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9.1
Improved Late-Ordovician glacial reservoir prediction in North Africa
using Spectral Decomposition on 3D Seismic data
Francisco J. Bataller1,2, Neil McDougall2, Andrea Moscariello1
1
2

Department of Earth Sciences, University of Geneva, 13 Rue des Maraichers, 1205 Geneva, Switzerland.
Repsol Exploración S.A. Mendez Alvaro 44, 28045, Madrid.

The study of ancient glacial reservoirs is of significant importance for seveal reasons, as oil and gas reservoirs in several
parts of the world (most notably North Africa, Latin America, the Middle East, etc.), aquifers and as analogues for
depositional models to improve the understanding of the processes underneeth present-day ice sheets.
Oil and gas exploration in North Africa has, for many years, targeted a play focused on the sediment infilling glacial
incisions of Late Ordovician age related to the Hirnantian glaciation. Exploration and production activities have provided a
good data set for research aimed at improving our understanding of these depositional environments.
This paper focuses on methodologies for improving definition of intra-glacial reservoir depositional architectures using 3D
seismic data from the Murzuq Basin in North Africa (Fig. 1). Seismic spectral decomposition was applied to this data set
with the aim of significant improving identification and mapping of glacially-related depositional features and suggesting
comparissons of Red Green Blue (RGB) spectral decomposition responses with core data.

Study Area

Figure 1. Murzuq Basin geological setting. Modified from El-Ghali, 2005.

Spectral decomposition workflows can significantly improve the mapping of paleogeographic highs and the associated
glacial incisions infilled by reservoir sands. The workflow and tests carried-out in order to define the optimum frequency and
algorithms selection, what to look for in the resultant RGB combinations (an example can be seen in Fig. 2) and how the
results can be used as “cognitive pre-interpretation” providing a visual model which will improve our subsequent horizon
picking is described; effectively providing a conceptual framework for “what” is being interpreted.

Figure 2. a) and b) RGB Spectral Decomposition of 2 different time slices showing a paleo tunnel valley and other sedimentological
features. c) Tunnel Valley interpreted horizon map.

Also, the relationship between RGB responses and both core lithofacies and facies descriptions, which can provide us a
calibration of the resultant seismic interpretation against hard data (Fig. 3) is highlighted. It should then be possible to
extrapolate into areas with less or no data, always taking into acount the significant difference in vertical resolution between
the seismic data set and core-scale descriptions.
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Figure 3. Core lithological and sedimentological description together with facies interpreted for Well A. (SC= Submarine Channel, MS=
Muddy Shelf, DC= Distributary Channel, PC= Proximal Mouthbars, DM= Distal Mouthbars).
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9.2
Inferring lateral depth variations of Tertiary formations within the Great
Geneva Basin, western Switzerland.
Aurore Carrier1, Matteo Lupi1, Nicolas Clerc1, Elme Russillon1, Damien Do Couto1, Andrea Moscariello1, Michel Meyer2
Départment des Sciences de la Terre et de Géophysique, University of Geneva, Rue des Maraîchers 13, CH-1205 Genève
(aurore.carrier@unige.ch)
2
Services Industriels de Genève, CP: 2777, CH-1211 Genève
1

The Swiss plan for a sustainable energy development supports the growth of renewable energies. In this framework, the
Canton of Geneva began to investigate whether hydrothermal energy may be exploited in Western Switzerland.
The Great Geneva Basin (GGB) shares geological and petrophysical similarities with the geological formations of the,
already successfully exploited, such as the Munich area (Baviera, Germany) and Paris Basin (France). This led local Swiss
authorities (State of Geneva and SIG, Services Industriels de Genève) to start an exploration phase in 2014 within the GGB
(Moscariello, 2016). In this framework, the characterization of the relevant geological units including their geometries and
geophysical characteristics is of prime importance.
This study aims at constraining and refining lateral and vertical heterogeneities of Tertiary and Quaternary formations using
seismic and well data. In particular, we focus on Lower Cretaceous and possibly Tertiary formations that are considered
promising target for hot water production and heat storage. Well data were used to build velocity laws by inverting a linear
velocity law for each geological unit. We also combined Quaternary depths with seismic data from the GeoMol project to
convert time to depth information by interpolating velocity law obtained at various wells within the GGB.
We produced a thickness (i.e. depth) map of the formations of the GGB focusing on Tertiary formations. For instance,
computed Tertiary thickness ranges from 0 near the Jura mountains border to the NW to more than 3000m in the SE, at the
border with the French Alps. These observations are consistent with field and wells observations. Our procedure allowed us
to reduce the uncertainty of key target formation and represents an important step towards the development of geothermal
energy in the Great Geneva Basin.

Figure 1. Iso-surface presenting Bottom Tertiary layer altitude (color mesh) compared to the topography (black mesh) of the Great Geneva
Basin
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9.3
Designing business models for the geo-energy project
Ignes A. C. C. de Carvalho1 & Suren Erkman1
1
2

Institute of Earth Surface Dynamics, University of Lausanne, Géopolis, CH-1015 Lausanne (ignes.contreiras@unil.ch)
Institute of Earth Surface Dynamics, University of Lausanne, Géopolis, CH-1015 Lausanne (suren.erkman@unil.ch)

This study aims to understand the development and implementation of business models for the geo-energy project using
the Industrial Ecology approach as a way to design processes, products, and services including natural environment and
society as primary stakeholders of the organization. This can be translated in a way to re-think, re-design, and build
business models that explore a sustainable industrial and social ecosystem, and reflect its complex structures and
properties.
Industrial ecology draws an analogy between the functioning of ecosystems and industrial systems by revealing
connections between production, consumption, and sustainability in a collaborative form. With this in mind, this approach
can strive for mutuality to create, deliver, and capture not just economic value, but also environmental and social ones. This
requires a long term system analysis adopting a broader meaning of value, bringing stakeholders inside (employees,
shareholders, other collaborators) and outside (suppliers, partners, customers, government, society and others) of the firm
to identify different perspectives and challenges.
Together, it is possible to observe different values that are missed, destroyed, absent or with a surplus in order to transform
them into opportunities for everyone, including an environmental point of view. This can help organizations to understand
and develop business models able to sustain economic value, considering growth, financial resilience and long-term
viability and stability. Also embrace environmental values, considering resource use within regeneration rates, renewal of
water and other resources, energy, emissions and waste levels, protection of the biodiversity, and seeking for not just to
neutralize bad effects but also to promote positive benefits. The social value can promote poverty alleviation, social justice,
equality, well-being, community development, long-term employment and labour standards and practices.
Figure 1 shows a Value mapping tool that helps to identify these values across different stakeholders, in a process, that
start with setting the scene to map the value and to generate value opportunities for sustainability. Another approach is
presented in Figure 2, presenting Environmental life cycle, Social stakeholder, and Economic business model design layers.
Together, they suggest different forms to understand perspectives, challenges, and opportunities linked to the design of a
business model for the geo-energy project, which is able to embrace different approaches in a win-win form to business,
society, and environment.

Figure 1. Value mapping tool (Bocken, Short Rana & Evans, 2015)
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Figure 2. Environmental life cycle, Social stakeholder and Economic business model design layers (Joyce, Paquin & Pigneur, 2015).
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9.4
New insights of Eastern Niger Delta reservoir based on core
sedimentology and seismic stratigraphy.
Caudroit Jerome1, Mondino Fiammetta1, Ilene Rex1
1

Addax Petroleum Ltd, Route de Malagnou 101, 1224 Chêne-Bougeries, Switzerland

Planning an infill well campaign in a mature and heavy oil field with current oil price under 50$/bbl is a clear challenge for
today’s geologists. Success depends crucially on understanding reservoir composition, structural architecture and dynamic
behaviour of fluids. In the Niger Delta, where complex shallow marine deposits create very high lateral and vertical
heterogeneities, these factors become even more critical to understand and incorporate in static and dynamic modelling
The subsurface geology of a mature oil field situated in the OML 123 block in the Eastern Niger Delta is being re-examined
to update the geological modelling in support of potential new infill wells.
Core, electric log and seismic stratigraphic analyses indicate that the reservoir rocks, interpreted to have been deposited in
a tidally-influenced marginal marine environment, are characterised by a large vertical and lateral heterogeneity of
sedimentary facies. Such heterogeneity may be explained by a complex interplay among deltaic authigenic processes,
sea-level changes and tectonic activities.
In particular, the vertical distribution of what are interpreted as upper shoreface dominated parasequences, their overlaying
fluvial-dominated units, and bounding shale units have been described and correlated over the study area in order to
assess their impact on fluid flow. Lateral and vertical facies changes may induce sudden variability in permeability and
porosity causing baffles or barriers to flow.
Syn-sedimentary tectonic activity, mostly induced by gravitational processes and possibly deep strikeslip movements, have
compartmentalised the study area in several structural blocks thus rendering the correlation across the blocks of
stratigraphic units a challenging task.
As an additional challenge, well data distribution is mostly aligned in the crest of the structure and does not allow a clear
understanding of the 3D facies distribution. The latter however, has been inferred by detailed seismic stratigraphic work
which allows the extrapolation of key surfaces and sedimentary units in the interwell area and beyond well control.
Our studies to date indicate that lithofacies variations and structural barriers separating the blocks combined control
reservoir connectivity as indicated by a variety of water-hydrocarbon contacts observed in the area.

Swiss Geoscience Meeting 2016

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 9: Subsurface Geology & Geo-Energy

303

Symposium 9: Subsurface Geology & Geo-Energy

304

9.5
Geomechanical modelling framework of CO2 injection with consideration
of salt precipitation and dissolution
Chao Li, Robert Guillaume and Lyesse Laloui
Laboratory of Soil Mechanics - Chair “Gaz Naturel” Petrosvibri, Swiss Federal Institute of Technology of Lausanne, EPFL,
Switzerland

The precipitation of salt is observed to occur in pore throats of the host rock during CO2 injection, and in return, it restricts
fluid flows, limits the injectivity and causes an additional pressure build-up eventually. Such interplay between geochemistry
and geomechanics is poorly understood, representing an important knowledge gap up to date.
This study presents a theoretical framework for describing the chemically induced geomechanical effects during the CO2
injection. The framework makes it possible to take into account the salt precipitation due to CO2 drying-out, the
redistribution of stress with the presence of precipitated salts, the dissolution of essential minerals, strain development
induced by the crystallization, as well as the effect of temperature. Each mechanism is analysed and is integrated together
through mass, momentum and energy conservation and transport equations, leading to a set of fully coupled chemothermo-hydro-mechanical governing equations. Numerical implementation is also addressed to allow efficient resolution of
the resulting complex system.

9.6
Unconventional petroleum resources in the Geneva basin: myth or
reality?
Damien Do Couto1, Andrea Moscariello1, Samer Bou Daher2, Ralf Littke2 & Philipp Weniger3
Department of Earth Sciences, University of Geneva, Rue des Maraichers 13, CH-1205 Genève
(damien.docouto@unige.ch)
2
Institute of Geology and Geochemistry of Petroleum and Coal, EMR Group, RWTH Aachen University,
Lochnerstr. 4-20, 52056 Aachen, Germany
3
Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany

1

While the future provision of energy is challenging the scientific community, the interpretation of the Swiss subsurface
geology and the assessment of the potential energetic resources (both fossil and renewable) appear essentials to avoid
any conflict of use in the next future.The conventional petroleum exploration that took place in Switzerland and
neighbouring France in the past century did not reveal the occurrence of major petroleum accumulation below the Molasse
basin, despite numerous oil and gas shows at the surface and in the subsurface. However, and as long as unconventional
resources represent a major new source of energy in countries around the globe, the potential discovery of unconventional
oil an gas at depth sharpened many concerns in the past few years, in particular after the discovery of a tight gas
accumulation in Paleozoic rocks near the Geneva Lake (Noville-1 well; Leu 2012).
In order to investigate the unconventional potential of the Molasse basin around Geneva, tens of samples made of cuttings,
core fragments and plugs have been gathered from several wells in the southwestern Molasse Basin in which two major
source-rocks in particular have been analysed: the Posidonia shale (Lower Jurassic) and the Permo-Carboniferous sensu
lato. An evaluation of the organic geochemistry of these potential source-rocks (TOC, maturity, biomarker analysis, gas
chromatography and isotopic analysis) has been realized both on well samples and bitumen and gas seeps occuring at the
surface.
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While most of the Posidonia shales hold a rather low amount of organic matter (<0.7%), an interval of about 12m in the
Humilly-2 well show high organic content up to 4% TOC. Geochemical analyses show that the Posidonia shale formation
below the Geneva Basin is currently in the oil window thus mature enough to generate oil and very few gas. On the
contrary, the Posidonia shale of the Faucigny-1 well near the Alpine front thrust are supermature and have already
generated large part of their oil and gas. Biomarker analyses of bitumen seeps in the Geneva canton reveal their origin
from the Posidonia shale.
The Permo-Carboniferous beds encountered in the Jura have reached the oil and partially the gas windows, but there is no
indication in the centre of the basin due to the lack of deep samples. Gas retrieved from an hydrocarbon pocket in the
freshwater molasse unveil a biogenic and thermogenic origin. So far, the isotopic composition of the gas seems to indicate
that it may originate from a mature Type II precursor or from an early mature Type III precursor.
These results show that two source-rocks are currently generating hydrocarbons at depth. The potential of unconventional
petroleum accumulation are discussed below the Geneva basin, and are compared with Basin and Petroleum System
Modelling simulations.

Figure 1. Maturity diagram showing that most of the Posidonia shale analysed are in the oil window whereas the Permo-Carboniferous
sandstones and coals spreads from the oil to the gas window.
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9.7
Development and governance of deep geothermal energy. Insights from
the social sciences
Olivier Ejderyan
D-USYS Td-Lab / Swiss Competence Center for Energy Research - Supply of Electricity, ETH Zurich, Sonneggstrasse 5,
NO F27, CH-8092 Zurich | Switzerland

Deep geothermal energy (DGE), is presented as a potential technology to decarbonize energy production worldwide. The
2007 IPCC 4th assessment report indicated that in 2050 8,3% of world electricity production should be covered by DGE. In
Switzerland, the Federal Energy Strategy plans a development potential of DGE of up 4.4 TWh/year by 2050. These
projections rely for a large part on the development of DGE production in non-volcanic areas and the use of new
technologies such as EGS (engineered/enhanced geothermal systems) and/or petrothermal.
Despite those announcement, DGE development is slow with the exception of a few hotspots such as Southern-Germany.
EGS power plants remain mainly at the level of pilot projects. In Switzerland there is no electricity produced by deep
geothermal energy yet. Two major projects in Basel (2007) and St.Gallen (2013) triggered earthquakes, raising intense
media attention and concern among local population and decision makers.
Actors active in the development of deep geothermal energy (DGE) have stressed that its large scale deployment does not
depend only on technological
innovation but also on its social acceptance (Majer et al. 2012;). Social sciences are enrolled to enquire social perceptions
in order to anticipate acceptance when planning a geothermal project.
Social sciences can make valuable contributions to public engagement procedures for siting, planning, and risk
management of DGE infrastructures. Here it is important to underline that “there is no “cookbook recipe” applicable to all
projects that might imply induced seismicity and there can barely be one” (Trutnevyte & Ejderyan, submitted). This implies
that taking into account the social dimension of DGE requires to address the specificities of various social contexts.
In this paper, I propose an overview of various methodologies used in order to assess the social dimension of DGE in
Switzerland. The paper presents results of media analyses evaluating the social perception of DGE as well as insights from
case studies that discuss strategies used to engage different publics.
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9.8
Incised valley fill reservoirs, from outcrop analogue to subsurface
interpretations (Upper Carboniferous, Kentucky, USA)
Le Cotonnec Aymeric, Ventra Dario, Moscariello Andrea
Department of Earth Science, University of Geneva, Switzerland
e-mail : Aymeric.LeCotonnec@unige.ch

Incised valleys are extensive geomorphological features with a high potential of encasing coarse grain sediments in muddy
environments, therefore representing an interesting reservoir potential. Even though incised valleys have been recognized
throughout the geological record, most of our knowledge on the geometry, genesis and infill of incised valleys comes from
Quaternary case studies. This has led to a rather good understanding of the mechanisms of formation of incised valleys,
but their internal stratigraphic architecture still needs investigation. From a reservoir point of view, the understanding of the
stratigraphic architecture of the infill of incised valleys is necessary in order to better predict heterogeneities, as well as
geometry and dimensions of sand-prone facies.
In order to improve the understanding of geometries, dimensions and heterogeneities of subsurface reservoirs, outcrop and
modern analogues have proven to be a very useful tool. However, due to the size of incised valleys (up to several
kilometres in width and tens of meters in height), ancient examples observable at outcrop are scarce and subsurface
investigations of modern or recent cases are limited by data resolution and areal coverage (such as seismic and well data).
In this context, Pennsylvanian successions of eastern Kentucky, a well-known as an outcrop analogue for Carboniferous
fluvio-deltaic reservoirs in coal-bearing strata (e.g. Southern North Sea and onshore Europe), appears as an excellent field
laboratory for the study of ancient incised valleys. The Breathitt Group is a coarsening- and shallowing-upward succession
of Lower to Middle Pennsylvanian shallow-marine and fluvial deposits, representing the infill of an elongated foreland basin
developed during the Alleghanian Orogeny punctuated by basin-wide marine units which allow the subdivision of the entire
succession into eight formations. Stratigraphic cyclicity in the Breathitt Group is commonly attributed to high-magnitude
glacioeustatic fluctuations driven by Gondwanan glaciations. Well-established, high-resolution correlations and previous
work on regional geology make for an excellent stratigraphic framework, as well as extensive roadcuts and a large
database of well/core data available from the Kentucky Geological Survey, enables detailed 3D analysis of architectural
geometries and heterogeneities.
In this paper we are comparing field and well-logs data from the Upper Carboniferous of southeastern Kentucky with
subsurface data from the Pennsylvanian of the Southern North Sea focusing on stacking patterns, dimensions and
stratigraphical architecture of incised valleys.

Figure 1. Stratigraphy of the Breathitt Group (left), example of an incised valley in the Hyden Formation (right). Red line shows the base of
the incised valley fill.
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9.9
Sedimentological and petrophysical characterizations of the Messinian
sandstones, onshore Nile Delta, Egypt
Mahmoud Leila1, Andrea Moscariello1
1

Department of Earth Sciences, University of Geneva, Rue de Maraîchaire 13, CH-1205 Genève.

Messinian sediments in the Nile Delta hosts excellent hydrocarbon reservoirs. Despite this they are still poorly studied. In
this context, a multidisciplinary sedimentological and geochemical study is being carried out to unravel the depositional
environment and tectonic setting before, during and after the Messinian Salinity Crisis (MSC) in the Eastern Mediterranean,
and how this affected the eastern part of the onshore Nile Delta. The Lower Messinian Qawasim Formation consists of
amalgmated channel fill sandstones capped by shallow marine lagonnal mudstones deposited in an overall deltaic
environment. The deeply incised valley infill, dating the Late Messinian consists of the Abu Madi Formation made of
lowstand braided and meandering fluvial sandstone followed by tidally influenced shoreface sandstones as a result of sea
level incipient rise. The base of this unit is erosional and contains large mud clasts embedded in fine-grained matrix. The
Upper Messinian fluvial and shoreface sandstones are capped by estuarine horizontal and cross laminated mudstones,
siltstones/mudstones followed by an open marine mudstones of the Lower Pliocene Kafr El-Sheikh Formation representing
the end of the MSC and the subsequent transgression episode after the re-establishment of the connection between the
Mediterranean and the Atlantic Ocean.
The Qawasim and Abu Madi sandstones were subjected to different diagenetic alterations, revealing a different pore water
chemistry. Early smectite infiltration and its subsequent chloritization enormously decreased the permeability and pore
throat radius of the Abu Madi sandstones. Qawasim sandstones underwent milder mechanical compaction preserving their
original primary porosity. Dissolution of feldspars and carbonate lithoclasts enhanced the reservoir quality of the Qawasim
and Abu Madi sandstones through the formation of well-developed secondary pore spaces. Carbonate and clay cements
are the most diagenetic alterations that control the reservoir quality of the Messinian sandstones. Qawasim sandstones
have better reservoir quality in terms of permeability, flow zone indicator and pore throat radius than the Abu Madi
sandstones. Moreover, the channel fill Qawasim sandstones and the fluvial Abu Madi sandstones are the best reservoir
quality facies for further exploration activities in the Messinian sequence of the Nile Delta.
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Security of carbon dioxide (CO2) geological storage largely depends on the caprock integrity, especially at the early stages
after the start of injection when the maximum overpressure is reached. The lower boundary of the caprock is in contact with
CO2 saturated pore water or pore fluid that consists almost of pure CO2. Thermal and chemical interactions between the
pore fluid and the caprock may change the material properties of the latter. Geomechanical stability is also crucial to
maintain the caprock sealing capacity, since failure could lead to permeability increase and potentially induced
microseismicity. Considering clay-rich materials (e.g., shales) as potential caprock has several advantages, including
thermal, chemical, and inelastic deformations of the clay-rich (ductile) formation minimizing the affection on the sealing
integrity as the upward movement of CO2 through their pore system should be resisted by high capillary pressure.
Opalinus clay (Swiss shale) is studied as a representative caprock material because of its high (~ 60%) clay content and
very small dominant pore size (~ 30 nm). Poromechanical properties of the shale are analysed by performing drained,
undrained, and unjacketed conventional triaxial tests. Thermo-mechanical response is studied in drained and undrained
heating and cooling experiments. It is shown that a potential shallow (~ 1 km) storage case with cold CO2 injection leading
to caprock cooling by 15 ˚C (from 40 ˚C to 25 ˚C) neither compromises shale intergrity nor deteriorates its mechanical
properties.
The breakthrough pressure values and effective permeability of liquid and supercritical CO2 are measured for intact and
reconstituted shale brought to in situ conditions in the oedometric cell. Breakthrough pressure is found to be effective
stress-dependent and smaller for the intact material rather than for the reconstituted one (1.5 MPa and 4 MPa, respectively,
at 18 MPa effective stress). This non-intuitive observation is explained by a non-uniform structure of the undisturbed
material where CO2 can find a path with larger than dominant pore sizes to flow through. CO2 effective permeability of
brine-saturated shale is an order of magnitude smaller than the one for brine and is on the order of 10-21 m2 for the intact
and reconstituted material loaded to in situ conditions.
Shales show interesting self-sealing features and their ductile-type failure allows often times to retain very small
permeability. Since creep may become significant when assessing the long-term caprock integrity, viscous (time-dependent)
deformation should be considered. The effective viscosity of Opalinus clay was found to be on the order of 1015 Pa•s,
decreasing with temperature, and droping to 1013 Pa•s in region where the pore fluid pressure gets closer to the total stress,
which increases the probability of porosity waves creation.
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9.11
Surface structural analysis and relevance for the subsurface
characterization of tight reservoirs (carbonate and clastics).
Fiammetta Mondino1º
*Shell International E&P, Kesslerpark 1, Rijswijk, The Netherlands
ºCurrent address: Addax Petroleum Ltd, Route de Malagnou 101, 1224 Chêne-Bougeries | Switzerland

The impact of fractures and in-situ stresses on upstream operations has become more important with the
advancement of technology and the shifting of frontiers to deeper and tighter reservoirs, with increasingly high
temperature and high pressure. Fractured reservoirs constitute an important area for oil & gas exploration and
production, but also for renewable energies (geothermal). Interpretation and analysis of these reservoirs using
surface data (satellite, outcrops, etc.) offers an inexpensive approach to exploration strategies and can identify
key insights into the nature of deformation represented by the fractures.
The aim of this talk is to demonstrate the impact of data integration and to illustrate the added value of a
consistent structural characterization approach at regional scale to define development strategy of a fractured
reservoir portfolio. The use of surface data (satellite image, outcrops, etc.) and the integration with subsurface
data (seismic interpretation, core data, BHI images, etc.) is essential for the understanding of the structural
setting of a field and to build conceptual and discrete fracture models, reducing the uncertainty range.
Two case studies from North Africa and Middle East will be presented where faults and fractures network were
analysed in complex geological areas. These are generally not entirely newly formed structures, but represent
reactivation of ancient structures. Changes in the orientation of stresses create selective activation of ancient
faults with favorable orientations through time, resulting in complex fracture and fault patterns.
The satellite analysis shows that the studied outcrops have exposures of large sub seismic NW- SE trending
structures remarkably similar in terms of their orientation, scale (both laterally and vertically) and widths to
structures identified in the subsurface and the surface structures could therefore be used as a potential
analogues. In such a setting the reservoir compartmentalization is a realistic structural scenario, due to
combination of potentially sealing faults, presence of cemented fractures and the tight nature of (some of) the
reservoir(s). Also, the difference in the deformation style/history can be related to the reology and age of the
formations involved (mechanical stratigraphy).
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Low enthalpy geothermal energy is a type of renewable energy that is continuously growing in terms of exploitation within
Europe, especially through the use of closed-loop systems. Currently the authorisation process for closed-loop systems in
Cantone Ticino is based on maps taking into account the presence of restrictions arising from the enforcement of the water
protection act and ordinance. It states that new closed-loop systems can not be installed within S groundwater protection
zones, while they are always allowed in üB(“übriger Bereich”= remaining territory) sectors. Within the Au (usable
groundwater) sector, a “sacrifice area” approach is adopted, allowing the installations of such systems in specific areas
where the presence of conflicts precludes groundwater exploitation for drinking purposes.The described procedure,
however, does not consider the subsurface potential. Therefore developing a multi-parameter geothermal mapping could
give precious planning indications from both an energetic and socio-economic standpoint while fulfilling environmental
protection requirements. Furthermore, an overall estimate of shallow geothermal potential in Canton Ticino is important
due to the progressive diffusion of these kind of systems in the next years, since at least the 20% of energy requirements
for new buildings will have to be provided from renewables (RUEn, 2008).The mapping procedure started with the
realization of a ground surface temperature (GST) map using mean annual air temperature (MAAT) data retrieved by
MeteoSwiss stations and a 25m DEM. Firstly we correlated MAAT measured in different stations with altitude in order to
find a regression equation, then we applied it to the DEM to create a MAAT map.The GST map was then obtained by
applying the formulas contained in SIA 384/6 regulation:

=

+ 1.55

=

+ 1.55 +

for altitude < 1000 m.a.s.l.
(

− 1000 )
800

* 2.45

for altitude > 1000 m.a.s.l.

Results were compared with real measured data of ground temperature coming both from IDAWEB database and
undisturbed ground temperature values obtained by TRT tests executed in 6 spots. A digitalized geological map
(Geologische Karte der Schweiz 1:500000, 2005) was used in order to define the main outcrop lithologies, while part of the
sedimentary portion of the Canton Ticino region was characterized using hydraulic conductivity values extracted from
pumping tests, interpolated using ordinary kriging and classified accordingly into gravels, sands and clays. A reference set
of thermal properties was then assigned to each lithological unit (both rocky and sedimentary) according to SIA 384/6
regulation and a thermal conductivity map (for outcrops and equivalent Quaternary deposits) was realized. 128 simulations
with EED varying λ, GST, heat flux and volumetric heat capacity were performed in order to calculate the total borehole
length required to satisfy a hypothesized annual heat demand of 30 MWh/year. This value was estimated taking into
account a residential unit composed of 5 flats of 100 m2 each, with an equivalent operating annual time of 1200 hours, a
heat pump peak power of 25 kW and an energetic index of 60 kWh/m2 year (MINERGIE® standard for refurbished
buildings). Maps of required borehole length and estimated extraction rate (W/m) were developed for Canton Ticino. Usually
the most suitable areas match the most densely populated ones however, within Au sectors, most of the areas where
closed-loops are authorised show lower potential as they are placed in alluvial fans, where the higher depth to the
groundwater table results in lower λ values.
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Figure 1 - Left) λ map for Cantone Ticino. The orange portion represents the equivalent λ of Quaternary deposits within monitored aquifers.
Right) Estimated BHE length to satisfy the assigned annual heat demand for a reference residential unit
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Hydrothermal springs with discharge temperatures of up to 28°C occur beneath the Grimsel Pass in the Transitgas AG
tunnel crosscutting through para-autochthonous crystalline units of the Aar massif (Pfeifer et al., 1992). Located at about
1900 m.a.s.l., these springs are the highest thermal discharges documented in the entire Alps (Belgrano et al., 2016). The
springs occur over a narrow tunnel section of <100 m and are associated with a major mylonitic shear zone that has
experienced brittle overprint during uplift and cooling of the Aar massif. Stable and radiogenic isotope analyses (d18O, d2H,
3
H, 14C) reveal a meteoric origin and suggest that the springs infiltrated more than 30,000 years ago at an elevation of
about 2200-3000 m.a.s.l. (Waber et al., 2016). Moreover, these analyses show that the springs actually correspond to a
mixture of an old thermal component with a surface-derived, young cold water component. Applying an enthalpy balance
and assuming a contribution of 40-50% yield hypothetical spring temperatures of 45-50°C in the absence of cooling with
cold water. Beside the occurrence of warm springs, hydrothermal activity is also manifested by the occurrence of a
hydrothermal breccia which is widely exposed at and near the Grimsel Pass. Dating of this so-called Grimsel Breccia
demonstrated that the hydrothermal system has been active for at least the last 3.3 Ma years (Hofmann et al., 2004).
Furthermore, oxygen isotopes in quartz and adularia, combined with fluid inclusion data, indicate a maximum Breccia
formation temperature of 160°C. Taking into account a geothermal gradient of 25°C per km and a mean annual surface
temperature of 4°C this temperature estimation suggest that meteoric water infiltrates to a maximum depth of 6.25 km.
For this contribution we present results from a numerical modeling study aiming at (i) unraveling the thermal and
hydrodynamic evolution of the Grimsel Pass hydrothermal system and (ii) at evaluating the general geothermal potential of
fracture-flow driven hydrothermal systems. The latter is particularly important with respect to Switzerland’s ongoing effort in
accessing and/or creating such systems for geothermal power production. Numerical simulations were performed using two
different approaches. Results obtained from a 3D (dual) continuum model using TOUGHREACT suggest that steady-state
temperature distribution is approached in less than 2000 years, which is much faster than the lifetime of the Grimsel-Pass
hydrothermal system. Moreover, these 3D simulations demonstrate that the extent of temperature anomalies induced by
fracture-flow driven hydrothermal systems are mainly controlled by (i) the reservoir temperature, (ii) the upflow velocity, i.e.,
by the fault zone permeability as well as the hydraulic head driving hydrothermal circulation, and (ii) the 3D extent of the
fault system. Results obtained from a 2D discrete fracture network model using ConnectFlow (AMEC, 2012) coupled to
PFLOTRAN (www.pflotran.org) confirm the importance of the upflow velocity in controlling the temperature distribution and
thus the geothermal potential of fracture-flow driven hydrothermal systems. Moreover, they demonstrate that the detailed
fault-zone geometry such as fracture orientation, -spacing and -aperture plays a key role as well. In conclusions, applied to
the Grimsel pass hydrothermal system, our models suggest that the small thermal anomaly observed in the Transitgas AG
tunnel results from low discharge rates (<50 L/min) induced by the relatively low fault-zone permeability of about 10-13 m2.
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Implicit level set scheme to model the propagation of planar 3D
hydraulic fractures
Haseeb Zia1, Brice Lecampion1
1

Geo-Energy Lab - Gaznat chair on Geo-Energy, EPFL-ENAC-IIC-GEL, Station 18, CH-1015 Lausanne
(haseeb.zia@epfl.ch)

We present a python implementation of the implicit level set algorithm to model propagation of planar hydraulic fractures.
This algorithm was first introduced by Peirce & Detournay in (2008). The growth of a fluid driven planar fracture is modelled
by coupling elasticity, described by a hypersingular integral equation (assuming a homogeneous medium) with fluid flow
inside the fracture, described by the lubrication equation together with the mode I fracture propagation condition. The
solution of the coupled system is numerically challenging due to a number of reasons. First, the lubrication equation
describing the viscous fluid flow degenerate at the fracture tip (see e.g. Detournay and Peirce, 2014). Secondly, the
elasticity results in a non-local relation between the pressure and the fracture width resulting in densely populated matrices
causing the problem to be computationally intensive. Finally, the footprint of the fracture is not known as the resolution of
the fracture front requires the velocity field, which is a-priori unknown. The Implicit Level Set Algorithm (ILSA) tracks the
free boundary by implicitly enforcing the hydraulic fracture opening tip assymptote at the computational domain cells in the
vicinity off the tip. The regular rectangular computational grid is divided into three types of cells. The tip cells, i.e. the cells
containing the fracture tip, the ribbon cells comprising of a narrow band of cells adjacent to the tip cells inside the fracture
and the channel cells containing the remaining cells inside the fracture. The boundary conditions for the Eikonal equations
are prescribed by inverting the tip assymptote in the ribbon cells from the knowledge of the trial fracture opening in those
cells. The fracture front is then located by solving the Eikonal equation using the Fast Marching Method (Sethian, 1996).
Since the method is implicit, the Eikonal equation is solved iteratively in a time step until the correct position of the fracture
front satisfying both the mass and momentum conservation of the fluid and the elasticity equation is located.
We have verified the algorithm by testing the propagation of a radial fracture in the toughness dominated regime for which
an analytical solution exist (Abé et al., 1976). In this propagation regime, the viscous loses are negligible and the pressure
is uniform throughout the fracture. Our results show that the numerical solution matches with the analytical solution.
We also present a number of others simulations for the case where the confining stresses is spatially varying, resulting in
deviation of the fracture footprint from the initially radial geometry.
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Figure 1. A snapshot of planar hydraulic fracture propagation using ILSA (Implicit level set Algorithm). The tip cells containing the fracture
tip, the ribbon cells where the tip assymptote is inverted to get boundary conditions for the Eikonal equation and the channel cells are
shown in different colors.
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P 9.1
Numerical simulation of CO2 injection into the U. Muschelkalk aquifer:
implications of fluid–rock reactions in the aquifer and at the contact to
an overlying clay formation
Peter Alt-Epping & Larryn W. Diamond
Institute of Geological Sciences, University of Bern, Baltzerstrasse 3, CH-3012 Bern (alt-epping@geo.unibe.ch)

A study by (Chevalier et al., 2010) has identified several deep saline aquifers in the Swiss Molasse Basin, which may
potentially be useful as reservoirs to store anthropogenic CO2. One of these aquifers is the Trigonodus Dolomite of the U.
Muschelkalk formation. Predictive numerical modelling, constrained by in-situ testing and laboratory measurements,
constitues an important step in the evaluation of the storage capacity, injectivity and the long-term isolation performance of
the aquifer. We use the reactive transport code PFLOTRAN (www.pflotran.org) to assess the implications of the dynamics
of the CO2 plume, fluid-fluid and fluid-rock interaction and pressure and temperature conditions for the safe, long-term
storage of CO2.
More than 80% of the Trigonodus Dolomite is composed of dolomite with minor calcite and anhydrite and accessory quartz,
kaolinite and sulphide minerals (pyrite, sphalerite) making up the remaining 20 %. Laboratory measurements on core
samples of the Trigonodus Dolomite indicate porosities as high as 25 % and.a strongly heterogeneous distribution of
porosity and permeability. Furthermore, the Trigonodus Dolomite aquifer is intensely fractured implying that the migration of
the CO2 plume may be fracture controlled (Figure 1).
Previous simulations have indicated a strong dependence of the efficiency of solubility trapping on the permeability of the
aquifer if the aquifer permeability is homogeneous. Here we look at the implication of fractures on the migration of the
plume and the CO2 trapping efficiency. We make use of the unstructured grid capability of PFLOTRAN to incorporate
fracture networks into our simulations. PFLOTRAN is then used to simulate the evolution of the CO2 plume and the ensuing
changes in the brine composition and mineralogy. Changes in the mineralogy due to dissolution/precipitation reactions
affect the porosity and permeability of the aquifer which feeds back onto the migration of the plume. By using different
fracture sets we aim to identify those fracture properties having the strongest control on the CO2 trapping capacity.
Preliminary simulations suggest that compared to homogeneous conditions aquifer heterogeneities reduce the rate of CO2
solubility trapping. These simulations also suggest that, as the disolution of CO2 into the brine is associated with a decrease
in pH, carbonate minerals dissolve releasing additional CO2 into the brine thereby lowering the efficiency of CO2 solubility
trapping. Thus the chemical trapping capacity tends to be lower in carbonate aquifers than in silicate dominated aquifers.
As a consequence, a plume of free CO2 may exist for longer periods of time during which the tightness of the overlying seal
needs to be ensured.
To address the issue of seal integrity we use a generic model of an interface between a carbonate aquifer and a clay rock.
We simulate the arrival of a CO2 plume and look at the reactive transport processes taking place on both sides of the
interface. The infiltration of the CO2 plume into the clay will be simulated with a new transport module that combines
diffusive transport with electromigration to take into account the effect of the surface charge of clay minerals on solute
transport. The surface charge of clay minerals induces an electrical potential extending into the pore space and affecting
the distribution of charged ions. A diffuse layer enriched in cations and depleted in anions forms at mineral surfaces such
that the pore water composition and mineral solubilities change with distance from clay mineral surfaces. We explicitly
consider the diffuse layer in our simulations and compare the results with simulations involving conventional ion exchange.
Although conventional ion exchange models can produce a similar breakthrough of cations as a diffuse layer model
(provided that appropriate selectivities are chosen), the results differ strongly in terms of the breakthrough of anions.
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Figure 1. A CO2 plume represented as a region of low pH. Permeable faults or fractures act as preferrential pathways for the plume.
Hence, tracking the pathway of CO2 requires an understanding of the fracture distribution and fracture properties such as aperture, strike,
dip, length and depth.
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Searching for microseismic activity in the Great Geneva Basin
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Switzerland is moving towards renewable energies growth and the Canton of Geneva is actively involved in such
deployment. Yet, little is known about the seismic activity within the Great Geneva Basin (GGB) and the small number of
seismic stations deployed in the region is a contributing factor for such shortening of knowledge.
To date there are only two seismic stations deployed around GGB: one from SED (Swiss Seismological Survey) and other
from RESIF (French Seismologic and Geodetic Network). Such limited amount of stations, does not allow to capture and
localize small magnitude (i.e. less than M2) seismic events. In a preliminary phase we analyzed the records of the currently
deployed stations highlighting a seldom micro-seismic activity. Yet, it was not possible to understand the rate of seismic
activity in the region and its relationship with the existing faults.
To understand where micro-seismic activity may be located around and within the GGB we deployed a temporary network
composed of 8 broadband stations. We located the identified events using the available GeoMol velocity model that will be
improved in a later time.
Current results indicate weak seismic activity in the GGB not showing a clear clustering. Further studies must be done to
determine the baseline of the seismic activity before geothermal exploration takes place.

Figure 1. Epicenter map of events occurred from January 01 1966 to July 11 2016, according to the ISC (International Seismological
Centre) catalogs. Red dots represent the earthquakes occurred in the Great Geneva Basin (represented by the black square) and orange
dots the earthquakes occurred in the surrounding areas. The triangles show the location of the permanent seismic stations in the Great
Geneva Basin (in blue) and in the surrounding areas (in grey).
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In the Swiss Molasse Basin (SMB), the Middle Triassic dolomite rocks within the Upper Muschelkalk (Trigonodus Dolomit)
are currently being investigated for geothermal energy and geological storage of gas. At shallow levels along the northern
margin of the SMB, these dolomites show locally high matrix porosities and permeabilities (≤ 25 vol.% and ≤ 10-13 m2,
respectively). These good reservoir properties are in part due to beds rich in cavities left by the dissolution of eogenetic
anhydrite nodules. However, the distribution of this type of porosity is not well known. The present study reconstructs the
genesis and evolution of these pores, thus providing conceptual understanding to support ongoing exploration in the
deeper, hotter, southern regions of the SMB.
Our reconstruction of the genesis and evolution of the anhydrite-dissolution porosity is based on drill-core samples from two
boreholes at Benken and Schlattingen and includes standard petrographic investigations, isotopic analyses (i.e. δD, d18O,
and 87Sr/86Sr) of dolomite, quartz, calcite and kaolinite, and fluid inclusion studies of pore-filling quartz and calcite.
The results show that in some intervals of the Upper Muschelkalk at Benken and Schlattingen the anhydrite-dissolution
pores have been affected by two events of mineral precipitation: (1) the first involved precipitation of quartz, which contains
tiny inclusions of relict anhydrite, indicating that the quartz precipitated during anhydrite dissolution; (2) a younger event in
which calcite and kaolinite precipitated, in part coevally.
Primary fluid inclusions in pore-filling quartz yield trapping temperatures in the range of 41–52 °C, whereas the salinity of
the trapped fluid is highly variable, ranging from 5 to 23 wt.% NaCleq. In contrast, primary fluid inclusions in paragenetically
younger calcite pore-fillings indicate trapping temperatures from 76 to 85 °C, whereas the salinity of the trapped fluid
ranges from 0.2 to 6.5 wt.% NaCleq. The results of the stable and radiogenic isotope analyses of the various pore-filling
minerals, as well as the calculated isotope signatures of corresponding parent-waters, are given in Fig. 1.
The highly variable salinity of fluid inclusions in quartz is interpreted to reflect mixing of two waters with contrasting salinities
during anhydrite dissolution. The more saline endmember of this mixture is likely to have been seawater modified by
evaporation and diagenesis, that was originally trapped within the rock pores during seepage-reflux dolomitization of the
carbonate precursor of the Trigonodus Dolomit.

Figure 1. Results of the stable and radiogenic isotope analyses of the various pore-filling minerals, as well as of the calculated isotope
signatures of the corresponding parent-waters.

The calculated d18O signatures of the parent-waters of pore-filling quartz and later calcite and kaolinite (Fig. 1a,b) reveal
strong meteoric components. Thus, influx of meteoric water and dilution of the original porewater was evidently responsible
for dissolution of the anhydrite nodules. This mixing scenario is consistent with the highly elevated 87Sr/86Sr ratios of the
pore-filling calcite compared to the rock matrix (Fig. 1c). The only sources of radiogenic Sr in the local stratigraphy are the
Buntsandstein and the Variscan gneiss basement, which have 87Sr/86Sr values up to 0.7285 (Matter et al., 1987). As a
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consequence, radiogenic basement waters could have infiltrated the Upper Muschelkalk along deep fractures and caused
anhydrite dissolution. An alternative explanation draws on the fact that the Buntsandstein and the Variscan gneisses are
exposed in the Black Forest Highlands to the north of the SMB. Meteoric water has interacted with these rocks since they
were uplifted by Miocene block-faulting, and such waters could have acquired radiogenic 87Sr/86Sr signatures.
Topographically-induced southward flow of these chemically modified surface waters could have recharged the aquifer
laterally and caused the anhydrite to dissolve. From the evidence available to date, neither the exact origin of the waters
nor the timing of infiltration can be resolved. However, the two scenarios have totally different implications for exploration
strategies: Infiltration along deep fractures would imply that the high matrix porosity and permeability are locally restricted to
the vicinity of deep fractures, which hydrologically connect the Upper Muschelkalk and the crystalline basement. In contrast,
lateral recharge of meteoric runoff from the Black Forest Highlands would imply that the high matrix porosity and
permeability are likely to be restricted to the northern margin of the SMB, as hydraulic gradients inhibit lateral infiltration into
the deeper, southern regions of the SMB. Further in-depth investigations will be required to reliably determine the origin of
these waters and to define appropriate exploration strategies.
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The Swiss Competence Center for Energy Research – Supply of Electricity (SSCER-SoE), is carrying out a controlled
hydraulic stimulation experiment at the Grimsel Test Site (GTS), in the canton of Bern, Switzerland. This experiment is part of
a series of ongoing research programs aimed at evaluating the potential for implementing deep geothermal energy (DGE)
technology as a viable source of base load power generation in Switzerland. Research activities at the GTS will rely on the
design, monitoring and analysis of an in-situ fault stimulation experiment with the objective to improve our understanding of
thermo-hydro-mechanical (THM) processes related to permeability enhancement and induced seismicity in stimulated granitic
massifs (i.e. conditions similar to the ones expected at the depths targeted for enhanced geothermal systems (EGS)).
Presented herein are the results of an ongoing hydrogeological characterization field program designed to (i) provide highresolution data for the development of a conceptual flow model for our experimental test volume (approx. 8000 m3) under
baseline conditions, i.e. prior to hydraulic stimulation, and (ii) develop a set of hydraulic metrics and fingerprints as our basis
for the quantification of permeability enhancement. To meet these objectives, extensive field measurements and hydraulic
tests were completed throughout the year, including: monitoring formation pressures, automated tunnel inflow logging, and a
comprehensive series of packer tests (both in single and cross-hole configuration). Interpretation of field data using head
profiles, well test analysis and diagnostic plots allowed us in turn determining: (i) local hydraulic gradients and principal flow
directions across our test volume, (ii) the transmissivity and storage parameters of known fractured zones and their
surrounding rock mass, (iii) distinct conceptual fluid flow regimes/models, and (iv) the occurrence (or lack) of hydraulic
connection between discrete geological structures (e.g. ductile lamprophyre contact zones and brittle fractures).
Preliminary test results indicate that flow across our experimental reservoir volume is oriented towards the northeast direction
and takes place mainly through a network of discrete fractured zones, exhibiting in general only low-to-moderate transmissivity
(~10-7 m2/s). The use of pressure derivative analysis (PDA) and diagnostic plots allowed us identifying various flow regimes,
ranging from Infinite Acting Radial Flow (IARF) and double-porosity to linear and bilinear flow regimes, reflecting the
heterogeneous nature of the local geological structures and their effect on local fluid flow patterns. In our view, the occurrence
of such a broad range of hydraulic responses precludes the use of a single standard conceptual flow model, and calls instead
for an assessment of discrete fractured network (DFN) versus continuum (e.g. double-porosity) modeling approaches.
Related to that, and of particular interest to our research, is the quantitative evaluation of how to best calibrate numerical flow
simulations, together with the reconstruction of fractured networks, using parameters generally hard to estimate and/or
typically overlooked (e.g. the flow dimension (Barker, 1988; Le Borgne et al., 2004) and two-point hydraulic connection data
(Day-Lewis, 2000)).
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In late 2015, 62 km 2D reflexion seismic data were acquired over the Geneva canton as part of the GEothermie 2020
Geneva State programm, which aims at investigate and develop the deep geothermal potential of the Geneva basin
(Moscariello, 2016).These newly acquired data complements the existing 2D seismic dataset partly recently reprocessed
available over the the Swiss-French Geneva basin.
In the light of this most ever complete Swiss-French 2D seismic dataset (>500 km), the structural scheme of the Geneva
basin, already depicted by various authors at either basin- or local-scale can be further refined. In this sense, the main leftlateral strike-slip fault zones known across the basin are confirmed, but detailed delineation of individual seismic faults
geometries and extensions reveals a more complex structuration of these main fault zones, along with the presence of
smaller-scale associated or conjugated fault systems. Despite this improved seismic data coverage, the connections,
extensions and orientations of certain fault objects remain however uncertain in some areas. Indeed, some areas suffer
from non-unique possible interpretation of fault traces between 2D seismic profiles. This issue, as well as the proposed
refined structural scheme of the Geneva basin in its whole, is temptatively validated by observed surface fault expressions
and fault-kinematics analysis from nearby outcrop observations (Cardello et al., 2016), in the context of the tectonic
structuration history of the greater Geneva region.
This enriched 2D seismic dataset also provides better controll on the 3D geometries of the main Mesozoic stratigraphic
units across the basin. Their respective seismic signature, coherent with their main lithological contents, is identified from
the deep well Humilly-2 along a reference seismic line running through it. Petrophysical measurements on core and outcrop
samples, coupled with well-log response analysis reveal that the Kimmeridgian – Tithonian Reef Complex and underlying
Calcaires de Tabalcon units display the most encouraging geothermal reservoir properties within the Mesozoic sedimentary
cover (Rusillon et al., 2016). For this reason, despite its limited thickness at seismic scale and some difficulty to track it with
good precision within the seismically monotonous calcareous-prone Upper Malm interval, special emphasis is given in the
3D mapping of the Kimmeridgian unit in order to highlight its depth and thickness variations across the Geneva basin.
Moreover, specific dome-shape structure patterns with irregular to chaotic internal reflexions, surrounded by onlapping
reflectors can be repetively identified on certain seismic profiles. The stratigraphic position, thicknesses and lateral
extension of these seismic objects is coherent with the Kimmeridgian Reef-Complex buildups observed in nearby outcrops.
They are temptatively interpreted as such, while keeping in mind that the presence of numerous (subseismic) unit-bounded
diffused fault discontinuities, commonly observed within the massive limestones of the Upper Malm and Cretaceous
intervals, can also generate similar seismic artifacts. In both cases, whereas it is of depositional (Reef Complex buildups) or
structural (increased fault density) origine, these perticular zones likely correspond to enhance reservoir properties regions
that deserve special mapping attention in the quest of geothermal reservoirs.
A clear mapping of the fault network and Kimmeridgian reservoir unit across the Geneva basin will play a kee role in the
selection of future drilling location for deep geothermal heat production. Understanding the development of the fault network
in terms of fault relationships and kinematics within the basin stress field evolution through time and present-day situation
should also help to predict the development and preferential orientation of smaller-scale fault and fracture-related enhanced
permeability zones, potentially acting as hydraulic conduits connecting most productive reservoir facies.
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In the frame of a CTI-project the CHYN and Geo-Energie Suisse AG are developing a workflow and associated software
tools that enable a fast decision process for selecting an optimal well trajectory while drilling deep inclined wells for EGSprojects. Optimal well trajectory is needed to minimize borehole instabilities and maximize the intersection with natural
fractures. Minimizing borehole instabilities is mandatory for higher drilling performance and brings down risks and costs and
on the other hand it is the key to allow the deployment of the innovative reservoir creation technology (“multi-stage
stimulation concept” by Geo-Energie Suisse) that requires an almost in-gauge borehole for proper packer sealing.
In this paper are presented the results of an initial parameter study on the borehole stability that sets solid bases for the
workflow development. For the moment, the parametric study was based on linear-elastic analytical solutions for the stress
concentration around a borehole and the angular opening of the borehole breakouts (referred as breakout width) was used
as a borehole stability indicator. Sensitivity analyses were performed by using MATLAB software and the framework UQlab.
From both approaches, it can be concluded that the most influential parameters are the maximum horizontal stress
SHmax, the uniaxial compressive strength UCS, and the mud pressure Pmud. In addition the sensitivity of borehole
stability to borehole deviation is illustrated with the plots shown in figure 1. These figures show the impact that the drilling
direction decision can have on the borehole stability.
In parallel, the data from the Deep Heat Mining project hole BS-1 were re-analyzed in order to extract additional information
on the borehole geometry. More than 80% of the crystalline borehole section of BS-1 presents breakouts. The objective is
to go beyond looking at breakout width only and to find borehole geometry descriptors that are potentially more relevant to
packer sealing integrity. The geometric descriptor investigated were in addition to breakout width, breakout radial extend
(also referred as breakout depth), borehole cross sectional area, borehole cross section ellipticity parameters and borehole
cross section minimum radius of curvature (Figure 2). Correlations amongst these geometrical descriptors were assessed.
Relatively low correlation between these parameters suggests that a combination of them will be required to assess the
suitability of the borehole wall geometry for setting packers. These findings will serve at developing the rationale behind the
workflow that will be developed and applied on the Haute-Sornes deep geothermal project.

Figure 1. The parameters of the analyses listed in the top frame, breakout width contour plots for 2 drilling directions (0° 90°) are below for
drilling direction toward SHmax or Shmin and assuming SHmax = 1.05 Sv mud density = 1.00 and the UCS = 167.3 MPa.
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Figure 2. Example of different breakout geometries for a same minimum radius of curvature. To differentiate breakout geometries, which
give similar minimum radius of curvature but will have different implications for the packers and their ability to seal a borehole section, the
minimum radius of curvature must be combined with other parameters, like breakout width or depth.

REFERENCES

Aadnoy & Looyeh, 2011, Petroleum Rock Mechanics, 1st edition, Drilling operations and well design.
Barton, C. A., M. D. Zoback, and D. Moos, 1995, Fluid flow along potentially active faults in crystalline rock, Geology, 23(8),
p. 683–686.
Valley, B. and Evans, Keith F, 2009, Stress orientation to 5 km depth in the basement below basel (switzerland) from
borehole failure analysis, swiss J. Geosci. 102, 467–480.

Swiss Geoscience Meeting 2016

Platform Geosciences, Swiss Academy of Science, SCNAT

P 9.7
Combined μ-CT - NMR approach to (micro)porosity quantification in
continental spring carbonates
Eva De Boever1, Anneleen Foubert1, Dirk Oligschlaeger2, Steven Claes3, Jeroen Soete3, Pieter Bertier4, Mehmet
Özkul5, Aurélien Virgone6, Rudy Swennen3
Department of Geosciences, University of Fribourg, Fribourg, Switzerland (eva.deboever@unifr.ch; +41 26 300 89 73)
Department of Earth and Environmental Sciences, KU Leuven, Leuven, Belgium
3
Institut für Technische und Makromolekulare Chemie (ITMC), RWTH Aachen University, Worringer Weg 1, 52074
Aachen, Germany
4
Clay and Interface Mineralogy, Energy and Mineral Resources Group, RWTH Aachen, Aachen, Germany
5
Geological Engineering, Pamukkale University, Kınıklı Campus, 20070, Denizli, Turkey
6
TOTAL E&P Recherche Développement, Paris, France
1

2

Travertine hot-spring depositional systems precipitate CaCO3 at rates which are orders-of-magnitude higher than any other
carbonate factories. Additionally, continental carbonate springs witness high rates and large magnitudes of physical and
chemical gradients (e.g., temperature, pH and CO2 degassing) along their downstream flow pathways. Recent
investigations furthermore confirm the role of distinctive microbial communities in the formation of distinct downstream
fabrics and facies (vent, apron and channel, pond, proximal slope and distal slope facies). These settings and their deposits
gained renewed interest as certain facies and fabrics are comparable to those found in potential subsurface carbonate
reservoirs.
As a result of those high rates of carbonate precipitation and high environmental gradients over small spatial scales, the
primary fabrics and (micro)porosity encountered in them can be expected to reflect both abiotic and biotic factors.
Secondary, early (and late) diagenetic processes may additionally influence this primary, porous networks. Understanding
the different pore classes, their distribution, origin and evolution through time are of importance in the evaluation of their
potential as subsurface reservoirs for energy applications.
One powerfull technique to quantify the pore structure of representative rock plugs in 3D is microfocus computed
tomography (µ-CT). This technique is combined with nuclear magnetic resonance (NMR) of miniplugs in addition to
classical petrographical and petrophysical techniques, to investigate the pore network characteristics of two common and
widespread ancient spring carbonate facies, as exposed in the Pleistocene Cakmak quarry (Denizli, Turkey). The results
are compared to the pore network of recent travertine deposits at Mammoth Hot Springs (Yellowstone Park, USA).
The results show that NMR T2 distributions systematically display an uni- to bimodal MICP and bimodal NMR T2 distribution
with a single microporosity mode and a meso- to macroporosity mode. Micro-sized pore bodies (pore diameter < 1μm),
make up between 6 and 33% of the pore space (average NMR T2 cut-off value: 62ms) and are systematically located within
crystal cores of granular and dendritic crystal textures or along common crystal nucleation points. The investigated
properties did not reveal differences in micropore size or shape with respect to more or less biology-associated facies.
Results show that to achieve a linked scale view on the porosity distribution and connectivity from sub-micron to millimeter
scale, NMR and µ-CT are ideally combined.
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Flow paths in fault-bound hydrothermal systems are strongly controlled by the spatial distribution and continuity of ductile
and brittle structures (shear zones, fractures, joints) that can provide the main fluid pathways and enhance permeability of
the rock mass by joining existing pores and creating new pore space but can also act as seals to fluid flow. In long-lived
systems, these patterns are complex and dynamic in time and space, especially if they are subject to orogenic processes.
However, better understanding of such naturally porous and permeable rocks at suitable depths could provide an
alternative to enhanced geothermal systems for future geothermal exploration and eventually energy production in the
northern Alpine foreland basin (NAFB). Direct observation of the rocks that constitute potential geothermal reservoirs in the
NAFB is hindered by the up to km thick Molasse sediments and thus available outcrops of appropriate basement rocks
(e.g. the in External Crystalline Massifs of the Alps) can serve as analogue study objects. This study focuses on an active
fault-bound hydrothermal system in the crystalline basement of the Aar Massif (Swiss Alps) that has been exhumed from
few km depth and which documents at least 3 Ma of hydrothermal activity (Hoffmann et al., 2004; Belgrano et al., 2016).
On the basis of structural data collected from a 125 m long drillhole, the corresponding drill core as well as surface
mapping, we evaluate the structural evolution with regard to porosity, permeability and fracture distribution around a central
water-bearing breccia zone from the millimetre to decametre scale with main focus on the flow path evolution with time. The
high variability of deformation structures and related fluid pathways at different scales emphasises the complex link
between their mechanical evolution and hydraulic behaviour in time and space.
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In Switzerland, Quaternary deposits have been explored for hydrogeological, geotechnical or geothermal purposes. About
90 % of the underground uses take place in the mainly unconsolidated rock layer. These sediments accommodate about
half of Switzerland’s drinking water resources and they represent significant deposits of raw materials (gravels and sands).
Furthermore, they are a source for shallow geothermal energy production and a significant part of housing and transport
infrastructure takes place on and inside these rock bodies. Due to the increased demand on these deposits, use conflicts in
the shallow subsurface are unavoidable. To plan and coordinate the different uses in these rock layers, knowledge about
their composition and spatial distribution is essential. The GeoQuat project has been therefore launched by the Federal
Office of Topography swisstopo in cooperation with the Federal Office for the Environment FOEN and the Federal Office of
Energy SFOE in order to:
i) Develop a system for structured storage of unconsolidated rock data (QLG database).
ii) Realize 3D geological and parametric models (voxel models) of Quaternary deposits (Preisig et al., 2016).
iii) Make them accessible to users working in the different fields of applied geology.
The focus is given on the development of a system, for homogeneous and structured storage of unconsolidated rock data
in Switzerland, which constitute the basis of 3D geological and parametrical modelling.
Indeed, the unused potential of existing Quaternary deposit data needs to be made accessible to interested users working
in the different fields of applied geology related to the shallow subsurface. In order to test the practicality of the currently
developed GeoQuat infrastructure, four pilot regions (Birrfeld, Lake Lucerne, Upper Aar Valley and Visp) were defined.
The variety of data sources and data owners complicate the development and deployment of a central storage for
Quaternary deposit data. Due to their different origin, the data is characterized by a large heterogeneity in their format, type
and content, leading to a large variation of data quality. To make the data comparable a well-structured Quaternary deposit
data model is needed. The QLG data model is currently implemented at the Swiss Geological Survey (SGS) in conjunction
with the setup of the national borehole database that is based on the Borehole data model (Brodhag & Oesterling 2014).
Topographic maps (GA25), Geological vector datasets (GeoCover), top bedrock and digital elevation model (swissALTI3D)
are also implemented in the QLG data model (Fig. 1).

Fig. 1: Generalized overview of the QLG data model
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Fig. 2: Main topics and resulting products for each pilot region.

Wells, geological cross-sections and geophysical data are the main components of the QLG database. The original
lithological description in the «Layers» table is followed by the «Classifications» which integrates material properties based
on Swiss and European standards: VSS, SIA, EN, ISO. The table «Computations» integrates computed values from the
«Classifications», such as hydraulic conductivity. Another group of relevant data is the «Field and laboratory measurement»
group, which considers in situ measurements and laboratory analyses (Fig. 1). Observed, measured and analyzed data in
the QLG database are a good basis for the characterization of Quaternary deposits and history, as well as for the
elaborations of 3D geological and parametric models (Fig. 2 & Fig. 3).

Fig. 3: 3D Geological Model, Region Birrfeld
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In the framework of the Swiss Competence Centers for Energy Research (SCCER) one of the action fields in energy
research is Heat and Electricity Storage (HaE). The University of Geneva is an active member of SCCER and the Earth
Sciences Department has been developing a geothermal exploration strategy (Moscariello, 2016) of the Geneva Canton in
the framework of the Geothermie 2020 program, in collaboration with Services Industriels de Geneve (SIG), and the
Geneva State Geological Survey. The main goal at this stage is to characterise the subsurface in support of geothermal
energy exploration and development at different depth for both heat production, storage, and power generation.
The first main step in geothermal development is the understanding of the geothermal conditions at depth in order to
provide feasibility scenarios to decision makers. Therefore the understanding of porosity, permeability and saturation of
fluids is crucial to plan correctly a sustainable approach to the geothermal resource exploitation.
Within this large exploration effort, a specific ‘geophysical acquisition and processing optimisation’ project will aim at:
1. Developing an optimised exploration strategy in terms of geophysical data acquisition,
2. Producing a software tool able to manage the several geophysical datasets under a unique workflow in order to
make it as a standard for future projects aiming at characterizing geothermal reservoirs in Switzerland and abroad.
The main goal of this project is to assess geophysical signatures of properties such as porosity, permeability, water
saturation and reservoir connectivity which controls the reservoir compartmentalisation and fluid circulation at depth.
In this project new seismic, gravity and MT data will be acquired and the data will be integrated to the 3D geological model
available already (Figure 1). We estimate that our development will be applicable on the “Swiss Plateau”, where 80% of the
geothermal projects are planned.
Specifically, this project will include 3 main phases:
1) Acquisition of geophysical data:
● 3D high-resolution full range reflection seismic. The survey will cover an area of approximately 3x3km which will
guarantee a 1km2 full fold illumination of the geological target at about 1000m in depth.
● Gravity data acquisition with station spacing of 100 m is envisaged in the framework of this project.
● Magnetotelluric data will be collected in this project using the very far remote reference (Uchida et al, 2005) method.
2) Data Integration via Joint Inversion processing:
● 3D seismic reflection tomographic model, based on the inversion of both traveltime and full wavefield of the seismic
signal,
● 3D density model based on the 3D inversion of the gravity data,
● 3D resistivity model base on the 3D inversion of MT data.
3) Characterization of the 3D variations of velocity, density and resistivity
● Definition of the geometry of the brittle structures with seismic and gravity data
● Identification of the saturation conditions in the subsurface with seismic and MT data
● Definition of the permeability conditions in the subsurface
● Development of a replicable and site-specific exploration, processing and interpretation approach
● Testing the approach with real data
● Provide a geophysical exploration strategy to be applied also for 4D time-laps reservoir monitoring
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Figure 1. Workflow of the proposed project
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A decameter-scale In-situ Stimulation and Circulation (ISC) experiment has been initiated at the Grimsel Test Site (GTS,
Figure 1) to study and address a wide-range of research questions related to the stimulation and production phases of a
geothermal reservoir. The main objectives in this context consist of the physical understanding of permeability enhancement
during hydraulic stimulation, related induced seismicity, and evaluation of the generated heat exchanger efficiency.

Figure 1. Grimsel Test Site (GTS) is located in the Swiss Alps in the central part of switzerland. ISC experiment is conducted in the south
part of the GTS in a low fracture density grimsel granodiorite. Three main intersecting sub-vertical ductile shear-zones exist in the
stimulated volume.

The hydraulic stimulation part of the ISC experiment, which is the focus of this study, is split into three phases, i.e. prestimulation (phase I), stimulation (phase II) and post-stimulation (phase III) (Figure 2). Each phase includes planning and
performing of intensive geological, geophysical, hydrogeological, geomechanical and seismological field investigations
followed by data analysis that guides design of the subsequent phase.
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Figure 2. Workflow of the stimulation part of the ISC experiment

Phase I of the ISC experiment started in August 2015 to evaluate detailed characteristics of the target rock volume.
Geophysical borehole logging, geophysical imaging (GPR and active seismic), hydraulic testing (packer tests, heat, solute,
dye and DNA-tracer tests) and stress measurement have been performed to optimize the location of monitoring boreholes,
improve anticipation of the experiment outcome and add more constraints on input parameters, boundary conditions and
geometry for numerical models. In addition, three stress measurement boreholes, two injection boreholes and ten additional
boreholes dedicated to pressure, temperature, strain, GPR, and active and passive seismic monitoring were drilled and
characterized. After completion of all the monitoring boreholes, hydraulic stimulation using step-rate and pressure injection
scenarios in various stimulation intervals in two dedicated injection boreholes will be carried out. Seismic activity, pressure
propagation, strain and tilt measurements are carried out simultaneously during the hydraulic stimulation phase. The
stimulation phase is followed by post-stimulation phase which mostly contains geophysical (e.g. borehole geophysical) and
hydraulic characterization of the stimulated volume. This allows to analyze the stimulation induced changes in faults and
rock mass controlling the fluid flow and heat exchanger properties, which define the stimulation efficiency.
The ISC experiment is designed such that stimulation processes, i.e. shear dilatancy, seismic and aseismic slip front
propagation, and the resulting enhancement of the fracture conductivity, are recorded in a unique interdisciplinary dataset.
The data will include information on THM coupled processes and induced seismicity that could not be obtained from
stimulation experiments in deep reservoirs typically targeted for EGS. This dataset also allows us to address the objectives
as well as validation and verification of the existing THM and induced seismicity models.
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A large fraction of the world’s water and energy resources are located in naturally fractured reservoirs within the earth’s
crust. Depending on the lithology and tectonic history of a formation, fracture networks can range from dense and
homogeneous highly fractured networks to single large scale fractures dominating the flow behaviour. Understanding the
dynamics of such reservoirs in terms of flow and transport is crucial to successful application of engineered geothermal
systems (also known as enhanced geothermal systems or EGS) for geothermal energy production in the future.
Fractured reservoirs are considered to consist of two distinct separate media, namely the fracture and matrix space
respectively. Fractures are generally thin, highly conductive containing only small amounts of fluid, whereas the matrix rock
provides high fluid storage but typically has much smaller permeability.
Simulation of flow and transport through fractured porous media is challenging due to the high permeability contrast
between the fractures and the surrounding rock matrix. However, accurate and efficient simulation of flow through a fracture
network is crucial in order to understand, optimize and engineer reservoirs. It has been a research topic for several
decades and is still under active research. Accurate fluid flow simulations through field-scale fractured reservoirs are still
limited by the power of current computer processing units (CPU).
We present an efficient implementation of the embedded discrete fracture model, which is a promising new technique in
modelling the behaviour of enhanced geothermal systems. An efficient coupling strategy is determined for numerical
performance of the model. We provide new insight into the coupled modelling of fluid flow, heat transport of engineered
geothermal reservoirs with focus on the slip-induced stress changes during the stimulation process. Further we account for
thermo- and poro-elastic stress changes in the model to provide better estimations to the onset of fracture slip. We account
for slip-induced stress changes based on Okada’s analytical formulas derived from a Green’s function solution to the elastic
half space problem (Okada, 1992). Combined with a statistic displacement estimation, the stress changes induced during
the injection period of reservoir development can be studied.
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In the framework of the decameter In-situ Stimulation and Circulation (ISC) project at the Grimsel Test Site a detailed
characterization phase was carried out, combining geological mapping with geophysical prospecting. Measurements were
conducted in all boreholes and along the tunnels (see Figure 1). The geological characterization consisted of tunnel
mapping, core-logging and optical televiewer borehole logging. The interpretation and classifications of the observations
were mainly based on the report by Keusen et al. (1989). Along the tunnel walls five different ductile shear-zones were
distinguished. With respect to their dip direction they could be separated into three S1 (142/77) and two S3 (183/65)
oriented shear-zones. S1 shear zone are characterized by a more pronounced foliation, the S3 shear-zones are bound by
50 cm thick meta-basic dykes.
The tunnel to tunnel interpolation of these shear-zones, including the data points from the borehole logging, illustrated that
the S1 shear-zones are relatively straight in strike, whereas the S3 shear-zones are slightly bended.
From the core-logging it is known that a highly fractured zone is located east of the S1 shear-zones between the S3-shearzones.

Figure 1. Test site overview, left: interpolated shear-zones, right: all used boreholes for logging and geophyical prospecting.

Geophysical measurements included Ground Penetrating Radar (GPR) reflection and transmission, as well as seismic
cross-borehole and cross-tunnel transmission data. Reflection GPR measurements from tunnel walls and boreholes clearly
image the meta-basic dykes as well as shear zones away from the tunnels, where direct characterization by mapping is
impossible. The tunnel to tunnel seismic tomography reveals variations in velocity as well as variations in the strength of
the anisotropy, which is closely related to the foliation.
The combination of the geophysical prospecting and geological mapping highlights several interesting geological features.
In the seismic tunnel-tunnel tomography the highly fractured zone can be found as a low velocity zone (Figure 2). The
ductile shear-zones can be traced as lower velocity zones as well (i.e. lower velocity than the host rock). These features
along the shear zones are even clearer in the tomograms of the anisotropy strength (not shown), as it is directly linked to
the foliation. This observation is great proof for the interpretation of the shear-zones through the volume of interest.
In the GPR reflection images (e.g., measured from the VE-tunnel) the S1 shear-zones can be seen, whereas the S3 shearzone cannot be resolved. Interestingly, a dextral shearing of the S1 shear-zone that was hitherto not proven is apparent in
the GPR results (Figure 2). This observation fits the relative age of S1 and S3 (i.e. S1 is older than S3).
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Figure 2. left: Reflection GPR section recorded from the VE Tunnel; Dextral shearing of S1-shear-zones along S3-shearzones; right: Seismic tomography results with blue colors indicating low velocities.

Our results show that with the combination of geophysical characterization and geological mapping, the geological model
can be considerably improved, even for rock volumes that are as well characterized as the Grimsel Test Site. While tunnel,
core and optical televiewer logging can give detailed information at the accessible locations, GPR and seismic results can
resolve the structural information between tunnels and boreholes. Only the careful joint interpretation can reveal details
such as the dextral shearing of the S1 shear zone.
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Diagenesis of carbonate rocks can induce important modifications of the physicochemical, petrophysical and
geomechanical properties. Dolomitization is a complex physico-chemical reaction leading to the formation of dolomite via
the remplacement of calcium by magnesium in calcite. This process can greatly affect the petrophysical properties (porosity,
permeability) of the host rock. Assessing the diagenetic history of the rock is thus essential when working on any reservoir
exploitation project.
The Canton of Geneva is currently exploring the opportunities for geothermal energy exploitation in the Great Geneva
Basin (GGB) sub-surface. So far, other geothermal exploitation projects proved that dolomitized carbonate rocks can
present good reservoir properties and are suitable for geothermal energy production (e.g. Bavaria, south Germany, Paris
Basin, France).
This study main objectives are to: (1) describe and characterize the dolomitized bodies in the GGB and especially their
diagenetic history and (2) quantify the reservoir properties of those bodies (porosity, permeability). Currently, the core target
of our study is the Upper Jurassic sedimentary bodies of the GGB.
Through well and field study, our first results show that the dolomitization processes that occurred in the GGB are not
ubiquitous. Those processes seem to follow constrained path of fluid migrations through faulting or exhumation during the
basin’s history.
First results from the petrographical analyses of the Kimmeridgian (Upper Jurassic) cores recovered in the Humilly-2
(France) well show that dolomitization affected only a part of the sediments. Samples recovered at the top of the
Kimmerdigian present several stages of interparticular calcite cementation, preserving only a small fraction of the initial
porosity. Samples presenting dolomitization tends to show that this process occurred in the late stages of diagenesis,
whitout inducing modifications in the petrophysical or microstructural properties.
Further investigations of the dolomitized body in the close vicinty of the GGB and in its field analog will provide further
informations on the chronological order of the diagenetic stages affecting the carbonate sediments. This preliminary work
will orientate further analyses (mainly geochemistry) in order to determine the origin of the fluid responsible for the
dolomitzation processes.
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We investigate the tip region of a hydraulic fracture driven by a power law fluid
propagating at a constant velocity 𝑉𝑉 in an impermeable linear elastic medium.
We account for the presence of a fluid lag of a priori unknown length at the tip of
the fracture. The fluid pressurized fracture propagates perpendicular to the farfield compressive minimum stress 𝜎𝜎! in pure opening mode (see Fig.1a). The
solution of this semi-infinite hydraulic fracture problem combines elastic
deformation, lubrication flow in the filled region of the fracture and the quasistatic fracture propagation condition. It exhibits a multiscale structure related to
the strong fluid solid coupling at play near the fracture tip. For a Newtonian fluid,
the solution derived by Garagash & Detournay (2000) transition from the
classical linear elastic fracture mechanics asymptote near the tip to the viscous
asymptote (Desroches et al., 1994) away from the tip (see Fig.1b). The fluid lag
was shown to vanish for large values of a dimensionless fracture toughness
encapsulating all the problem parameters.
A lot of fluid used in industrial practice exhibit a shear-thinning rheology. Here,
we extend the solution previously obtained for a Newtonian fluid to the case of a
power-law shear-thinning fluid. For such a rheology, in simple shear, the fluid
shear rate 𝜏𝜏 is related to the shear rate 𝛾𝛾 as:
𝜏𝜏 = 𝑀𝑀𝛾𝛾
where n is the fluid power law index (𝑛𝑛 ∈ 0,1 for shear-thinning fluid) and 𝑀𝑀 is
the consistency index.
We formulate the governing equations of the problem and derive a
dimensionless form of these equations which only depends on the value of the
power law index 𝑛𝑛 and a dimensionless toughness 𝜅𝜅 defined as:
2
𝜅𝜅 = 4
𝜋𝜋𝜋𝜋

!
!

𝜎𝜎!!!!
𝑀𝑀! 𝐸𝐸 !!!!

!
!!

𝐾𝐾!"

where 𝐸𝐸 ! is the plain strain elastic modulus, 𝐾𝐾!" is the mode I fracture toughness
!!!! !!!! !

and 𝑀𝑀! =
𝑀𝑀. The fracture width 𝑤𝑤 and net pressure 𝑝𝑝 = 𝑝𝑝! − 𝜎𝜎! are
!!
scaled by 𝜎𝜎! 𝐸𝐸′ 𝐿𝐿! and 𝜎𝜎! respectively, while the spatial coordinate 𝑥𝑥 and the
fluid lag size 𝜆𝜆 are scaled by the following viscous lengthscale 𝐿𝐿! defined as
𝑀𝑀!
𝐿𝐿! = 𝑉𝑉
𝜎𝜎!
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The integral elasticity equation is discretized using Gauss-Chebyshev
polynomials (Ioakimidis & Theacoris, 1980). We notably transform the
coordinates from the semi-infinite interval [0, ∞ [ to the finite interval −1,1 and
use classical Gauss-Chebyshev method for solving singular integral equations
for finite fractures. The lubrication flow equation is discretized via a collocation
method using barycentric interpolation and derivation. The resulting non-linear
system of equations is solved via a quasi-Newton root-finding scheme using the
dimensionless net pressure at the collocation points as the primary unknown
variables. For given values of the dimensionless toughness and power law
index, our numerical results include the fracture opening 𝑤𝑤 and fluid pressure
𝑝𝑝! profiles over the whole fracture as well as the corresponding value of the fluid
lag size.
We show that the solution is not only consistent with the square root singularity
of linear elastic fracture mechanics near the tip (𝑥𝑥 ≪ 𝐿𝐿! ), but that its asymptotic
behaviour in the far field (𝑥𝑥 ≫ 𝐿𝐿! ) corresponds to the solution of a semi-infinite
hydraulic fracture driven by a power-law fluid constructed on the assumptions of
zero toughness and zero fluid lag (Desroches et al., 1994). Our results also
document how the power-law index modifies the variation of the lag size as a
function of the dimensionless toughness 𝜅𝜅, and its disappearance for large
value of 𝜅𝜅.

(a)

(b)

Figure 1. Semi-infinite fluid-driven fracture propagating at constant velocity 𝑉𝑉 in
an impermeable medium: a. Sketch of the problem, b. Dimensionless opening
(in log-log scale) along the fracture (𝑛𝑛 = 0.5).
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In support for geothermal exploration, a first reservoir assessment was performed in the Greater Geneva Basin to develop
low to medium enthalpy resources in the area (GEothermie 2020 program, Moscariello, 2016). For this purpose, a specific
rock typing workflow was designed, inspired from reservoir appraisal methodologies used in the oil and gas industry. This
study is conducted simultaneously with a detail structural analysis of the basin (Clerc et al., 2016), as well as a review of
the stratigraphical frame for the sake of data homogenization and correlations at regional scale (Brentini et al., 2016).
The first step of the reservoir assessment consists in describing both depositional and petrophysical characteristics of the
sedimentary units ranging from the Permo-Carboniferous to the Lower Cretaceous. The material used includes both data
from wells and outcrops: reports, cores and core samples (plugs, slices and cuttings), well logs and field rock samples
(pieces and plugs). Firstly, microfacies and cathodoluminescence analyses were performed on thin sections. Then, porosity,
permeability and grain density were measured on plug samples, and similar petrophysical measurements available in well
reports were also supplemented to the database. In addition, modal mineralogy using Quantitative Evaluation of Mineral by
SCANning electron microscopy (QEMSCAN) technology was carried out on one reference well that crosses the entire
sedimentary column, as well as P- and S-wave velocity measurements. Finally, the pore network was further investigated
with Scanning Electron Microscopy (SEM) images.
The second step consists in defining rock types in order to propagate and predict properly reservoir properties through 3D
geological models. An integrated approach inspired from Skalinski & Kenter (2015) and Makhloufi (2013) is currently
developed, combining depositional, diagenetic, petrophysical and electrical properties with pore network characteristics.
Multivariate statistical analyses are used to discriminate rock types and propagate them along wells where no core material
was available.
Petrophysical investigations on five potential reservoir intervals of the Greater Geneva Basin revealed that the
Kimmeridgian - Tithonian Reef Complex and the underlying Calcaires de Tabalcon units are the most promising targets for
low to medium enthalpy geothermal prospects (porosity range 10-20%; permeability to 1mD). Both on the outcrop and on
the subsurface, best reservoir properties are measured in pure carbonated sediments formed in patch reefs and peri-reefal
depositional environments, surrounded by synchronous tight lagoonal deposits. Associated highly porous dolomitized
intervals reported in the western part of the basin also promote enhanced reservoir qualities. Accordingly, reservoir bodies
display complex geometries and a scattered distribution that remain challenging to predict across the subsurface. To
propagate these heterogeneous reservoir properties, rock types are currently defined. They will be integrated into 3D
geological models based on 2D seismic lines interpretation, (Clerc et al., 2016).
Additionally to seismic facies identification, the detail structural characterization of the basin using available 2D seismic
dataset confirmed the existence of several wrench fault zones and conjugate fault systems across the basin (Clerc et al.,
2016). As promising reservoir bodies appear dispersed across the subsurface, these fault and fracture zones could act as
hydraulic corridor, and play a key role in connecting the most productive reservoir facies.
These integrated rock type and structural studies allow us to understand better the distribution and properties of productive
reservoir facies and hydraulic connectivity zones within the study area. The Kimmeridgian - Tithonian reef and peri-reefal
facies appear to be the most promising reservoir targets, although lateral and vertical heterogeneities were recognized in
this interval. Associated high-K fracture zones are thus essential to improve fluid circulation into and between reservoir
bodies to assure the successful development of geothermal energy in the Greater Geneva Basin.
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Short for Hexahedra from Unique Location in (K)convex Polyhedra – HULK is a simple and efficient algorithm to generate
hexahedral meshes from generic STL files describing a geological model to be used in simulation tools based on the finite
difference, finite volume or finite element methods. Using binary space partitioning of the input geometry and octree
refinement on the grid, a successive increase in accuracy of the mesh is achieved. HULK generates high accuracy
discretizations with cell counts suitable for state-of-the-art subsurface simulators and provides a new method for hexahedral
mesh generation in geological settings.
A geological model should incorporate structural information and rock properties for any kind of subsurface simulation
because simulation accuracy strongly depends on the relevant rock properties and their distribution in space. Therefore,
reliable results can only be expected when well-constrained structural and lithological information is used in the simulation.
Due to complexities in both the geological modeling and subsurface simulation, an integrated approach of modeling the
geology and the physics of the subsurface (e.g. flow, deformation, etc.) is in many cases not available. We address this
problem for simulators using hexahedral grids by proposing an efficient mesh generation method. The method is based on
octree refinement and provides for direct transfer of structural geological information to the numerical simulator of the
underlying physics.
Accounting for structures in the subsurface using a geological model efficiently helps increase the accuracy of any kind of
numerical subsurface simulation. We developed and implemented a fast and efficient hexahedral mesh generator for
subsurface simulations. The simple structure of the algorithm makes it also possible to implement the algorithm directly in
the discretization part of other simulation software. However, it can also be used as a stand-alone preprocessing unit.
Simulators that use adaptive mesh refinement based on the physics can utilize our method within their simulations to
dynamically resolve only those parts of the input geometry that are of interest in the current state of the simulation.
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Important switch points of the Swiss railway network have to be heated during the winter month. The heating prevents the
switch points of freezing due to snow and meltwater. The freezing of switch points makes a proper functioning impossible
and would lead to troubles in the very dense timetable of the railway network.
Currently 10’000 – 11’000 switch point heaters are operated in Switzerland. Either with electricity or gas. The Federal Office
of Transport (FOT) was launching a preliminary study to quantify the potential of geothermal resources for switch heating
within Switzerland. The perimeter of the study covered 80 % of the Swiss railway system and included the lowlands, the
Jura and alpine regions.
Based on existing and provided geodata of the government (swisstopo), geothermal base maps of the cantons and the
railway network, the potential of geothermally heated railway switches was derived using spatial intersections and analysis
of the vector-based geodata.
In a first step, the theoretical potential of geothermally heated switches was derived. This step took the location of each
individual switch and intersected it with the prohibition zone maps for borehole heat exchangers. Three classes of locations
were resulting: i) theoretically possible location for geothermal heating, ii) handicapped locations and iii) impossible
locations.
In a second step, the technical potential was evaluated. Each of the individual locations of potentially possible heating’s
were intersected using sensitivity buffers around waterbodies, buildings, land ownership and railway lines. The technical
potential includes therefore all locations which are suitable regarding the regulation of water conservation and basic
technical limitations (e.g. distance to buildings and railway sections.).
Based on the spatial analysis, around 50 percent of the Swiss railway switch point heaters could be technically heated by
geothermal resources.
Main challenge of the project was the acquisition and homogenisation of the geodata of the different cantons and railway
companies. Regarding to the federalistic system of Switzerland, many of the needed geodata (e.g. geothermal energy
maps) are available in different data formats, different level of detail or varying attribution. Often, the data are not consistent
at the border between different cantons. Additional and demanding operations for data homogenisation and examination
had to be included in the workflow.
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Figure 1. Map of the technical potential of railway switch point heaters (max. 50m distance from switch point to borehole and 3m distance
to the centre of the railway tracks)
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Rock fracture initiation and propagation is amongst one of the crucial physical processes in different Earth sciences related
disciplines such as geothermal (e.g. enhanced geothermal systems), oil and gas industry (e.g. hydraulic fracturing in shale
gas development), and mining industry (e.g. block caving and blasting). Comprehensive understanding of fracture behaviour plays a key role in the above-mentioned disciplines. The development of hydromechanical coupled models has
made a big step in numerical simulation and physical understanding of fracture initiation and propagation. These numerical
models are usually capable to simulate rock fracturing. In the last years these numerical models have been enhanced by
rock mass anisotropy and simulation of pre-existing fractures in the rock mass (Shen et al., 2014; Xie et al., 2016). However, the complexity of natural rock masses (e.g. stress perturbations and rock mass heterogeneities) is still not fully reflected
by numerical codes and an ongoing field of research.
In this study, a numerical code, which is called FRACOD, was used to simulate hydraulic fracture initiation and propagation.
FRACOD is based on an indirect Boundary Element Method (BEM), which is called Displacement Discontinuity Method
(DDM). This code enables modelling of rock failure processes in both tensile (mode-I) and shear (mode-II) mechanisms
(Shen et al., 2014). In a simple 2D-hydraulic fracturing design, we modelled a single propagating fracture in an isotropic
and homogeneous rock mass. In the case of hydraulic fracturing, the fracture tip failed under tensile manner as a consequence of excessive fluid pressure greater than tensile strength. Dependant on rock, fluid, and stress properties, the fracture geometry developed differently (Rickenbacher, 2016; Figure 1A). Our study focused on the interaction between these
properties and the resulting fracture geometry. In order to quantify the influence of each property, we applied a sensitivity
analysis. In this sensitivity analysis, different but realistic values were investigated for specific properties. As a result we
were able to identify the key properties for fracture geometry (i.e. fracture length and fracture aperture) during propagation
of a single hydraulic fracture. In a second approach we included rock mass anisotropy with the goal to study fracture propagation interacting with rock mass anisotropy. Thus, we placed a weak direction in order to simulate anisotropy. Owing to the
fact that fractures propagate preferentially in direction of the major principal stress, σ1 (i.e. a fracture in tensile manner prefers propagating perpendicular to σ3), we were able to study complex anistropic fracturing.
The analysis in FRACOD revealed a major influence of the fluid dynamic viscosity, hydraulic conductivity and Young’s modulus on hydraulic fracture propagation (Rickenbacher, 2016; Figure 1B). This is consistent with former studies using other
numerical codes (e.g. MFRAC). Moreover, the fracture orientation was found to be rather dependent on the direction of
maximum principal stress, σ1, than on rock mass anisotropy. Future work will focus on 3D-numerical modelling as well as
studying natural hydraulic fracturing.
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Figure 1. A) Variable fracture length with different Young’s Modulus in a hydraulic fracturing model in FRACOD, B) Our sensitivity analysis
revealed the relative influence of each property with respect to the fracture length. Fluid dynamic viscosity, hydraulic conductivity and
Young’s Modulus exhibit a major influence in a propagating fracture.
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P 9.20
Organic geochemistry of oil and natural gas in the West Dikirnis and
El-Tamad fields, onshore Nile Delta, Egypt: Generation by Upper
Cretaceous -- Lower Tertiary terrigenous source rocks
Mahmoud Leila1, Andrea Moscariello1
1

Department of Earth Sciences, University of Geneva, Rue de Maraîchaire 13, CH-1205 Genève.

Crude oil in the West Dikirnis field in the northern onshore Nile delta, Egypt, is present in the poorly-sorted Miocene
sandstones of the Qawasim Formation. The geochemical composition and source of this oil is investigated in this study.
The reservoir sandstones are overlain by mudstones in the upper part of the Qawasim Formation and in the overlying
Pliocene Kafr El-Sheikh Formation. However TOC and Rock-Eval analyses of these mudstones indicate that they have little
potential to generate hydrocarbons, and mudstone extracts show little similarity in terms of biomarker compositions to the
reservoired oils. The oils at West Dikirnis are interpreted to have been derived from an Upper Cretaceous -- Lower Tertiary
terrigenous, clay-rich source rock, and to have migrated up along steeply- dipping faults to the Qawasim sandstones
reservoir. This interpretation is supported by the high C29/C27 sterane, diasterane/sterane, hopane/sterane and oleanane/
C30 hopane ratios in the oils. Biomarker-based maturity indicators (Ts/Tm, moretanes/hopanes and C32 homohopanes S/
S+R) suggest that oil expulsion occurred before the source rock reached peak maturity. Previous studies have shown that
the Upper Cretaceous -- Lower Tertiary source rock is widely distributed throughout the on- and offshore Nile Delta.
A wet gas sample from the Messinian sandstones at El-Tamad field, located near to West Dikirnis, was analysed to
determine its molecular and isotopic composition. The presence of isotopically heavy δ13 methane, ethane and propane
indicates a thermogenic origin for the gas which was cracked directly from a humic kerogen. A preliminary burial and
thermal history model suggests that wet gas window maturities in the study area occur within the Jurassic succession, and
the gas at El-Tamad may therefore be derived from a source rock of Jurassic age.
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Social discourses on deep geothermal energy
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D-USYS Td-Lab / Swiss Competence Center for Energy Research - Supply of Electricity, ETH Zurich, Sonneggstrasse 5,
NO F27, CH-8092 Zurich | Switzerland

Actors active in the development of deep geothermal energy (DGE) have stressed that its large scale deployment does not
depend only on technological innovation but also on its social acceptance (Majer et al. 2012;) Social sciences are enrolled
to enquire social perceptions in order to anticipate acceptance when planning a geothermal project. Social sciences can
make valuable contribution to public engagement procedures for siting, planning, and risk management of DGE
infrastructures. Here it is important to underline that “there is no “cookbook recipe” applicable to all projects that might imply
induced seismicity and there can barely be one” (Trutnevyte & Ejderyan, submitted).
The assessment of social acceptance and the development of adequate public engagement procedures must link multiple
scales. It is therefore always dependent on bringing together different contexts. Analyzing public discourses on DGE
provides crucial information on theses contexts. The goals of this research is to contribute conceptually and empirically to
the development of public engagement procedures for DGE that are coherent from a general energy policy point of view,
yet address local specificities.
This research combines media analyses and ethnographic case studies. Through media analysis it is possible to analyse
how DGE is framed in the public sphere at various levels (Illustration 1). Ethnographic case studies in St. Gallen (Muratore
et al. 2016), Haute-Sorne and Geneva, enable to analyse how such frames are mobilised on concrete DGE projects.

Media frames on DGE identified in Le Temps, Tribune de Genève and Le Quotidien Jurassien (1997-2015), with number of statements and
number of articles found.

The media analysis shows that there are structuring elements in reporting on DGE. In order to evaluate in which respect
these elements are central to social discourse on DGE, it is necessary to examine how frames are mobilised by concerned
publics in actual DGE projects. First results of the case study in Haute-Sorne indicate the relevance of framing analysis to
identify the main issues that will be raised. However they also show that media reports tend to homogenize actors
categories and reduce the complexity of positions towards DGE. Must be addressed before designing public engagement
procedures.
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