borehole image logs, and on a catalogue of seismic events recorded during hydraulic
stimulation. Borehole breakouts are enlargements and elongations of a borehole in a
preferential direction and are formed by spalling of fragments of the wellbore during
drilling. They generally form parallel to the minimum horizontal stress and their
formation is facilitated in weak wall rocks [Babcock, 1978]. Their analysis can
therefore provide information about the orientation of the stress field and on the
mechanical properties of the penetrated rock. Seismic events induced during
stimulation are an indication of structures in the geothermal reservoir. Their analysis
provides indications about the stress state, fracture orientation, rock mechanics and
fluid pathways.

|91



THE SIGNIFICANCE OF HYDROTHERMAL ALTERATION
ZONES FOR THE MECHANICAL BEHAVIOR OF A
GEOTHERMAL RESERVOIR

GPK1 GPK2 GPK3 GPK4
Depth | SCCL
[m] 6

Depth | sCCL Depth | sCCL Depth SCCL
[m] _6 [m] 6 [m] | 6|

1500
1600
1700

1500

: - FZ1579 1600
----- paas-1- FZ1637

FZ1723!

r 180
.............. . FZ1815 - FZ1820" k== FZ18017

L - FZ2092 %o —

FZ2123

- FZ281T

3000—= - FZ2970
3100{== 3100
320038 3200

e F23223 s - F23242 . FzazT
340070 F400i=—=— | | Fzssar

-3500 ~4- FZ3492 3

1 FZ3514

[ F23900 i — | | I FZ39401
----- FZ1815 .

Level1 flowing fracture i- Fza089

.
n
I
e
o

Level2 flowing fracture " FZ4361
g —
g 45004
----- F23223 ) ]
Level3 flowing fracture ° 4B00MES—T |0 4c00gm-- FZ4620
= ' - r2a760 4700 FZ4712:
: | e 1- FZ4775
' r= FZ4890 4900
1 FZ4973
! FZ5012
A — R [+ FZ5060 Fz51001

Figure 6-3: SCCL for the wells GPK1-GPK4. The SCCL 1s created on spectral gamma ray and the
corrected fracture density log. FZXXXX denotes fracture zones after their depth of occurrence.
Levell flowing fractures: Major fracture zones with significant mud losses during stimulation,
primary permeable. Level2 flowing fractures' >20 % water losses during stimulation. Levels
flowing fracture: small fracture zones with <20 % water loss (classification after Dezayes et ai
[2010b)). Higher SCCL indicates higher clay contents with SCCL=1 representing no clay ana
SCCL=5 the maximum density of clay-filled fractures.
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6.4 RESULTS AND DISCUSSION

6.4.1 IMPACTS OF HYDROTHERMAL ALTERATION ON ROCK
MECHANICS

Due to their preferential formation in weak rocks, a cumulative occurrence of
breakouts in altered zones in the Soultz granite could be indicative of the weakness of
alteration zones. This theory was investigated on the basis of breakouts, identified by
Sahara et al. [2014]. They analyzed breakouts in the deeper part of the well GPK4. On
Figure 6-6, a total of 2440 breakouts from Sahara et al. [2014] together with the SCCL
for this depth interval is illustrated. A correlation between clay content and the
appearance and size of breakouts is obvious. Whereas the density of breakouts is high
in clay rich intervals, depth sections without clay are characterized by an absence of
breakouts, as for example at 4180 m, 4480-4590 m and 4730-4800 m (BA in Figure 6-5).
Obviously, the occurrence of breakouts is strongly related to the presence of
hydrothermally altered zones. This suggests that hydrothermal alteration weakens the
rock and thus promotes the formation of breakouts. Upon the transition from the
porphyritic granite to the two-mica granite at around 4800 m, the breakout density
clearly increases (2M in Figure 6-5). The cumulated occurrence of breakouts at this
transition might originate from the mechanical contrast between the two granites.
Such mechanical contrast occurs also at the transition between fresh granite and
strongly altered granite.

The correlation of the clay zones with the occurrence of breakouts demonstrates their
geomechanical significance. However, it is in contrast to present studies, which seem to
identify rather high friction coefficients for the Soultz granite. By applying the Mohr-
Coulomb failure criterion using effective stresses on the fractures, Cornet et al. [2007]
obtained a minimum friction coefficient of 0.81. Evans et al [2005a] found that
fractures in highly altered zones are surprisingly strong despite the presence of illite
and ascribed this behavior to their internal architecture of intact rock bridges and jogs
between weak zones. According to Byerlee [1978], rock samples with precut fault
surfaces have a uniform friction coefficient of 0.85 and no cohesion at normal stress
below 300 MPa, independent from the rock type. However, Byerlee observed that
fractures filled with clay minerals are an exception from his law and have much lower
friction coefficients. A gradual decrease in frictional strength with the addition of clay
has also been observed in triaxial measurements of Berea sandstone under high
temperature and high pressure conditions. Here, a sharp drop of the friction coefficient
occurred at clay contents ~50 % [7Takahashi et al, 2007]. In these experiments, clay
minerals inside fractures were observed to weaken faults, but also to stabilize their
sliding behavior.
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Figure 6-4° E-moduli and uniaxial compressive strength (UCS) of samples with different vein
alteration grades. Data is taken from Valley and Evans [2003], who measured UCS and E-moduli
for samples with different alteration grades. Alteration intensity is inversely correlated with E-
modulus and UCS.

Crawford et al. [2008] performed experiments of quartz-kaolinite mixtures of different
proportions and compared their strength. They also observed a reduction of frictional
strength with an increasing clay fraction. Ikari et al. [2009] obtained low friction
coefficients of fault gouges rich in phyllosilicates. These experimental results are in
agreement with the breakout observations at Soultz, which indicate weakness of the
hydrothermally altered zones, but which are in contrast to the high minimum friction
coefficient of 0.81 determined by Cornet et al. [2007] for the whole granitic rock mass.
It is therefore assumed that hydrothermal alteration causes a variation in the
frictional properties of the Soultz granite on a meter-scale with higher frictional
strength in unaltered rock and a lower frictional strength in altered rock.

Elastic properties of the Soultz granite have been experimentally studied by Valley and
Evans [2003]. They selected samples of different alteration grades from the EPS1 core
and measured the uniaxial compressive strength (UCS) of the core pieces. Furthermore
they measured the S- and P-wave velocities of the samples in order to determine their
E-moduli. They found an inverse correlation between alteration grade and UCS
respectively the E-modulus of the samples (Figure 6-4). From the results of this study
it is expected that the highly altered clay zones affect the frictional properties in Soultz
and the friction coefficient is not uniform, but is lowered by hydrothermal alteration.
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Figure 6-5: SCCL 2-5 of the well GPK4 compared to the breakout density, orientation deviation
and breakout dimensions. There is a clear correspondence between breakout appearance and size
and the SCCL (breakout data from Sahara et al [2014]). Intervals without clay are characterizea
by an absence of breakouts (BA). On the transition between standard granite and 2 mica granite
at around 4800 m the orientation of the breakout changes (2M). This might be attributed to the
mechanical contrast between the two granitic rock masses. A clay rich interval around 5000 m
depth coincides with a large orientation deviation of the breakouts (OD),

Recent researches showed that a characteristic of such weak zones is that they can fail
at low stress levels, as it is for example observed on a large scale on the San Andreas
Fault in a strike slip regime, whose slip direction deviates 70° from the maximum
horizontal stress le.g. Boness and Zoback, 2006], the Zuccale normal Fault on Elba [e.g.
Smith et al, 2007] or some normal faults at the eastern side of the Sea of Japan [e.g.
Faulkner et al, 2010; Sibson, 2009]. If such observations can be transferred to the
reservoir scale, hydrothermally altered zones might fail at lower stress levels than the
surrounding intact rock mass. This is especially important in terms of hydraulic
stimulation, as weak faults could shear at much lower stimulation pressure than
unaltered rock and influence the evolution of induced seismicity.
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6.4.2 IMPACTS OF HYDROTHERMAL ALTERATION ON THE STRESS
FIELD

Clay layers inside rock masses give rise to large contrasts of mechanical properties. In
contrast to intact crystalline or sedimentary rock masses, weak clay-rich zones cannot
establish large differential stress [Zoback and Harjes, 1997].

The stress field in Soultz has been thoroughly investigated by many scientists [Cornet
et al, 2007; Rummel, 1995, and references herein; Valley and Evans, 2010]. This
resulted in detailed knowledge of the magnitude and orientation of the principal stress
components with depth. Based on the analysis of wellbore failure and hydraulic data as
well as microseismic data, a linear stress model has been established for the Soultz
reservoir [Cornet et al., 2007; Valley and Evans, 2007]:

Sy =-1.3+0.255z; Su= 0.98 (-1.3+0.255z2); .Sp=-1.78+0.01409z; P,= 0.9+0.0098z

with P, the pore pressure and z the depth in m. The Su orientation is approximately
north-south and the vertical stress Sv is equivalent to the overburden. However, in
inhomogeneous rock masses with changing mechanical properties, the magnitude and
orientation of the stress field change at the transition between layers of different
mechanical strength. The Soultz granite is very heterogeneous due to its porphyritic
structure, its lithological variations, hydrothermally altered zones and the profound
fracturing. Borehole breakouts generally form in the direction of the minimum
horizontal stress and are therefore useful indicators of the orientation of S; and Sz An
analysis of borehole breakouts can give evidence about local stress variations. The high
resolution of the SCCL logs in the order of decimeters for the first time allows a
detailed analysis of indications for stress field variations at Soultz on the basis of
breakouts. In the following, the occurrence of breakouts and their orientation is
interpreted on the basis of the SCCL logs.

Evidence for a change in the direction of the principal stresses can be found in breakout
data from Sahara et al. [2014] in the well GPK4. The transition from porphyritic to
two-mica granite at around 4800 m (2M in Figure 6-5) is not only characterized by an
increased breakout density, but also by a deviation of the mean breakout orientation.
As breakouts generally form in the direction of the minimum principal stress, an
orientation deviation of the breakout could be an indicator for a rotation of Sn. Another
excursion of the breakout orientation is observed at a depth of 5000 m (OD in Figure
6-5). This deviation coincides with a very clay rich interval. This clay rich interval
might act as a small stress decoupling horizon, which rotates the principal stress.
According to the data of Sahara et al., stress rotations in clay rich intervals can be as
large as +30° from the mean orientation. Deviations of breakout orientations in
hydrothermally altered zones have also been observed by Valley [2007] in the wells
GPK3 and GPK4. He observed major stress perturbations occur at depths of 2000 m
and 4700 m. The SCCLs show that these stress perturbations coincide with the
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occurrence of clay-rich intervals related to large flowing fracture zones (FZ2123,
FZ4760, FZ4775, Figure 6-3), but it cannot be ruled out that they could also be caused
by the presence of the fracture zones as it was for example observed by Valley [2007].
The stress variation at ~4700 m is probably caused by the contrast in the elastic moduli
of the rock between the standard porphyritic granite to two-mica granite at this depth
and increased clay content.

a) SCCL b) Breakout orientations
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Figure 6-6: SCCL and breakouts for the well GPK1. A mean breakout orientation of 90°+19° was
determined from 498 measurements (data from Valley and Evans [2000)). The occurrence of clay-
rich intervals coincides with an accumulation of borehole breakouts. At the transition between
fresh and altered granite, the breakout orientation rotates

Valley and Evans [2000] analyzing breakouts in the well GPK1 between 2840 m and
3510 m, found an increased breakout concentration at the top of this interval. This
agrees with the occurrence of a clay rich interval in this section indicated by high SCCL
(Figure 6-6). The mean Sk orientation determined from breakouts is 0°+19°, which is in
agreement with the mean orientation of structures of the microseismic cloud.
Excursions of the mean breakout orientation occur in the intervals 2890-2950 m, and
3300-3350 m, which are characterized by high SCCL values. The occurrence of
breakouts in GPK1 between 2960 and 3500 m is not only restricted to high-clay zones,
but high breakout-densities as for example at 3000-3050 m or at 3400-3450 m depth
also occur, when a depth interval without or with very little clay is followed by a very
clay-rich interval. Here, the contrast of elastic moduli of the two depth intervals might
cause a cumulating appearance of breakouts.
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This might also be represented in the different orientations of the microseismic cloud in
the depth intervals 2700-2900 m, where it is oriented north-south, and 3200-3600 m,
where its azimuth is 145-160° [Cornet et al, 1997]. Cornet and his colleagues linked
this orientation deviation to the higher pore pressure above 2900 m, but it could also be
related to the presence of clay-rich zones. Such clay-rich zones could also lead to
increased pore pressures [ Wu, 1978].

Similar analyses have been conducted by Langenbruch and Shapiro [2014], who
investigated stress states in boreholes from different regimes. Based on sonic logs, they
created a model of the in situ elastic moduli to calculate the spatial distribution of in-
situ stress within a rock mass. Their large spatial variations of the stress regime
suggest that linear stress models are not sufficient for Coulomb failure within a rock
mass. Economides et al. [1989] observed that within sedimentary formations the
vertical gradient of the minimum horizontal principal stress does not vary linearly with
depth. The authors found that elastic heterogeneity has a significant influence on
stress magnitudes, which vary by up to more than +20% of the externally applied
stresses. Cornet and Roeckel [2012] observed this phenomenon in limestone layers of
the Paris Basin and in the North German Basin. They saw that the local stress
magnitudes are not linearly increasing with depth and they saw variations of ~15° in
the stress directions. In contrast to Langenbruch and Shapiro [2014] and Economides
et al. [1989], they assume that the stress magnitudes are controlled by the creeping
characteristics of the various layers rather than by their elastic characteristics [ Cornet
and Roeckel, 2012].

The change of the local stress field in magnitude and orientation has previously been
described for large fracture zones [e.g. Brudy et al., 1997]. In the San Andreas Fault for
example, a stress rotation of ~28° with respect to the stress field of the rigid crust has
been measured [Chéry et al, 2004] Cornet and Roeckel [2012] identified soft layers as
decoupling layers introducing decoupling of stress fields in the layers above and below
theses layers. This was also observed by Meixner et al. [2014], who documented a
rotation of the maximum horizontal stress in different facies along the Bruchsal
geothermal wells (c.f. Figure 7 in his article).

However, in those studies, stress field variations are only observed on large scales of
several kilometers. The analysis of breakouts on the basis of SCCL logs provides
indications that changes of the stress field both, in magnitude and orientation of the
principal stress can also be induced by small scale soft alteration zones on the meter
scale as observed in geothermal wells. Taking these observations into account, it is
obvious that the estimation of mechanical properties on the basis of a linear stress field
can only provide far field values, especially for zones, where the SCCL is high. So, in
addition to the frictional parameters, the exact orientation of the stress field has to be
constrained in hydrothermally altered zones in order to be able to assess their
mechanical characteristics.
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6.4.3 THE IMPACTS OF HYDROTHERMAL ALTERATION ON
INDUCED SEISMICITY

At Soultz, 20 hydraulic and chemical stimulations have been performed and large
catalogs of seismic events are available [Genter et al, 2010]. During hydraulic
stimulation, large amounts of water are injected into the geothermal reservoir in order
to increase the pore pressure prevailing in the reservoir rock. If the pressure increase is
large enough to overcome the frictional stability of fractures, shear movements are
induced, which can be observed by the occurrence of microseismic events. A detailed
summary of the background of hydraulic stimulation can for example be found in
Economides et al. [1989] or Majer et al. [2007].

Parameters influencing the evolution of induced seismicity like the pressure of the
fluid, the ambient stress field, the orientation of fractures, hydraulic properties, and
the frictional characteristic of rock can be affected by hydrothermal alteration. Herein,
the relation between hydrothermal alteration and induced seismicity at Soultz is
investigated.

Except some new fractures, which are created during hydraulic stimulation at Soultz
by hydrofracturing [Cornet, 2012], seismicity in the Soultz reservoir is mainly
restricted to shear movements on existing geological structures, which can be observed
during all stimulations performed on the Soultz wells [e.g. Dorbath et al., 2009; Evans
et al, 2005b; Fabriol et al, 1994]. However, it is not clear, why some structures are
seismically more active than others. According to the Mohr-Coulomb failure criterion,
the most important factor affecting the shearing behavior of a fracture or fault is its
orientation relative to the ambient stress field. Favorably oriented fractures lie (sub)-
parallel to the maximum principal stresses and can thus be easily sheared. The focal
mechanisms at Soultz [cf. Figure 1 in Schoenball et al, 2012] indicate that some
fractures produce seismic events upon hydraulic stimulation unless they should be
stable according to the Mohr-Coulomb failure criterion. A possible reason for that could
be a very low shear strength of some fractures, which allows them to shear at large
angles to the maximum stress. This gives further evidence, that the friction coefficient
of fractures at Soultz is not homogeneous, but rather varies in a wide range.

Aseismic movements on fractures have been directly observed in Soultz by Cornet et al.
[1997]. The SCCL of GPK1 indicates clay-rich intervals between 2800 and 3000 m,
3050 and 3100 m, 3180 and 3230 m, 3340 and 3410 m and 3450 and 3500 m (Figure
6-7). The stars in this figure mark the shear movements, which have been induced
during stimulation of GPK1, and which have been identified on image logs. All shear
zones lie close to flowing zones inside hydrothermally altered intervals, whereas most
of the shear movements were aseismic (yellow stars).
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The higher number of aseismic movements at shallower depths is most probably
related to the higher density of (large) fractures. A comparison between the orientation
of these fractures and the orientation of Su (Figure 6-8) reveals that some of the
creeping fractures strike at an angle of >30° to Sw. If the Mohr-Coulomb failure
criterion accounts for these fractures, their friction coefficient must be very low that
shear is induced under the present conditions.
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Figure 6-7: SCCL, major flow zones and the occurrence of aseismic fault slip in the well GPK1
between 2800 and 3500 m. SCCL and the location of (aseismic) slips during GPKI1 stimulation
have been identified by Cornet et al. [1997] and Evans et al. [2005a]. Major flow zones are
surrounded by zones of high SCCL. Slip is restricted to hydrothermally altered clay zones with
high SCCL. The occurrence of asersmic slips is restricted to clay rich flowing faults.

The correlation of aseismic movements with clay-rich intervals and their orientation at
a significant angle to Su supports the assumption of clay acting as some kind of
lubricant on the fault zones. This makes these fractures prone for aseismic shearing,
although they are not optimally oriented in the present stress field. Aseismic
movements are assumed to take a big share of the movements induced during
hydraulic stimulation and some authors even assume, that the major part of shearing
happens aseismically le.g. Bourouis and Bernard, 2007; Schoenball et al, 2014].
Further evidence for aseismic movements in Soultz in GPK1 [Bourouis and Bernard,
2007; Schmittbuhl et al., 2014; Schmittbuhl et al, 2013bl, GPK2 [Calo et al., 2011;
Schoenball et al., 2014] and GPK3 [Calo et al, 2011; Nami et al., 2008] underlines the
significance of clay on the structural reservoir evolution of the reservoir.
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Figure 6-8 Strike of the aseismic movements observed by Cornet et al. (1997) vs. the orientation
of SH. Some of the aseismic movements happened on fractures, which are oriented at an angle
>30° to SH, which indicates weakness of these fractures, as they are not favorably oriented for
shear.

The SCCLs provide the unique opportunity to investigate the relation between seismic
events and clay inside the reservoir. It is best constrained by calibration in the well
GPK1 and GPK3. In GPK2, the quality of the SCCL is bad due to the lack of logging
data SCCL and for GPK4 the location uncertainty of seismicity is too large [Gaucher,
pers. comm.]. Therefore, the analysis is focused on GPK1 and GPKS3. In the well GPK1,
the location and magnitude for several 19000 seismic events have been determined
[Jones et al., 1995] and for GPK3 22000 events have been located [Dorbath et al., 2009;
Dyer et al, 2003]. As the SCCL logs can only indicate clay in the proximity of the wells,
the events in a radius of 100 m around the borehole are selected. For the remaining
5600 events (4200 for GPK1 and 1400 for GPK3) the respective SCCL value of the
depth, where they occurred is determined. Then, the magnitude of the respective event
is plotted against the SCCL value (Figure 6-9). The exciting result of this plot is that
with increasing clay content, the maximum magnitude of seismic events is decreasing.
Recent observations of Schorlemmer et al. [2005], Langenbruch and Shapiro [2014],
and others suggest that low differential stress in weak zones prevents large seismic
events and it has long been assumed that the occurrence of large events in Soultz is
restricted to fresh, i.e. unaltered granite, but it could never be directly observed. This
figure suggests that the b-value in Soultz, although not constant in time, is also
affected by the occurrence of hydrothermally altered zones. The b-value of the entire
2000 stimulation test of GPK2 was determined to 1.29 by Cuenot et al. [2008] and for
the GPK3 stimulation Dorbath et al. [2009] determined a b-value of 0.94. It would be
interesting to compare the total clay content in both wells in order to find a correlation
between the total clay content and the b-value. Unfortunately, the SCCL of the lower
part of GPK2 could not be properly created due to missing image logs. The rather large
value of 1.29 for GPK3 might be indicative of weak structures, as such high values are
normally only found in regions of crustal weakness [Amitrano, 2003].
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Therefore, the presence of large faults is most probably not the only reason for the
different seismic behavior of GPK2 and GPK3 as it was observed by Dorbath et al
[2009]. The different Avalues, which can be obtained from the seismic events induced
during stimulation of these wells, could also be affected by the presence/absence of
alteration zones.
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Figure 6-9° SCCL versus magnitude of induced sersmic events during GPKI and GPKS5
stimulation. Sersmic events with large magnitudes are restricted to low SCCL values, Ie.
intervals with lIittle clay inside fractures. With increasing clay content (higher SCCL), the
maximum magnitudes of seismic events are smaller

There is evidence that hydrothermally altered zones not only affect the magnitude, but
also the evolution of seismicity. The seismic clouds of the GPK1 and GPK3 stimulation
move downhole or uphole in steps, when the injection pressure is increased (Figure
6-10). Each pressure increase is marked by colored rectangles in Figure 6-10. The
SCCL logs provide a possible explanation of the reason of these steps. Each of these
steps starts with a clay-rich zone and ends with an interval with little clay. As
mentioned before, clay-rich intervals do not support large stresses and could act as
small stress decoupling horizons as observed by Cornet and Roeckel [2012] in the Paris
Basin. They might therefore prevent the occurrence of seismic events or shear
movements or the events in such zones are very low magnitude events, thus being too
small to be measured, i.e. those slips are aseismic. With each pressure increase, the
pressure front penetrates the decoupling horizon without inducing seismicity and the
seismic events start just below or above this zone, migrating upward (as in GPK3,
Figure 6-10b) or downward (as in GPK1, Figure 6-10a) until the next clay-rich zone is
reached. This interval will then be overcome by the next pressure increase and so on,
leading to a stepwise migration of microseismicity.

102 |



THE SIGNIFICANCE OF HYDROTHERMAL ALTERATION
ZONES FOR THE MECHANICAL BEHAVIOR OF A
GEOTHERMAL RESERVOIR

a) GPK1 b) GPK3
12 -1- -2--3a-_-3b- -4- -5- 80 20 -1- -2- -3a-_-3b- -4- -5- 120
1" -- Pressure § 18 =} - Pressure |
10 -- Flow rate = ERCE S Flow rate }__—.]) 100E
= 9 a 14 - 02
o 8 = 45 == [
=7 g £
= 3 10 60 2
28 g 5 3
25 c wE
2 -
o g 4 — 20
2 2
1 0 T
0 ! VD [m] SCCL
m 05
TVD [m] 0 R =
. R Tur T ““31' ," Fe: 4000 — =
g e e S Bl
3000 4 =i T RAIEER l‘ T tba 42507 =,
‘e N -.q = |- T BT
E 4 . }' ‘ F -5 4500 = |~=: -3a-
3200 e g'\ ; I‘E Ay u;-. FE J it
j S 4 ';'_‘.;:jl“.i':;.t‘b‘: LEL T erso E_
3400 ~ £ AN LR 7 ==
2 - : " != 5000 = g
T 23 [ = 1
3600 — T T 5250 '
02.09.1993 06.09.1993 10.09.1993 25.05.2003 02.06.2003

Figure 6-10: Evolution of seismicity in a radius of 100 m around the boreholes during stimulation
and SCCL. The upper part of the diagrams show the stimulation pressure and below, the time-
evolution of induced seismicity 1s shown versus depth. The lower part of the diagrams shows the
SCCL for the respective depth intervals. Different sections are marked by numbers and colors
indicating the pressure steps of injection. With increasing stimulation pressure, seismicity
migrates downwards (a) GPK1) and upwards (b) GPK3), respectively. The steps might be causea
by clay-rich intervals, which rather promote creep than seismic shearing. After each pressure
Increase, seismicity begins at depths, where the clay-content is low until the pressure front
reaches a clay-rich interval This interval 1s overcome during the next pressure increase ana
selsmicity starts just after the clay-rich zone migrating towards the next clay-rich zone and sc
on. From step 6 on we assume that the pressure front migrated too far away from the borehole sc
that a correlation with the (2 dimensional) SCCL is not possible any more.

6.5 CONCLUSION AND OUTLOOK

The present SCCL method is an important basis to localize clay rich zones as target
zones for hydraulic stimulation and to identify fractures as candidates for aseismic
movements. In order to optimally use the properties of hydrothermally altered zones,
further effort has to be done on the understanding of processes affecting the
geomechanical behavior of a geothermal reservoir. Once such processes are understood,
it might become possible to exploit the properties of altered zones in order to increase
the reservoir performance, while mitigating perceptible seismicity.

The occurrence of hydrothermally altered zones inside a geothermal reservoir can have
large effects on many physical aspects, which are important for the performance of a
geothermal system, and especially those related to induced seismicity. The
observations at Soultz-sous-Foréts revealed that hydrothermal alteration lowers the
mechanical strength of the Soultz granite and its fractures, which results in an
inhomogeneously distributed friction coefficient. Geological units with low mechanical
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strength promote the occurrence of breakouts and can rotate the stress field as much as
90° from the mean orientation, which is indicated by high breakout densities in clay
rich intervals and a deviation of their mean orientation.

A major result of this study is that hydrothermally altered zones can act as decoupling
horizons, which change the local stress regime and thus significantly affect the
seismicity induced during hydraulic stimulation at Soultz. It has been shown that large
seismic events are restricted to fresh granite, whereas only small seismic events occur
in clay rich intervals. While this behavior has often been observed on the crustal scale,
the present study for the first time confirms this effect on the scale of a geothermal
reservoir.

Due to their low frictional strength and increased pore pressures, hydrothermally
altered zones represent major target zones for hydraulic stimulation. In future, EGS
projects need to be structured that prevention of large seismic events becomes a major
achievement. Future stimulations could foster the creation of aseismic instead of
seismic slip to increase the reservoir permeability, which requires knowledge on the
location of such zones and advanced research towards the evolution of aseismic
movements.
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7 CHARACTERIZATION OF THE CRITICAL
PRESSURE OF FRACTURES AND INDUCED
SEISMICITY DURING GPK1 STIMULATION

7.1 INTRODUCTION AND DATABASE

Previous studies reveal the significance of alteration zones in granite for its mechanical
behavior. A major aspect in terms of EGS systems is the role of clay zones for the
evolution of induced seismicity during hydraulic stimulation and during water
circulation in the production phase of a geothermal power plant. In order to investigate
the role of clay inside fractures for the hydro-mechanical characteristics of a hydraulic
stimulation, a sound analysis of the relationship between fractures, fracture mechanics
and seismicity of the Soultz geothermal well GPK1 was conducted. GPK1 was selected
due to the good quality of the SCCL logs in this well and the availability of a reliable
database of seismic events locations. The massive stimulation of the GPK1 borehole
was the first stimulation applied on the Soultz geothermal reservoir and therefore
penetrated the most original rock mass.

The mechanical weakness of clay-filled fractures has been demonstrated in several
studies le.g. Dolan et al., 1995; Schleicher et al., 2006b; Wu, 1978]. Observations at the
San Andreas Fault revealed the mechanical significance of clay minerals in terms of
aseismic fault creeping. Several laboratory studies suggest that even small amounts of
clay on fracture surfaces determine the mechanical properties of the fault zone, when
an external stress is applied [ZTembe et al., 2010; Zoback et al., 2012]. On the basis of
these results and the findings of the previous chapters, the question arises if and how
clay on fractures affects seismicity induced during reservoir stimulation.

It has been shown in chapter 6 that the maximum magnitude seismic events induced
during the GPK1 stimulation at Soultz is lower for clay-rich faults than for faults in
unaltered rock. Also, the occurrence of aseismic movements in clay rich intervals is
suggestive of a correlation between clay and the characteristics of fault slips. I assume
that the critical pressure, which is the pressure required to rupture a fault, depends
significantly on the clay inside the fault. It is expected that the characteristics of
induced seismicity reflect the presence of weak faults. If this is the case, a model of the
critical pressure of fractures can be created from fracture orientations and clay content,
predicting the occurrence of seismic events. This study aims at creating probabilistic
models of the critical pressure of fractures in and around GPK1 taking into
consideration the clay content of the fractures. These models are compared to induced
seismicity recorded during the 1993 stimulation of GPK1.
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7.2 PROBABILISTIC MODEL OF CRITICAL PRESSURE

7.2.1 METHODOLOGY

According to the Mohr-Coulomb failure criterion, the critical pressure of a fracture
indicates its distance from the failure envelope, 1.e. it represents the pressure, which 1is
required to shear the fault during hydraulic stimulation, where only the pore pressure
1s assumed to vary. It can be calculated after

P=0-— % (7-1)
where P is the critical pressure, ois the effective normal stress acting on the fracture,
7 1s the effective shear stress acting on the fracture, ¢ is its cohesion and ¢ the friction
angle. In a reservoir, which is in equilibrium, all fractures exhibit positive critical
pressure. Negative values for the critical pressure implicate that the fractures are
beyond the failure envelope and would have already sheared under the present
conditions, i.e. they are supercritical and the reservoir is not in equilibrium. The
critical pressure is controlled by the orientation of the fracture in the prevailing stress
field, the mechanical properties of the rock represented by its internal friction and
cohesion, and by the pore pressure. The orientation of fractures in Soultz is known
from borehole logging and the clay content can be derived from SCCL logs. Friction and
cohesion parameters can be defined according to the clay content of a fracture. The
creation of the probabilistic model of fracture orientations and clay content and the
derived critical pressure is described in the following section.

Fracture network

The orientation and distribution of fractures (Figure 7-1) along the borehole GPK1 is
well known from FMI, FMS and UBI logs. The fractures are generally oriented
between N10°E and N170°E with a (sub-)vertical dip and are thus largely parallel to
the principal stresses S, which is oriented N169+21°E [Cornet et al., 2007] and Sy. A
total of 1381 fractures have been identified in the granitic section below ~1400 m
(Figure 7-1a) and 671 in the open-hole section between 2850 and 3590 m (Figure 7-1b).
The dip of the fractures in the open-hole section is representative of the dip in the
whole granitic section with a more NNE-SSW oriented dip direction.
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Figure 7-1° Orientation of the fracture normals in the well GPK1 and rose plot of the azimuths ot
the dip direction for a) the whole granitic section (1400 m-3590 m) and b) for the open-hole
section (2850 m-3590 m).

SCCL logs

In a previous study by Meller et al. [2014b], spectral gamma ray logs and fracture
density logs were used to create synthetic clay content logs (SCCL), which are a semi-
quantitative model of the clay content along the Soultz boreholes. They were created
with a neural network, which was previously trained on reference data derived from
core material of the well EPS1. The application of the trained network on the deep
wells generated logs, which represent the clay content inside fractures in five groups.
SCCL group 1 represents the fractures without clay and SCCL group 5 applies to
fractures with the highest amount of clay. The resolution of these logs is between
several decimeters and 1 meter [Meller et al., 2014b] and they are thus a sound basis
for detailed rock mechanical analyses. The synthetic log for the well GPK1 is presented
in Figure 7-2. It clearly shows depth intervals of high and low clay content.

Probabilistic distribution of fractures and clay

The fractures identified on UBI logs of the open-hole section of the well GPK1 were
used to determine the distribution of fracture orientations. Due to the large number of
sub-vertical fractures, a Terzaghi-correction was applied [Zerzaghi, 1965]. With this
correction, the sampling bias of steeply dipping faults in borehole imaging logs is taken
into account by weighting fractures according to their orientation to the borehole axis,
thus giving subvertical fractures higher weights. The resulting distribution of dip and
dip direction is illustrated in Figure 7-3a (dip) and b (dip direction). It is supposed that
the orientation distribution of fractures at the borehole wall is representative of
fractures in the whole reservoir in the depth interval 2850-3590 m. It is therefore used
to create a probability distribution of fracture orientations.
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Figure 7-2: SCCL log for the well GPK1. SCCL group 1 represents the fractures without clay
filling, whereas SCCL group & contains fractures with the highest amount of clay. The open-hole
section of the well between 2847 and 3590 m is marked by the dashed Iline.

Figure 7-4, where the orientation of the fractures in GPK1 is illustrated together with
the SCCL group of the fractures shows that there is no correlation between the dip,
strike and clay content of the fractures. Therefore, it is reasonable to assume
independently of fracture orientation and associated amount of clay a random
distribution of SCCL groups over the fractures. Hence, in a probabilistic model, the
proportion of fractures for each clay content can be derived from the SCCL logs.
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The relative proportion of fractures with different amounts of clay in the open-hole
section of GPK1 is provided in Table 7-1. The SCCL groups 1-5 are randomly
distributed to the fractures in 25 draws, whereas 42.85 % of the fractures are assigned
to SCCL group 1, 32.69 % are assigned to SCCL group 2 and so on. On the basis of
various rock mechanical laboratory studies, it is expected that clay rich fractures have
lower friction coefficients than unaltered fractures. Therefore, the different SCCL
groups are representative of fractures with different friction coefficients and
presumably also cohesion.

a) b)
18 ' 9
15. 8
141 7

£ | £

w 12 w B

< =

3 10| 3 s

g g

5 8 5 4

5 5

26 g3

[=] Q

8 g

o 4: g 2
: nul adlN |
ol — -.--_I I il olmm 1] h III.III Il
10 20 30 40 50 60 70 80 90 0 50 100 150 200 250 300 350

Dip angle [] Dip direction [*]

Figure 7-3° Distribution of a) dip and b) dip direction in the open-hole section of GPKI after
Terzaghi correction of the fractures. This distribution is regarded as representative of the whole
reservoir around GPK1 in the depth interval of the open-hole section.

As experimental studies on the frictional properties of the Soultz granite are missing, a
lower bound for the friction coefficient and the cohesion of the granite must be
estimated. Based on previous studies from other researchers, I defined the maximum
friction of the Soultz granite for the unaltered rock mass (SCCL 1) as 0.98 [Cornet et
al, 2007; Evans, 2005]. The most commonly observed clay mineral in Soultz is illite,
which has a friction coefficient of ~0.4. However, experimental studies showed that
fractures filled with illite have a higher friction coefficient than pure illite [Blanpied et
al, 1995]. Following to the experiments of Blanpied et al. [1995], a friction coefficient of
0.58 is defined for SCCL group 5. According to the linear relationship between clay
content and friction coefficient observed by Zoback et al. [2012], the friction coefficient
1s linearly interpolated between SCCL1 and SCCL5 resulting in friction coefficients
0.88 for SCCL2, 0.78 for SCCL3 and 0.68 for SCCL4 (Table 7-1).
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Figure 7-4° Fracture orientations in the well GPKI1. The SCCL group of each fracture is color-
coded as indicated by the legend.

Although it is often assumed that existing fractures have no cohesion, Cornet et al.
[2007] and Evans [2005] found that there must be cohesion on the fractures in the
Soultz granite to keep them stable under the present stress conditions. Based on
observations from Evans [2005] and Cornet [2007], a cohesion between 4 and 9 MPa
can be assumed for the Soultz granite, depending on the stress model. Here, a cohesion
of 6 MPa is chosen.

Table 7-1° Proportions of the SCCL groups 1-5 their friction coefficient and cohesion. Group 1
represents the fractures with no clay filling, whereas group 5 contains the fractures with high
clay content and large alteration halos.

SCCL Proportion Frictiqn Cohesion
group coefficient [MPa]

1 42.85% (~288 fractures) 0.98 6

2 32.69% (~220 fractures) 0.88 6

3 16.84% (~110 fractures) 0.78 6

4 3.16% (~21 fractures) 0.68 6

5 4.45% (~30 fractures) 0.58 6
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Stress field

In addition to the fracture orientation, the orientation and magnitude of the principal
stress components are required to calculate the critical pressure for a fracture. The
stress field in Soultz has been thoroughly investigated by various techniques including
borehole breakouts, drilling induced fractures, leak-off tests and fault plane solutions
of microseismic events. Valley [2007] and Cornet [2007] provided the most recent
solution for the stress field magnitude and orientation at Soultz, which are given in
the following equations:

Sy = —13+0.0255z (7-2)
Sy = 0.98(—1.3 4 0.0255 - z) (7-3)
Sp = —1.78 + 0.01409 - z (7-4)
P, = 0.9 +0.0098 - z (7-5)

with 7, the pore pressure and z the depth in m. The Sy orientation is approximately
north-south and the vertical stress Svis equivalent to the overburden.

7.2.2 RESULTS

According to the stress field, the friction coefficients and the fracture orientation
distribution, the critical pressure is calculated for each fracture orientation. Thus, the
proportion of fractures with a certain critical pressure is obtained. As the stress
magnitudes vary from the top of the open-hole section to its bottom (45=18.9 MPa,
ASr=18.5 MPa, AS=10.5 MPa, AP=7.3 MPa), the critical pressure was calculated for
three depths: 2850 m, 3220 m, and 3590 m, which corresponds to the top, the center,
and the bottom of the open-hole section. Figure 7-5 shows the cumulative number of
fractures versus their critical pressure. The critical pressure was calculated several
times using different friction coefficients. For the first three curves (Figure 7-5a), a
homogeneous friction coefficient of 0.98 and a cohesion of 6 MPa were used whatever
the fracture clay content. Hereafter, this model is referred to as uniform friction model
(UFM). For the second set of curves (Figure 7-5b) the friction coefficient was chosen
according to the SCCL group of the fractures (see Table 7-1). This model is referred to
as distinct friction model (DFM). The cohesion was fixed to 6 MPa for all SCCL groups
according to Evans [2005] and Cornet [2007].

A homogeneous friction coefficient for the whole granitic reservoir yields a steep onset
of the cumulative curve of fractures versus their critical pressure. If it is assumed that
a fracture shears, when the overpressure inside the reservoir exceeds its critical
pressure, the steep onset shows that there is a limit, under which no seismic event
occurs. Above this limit, about half of the fractures shear within a pressure increase of
0.5 MPa. The remaining 50 % of fractures require a pressure increase of another
4-6 MPa to shear. The highest critical pressure of 15 MPa is far beyond the pressure
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reached during the September 1993 stimulation of GPK1, which was maximum
10.57 MPa downhole at the top of the open-hole section. The curves for the three depths
mainly differ in the minimum magnitude of the critical pressure (between 8.5 and
10 MPa) and their range, but their shape remains the same. The onset of the curve
calculated at the top of the open-hole section deviates ~1.5 MPa from the curve
calculated for the bottom of the hole, indicating that a higher minimum pressure is
needed for shearing deeper fractures. The large pressure differences between the three
selected depths highlight the importance of constraining the stress field.

The DFM curves are significantly different from those obtained from the UFM. This is
especially the case at low pressures. Several fractures have critical pressures lower
than 8.5 MPa, which was the minimum Z. of fractures at 2850 m, when selecting a
homogeneous friction coefficient of 0.98 (Figure 7-5a). Between ~2.5-4 and 8-9 MPa the
curve is only moderately rising before its gradient increases and the curve flattens
again at ~9-10.5 MPa. The maximum critical pressure is around 15-16 MPa. The main
difference between Figure 7-5a and Figure 7-5b is that in the UFM (Figure 7-5a),
pressure has to be significantly increased until a seismic event happens, but then, all
fractures shear within a very narrow pressure range. The DFM (Figure 7-5b) rather
suggests shearing initiation at lower pressure, but the number of shearing events for a
given pressure increase is smaller.

In order to investigate the effect of different frictional and cohesion parameters, several
model curves are computed. Characteristic values of the curves are their minimum
critical pressure (2 min), their maximum critical pressure (2 mav), which is the smallest
pressure leading to shearing of 100 % of the fractures, and the smallest pressure, which
leads to shearing of 50 % of the fractures (2. s»). The three values are used to compare
the results for the top of the open-hole section (2850 m) and are listed in Table 7-2.
Figure 7-6 illustrates the corresponding cumulative curves. Curves a) and b) are
calculated with a uniform friction coefficient of 0.98, but while the cohesion is kept
constant (6 MPa) for curve a), it decreases from SCCL1 to SCCL5 for curve b). The
effect of decreasing cohesion is a flattening of the cumulative curve at its onset. The
minimum £ min 1s 2.5 MPa instead of 8.6 MPa. P.s0% and P. maxr In contrast do not
change. If the friction coefficient instead of the cohesion decreases with increasing
SCCL group, the curve is similarly flattened at its onset. Yet, it remains steeper than
in curve b). The cohesion has been chosen according to the upper limit of 9 MPa as
defined by Evans [2005]. The effect of higher cohesion is a shift of the curve to higher
P.. The minimum Z:in this case is 8.7 MPa and P max1s 53.5 MPa.

It is often assumed that cohesion is a characteristic of intact rock, but fractures have no
cohesive component. Curve d) is therefore calculated with decreasing friction
coefficients and no cohesion. P min 1s negative in this case, which shows that the
combination of these parameters is not possible. The shape of the curve is similar to
curve b), but with a flatter onset, which is attributed to the combination of low friction
coefficients and no cohesion for high clay contents. The parameters, which were

112



CHARACTERIZATION OF THE CRITICAL PRESSURE OF
FRACTURES AND INDUCED SEISMICITY DURING GPK1

STIMULATION

selected for curve e) are similar to those from curve c), but with a higher friction

coefficient for SCCL5 and a linear interpolation of the friction coefficients between
SCCL1 and SCCL5. Compared to curve c), P min is higher (5.6 MPa), but P, 50% and

P, max are very similar.
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Fligure 7-5° Percentage of fractures versus their critical pressure. P. was calculated according toc
the Mohr-Coulomb failure criterion after Terzaghi correction of the fracture distribution. a) A
uniform friction coefficient of 0.98 and a cohesion of 6 MPa is chosen for all fractures. b) Friction
coefficients are different for the 5 SCCL groups (SCCLI: 0.98 SCCLZ2: 0.88 SCCLS3: 0.78
SCCL4: 0.68 SCCL5: 0.58). The stress field is fixed to depths of 2850, 3220 and 3590 m, which
corresponds to the top, the center and the bottom of the open-hole section.
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The effect of a smaller range of friction coefficients is therefore most visible for low P..
A further possible scenario is that the friction coefficient below a certain clay content is
dominated by the friction of the intact rock, whereas at high clay contents, the clay
minerals control the frictional properties of the fracture. This case is represented by
curve f), where the groups SCCL1-3 have a friction coefficient of 0.98 and SCCL4-5
have friction coefficients of 0.75 and 0.68. The resulting curve is characterized by a flat
onset and a kink at 8 MPa. The onset of the curve is similar to curve e), where the
friction coefficients of SCCL4-5 are equal. The part of the curve after the kink is similar
to curve a), where the friction coefficients and cohesion are the same for SCCL1-3. This
suggests that the onset of the curve is dominated by the influence of SCCL4-5, whereas
the higher P part is dominated by SCCL1-3. If an equal proportion of all SCCL groups
is chosen, the resulting curve g) can be subdivided into 5 sections, each beginning with
an increasing gradient, a turning point and a decreasing gradient. Ignoring SCCL5
fractures results in a curve with 4 sections, which is very similar to curve g), but with
higher Pc, min, representing the 4 SCCL groups.

To sum up the observations, it can be stated that

- the lowest P.fractures are dominated by the highest SCCL groups,

- a decrease of the frictional or cohesive properties of the fracture lowers the gradient
of the onset of the cumulative curve and lowers the P min, which means that
fractures shear at lower critical pressure and that the AP until 50 % of the fractures
have sheared is larger than for uniform friction/cohesion,

- the proportion of fractures in each SCCL group determines the curvature of the
curve between P, min and P, 50%.

These observations show that clay has a significant influence on the minimum
overpressure required to shear fractures and on the number of fractures shearing
within a certain pressure increase.
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Table 7-2: Comparison of the minimum Pc, the Pc to shear 50 % of the fractures and the
maximum Pc for different frictional parameters and proportions of the SCCL groups. A) is
corresponding to the UFM. These values are computed for a depth of 2850 m.
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Figure 7-6: Cumulative curves of fractures versus their critical pressure. The parameters chosen
for the calculation of the curves are given in the small tables inside the graphs and in Table 7-2.
Curves ¢) and d) have a different scale on the x-axis. The depth reference of the curves is 2850 m.
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7.3 SEISMICITY INDUCED DURING STIMULATION OF
GPK1

The critical pressure represents the overpressure, which is required to shear a fracture.
During stimulation a pressure is applied to the reservoir. This pressure acts on a
fracture in addition to the prevailing pore pressure. Therefore, the overpressure in a
reservoir corresponds to the wellhead pressure, which has been corrected for a
frictional term related to friction of the stimulation fluid along the borehole. Provided
that the overpressure in the reservoir corresponds to the critical pressure of fractures,
each fracture with a P smaller than the applied overpressure shears. If it is assumed
that the overpressure inside the reservoir corresponds to the downhole pressure and
each shearing fracture induces exactly one seismic event, the previously calculated
distribution of P can be directly transferred to a seismic event curve with increasing
stimulation pressure. This allows investigating the role of clay for the evolution of
microseismicity during GPK1 stimulation. In this chapter, the frictional characteristics
of the fractures around GPK1 are assessed by comparing the characteristics of recorded
seismic events with the probabilistic curves of the distribution of .

7.3.1 SEISMICITY CHARACTERISTICS

The well GPK1 is 3580 m deep with an open-hole section spanning the lowermost
730 m of the borehole. In September 1993, hydraulic stimulation of the open-hole
section has been performed in 8 steps approaching a maximum injection rate of
37.81sl. During and shortly after the stimulation operations downhole, which
continued 15 days from September 2, the downhole seismic network recorded ~12'000-
13'000 seismic events (Figure 7-7). Shut-in was on September 17, but the record of
pressure and induced seismicity continued for another 13 days until the wellhead
pressure reached zero. Seismicity continued after shut-in, albeit with a lower rate. The
seismic cloud propagated ~800 m in horizontal direction as well as 900 m upward and
250 m downward from the open-hole section.

[117



CHARACTERIZATION OF THE CRITICAL PRESSURE OF
FRACTURES AND INDUCED SEISMICITY DURING GPK1

STIMULATION
12 4 4 Onsetof  Onset of - 60
- hydroshear .“hydraulic fracturing
10 4 ' ‘;"-4. ‘I»f\\-—‘ M~ \--\ ds0
; l,..mwri ' |
=84 N ‘ kr {0z
n_ " ' et
= - : i}
[ . ©
2 64 : : 430 & 150
2 S
g 8 5
o o4 4202 41008
@
a
2
2 410 450 ¢
5]
>
-“ Lu
0 ] Jo
2000
—— Pressure
1 1 — Injection rate
2200 4 7 Events per hour
1 *" Seismic events
2400 H — Selected phase
2600 - —
E .
£ 2800 T
[= %
Q 4
=]
3000 —
3200 - g
3400 - g
3600 — T T T T T T T T T
01.09.1993 05.09.1993 09.09.1993 13.09.1993 17.09.1993 21.09.1993 25.09.1993

Time

Figure 7-7: Characteristics of the stimulation of the geothermal well GPK1 in 1993. The upper
graph shows the injection rate and wellhead pressure (lines) and the event rate. In the lower
part, the depth of recorded events is plotted versus time. The x-axis representing the time
applies for both graphs. The onset of hydroshear and hydraulic fracturing during stimulation is
from Schmittbhuhl et al. [2013a]. The grey area represents the selected stimulation phase used for
this study. Hydraulic fracturing was excluded as well as the gap in the seismic recording.
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7.3.2 METHODS

In a first step, the wellhead pressure applied during stimulation has to be converted
into downhole pressure. The correction for the wellhead pressure is derived from the
pressure gradient. It consists of a frictional term (subscript #), a hydrostatic term
(subscript H) and an acceleration term (subscript A4).

-(52)= ), + @), + G2, 9

The acceleration term is generally very small in boreholes and can be neglected. The
frictional term can be calculated after

(a_p) i e (7-7)

0z 2D

with fthe Moody friction factor, which is a function of the Reynolds number, p is the
density of the fluid, which is 1.18 kg m! for the 1993 stimulation, vthe velocity derived
from the flow rate and D the hydraulic diameter of the borehole, which is 0.2159 m to a
depth of 2847 m and 0.13335 m in the lower part of the well. As for this study only the
overpressure inside the reservoir is of interest, the hydrostatic term is removed from
equation (7-6). The downhole overpressure (BhAp) is therefore calculated from the
wellhead pressure (Whp) after

Afpv?
2D

Bhp = Whp — (7-8).

Hereafter the term bottom hole pressure or downhole pressure refers to the
overpressure produced in the reservoir during injection.

In order to create a cumulative number of events vs. overpressure curve, only the
increasing pressure steps during stimulation are considered as well as the total
number of events, which occurred until the pressure levels were reached.
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7.3.3 RESULTS

Due to the dependence of the frictional term of the pressure gradient on depth, the
downhole pressure is depth dependent. However, the downhole pressures for the top,
the center and the bottom of the open-hole section are very similar and only vary by
maximum 20 Pa. Hereafter, the downhole pressure at 2850 m is used, when referred to
the bottom hole pressure (BhAp). Figure 7-8 shows the cumulative number of events
recorded during the September 1993 stimulation of GPK1 versus wellhead and
downhole stimulation pressure.

September 1993 stimulation of GPK1
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Figure 7-8° Number of events recorded during the September 1993 stimulation of GPK1 versus
wellhead (Whp) and downhole pressure (Bhp) (at 2850 m). For higher flow rates (higher
pressure) the differences between the curves become larger.

The stimulation starts with a minimum pressure of 6 MPa, where the first seismic
event occurs. Until 7 MPa Bhp, the number of events is only slowly increasing. Above
8 MPa, the gradient of the curve significantly increases. Between 8 and 10 MPa, about
3500 seismic events occur. At 10.4 MPa, 50 % of recorded seismicity has occurred. The
remaining 50 % occur within a small pressure increase of ~0.5 MPa. The curve shows
that in order to induce the first 50 % of events, a pressure increase of ~4 MPa is
required, whereas the pressure range for the last 50 % is ~0.4 MPa.
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7.4 DISCUSSION

7.4.1 COMPARISON BETWEEN PROBABILISTIC CURVES OF Pc AND
INDUCED SEISMICITY

Comparison between recorded seismicity and the probabilistic curves of Pc may deliver
insight into the frictional properties of the reservoir. However, several assumptions
have to be made for such a comparison. One of the strongest is that time variation of
the pressure and the pressure decrease with distance from the well is not taken into
account here. Indeed, to do so, a correct model of pressure propagation would be
necessary. This not a simple task, as identified by Cornet [2012]. For the 1993
stimulation, he identifies 4 phases. At the beginning of stimulation, the propagation of
the pressure front depends on the rock diffusivity, thus increasing the ambient pore
pressure. According to Cornet, seismic events happen within the elastic domain of the
rock in this phase. When the pressure is high enough, slip along pre-existing fractures
occurs, which changes the diffusivity of the rock and the growth of the microseismic
cloud. At higher pressures, Cornet assumes the generation of new fracture zones
related to the local stress field. When the pore pressure reaches the minimum principal
stress, the faulting mechanism is hydraulic fracturing. All faulting mechanisms are
characterized by different stress-pressure conditions and propagation modes of the
microseismic cloud. For Soultz, Schmittbuhl et al. [2013a] postulate that the onset of
hydroshearing is at ~8 MPa wellhead pressure and hydraulic fracturing begins at
~10 MPa wellhead pressure. In the hydroshearing phase, flow inside the reservoir is
fracture dominated and the pore pressure is high enough to shear along a major
structure. As there is a gap in seismic recording above ~9.3 MPa and therefore the
number of seismic events is biased between the period before and after this technical
problem, the stimulation phase between 0 and 9.3 MPa wellhead pressure is selected
for this analysis.

In order to better characterize the evolution of seismicity at low pressures, semi-
logarithmic curves are used to illustrate the amount of seismic events versus downhole
pressure, which can be compared to the amount of fractures shearing vs. their critical
pressure as described in the previous section. Figure 7-9a shows the evolution of
seismicity during the 1993 stimulation between 0 and 9.3 MPa. It is compared to 5
probabilistic curves, which have been obtained using different friction and cohesion
parameters (Figure 7-9b-f).

The cumulative curve of seismic events during the September 1993 stimulation of
GPK1 reveals an onset of seismicity at around 6 MPa downhole pressure. Between 6
and 8.3 MPa the number of events is approximately exponentially increasing, resulting
in a sub-linear curve in the semi-logarithmic plot. Noticeable are the 5 steps of
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increasing event numbers followed by a pressure increase without or with very few
seismic events. The five steps are attributed to large structures inside the reservoir,
which affect the propagation of fluid and seismicity. These structures could be either
large fracture zones focusing fluid flow and microseismicity as postulated by Evans
[2005b] or very clay-rich zones, which hamper the spreading of the seismic cloud
[Meller and Kohl, 2014].

By selecting different friction and cohesion parameters for the probabilistic curves of
critical pressure, I tried to reconstruct the seismic event curve by varying the
mechanical parameters. In Figure 7-9b, homogeneous friction coefficients and cohesion
are used for the calculation of F. It is obvious that the evolution of seismicity as
illustrated by Figure 7-9a and b are totally different. Whereas the number of seismic
events 1s exponentially increasing in Figure 7-9a, the uniform friction and cohesion
curve of Figure 7-9b shows a rapid increase in the number of sheared fractures with
increasing pressure. In this curve, 40 % of all fractures have a critical pressure between
6.5 and 7.5 MPa, implicating that 40 % of all fractures would shear within a pressure
increase of 1 MPa at the beginning of the stimulation. In Figure 7-9c, the friction
coefficient is decreasing linearly between 0.98 for SCCL1 and 0.58 for SCCL5 (DFM).
With these parameters, 1 % of the fractures would shear within a pressure increase
from 3.5 to 4 MPa, followed by an exponential increase of the number of shear events.
The gradient of the linear section in the semi-logarithmic plot is smaller than that of
the real seismic event curve of Figure 7-9a. A steeper gradient is obtained, when the
range of friction coefficients between SCCL1 and SCCL5 is smaller. In Figure 7-9d, the
friction coefficient was linearly interpolated between 0.98 for SCCL1 and 0.68 for
SCCL5. A similar result is obtained, when the friction coefficient is kept constant, but
the cohesion decreases with increasing clay content (Figure 7-9e). The gradient of the
linear section in this curve is depending on the range between maximum and minimum
cohesion. If both, cohesion and friction coefficient are decreasing with increasing clay
content, the gradient of the linear section in the semi-log plot is even smaller.

From these curves, it is obvious that in this model, the evolution of seismicity cannot be
explained by a uniform friction and cohesion throughout the reservoir. With uniform
cohesion and friction, seismic events would be induced above a certain pressure level,
which i1s depending on their mechanical strength, whereas all seismic events happen
within a small pressure range in the order of 1 MPa. This is not observed during the
September 1993 stimulation. The exponential increase in the number of seismic events,
which has been recorded during stimulation, could be caused by the spatial and time
variation of pressure. However, the exponential increase can also be reconstructed by
distinguishing between fractures with different cohesion/friction, which emphasizes the
potential importance of weak zones for the evolution of seismicity. Especially at low
stimulation pressures, the time and space variation of the pressure cannot explain the
occurrence of seismic events. The fractures shearing at low stimulation pressures must
have low friction coefficients, because the onset of their shearing at 6 MPa cannot be
explained by a favorable orientation in the ambient stress field alone.
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A common feature of the probabilistic curves created with distinct friction and cohesion
parameters is the step at the onset of the curve, where the proportion of fractures is
quickly increasing to ~1 % within a small pressure increase of 0.3-0.5 MPa, which is
not observed in the real seismic event curve. Several reasons for the absence of this
section are following discussed.

When comparing the probabilistic curves to the evolution of seismicity during GPK1
stimulation, it is assumed that all fractures inside the reservoir shear and produce a
seismic event. This is not necessarily the case. Fractures with high clay contents for
example might shear without producing microseismicity. Borehole image logs run
before and after the stimulation of GPK1 in 1993 revealed the occurrence of aseismic
movements along some fractures cutting the borehole [Cornet et al, 1997]. Meller and
Kohl [2014] describe a relationship between the clay content of a fracture and the
occurrence of aseismic slips. It was shown in their study that weak, clay rich fractures
dominate the occurrence of seismic events at the beginning of stimulation. If several of
the weak fractures had sheared aseismically, they would have not been recorded by the
seismic network, which is also a possible explanation for the missing steep part in the
recorded seismic event curve.

A second reason for the absence of this section in the recorded seismic events could be
the Terzaghi correction applied on the fracture distribution model. Very steeply dipping
fractures are weighted maximum 5-fold, which increases the number of sub-vertical
fractures in the model. Yet, a comparison between the curves created with Terzaghi-
corrected fracture models and uncorrected models showed that there is little difference
between the curves and the vertical section in the semi-log plot is only insignificantly
reduced by less than 0.01 %. Therefore, it is concluded that the Terzaghi correction is
not generating the steep increase in shear events at the onset of the probabilistic
curves.

A further possible reason is a packer test conducted in GPK1 in August 1993, before
stimulation activities started. Water was injected into a fault at 3500 m with a
maximum pressure of 20 MPa and 158 seismic events were recorded between 3410 and
3576 m depth. This stimulation started on 19th of August and continued for only 20 hrs.
Although the pressure of this packer stimulation was much higher than in the
following stimulation of the whole open-hole section, it is assumed that only a small
part of the reservoir around the packered fault zone was affected by the high pressure.
However, several fractures, which have sheared during this packer test could not shear
again during the September stimulation.

A further point, which could affect the cumulative curve at minimum stimulation
pressures, is the magnitude of completeness of the seismic catalog, which is around
Muc=-1 [Bachmann et al, 2012]. Big differences in magnitudes occur for the events
recorded during the 1993 stimulation and a significant number of small events might
have been missed by the seismic network. As a previous study showed (chapter 6), the
magnitude of seismic events is affected by the clay content. In the probabilistic
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analysis, the magnitude of seismic events was not taken into account, but fractures
with high clay contents exhibit the lowest critical pressure. If those fractures produce
seismic events with magnitudes below the detection limit, they are not recorded and
are missing in the cumulative curve. 7.6 % of the fractures are in SCCL groups 4 and 5,
and 50 % of them are optimally oriented in the stress field, i.e. their dip and dip
direction are within 20° of the orientation of the principal stress components. Thus,
they could affect the cumulative curve below 3.9 % of the fractures and could therefore
be responsible for the missing steep part at the beginning of the real seismic event
curve.
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Figure 7-9° Semi-logarithmic cumulative curves of the events during the September 1995
stimulation of GPK1 (a) and fractures vs their critical pressure calculated with the probabilistic
fracture model (b-f) between 0 and 9 MPa. In curve b), the friction coefficient and cohesion are
constant. In ¢) and d), the friction coefficient is decreasing with increasing clay content. In e),
cohesion is decreasing with increasing clay content and in f) both, cohesion and friction
coefficient, are decreasing with increasing clay content.
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Despite the modelling uncertainties and simplifications, the results show that there
have to be several fractures with a friction coefficient below 0.98, which was suggested
by Cornet et al. [2007] and Evans [2005]. Even a low number of such weak fractures
could significantly affect the evolution of induced seismicity. Considering that only 8 %
of all fractures are SCCL4-5 and three thirds of the fractures are SCCL1-2, the effect of
this small proportion of clay rich fractures completely changes the characteristics of
induced seismic events, especially for low overpressures. One of the goals of this study
was to find out, if the critical pressure significantly depends on the clay inside the
fault. The results have shown that most of the fractures with low critical pressure are
SCCL4-5 and therefore fractures with high amounts of clay inside. Without these weak
fractures, the minimum F. would be ~3-5 MPa higher and the evolution of induced
seismicity would be most likely different from what is observed during the 1993
stimulation of GPK1. The onset of induced seismicity at low overpressures and the slow
increase in the seismic rate until 8.5 MPa clearly indicate that weak fractures
dominate the evolution of induced seismicity in the initial stage of hydraulic
stimulation.

7.5 CONCLUSION

The study shows that probabilistic curves of the distribution of the critical pressure
around the well GPK1 are a reasonable approximation to the distribution of Pc in the
reservoir. The P. distribution can be directly transferred to the overpressure required to
induce shear on fractures during hydraulic stimulation. The comparison between the
model and recorded seismicity implicates the presence of weak fractures inside the
reservoir. The study shows that 1) clay-filled fractures are most likely a weak link
inside the reservoir, exhibiting lower frictional and/or cohesive parameters than
unaltered rock and 2) the presence of such clay rich fractures significantly affects the
pressure dependent evolution of induced seismicity. This indicates that the role of clay
and the lowering of the mechanical friction cannot be neglected in models of induced
seismicity. Specifying the frictional properties of fractures according to their clay
content is a new approach to explain the characteristics of induced seismicity. In
future, this approach could be integrated into more complex structural and hydraulic
models in order to develop stimulation strategies for geothermal wells. Especially for
soft stimulation, where large seismic events are supposed to be mitigated, the P.
distribution in time and space is a necessary input to specify the stimulation pressure.
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8 COMPREHENSIVE DISCUSSION

In this thesis, I present four studies towards a better understanding of the correlation
between clay as a fracture filling and microseismicity during reservoir stimulation at
the Soultz geothermal site. The neural network method to localize zones with different
clay contents yields a substantial basis for geomechanical analyses, which is an
important step towards the characterization of induced seismicity. Chapter 7
demonstrated that a possible explanation for the exponential increase of the number of
events, which have been recorded during the 1993 stimulation of GPK1, is the contrast
of mechanical friction and/or cohesion of the fractures related to their clay content. By
attributing decreasing friction coefficients to increasing clay contents (increasing
SCCL), the model reveals an exponential increase in the number of fractures vs. their
critical pressure, which reproduces the evolution of events recorded during the
September 1993 stimulation. These results raise several questions concerning the
applicability of the critical pressure method:

1) Can this method be applied to wells at other geothermal sites?
2) Does the clay filling inside fractures affect induced seismicity?
3) Is it possible to estimate the occurrence of seismicity during stimulation?

These issues are discussed below.

8.1 APPLICATION TO OTHER SITES

Chapter 4 showed that the application of a neural network to create SCCLs from
borehole data yields excellent results, when the neural network is trained on reference
data from drill cores. However, the recovery of drill cores is unusual in geothermal
drilling. Therefore, the availability of core material for creating reference datasets is an
exceptional case. Usually, the only available data to reconstruct the clay content is
borehole logs and cuttings. In order to transfer the method to other wells it is therefore
necessary to test its performance without using reference datasets. The creation of
SCCLs without reference data requires the application of an unsupervised neural
network method. According to chapter 2, this method allows finding patterns in input
data and forms clusters according to the similarity of input vectors. The performance of
the unsupervised Kohonen algorithm for the creation of SCCLs is tested on the EPS1
logs and is then compared to the results obtained from the supervised network.
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Figure 8-1° Comparison of the SCCL from different combinations of input logs with the reference
SCCL from real data (left log). The SCCL1 log was created using the supervised method and the
remaining SCCL logs are results of the unsupervised method. SCCLZ2: Spectral gamma ray ana
fracture density are used; SCCL3: Only spectral gamma ray logs are used.
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The input parameters for the network are chosen in accordance to the settings
described in chapter 4. The basis for the analysis are spectral gamma ray logs and
fracture density logs. The self-organizing map is a squared 25x25 nodes map and
5'000'000 iterations are run in the training phase. Three different SCCL are compared.
SCCL1 is the log created with the supervised learning. SCCLZ2 is created on the basis of
spectral gamma ray and fracture density logs. SCCL3 is created from SGR logs only.
For each of the logs, the accordance with the reference dataset is determined.

The SCCLs from the supervised and unsupervised neural network applications are
shown in Figure 8-1. In the reference SCCL, which is obtained from the drill core,
intervals with different densities of clay-filled fractures and intervals without clay can
be clearly discriminated. SCCL1 retrieved with a supervised neural network matches
the reference log to 74 %, whereas 91 % of the log deviate maximum one SCCL group
from the reference. SCCL2, which was created with the unsupervised neural network
applied on SGR and fracture density, matches the reference log to 53 % and 77 % of the
log deviate less than one SCCL group from the reference. The resolution of this log is
lower so that the differences in clay content for small depth intervals in the order of
tens of meters cannot be discriminated. The main clay rich zones and zones without
clay are clearly distinguishable from each other, as for example the clay-rich zone at
the top of the granite between 1420 and 1520 m or the absence of clay between 1920
and 2050 m. The amount of clay is generally overestimated compared to the reference
log. When only spectral gamma ray logs are used as an input for the training of the
network, the resulting SCCL3 provides only little details about the location and the
amount of clay along the borehole. Only the largest clay rich zones can be
reconstructed, whereas there is no reliable information about the amount of clay in
these zones. The accordance with the reference log is only 31 % for SCCL3.

The supervised neural network application is able to produce synthetic logs of very
high quality. The accordance with real data is worse when the unsupervised method is
used, yet the results are convincing. The unsupervised SCCLs can be correctly
interpreted, when the geological background is known, as the influence of the matrix
lithology is probably the main reason for deviations of the unsupervised SCCLs from
the reference. In kalifeldspar cumulates for example (e.g. at 1610 m depth), where the
potassium content is increased, the unsupervised SCCLs predict higher clay contents
than those indicated by the reference logs.

The main challenge for the interpretation of the results in the unsupervised mode is
the assignment of the defined groups to SCCL units 1-5. The output of the neural
network is a grouping of the nodes of the self-organizing map into 5 classes, yet it is
unknown, which of these clusters corresponds to which SCCL group. So, further
information about the lithology is needed, which helps to interpret the results. This
information can for example be derived from the petrographic and magnetic
investigation of cuttings, which allow identifying highly altered zones based on their
mineralogical content. Other logs like resistivity or spontaneous potential logs, which
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are sensitive to clay minerals, can also help assigning the right groups. Here, short
intervals of additional logs can be sufficient, but several methods should be combined
in order to correctly assign the classes to SCCL groups. The more output clusters are
defined, the more challenging is the interpretation. Therefore, the number of output
groups should be kept as small as possible.

This study shows, the unsupervised neural network method applied on spectral gamma
ray and fracture density data can provide sufficiently detailed information about the
appearance of clay filled fractures along boreholes in crystalline rock to make
geomechanical investigations. This technique can be used in wells, where no reference
dataset can be created to train the neural network due to the lack of core material. The
interpretation of the results can be accomplished with the help of cutting material or
additional logs. With the unsupervised method, 77 % of the real dataset can be
reconstructed with a deviation of <1 SCCL group provided that the fracture density is
known.

As more and more EGS target the crystalline basement, it is worthwhile to further
improve this method and to expand it to other crystalline geothermal reservoirs, for
which it is equally applicable. In sedimentary geothermal reservoirs, the localization of
clay is easier due to the lower matrix influence on spectral gamma ray logs. The
application on crystalline rock is challenging, but the previous results show that it is
feasible.

8.2 ESTIMATION OF INDUCED SEISMICITY

The importance of clay filling for reservoir mechanics was demonstrated in laboratory
studies and by large-scale field observations (chapter 2). The SCCL method is an
indirect approach, which is based on statistical evaluation of borehole measurements.
Hence, the SCCLs provide a unique high-resolution basis for interpretation of visible
geomechanical processes in a reservoir. In chapter 6, the significance of clay on
geomechanics was demonstrated on the basis of breakout analyses, borehole image logs
and the evolution of the seismic cloud during stimulation. In chapter 7, it was analyzed
whether the evolution of induced seismicity also reflects the presence of clay-bearing
fractures, which would imply conversely that clay affects the occurrence of induced
seismic events.

It was demonstrated that decreasing friction or cohesion with increasing clay content of
fractures could explain the evolution of induced seismicity during stimulation of GPK1.
According to chapter 7, even a small number of weak fractures could have significant
effects on the occurrence of seismic events at low stimulation pressure. In Soultz, the
SCCLs indicate that only 8 % of all fractures are SCCL4-5 and two thirds of the
fractures are SCCL1-2. Yet, the effect of this small proportion of clay rich fractures can
completely change the increase of induced seismic events, especially for low
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overpressures. One of the goals of this study was to find out, if the critical pressure
significantly depends on the clay inside the fault. I have shown that most of the
fractures with low critical pressure are SCCL4-5 and therefore fractures with high clay
content. Without these weak fractures, the minimum P. would be ~3-5 MPa higher and
the evolution of induced seismicity would be most likely different from what is observed
during the 1993 stimulation of GPK1. The onset of induced seismicity at low
overpressures and the slow increase in the seismicity rate until the overpressure
reaches 8.5 MPa indicate that weak fractures dominate the evolution of induced
seismicity in the initial stage of hydraulic stimulation. The approach to determine the
failure probability was primarily developed to understand the occurrence of seismic
events upon pore pressure changes. In this context the mechanical contrast between
fractures of different alteration grades was taken into account. If this approach is
suited to characterize and model the evolution of induced seismicity, it should also be
possible to assess the occurrence of seismic events.

The model described in chapter 7 is a simplified representation of the processes in the
underground and several uncertainties exist. For the calculation of the critical
pressure, Mohr-Coulomb failure is supposed to be the prevailing failure mechanism
throughout the reservoir and it is assumed that the seismic events happen on pre-
existing structures. Cornet [2012] however observed different faulting mechanisms
during hydraulic stimulation, which also involve the formation of new fractures inside
the reservoir rock. Including such mechanisms, seismicity cannot be explained by
Mohr-Coulomb alone, but needs the combination of different faulting mechanisms and
the corresponding failure criteria. This requires detailed knowledge about the reservoir
and the surface structure of fractures, which is not easy to obtain and in most cases can
only be approximated.

Furthermore, it is assumed that the pressure is homogeneously distributed and equal
to the downhole pressure in the area of investigation. This is not the case under in situ
conditions as the propagation of the pressure front into the reservoir is controlled by
the reservoir permeability. In fractured reservoirs, fractures are the main fluid
pathways. As the stimulation fluid is preferentially migrating along fractures, the
pressure front is certainly not isotropic throughout the reservoir and the pressure is
not necessarily homogeneously distributed around the borehole. The model assumes
steady-state conditions and it is supposed that each pressure step instantaneously
reached the reservoir, thus inducing shear on fractures with a critical pressure below
the stimulation pressure. This approximation could be justified for the stimulation of
the well GPK2, where the wellhead pressure curve was rather flat during stimulation
and the seismic cloud reached its maximum extension in an early stimulation stage
[Schoenball and Kohl, 2013]. For GPK1 in contrast, the seismic cloud continuously
expanded during stimulation, which rather suggests a time and space dependence of
pore overpressure. This effect could also contribute to the exponential increase of the
number of seismic events, yet it cannot explain the occurrence of seismic events at low
stimulation pressure.
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A further simplification in the approach is that a single friction coefficient is attributed
to each fracture. This would require a homogeneous fracture structure over its whole
length. In reality, the parameters characterizing fracture surfaces vary over distance
[Schleicher et al., 2006b; Schorlemmer et al., 2005]. This is for example the case for its
roughness, its alteration grade and its filling. Together with these parameters, the
friction coefficient of the fracture can also vary locally inside fractures, thus causing
also a variation of its critical pressure. For the selection of a uniform friction coefficient
for each fracture it was considered that the clay inside fractures has formed during
hydrothermal alteration, which is induced by circulating fluids. The altered fractures
must have been permeable, when clay minerals have formed. So, if the geothermal
fluid was flowing through the fracture, the whole fracture surface was exposed to
hydrothermal alteration. Therefore, it was regarded reasonable to specify an average
friction coefficient representative for the whole fracture on the reservoir scale.

Another source of approximation is the depth dependence of the critical pressure due to
the variation in stress that can reach several MPa over a depth range of 500 m. For the
Soultz reservoir this means for example that a fracture at the top of the open-hole
section has a critical pressure of 9.6 MPa, whereas the same fracture at the bottom of
the open-hole section with dip direction N104°E and dip 72° has a critical pressure of
11.1 MPa. Therefore, the model should be adjusted to the depth at which the stress
field is considered. An improved pressure and stress model therefore integrates over
the whole depth range of the stimulated rock mass.

Finally, recent studies reveal a correlation between aseismic movements and the
triggering of seismic events. Schmittbuhl et al. [2013a] demonstrated in laboratory
experiments that creeping events on rough faults control acoustic emissions on the
same fracture. They conclude that fluids are not necessarily the driving force of the
fault activity, but they affect local creep acceleration, which in turn triggers acoustic
emissions. The presence of both, seismic and aseismic slip on faults was observed
earlier on the San Andreas Fault [Schleicher et al, 2006b; Schorlemmer and Wiemer,
2005]. The same process might also take place on clay-filled fractures in Soultz or in
other geothermal reservoirs as it was also demonstrated in chapter 6 of this thesis. If
the pore overpressure is not the only driving force to induce seismic events, the present
approach cannot capture the whole induced microseismicity.

For an estimation of induced seismicity, all those parameters have to be taken into
account, which makes the geomechanical model rather complex. Yet, the independent
SCCL method provides a novel and high-resolution basis for the estimation of
mechanical properties of fractures, which can be included into new models developed
on the basis of the presented simplified critical pressure model.
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9 CONCLUSIONS AND OUTLOOK

Hydrothermally altered zones are a weak link inside rock masses, affecting both, the
geomechanical, and the hydraulic properties of fractures. Their localization is a basic
requirement for reservoir characterization. It has long been assumed that
hydrothermal alteration in the Soultz reservoir plays an important role for reservoir
mechanics and hydraulics, but sound studies on the mechanical significance of the clay
zones were missing. With this thesis, I demonstrated the mechanical significance of
clay inside fractures. On the basis of statistical evaluation of geophysical borehole logs,
I developed an indirect method to localize clay-rich hydrothermally altered zones in the
crystalline reservoir with a vertical resolution in the decimeter scale. The SCCL
method for the first time provided a high-resolution profile of the occurrence of clay
along a borehole.

So far, hydrothermally altered zones could only be identified from the analysis of
drilled rock cuttings, which involves large uncertainties with respect to depth
assignment of the samples, and elution, dilution, or enrichment of certain minerals.
The SCCLs provided the possibility to investigate both, on the borehole scale, and on
the reservoir scale, hydro-mechanical effects related to hydrothermal alteration in the
Soultz granite. Finally, the logs could be used as a basis for the analysis of effects of
clay-filled fractures on induced seismicity, which is a rather unexplored task on the
scale of geothermal reservoirs. The lack of information about the mechanical properties
of the heterogeneous Soultz granite gave the incentive to investigate the structure of
the granite with respect to zones with different mechanical properties according to
their clay content.

The objective of the first study (chapter 4) was to develop a method to localize clay
zones in crystalline rock using a restricted number of logs, which are typically available
at geothermal sites. Due to their complex mineralogical content, it is a major challenge
to identify clay sections in crystalline rock. With a neural network, it was possible to
extract information about the clay content of the granite from spectral gamma ray and
fracture density logs, which are standard borehole measurements. The resulting
synthetic clay content logs are a semi-quantitative measure of the density of clay
bearing fractures along a borehole. This method allowed the identification of more than
90 % of the clay bearing fracture zones with a deviation of <1 SCCL group from
reference core data. Compared to previous techniques for the localization of altered
zones, the resolution of the SCCL logs is in the order of few decimeters, because it
corresponds to the resolution of the geophysical logs. Beyond that, the logs are not only
qualitative, but semi-quantitative measures of the clay content inside the granite.
Even, if no reference data is available, an unsupervised neural network method can
provide high-quality results.
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Synthetic clay content logs were created for all geothermal wellbores at Soultz. Based
on these SCCL logs, further methods were tested to characterize hydrothermal
alteration. The second study described the magnetic mineralogical characterization of
the hydrothermal alteration in Soultz performed on the basis of drilled rock cuttings.
The analysis revealed a correlation between magnetic susceptibility carried by
magnetite and the SCCL alteration grade of the granite. Generally, fresh granite is
characterized by high magnetic susceptibility and magnetite contents of ~1 wt-%.
Beside the formation of clay minerals, rock alteration involves the transformation of
magnetite into hematite accompanied by a reduction of magnetic susceptibility. Hence,
altered granite has a low magnetic susceptibility and magnetite contents <<lwt-%,
depending on the grade of alteration. An alteration index derived from temperature-
dependent susceptibility measurements of the cuttings could be used as a measure for
the alteration grade of the granite. Taking into consideration the petrographic changes
during the granite alteration process, the magnetic mineralogical investigation of
cuttings allowed characterization of the hydrothermal alteration and calibration of the
synthetic clay content logs. The possibility to localize clay zones with two independent
geophysical methods (i.e. magnetic susceptibility and spectral gamma ray) attested,
firstly, the quality of the neural network mapping of clay bearing fractures, and
secondly, it underpinned the usefulness of drilled rock cuttings for analyses of
petrography, magnetic mineralogy and granite alteration.

The main focus of the third analysis was on the influence of clay inside crystalline
rocks on rock stability, on the stress field, and, finally, on the shearing of fractures
including the occurrence of microseismic events. By combining borehole breakout
analyses of the well GPK3 with the respective SCCL logs I could demonstrate an
increased breakout concentration in clay-rich intervals, thus providing evidence of a
weakening of rock by the occurrence of clay. Such zones are also characterized by a
deviation of the orientation of breakouts from their mean orientation, indicative of a
rotation of the stress field in clay-rich zones. For the first time, I could demonstrate a
correlation between the appearance of aseismic movements and hydrothermal
alteration. The SCCLs revealed a high clay content on the fractures, where aseismic
slips were identified by Cornet et al. [1997] during the 1993 stimulation of GPK1. It
was also shown that the mechanical weakness of altered granite affects the evolution of
induced seismicity during hydraulic stimulation. Using stimulation data from GPK1
and GPK3, I showed that the magnitude of induced seismic events is inversely
correlated to the SCCL group, indicating that clay inside fractures prevents the
accumulation of large differential stresses and thus, the occurrence of large
earthquakes. This has been earlier demonstrated by e.g. Schorlemmer et al. [2005],
who found high b-values on creeping faults. In this thesis, I first showed the correlation
between earthquake magnitude and clay on the scale of a geothermal reservoir.

The results of this study gave evidence for the influence of clay-rich fracture zones on
the occurrence and the evolution of seismicity. In the fourth study, the SCCL analyses
were used to create a model of the failure probability. A probabilistic model of the
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critical pressure of fractures in the well GPK1 was created representative of induced
seismic events at a certain stimulation pressure. Using the probabilistic model, a
critical pressure distribution was obtained by introducing varying frictional and
cohesive properties of the different SCCL groups, with lower friction and cohesion
respectively for the higher clay contents. With the resulting model, the evolution of
microseismicity during the 1993 stimulation could be retraced with a slow increase in
the seismic event rate with increasing pressure beginning at 6 MPa, before the event
rate significantly increases above 8 MPa downhole pressure. This study revealed that
the fractures with the highest clay contents, hence those most susceptible to aseismic
deformation, shear at the lowest stimulation pressures and might therefore be
responsible for the slow increase in the seismic rate. If all fractures had the same
friction and cohesion characteristics, all seismic events during stimulation would occur
upon a pressure increase in the order of 1 MPa, which is not observed during the Soultz
stimulations. It is concluded that clay-rich fractures significantly affect the evolution of
microseismicity during geothermal reservoir stimulation and they are a key factor
towards a better understanding of induced seismicity during hydraulic stimulation.

One of the major goals for EGS systems is the application of soft stimulation
techniques on geothermal reservoirs in order to minimize the environmental impact
while optimizing the profitability of a geothermal power plant. This involves the
injection of fluids with limited pressure to enhance fluid pathways while mitigating the
occurrence of large seismic events. This concept necessitates the establishment of
sophisticated hydro-mechanical models of geothermal reservoirs allowing a control of
induced seismicity. The foundation for such models is the petrophysical, geological, and
mineralogical description of different facies of the reservoir rock and their
geomechanical and hydraulic characterization. The SCCL logs provide a sound basis
for the discrimination of different geomechanical facies. Yet, the identification of their
mechanical properties, especially with respect to hydrothermal alteration, remains a
challenging task. To determine the frictional and cohesion parameters of reservoir
rocks and fractures, both, in-situ, and geomechanical laboratory studies on various
scales are required. I suggest a combination of stress and strain experiments to
investigate the role of strong and weak fracture zones on the stress conditions and the
resulting deformation of the rock. Recent approaches by Schmittbuhl et al. [2014;
2013b] on the relationship between creep and brittle processes on fractures are a basis
for understanding not only the occurrence of microseismicity, but also that of aseismic
movements. There is evidence that seismic and aseismic movements are not two
separate processes, but their occurrence is strongly interdependent. As aseismic
processes could contribute to a large part to the permeability creation in a reservoir
during hydraulic stimulation le.g. Garagash and Germanovich, 2012; Gischig et al,
2014; Zoback et al., 2012], it is desirable to get a deeper insight into their nature. The
focus of future stimulations could be on targeted creation of aseismic shear to optimize
the reservoir productivity while mitigating induced seismicity.
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The SCCL logs combined with probabilistic assessment of the reservoir structure,
laboratory-derived mechanical parameters and hydraulic data including pore pressure
diffusion through the reservoir provide a sound basis to establish a long-term
operational concept for EGS systems. Such a concept will contribute to a more efficient
and safer development and operation of geothermal reservoirs. In future, the method
could be transferred to other applications, which involve processes related to pore
pressure changes in a rock mass, like Carbon Capture and Storage, Oil and Gas
production, or radioactive waste disposal.
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