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9.1
Latest Results of the GeoTherm and GeoMol Projects for Deep
Geothermal Energy
L.Boulicault 1, L. Reynolds 1, R. Allenbach 1, C.Minnig 1, R.Baumberger 1
1

Federal Office of Topography swisstopo, Swiss Geological Survey, Seftigenstrasse 264, CH-3084 Wabern
(lise.boulicault@swisstopo.ch)

In the context of the Energy Strategy 2050, the Swiss Federal Office of Energy (SFOE) and the Swiss Geological Survey at
the Federal Office of Topography (swisstopo) launched the GeoTherm project (2016 – 2018). GeoTherm is the first public
federal information system for data relevant to deep geothermal energies. It established an infrastructure for the collection,
harmonization, storage and web-publication of the data on the public federal website https://map.geo.admin.ch. GeoTherm
adds value and provides a long-term access to non-confidential geological data (raw, processed and interpreted). GeoMol
is the first public geological 3D model of the Swiss Molasse Basin, jointly developed by swisstopo, seven Swiss cantons
and five Swiss universities (https://viewer.geomol.ch). The model data is available at swisstopo free of charge.
In a first part, this presentation gives an updated view of the GeoTherm results after 3 years of project duration. In a second
part, results of the expansion of the GeoMol base model to include temperature attributes are presented. These will be in
the form of new products, such as a 3D-temperature model as well as several temperature maps (at different depths,
horizons, isotherms) of the Swiss Molasse Basin.
Finally, in order to ensure the continued success of the GeoTherm information system and to provide the latest data for
planners of geothermal energy projects in Switzerland, the importance of the ongoing, close and transparent collaboration
between the federation and all the involved stakeholders is encouraged.
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Warm springs emanating from deep-reaching faults in orogenic belts with high topography and orographic precipitation
attest to circulation of meteoric water through crystalline bedrock. The depth to which this circulation occurs is unclear, yet it
is important for the cooling history of exhuming orogens, for the exploitation potential of orogenic geothermal systems, and
for the seismicity of regional faults.
The orogenic geothermal system at Grimsel Pass, Swiss Alps (Hofmann et al., 2004; Belgrano et al., 2016), is manifested
by warm springs with a clear isotopic fingerprint of high-altitude meteoric recharge. Their water chemistry and their
occurrence within a 3 Ma fossil upflow zone render them particularly favorable to estimate the temperature along the deep
flow path via geochemical modeling. As the background geotherm has remained stable at 25 °C/km and as other heat
sources are unavailable, the penetration depth can be derived from the deep water temperature. We thus estimate the
base of the Grimsel system to be at 230–250 °C and 9–10 km depth.
We propose that deep temperatures in such systems, particularly those with normal background geotherms (< 30 °C/km),
have been systematically underestimated. Consequently, far more enthalpy may be accessible for geothermal energy
exploitation around the upflow zones than previously thought. Further, the prevalence of recent earthquake foci at Grimsel
at ≤ 10 km demonstrates that meteoric water is involved in seismicity of the host faults. Our results therefore call for
reappraisal of the heat budget and of the role of meteoric water in seismogenesis in uplifting orogens.

Figure 1. Regional view to NNW of Grimsel area showing topography and conceptual present-day flow path of meteoric water along
subvertical strike-slip fault.
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9.3
Reservoir stimulation and its effect on depletion-induced seismicity
Barnaby Fryer 1, Gunter Siddiqi 2 & Lyesse Laloui 1
Soil Mechanics Laboratory – Chair “Gaz Naturel” Petrosvibri, Station 18, Swiss Federal Institute of Technology in
Lausanne, Route Cantonale, 1015 Lausanne, Switzerland (barnaby.fryer@epfl.ch)
2
Swiss Federal Office of Energy, 3003 Bern, Switzerland

1

Production from subsurface reservoirs causes stress changes that can lead to induced seismicity (Segall 1989). In the fully
coupled theory of poroelasticity, these stress changes are caused by the gradient of pore pressure which acts as an internal
force in the momentum balance equation. This implies that, if a smaller pore pressure gradient is required to produce the
fluid, smaller stresses will be induced, likely leading to a lower seismicity rate.
According to Darcy’s Law the gradient of pore pressure required to achieve a certain fluid production rate is inversely
proportional to the permeability. The larger the permeability, the smaller the pore pressure gradient required. Therefore, it is
possible that reservoir stimulation techniques may be significant in terms of induced seismicity because, during the
reservoir production phase, they will decrease the pore pressure gradient required to produce a certain amount of fluid. For
this reason, in this work, a hydraulic fracture’s effect on induced seismicity is investigated.
Pore pressure and stress changes are modelled using a fully coupled Finite Volume flow and Finite Element mechanical
model. A pseudo hydraulic fracture and the resulting near wellbore permeability increase are modelled using typical
parameter values reported in the literature for hydraulic fracturing. Calculated pore pressure and stress changes are then
used in a seismicity model based on the model introduced by Dietereich 1994 and extended by Segall & Lu 2015.
Seismicity rates are compared for the case when the pseudo hydraulic fracture permeability increase is included to the the
case without a stimulated wellbore inflow zone.
The numerical experiment suggests that the near-wellbore permeability increase associated with hydraulic fracturing results
in decreasing the stress changes associated with an imposed fluid production rate and thereby indirectly decreases the
seismicity rate. These results imply that stimulated wellbore are useful for managing fluid production from reservoirs where
production-induced seismicity is an issue.

Figure 1. Calculation of (a) the seismicity rate induced by fluid production in an unstimulated reservoir subject to a reverse faulting stress
regime after ten years of production and (b) the resulting seismicity rates for a stimulated and non-stimulated production well. The
seismicity rates are taken at various depths (Y) vertically in-line with the producing well. The numerical simulation is plain strain with
injection occurring via a horizontal well.

This work has been supported by a research grant (SI/500963-01) of the Swiss Federal Office of Energy.
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Confirming the permanent containment is a key challenge for the storage of CO2 in deep underground reservoirs. Faults in
the cap rock of such reservoirs are considered to be a potential path for the CO2 to escape. The CS-D experiment in Mont
Terri aims to better understand mechanisms of CO2 leakage, and to develop strategies to detect and monitor CO2
propagation through faults. In the framework of this experiment, a comprehensive geophysical instrumentation is currently
being installed in four boreholes. It will complement the hydraulic and geotechnical monitoring and is offering a good
opportunity to examine the ability of geophysical techniques to monitor CO2 propagation at intermediate scales.

Figure 1 a) The Mont Terri laboratory with niche 8 in light green and the fault zone in brown. b) Position of the boreholes for geophysical
monitoring (BCS-D3-6) in blue and in black for the injection and fluid monitoring (BCS-D1,2,7)

The borehole setup of the CS-D experiment (Fig. 1) comprises three vertical boreholes BCS-D1, BCS-D2 and BCS-D7 for
fluid injection, pressure monitoring, displacement monitoring, and fluid sampling. For the geophysical monitoring, boreholes
BCS-D3 and D4 will be drilled inclined in order to enable the tomographic planes being parallel to the symmetry axis of the
anisotropy (normal to the bedding). The boreholes BCS-D5 and -D6 are drilled with different inclinations and at the opposite
site of the boreholes -D3 and -D4, such that sensors can be placed in a way to properly locate microseismic events in 3-D.
As shown in Fig. 2, borehole BCS-D3 will be equipped with a cemented 3-component geophone array, similar to the one
that has been used for the GM-A experiment (Manukyan et al., 2012). Outside the casing of the boreholes BCS-D3 and D4,
ring-shaped electrodes will be implemented for obtaining electrical resistivity tomograms. The casings of the boreholes
BCS-D4, -D5 and -D6 will remain empty, such that they can be equipped with mobile S- and P-wave sparker sources for
active seismic experiments or with the GmuG system (e.g. Amman et al., 2018), which comprises high-sensitivity piezosensors for passive seismic monitoring. The setup is complemented with single 3-component geophone stations cemented
at the bottom of boreholes BCS-D4, -D5 and -D6, with a geophone array installed at the gallery wall, and with additional
piezo-sensors and accelerometers of the GmuG systems also clamped to the gallery wall.
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Figure 2 a) Permanent instrumentation of the geophysical monitoring boreholes b) Closeup of borehole BCS-D3 with the
geophone and electrode array.

Currently (at the time of the abstract submission) the boreholes of the CS-D experiments are drilled and the permanent
geophysical instrumentation is being installed. In the course of the instrumentation, first test data will be recorded, followed
by the baseline measurements, once the drilling and instrumentation of all boreholes are completed. We will present the
details of the comprehensive geophysical instrumentation of the CS-D experiment and are confident to give a first overview
of the geophysical data and performance of our instrumentation.

REFERENCES
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Fractures are highly abundant structural features in reservoirs and are crucial for mass and energy transport during
reservoir applications such as geological CO2 storage, Enhanced Geothermal Systems (EGS), nuclear waste disposal, and
oil and gas production. Previous studies have shown that fractures dominate fluid and solute transport in the subsurface,
with fracture flow often concentrating in flow channels (Brown et al. 1998). Fracture opening and corresponding transport
properties are tightly coupled to the effective normal stress on the fracture. However, fracture aperture fields are commonly
determined under zero-stress conditions, and therefore do not account for stress effects on the fracture aperture
distribution (Pyrak-Nolte et al. 1987).
In this study, we use the fracture geometries of naturally-fractured granite cores from the Grimsel Test Site (GTS) in
Switzerland, and numerically model CO2 injection into these fractures under different effective normal stress conditions. The
fracture surfaces of two granite cores of 2.5 x 3.0 cm are first mapped using photogrammetric scans, and the fracture
surfaces are subsequently matched to obtain the aperture fields for zero stress conditions (Vogler et al. 2018). Next, we
use a Fast Fourier Transform (FFT)-based convolution numerical method (Kling et al. 2018, available in the web application
http://contact.engineering/) to generate aperture distributions under different effective normal stresses (0.25 to 10 MPa).
Finally, we perform two-phase flow simulations of brine displacement with CO2 injection within the aforementioned aperture
fields, using an in-house application based on the MOOSE framework (Gaston et al. 2009). Analyses on the resulting CO2
injection patterns enable investigation of the relationships coupling effective normal stress, multiphase flow channeling and
fracture transmissivity. The obtained results aid the design of laboratory experiments and reservoir applications focusing on
enhanced geothermal systems using CO2 and geological CO2 sequestration in fractured reservoirs.

Figure 1. Simulated CO2 injection into a brine-saturated granite fracture under 0.25 MPa effective normal stress. Simulations are performed
at 100°C and with a constant pore fluid pressure at the outlet of 15MPa.
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9.6
Complex interplay between fracture opening and shearing during in-situ
stimulation experiments
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1
2
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In the framework of the decameter-scale in-situ stimulation and circulation experiment, six hydraulic shearing tests were
carried out in February 2017 at the Grimsel Test Site, Switzerland (Amann et al. 2018). These tests aimed to hydraulically
reactivate previously mapped and characterized fractures and shear zones. All tests consisted of four injection cycles, with
a shut-in and venting phase between each cycle. Both hydroshearing (HS) and hydrofracturing (HF) can be considered as
endmember deformation mechanisms that may occur concomitantly during large scale hydraulic stimulations in the context
of deep geothermal reservoir engineering. We here report complex interplay between both mechanisms observed during
our experiments.
Dynamic deformations were monitored in three boreholes (so-called FBS boreholes) using a total of 60 Fiber-Bragg Grating
strain sensors with a base length of 1 m and a resolution of 0.1 μ-strain, and one distributed Brillouin strain (DBS) sensing
cable loop (Krietsch et al. 2018). An additional DBS loop was monitoring strain in three additional boreholes (so-called PRP
boreholes) that were dedicated to pressure monitoring. These three pressure monitoring boreholes contain a total of seven
open pressure monitoring intervals. Deformation and pressure sensors were placed across the shear zones that were
targeted during our tests. Acoustic emission sensors were distributed along the tunnel walls and in four boreholes. This
setup allows a precise location of acoustic emissions inside the test volume.
Here, we show results of one test that indicated a change in propagation direction of the deformation field inside the
stimulated shear zone between injection cycles 3 and 4. Additionally, a strong pressure pulse was monitored in borehole
PRP2 interval 2 (referred to as PRP2-2) during cycle 3 and in borehole PRP1 interval 2 (PRP1-2) during cycle 4 (see Fig.
1a). This observation was interpreted as a change in preferential flow path. Based on the located acoustic emissions, it was
observed that a geological feature inside the targeted shear zone was reactivated between the two pressure monitoring
intervals (i.e., PRP1-2 & PRP2-2) in cycle 3. However, the pressure signals obtained during cycle 3 in PRP1-2 and PRP2-2
indicate a heterogeneous hydro-mechanical reactivation of this geological structure. The seismic events during cycle 4
illustrate an ongoing deformation towards PRP1-2.
We assume from the hydro-mechanical-seismic observations made during cycle 3 and 4 that a redirection of hydraulic
channelling was taking place during these cycles.
We further reckon that the channel towards PRP2-2 formed elastically (e.g., hydraulic normal opening) during cycle 3, as it
seemed to be closed again during cycle 4. Nevertheless, the channel towards PRP1-2 formed permanently through
hydraulic shearing (i.e., shear dilation) as it could be identified in post stimulation hydraulic characterization. This
deformation started in cycle 3 in which already a moderate pressure increase was observed in interval PRP1-2. The
ongoing, increased deformation during cycle 4 in the vicinity of interval PRP1-2 is also highlighted by occurring seismic
events. To constrain the observations made during this experiment, we are currently working on a model that calculates the
dislocation field within the test volume due to fracturing and shearing along a known fault plane (Okada 1992). This might
help to unravel the complex heterogeneous hydro-mechanical reactivation of the targeted shear zone.
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Figure 1. a) Injection protocol with indicated injection cycles and monitored pressure signals. b) Located seismic events plotted inside the
test volume with locations of injection and pressure monitoring intervals. It is a view onto the shear zone (i.e., view towards south).
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9.7
Dissolution of dolomite cement in sandstones when subjected to CO2enriched brine
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1

Fluid-rock reaction plays a critical role in many natural and engineered geo-systems. Of our particular interest are CO2based geochemical reactions which are involved in various geological applications related to Carbon Capture, Utilization,
and Storage (CCUS) (Xu et al., 2003). These reactions could lead to mineral dissolution and precipitation which may
substantially change reservoir’s hydraulic, mechanical, thermal, and chemical properties (Tutolo et al., 2014; Luhmann et
al., 2017). In this study, we report a reactive flow-through experiment under reservoir conditions on a multi-mineral
sandstone from a geothermal reservoir, with the focus on the dissolution reaction of dolomite cement
(Ca1.05Mg0.75Fe0.2(CO3)2). We circulate CO2-enriched brine through this sandstone specimen for 137 cycles (~270 hours) to
examine the evolution of in-situ hydraulic properties and CO2-based geochemical fluid-rock reactions, where the outflow
fluids of a current injection cycle are recycled as the working fluids of its next injection cycle. Based on our effluent chemical
analysis, dolomite dissolution is identified to be the major reaction during the experiment. With respect to the release of
calcium, we observe a slow release of magnesium at the beginning of the experiment, where the reaction is still far from
equilibrium. After that period, calcium, magnesium, and iron are found to be released stoichiometrically. Reactivity of
dolomite is determined to be ~2.45 mmol m-3 s-1 during the first cycle. The corresponding effective surface area of the
sample is estimated to be 1.16 10-4 m2/g. An effective coefficient of the reactive surface area for dolomite can then be
defined 3.2 10-3, indicating a limited accessibility of the physical surface area. Moreover, we observe a continuous decrease
of the effective surface area as the dissolution reaction progresses. This decrease can be qualitatively reproduced using a
simple two-dimentional displacement model, where minerals are selectively displaced (dissolved) by fluid based on the pore
connectivity and pore size. With this model, we can conclude that for certain dissolution regimes, the effective surface area
decreases faster when subjected to a heterogeneous flow than a homogeneous one. Our results provide insights into the
understanding of the CO2-based geochemical reactions involved in the aforementioned applications.

Figure 1. Dolomite dissolution pattern resulting from a simple two-dimentional displacement model: (Left) only 71.88% of the pores (with
their sizes larger than 5000 pixel) and (Right) all pores are invloded in the dolomite dissolution reactions.
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9.8
Early dolomitization and dedolomitization of the Late Jurassic
limestones in the Geneva Basin (Switzerland and France)
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The Canton of Geneva (Switzerland) is currently exploring the opportunities for geothermal energy exploitation in the
Geneva Basin (GB) sub-surface.
Horizons affected by dolomitization, the focus of the present study, are of particular interest because they proved to be
productive in time-equivalent deposits currently exploited in Southern Germany and are suitable for geothermal energy
production. The Late Jurassic limestones of the GB represent the best potential reservoirs. However, these units exhibit
strong heterogeneities in terms of reservoir quality with the occurrence of highly porous sucrosic dolomite intervals as well
as dedolomitized intervals exhibiting secondary porosity. The aim of this study is to: (1) assess texture, fabrics, types and
distribution of dolomitization, (2) constrain the paragenesis for each stratigraphic and (3) propose potential models of timing
and origin of the dolomitization and dedolomitization processes. In this context, an integrated study was led including:
detailed outcrop study in the Jura and Salève mountains, thin section analyses (optical microscropy, cathodoluminescence,
S.E.M) and the geochemistry of oxygen, carbon and strontium isotopes.
Two types of dolomite were identified: early replacive dolomites (D1) and fabric-destructive sucrosic dolomite (D2), along
with two types of corresponding dedolomites. The measured isotopic compositions of D1 dolomites are consistent with a
reflux type model of dolomitization induced by high-frequency sea-level changes producing several pulses of dolomitizing
brines in a short time span. The D2 sucrosic dolomite represents an advanced level of replacement that obliterated the
original fabric leading to high intercrystalline porosity during shallow burial. Dedolomitization is observed at different order of
magnitude by either (1) an almost complete dissolution leading to the creation of secondary pore space or (2) a two-step
calcitization driven by the infiltration of Ca-rich water leading to dissolution, formation of microvugs and then precipitation of
calcite. This dedolomitization would have taken place during long-term emersion events or after the exhumation of the
Upper Jurassic limestones.
The study presented here will help to understand the possible mode of dolomitization that occurred in the GB. The results
presented here will be implemented in a stochastic model in order to predict the volume and distribution of dolomitic bodies
at the basin scale. This step will ultimately help in reservoir modelling which is crucial for further potential exploitation.
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INTRODUCTION
Geomechanical properties of gas shales (such as stiffness and strength) play a fundamental role for an optimised
exploitation of shale gas reservoirs. In spite of their relevant importance, laboratory tests are usually performed without
considering the water saturation state of the material; specimens are indeed tested either in the as-received state or labatmosphere equilibrated state. The water saturation is expected to have a significant impact on the geomechanical
properties of gas shales as their mineralogical composition presents large clay content (10-60%). Indeed, there is already
significant evidence on the role of water saturation for other clayey geomaterials such as mudstones, claystones, and
organic-poor shales (Ewy 2015). This study demonstrates how the geomechanical properties of gas shale cannot be
properly evaluated without accounting for the effect of the water saturation. Selected evidence from different tests
performed on gas shales samples extracted from different unconvenitonal reservoirs is presented.
MATERIALS AND METHODS
The experimental results presented in the following were performed on a core sample extracted from shale gas reservoirs
at a depth of 2700m. The received core sample were partially water saturated, with porosity lower 7%, and clay content
between 20% and 30%. The testing set-presented in Ferrari et al. 2018 and Minardi et al. 2018 was adopted to perform the
experimental analsyis. The set-up allows performing uniaxial compressive tests with total suction control (Ψ) by using
vapour equilibrium technique (typically used also for shales, e.g. Ferrari et al. 2014; Minardi et al. 2016). Different total
suction values were imposed to tested sample under constant axial stress to achieve different saturated states. Unloadingreloading paths were carried out after each suction equalization step to evaluate the elastic properties.
RESULTS
The developed testing set-up described in the previous section allows having a comprehensive and precise assessment of
the impact of total suction on the elastic properties of gas shales. Figure 1a shows the response of a specimen during three
unloading-reloading paths performed at different total suctions (Ψ =150 MPa, Ψ =39 MPa, Ψ =10 MPa), between 15 MPa
and 5 MPa of axial stress. In particular, the graph illustrates the unloading phase of the paths, considering the same initial
starting point (0% of axial strain and 15 MPa of axial stress) to facilitate the comparison. The impact of total suction on the
mechanical response is clearly highlighted. Higher expansion upon unloading is experienced by the specimen as it is
equalized to lower values of total suction. This feature leads to a decrease of the elastic modulus (E) measured on the
applied stress interval. Figure 1b shows the relationship between the measured elastic stiffness and total suction. The
stiffness measured on a second specimen flooded with water (Ψ =0 MPa) before the unloading is also reported. A clear
impact of total suction variations on the elastic modulus of the tested gas shale is observed, where a decrease higher than
50% is obtained for the investigated total suction range.

Figure 1. a) Specimen’s response during the unloading phase of stress paths performed at different total suctions; b) relationship between
elastic stiffness and total suction (Ferrari et al. 2018).
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CONCLUSIONS
The presented experimental study highlighted the importance of considering partially saturated conditions for the
determination of geomechanical properties of gas shales. Variations higher than 50% for the elastic stiffness have been
measured. These outcomes are expected to be of great importance not only to predict the behaviour of these materials insitu, but also to assess the impact of material preservation and air exposure on core samples used for laboratory testing.
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Little is known about the reservoir characteristics of the Tertiary Molasse succession accumulated in the Geneva foreland
basin despite over the last 60 years both academic research and geo-energy exploration projects have been carried out
extensively in the Greater Geneva Basin (westernmost part of the North Alpine Molasse Basin). While the general
chronostratigraphic framework using biostratigraphic tools and the overall sedimentology is generally known, the internal
architecture and tectonostratigraphic significance and the reservoir characteristics of this succession is not yet well
described.
In particular, uncertainties exist of the regional distribution of individual stratigraphic units (parasequences) within the
Molasse preserved in the Geneva Basin whose knowledge could unravel important element to reconstruct the tectonostratigraphic evolution of the Molasse foreland in this region. This in turn could allow the development of a better
understanding of facies distribution within the succession and improve our prediction of sand/shale distribution and their
impact on deep fluid circulation. The Molasse can in fact play an important role in assessing the potential of deep
hydrogeological budget as it could provide communication from the shallow ground water flows mostly located within
Quaternary deposits and the deep Mesozoic systems, typically charged through pervasive fault systems.
Moreover, the interface between the Oligocene Molasse sandstone and the lower Cretaceous limestones (Urgonian Auct.)
represented by a 35 mln years unconformity, contains discontinuous lenses of possibly older stratigraphic units (Siderolithic
and Gompholite) which can also play a role in controlling the subsurface water flow circulation. The recent observation (N.
Clerc in prep) of brittle deformation consisting of low angle inverse faulting in a confined stratigraphic unit including the
lower Cretaceous and upper Jurassic might point out to a different geomechanical behavior of different units in response to
the compressional stress experienced in this region since Tertiary time. A comprehensive integrated sedimentological,
chemostratigraphic and structural study of this interval is under way.
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GEo-01: The first GEothermie 2020 P&D well in the Canton of Geneva Preliminary results
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The GEothermie 2020 program, which consists of three main phases prospection, exploration and exploitation, has recently
entered into exploration phase with the drilling of a series of shallow boreholes i.e. ca 600 -1000 m deep below ground
level (b.g.l.).
In this framework, the first exploration well GEo-01 has been successfully drilled in 2018 in Satigny, North-West of the city
of Geneva. Artesian water flow of 50 l/s and 34°C has been intercepted within the faulted lower Cretaceous carbonate units
at various depth intervals ranging between 460 and 670 m b.g.l.. The total well depth was reached at 744 m b.g.l. reaching
the Upper Jurassic. The drilling operation in the limestone units has been carried out using water circulation instead of
mud-rich fluids. Continuous water flow rate measurement and pressure test were performed at the surface during the entire
drilling operations. Large karstic features at 540 m b.g.l., caused a well instability which limited the completion of the
logging program as planned throughout the well section. However, thanks to continuous hydraulic tests at surface, the
exact depth location of the main source of water flow was identified.
Long-duration hydraulic tests on the artesian flow will be conducted for the next 6 months. During this phase, continuous
measurements of temperature, pressure, flow rate, turbidity and hydro-chemical and isotopic analysis will be performed.
The second exploration well GEo-02 will be spud in January 2019. The overall goals of this well are similar to the GEo-01
well: test the faulted lower Cretaceous and Upper Jurassic limestones, reach the Kimmeridgian reef complex at 950m as
well as improve our knowledge of performing successful geothermal drilling projects. The expected total depth of the well
GEo-02 is 1130 m b.g.l..
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In the framework of the FS experiment, we have conducted a series of controlled-injection field-scale experiments in the
Mont Terri rock laboratory, reactivating selected parts of the Main Fault intersecting the Opalinus Clay. This very lowpermeability claystone is not only studied for its confinement properties as host rock for the disposal of radioactive wastes,
but it is also considered as a reference caprock-like formation for CO2 storage.
The Main Fault corresponds to a second-order structure interpreted as a blind shear fault-bend fold that is detached from
the top of the underlying Staffelegg Formation in the hanging wall of the Mont Terri anticline (Nussbaum et al., 2017).
Monitored by two 3-component accelerometers, we observed seismic fault slip behavior in a series of 68 events with
maximum magnitude Mw=-2.3 associated to mixed normal-shear movement.
The slip propagation was captured between two monitoring points, respectively one injector and one monitoring point set
across the fault core, which were continuously probing the three-dimensional movements of the fault zone at high resolution
by using the step-rate injection method for in-situ fracture properties (SIMFIP) developed by Guglielmi et al. (2013).
We observed an increase with time of the number of plastic displacement transients characterized by displacement rates of
3 to 60 10-6 m/s. We can define a succession of three different activation periods: 1) a stress transfer period, 2) a fracture
opening period, and 3) a shearing period. The orientation of the displacement vectors showed considerable heterogeneity,
which may suggest that the displacement behavior is caused by interactions between multiple second-order fractures in the
fault core rather than by slip along a well-defined plane. We discuss the possibility of a structural instability enhanced by
aseismic stress transfer and fluid diffusion in a heterogeneous fault core as a potential mechanism of seismic reactivation of
a fault.
Recently, a series of laboratory experiments have been conducted to characterize the frictional behavior of gouge material
from the same fault (Orellana et al, 2018). Results suggest a velocity-strengthening regime, typical of clay-rich fault
materials, indicating that such faults, when reactivated, would slip aseismically.
This discrepancy between lab-scale and field-scale frictional behavior is of great importance when predicting the seismic
stability of clay-rich fault zones. It may highlight the existence of other sources of seismicity related to the highly complex
structure of a tectonic fault that experiences multiple periods of reactivation and rest.
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Figure 1: Schematic vertical cross section of the Mont Terri fault-activation experiment (the thick red line indicates the activated section of
the fault). Main Fault blue rectangle corresponds to the monitoring interval. Injector blue rectangle is the injection interval. Graphs show the
time window when the hydraulic connection propagating from the injector to the Main Fault interval triggers the Main Fault displacement
and the seismicity. Vertical magenta lines show the picks of the >3 10-6 m/s displacement rate events. Dark blue vertical lines show picks of
the seismic events. The lower graph shows the normalized number of seismic events per 5-second time intervals.
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Usually, geothermal exploration activities in green fields such as the one in St. Gallen (North-East Switzerland) are confined
to limited areas in the surroundings of the well to be drilled, and the chance to move to production operations are strongly
dependant on the success of the first exploration well. However, the presence of hydrocarbons in the area are notorious as
a potential risk for geothermal exploration. If not properly predicted, the manifestation of overpressured hydrocarbon fluids
(oil and gas) can hinder the drilling operations and the whole geothermal project. This was the case of the St Gallen
geothermal GT-1 well in 2013. The occurrence of this unexpected event opened several scientific questions, such as: are
hydrocarbon hosted in deep reservoir in the area or do local faults network promote the plumbing of fluids? What are the
source rocks for these hydrocarbons and their remaining generation potential? What is the realistic estimate of the volume
of oil and gas in place in the area?
In this study, we developed a high-resolution 3-D geological and thermal model from the integration of a 3-D seismic
reflection survey, well logs and geochemical data. Here, emphaisis was placed on the mapping of the Permo-Carboniferous
grabens and the crystalline basement. This interval is of particular importance for our study, since the Permo-Carboniferous
unit may host the potential source rocks (coal and carbonaceous shales – based on the Weiach-1 analogue well) that
generated the gas found in the St Gallen area. Uncertainties are associated with delineating the depth and geometry of the
grabens. In order to simulate the thermal evolution of the basin, the different scenarios reconstructed were used as
geological conceptual models. Paleothermal data (vitrinite reflectance and illite cristallinity) were collected to properly
reconstruct the thermal maturation timing of the source rocks and hydrocarbons generation and expulsion events.
The findings from this study extend the current understanding of the the petroleum system in the St. Gallen area and may
serve as analogue elsewhere in the Swiss Plateau. This work demonstrates how a robust uncertainity-based tectonostratigraphic interpretation can result into different modelled outcomes on the hydrocarbon volumes estimates. Furthermore,
it provides more preciser constrains of potential risk to geothermal exploration.
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The understanding of fault criticality in foreland basins is of strategic importance for the development of the geothermal
resources in Switzerland. Our study is part of a larger joint venture between Swisstopo, the Department of Geosciences of
the University of Fribourg and the Centre of Hydrogeology and Geothermics of the University of Neuchâtel. The project is
dedicated to the Stress State, Fault Criticality and Fluids; Bearing on resources development in Switzerland. The subproject
of Fault anatomy, porosity and pore connectivity: the La Sarraz Fault system, combines different techniques to define
porosity and connectivity on faults outcropping in the Eclépens area.
Herein, we present a numerical approach applied to a fault system, exposed in the field, in which we vary: (i) the
connectivity of the fractures, (ii) the injection and production wells geographical location and pressure regime, (iii) the local
stress on the faults, (iv) the permeability and temperature of the potential aquifers present in the Eclépens area.
We analysed fracture stability within injection and production wells, simulated on four aquifers at depths between 500 and
3000 meters in the Eclépens area. The simulations were modelled in Thermaid (Jansen et al. 2017), an open source for
Matlab. Two model fracture networks were used on three geographically different injection and production well locations.
Both networks are based on an observed sub-vertical strike-slip fault system in the area of investigation. A “homogenous”
fracture network model simulates identical fracture permeability, porosity, and connectivity within the matrix and faults and
governed by a continuous regional stress field acting on all faults. Alternatively, a “heterogeneous” fracture network model,
exclusively modelled permeability and porosity within the faults based on values obtained from literature. Furthermore, the
local stress field of each studied fault was applied on each individual modelled fault. In contrast with the homogenous
fracture network model, the heterogeneous fracture network model considered the optimally oriented faults as being
critically stressed, with respect to the local maximum principal stress. In addition, the fluid pressure in the wells was
simulated applying three distinct regimes: (a) hydrostatic, (b) critical pore pressure and (c) supra-hydrostatic fluid pressure.
In total 18 simulations were obtained for each aquifer, producing 72 models. The majority of the results (homogeneous and
heterogeneous fracture network model) show that the fluid injection critically stressed, not only the targeted fault, but also
faults optimally oriented (±22°–32°) in a perimeter of 500 – 1000 m. The production well placed on optimally oriented faults
also triggered instability on the faults. However, the production well did not provoke instability on non-optimally oriented
faults for hydrostatic and critical pore pressure regimes. The simulations allowed us to explore the stress conditions leading
to induced slippage due to fluid pressure variations in injection and production wells on a natural fractured network.
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Crystalline bedrock is often envisaged as the host rock for large engineered projects such as deep geothermal powerplants,
deep geological repositories for radioactive waste disposal or groundwater supply. Prediction of groundwater flow paths is
therefore of utmost importance for such large projects. Generally, water flow in crystalline bedrock is known to be fracturedominated.
The Grimsel area in the Swiss Alps exposes crystalline bedrock in a comparably simple geological environment. Moreover,
the Grimsel Test Site (GTS) is an underground facility operated by Nagra allowing for an underground study of waterconducting structures in crystalline rocks. The GTS is located within the post- and Late-Variscan granitoids of the Aar
massif. Alpine deformation structures such as ductile shear zones and brittle fault zones connect present-day topography
with the underground of the GTS. The groundwater encountered in the GTS is of meteoric origin, which is evidence of
infiltration from the surface and subsequent percolation through the rock volume above the GTS.
Detailed mapping of deformation structures, such as ductile shear zones, brittle reactivated metabasic dykes, brittle fault
zones, and brittle fractures, in conjunction with mapping water inflow points into the underground facility allowed the
identification of structural controls on the groundwater flow paths and the definition of a favourability distribution of
structures for water conductivity. Water inflow points at the GTS were mapped in winter and summer times as a basis for
identification of water-conducting features.
The detected fault structures are steeply dipping southwards and occur as three distinct orientation groups (NE-SW, E-W,
and NW-SE trending). Major water-conducting features are brittle reactivated meta-basic dykes, fault or dyke intersections,
and brittle reactivated ductile shear zones. Comparison of winter (85 inflow points) and summer (100 inflow points)
mappings showed that in winter fewer structures are identified as water conducting due to the reduced air humidity in the
tunnel system allowing greater evaporation of water at some infiltration points.
Comparing the orientation of the prevailing structures with the present-day stress field showed that structures preferentially
oriented for slip reactivation (high slip-tendency) show a smaller difference in number of water-conducting features between
summer and winter compared to features less preferably oriented. This is evidence for a trend of higher conductivity in high
slip-tendency features than features with lower slip-tendency.
Generally, it was observed that flow paths are preferentially located at fault intersections and high slip-tendency fault zones.
Actual water flow along fault zones is, however, channelized within the fault zone leading to 1D flow channels within the
structures rather than 2D water-conducting planes.
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Geothermal energy utilization relies on the ability to create a network fractures in the host reservoir with sufficient surface
area for heat exchange. The hydromechanical coupling between flow and stress controls the permeability of fractures and
faults. While the literature report on studies of stress dependency of fracture aperture and permeability, only few have
considered shearing. Even rarer is the ability to image and spatially map fracture aperture changes as a function of shear
displacement. In this study, we designed and built a shear-displacement, X-ray transparent core-holder to study the
transport of a tracer in fractured rocks that undergo shearing using computerized tomography (CT). The so-called
Calibration-Free Missing Attenuation (CFMA) method [Huo et al.., 2016] was applied to quantify and map the distribution of
local fracture apertures with a spatial resolution of (0.25 x 0.25) mm2. Simultaneously, pulse tracer injection experiments
were carried out while acquiring X-ray CT scans to obtain time-series images of transport through the rough-walled
fracture.
The experiments were performed with Westerly granite and Carrara marble samples (5 cm x 10 cm) to emulate geothermal
reservoir rocks at confining pressures of 1.5 MPa with displacement up to 5.75 mm. Solutions of deionized water mixed
with KCl (saturating fluid) and KI (tracer fluid) were used due to their similar densities yet contrasting CT numbers. We
observe that shearing increases the fracture aperture with displacement, thereby increasing the fracture volume and
reducing the surface contact area of the fracture walls that creates flow anisotropy. Larger initial surface roughness causes
larger increases in aperture in the Westerly granite as compared to the Carrara marble.
To study the heterogeneous flow properties within the fracture, numerical simulations using the 2-D local-cubic-law
approximation coupled with the advection-diffusion equation are performed using the fracture aperture maps as inputs for
the fracture permeability field. The numerical models are calibrated by comparing calculated effluent concentration with the
measured concentrations from the pulse tracer injection tests The direct imaging of flow through the fracture and numerical
simulations are qualitatively similar. The direct imaging of flow through the fracture and numerical simulations are
qualitatively similar. Studying aperture changes associated with displacement aids interpretation of hydraulic property
changes due to (induced-) seismicity, which can be applied to a range of systems due to the scalability of fractures.
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Fractures are conduits that allow fast transfer of mass and energy, which are critical to pore-scale physico-chemical
processes and their effect on macroscopic flow and transport characteristics. In the present work, we perform fluid flooding
experiments using a well-characterized fractured porous medium, manufactured by 3D printing to evaluate the microstructures of the 2D fluid flow with velocities in the order of sub-millimeter per second. We demonstrate the capability of a
temporo-ensemble Particle Image Velocimetry (PIV) method in maximizing the spatial resolution (ultimately at the singlepixel resolution) for such fluid flows using an in-line illumination setup. This method is advantageous in terms of minimizing
the pixel counts required for velocity determination, thus resolving high spatial resolution of velocity vectors while capturing
a large field of view. Our results indicate log-normal and Gaussian-type distributions of longitudinal and lateral velocities,
respectively. It is shown that the velocity in fractures, and the flow interaction between fractures and matrices are controlled
by the permeability of background matrix and the orientations of fractures. This study provides a novel experimental and
velocimetry framework to extend the physical understanding of flow properties in fractured porous media.
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Simulations of fluid flow and chemical reactions in the deep orogenic
hydrothermal system at Grimsel Pass, Switzerland
Peter Alt-Epping, Larryn W. Diamond & Christoph Wanner
Institute of Geological Sciences, University of Bern, Baltzerstrasse 3, CH-3012 Bern (alt-epping@geo.unibe.ch)

Thermal waters at temperatures ranging between 17 – 28 °C discharge at a rate of ≤ 10 L/min into a tunnel underneath
Grimsel Pass (2164 m) in the Central Alps. Fluid discharge is associated with a fault zone (Grimsel Breccia Fault (GBF))
which is intersected by the tunnel and exposed along a roughly 100 m long tunnel section. The chemical composition of the
water sampled in the tunnel suggests that the water is a mixture of old geothermal water and younger cold water. Both
components have a meteoric origin. Residence times of the old and young waters have been estimated to be at least 30 ky
and about 7 years, respectively (Waber et al., 2017)
The breccia of the GBF formed about 3 Ma years ago. It shows hydrothermal alteration at temperatures of about 165 °C
based on oxygen isotope and fluid inclusion data (Hofmann et al., 2004). However, results from Na-K geothermometry on
fluid samples suggest that the maximum temperature at depth could be as high as 250 °C. Given the local geothermal
gradient this corresponds to a circulation depth of about 10 km.
Hydrothermal circulation is confined to the GBF which constitutes a zone of higher permeability within an otherwise low
permeability crystalline rock. The GBF strikes approximately WSW-ENE (Belgrano et al., 2016) and it is thought that
recharge of meteoric water into the hydrothermal system occurs in the glaciated mountains WSW of Grimsel pass. These
mountains exceed altitudes of 3000 m. It is the difference in elevation head of up to 1000 m between these mountains and
Grimsel Pass that is the driving force for hydrothermal circulation within the GBF.
The recharge zone at high altitude, the root or reaction zone at depth and the deeper part of the upflow zone are not
accessible to direct observation. Hence we use the massively parallel reactive transport PFLOTRAN to construct a regional
scale model of the circulation system in its entirety, constrained by thermal, hydraulic and chemical observations at the
discharge site in the tunnel. This model is used to simulate flow and the thermal and chemical evolution of the fluid upon its
loop through the system. Although the rock is assumed to be chemically homogeneous, heating and cooling during descent
and ascent of the fluid, respectively, lead to local chemical disequilibrium, fluid rock- interaction and mineral dissolution and
precipitation reactions. Mineral reactions affect the porosity and permeability of the rock, potentially altering flowpaths and
flow velocities. These feedbacks between chemistry and hydraulic conditions are explicitly considered in simulations.
Given the strongly varying topography around Grimpsel Pass and its importance for driving subsurface fluid flow, we use
the unstructured grid capability of PFLOTRAN to incorporate the regional topography as upper boundary into the model.
The 3D numerical mesh used in this simulation is constructed by meshing a GIS-based surface grid of the local topography
and extending the mesh into the third (depth) dimension (Figure 1).

Figure 1. Left panel: 3D model domain and PFLOTRAN mesh with regional topography as upper boundary. Right panel: Quartz dissolution
and precipitation rates in the GBF fault plane, showing quartz dissolution in recharge and reaction zones and quartz precipitation in the
upper discharge zone.

Swiss Geoscience Meeting 2018

Platform Geosciences, Swiss Academy of Science, SCNAT

REFERENCES

Belgrano, T.M., Herwegh, M. & Berger A., 2016: Inherited structural controls on fault geometry, architecture and
hydrothermal activity: an example from Grimsel Pass, Switzerland, Swiss J. Geosci., 109, 345-364
Hofmann, B.A., Helfer, M., Diamond, L.W., Villa, I., Frei, R., & Eikenberg, J., 2004: Topography-driven hydrothermal breccia
mineralization of Pliocene age a Grimsel Pass, Aar Massif, central Swiss Alps: Schweizerische Mineralogische und
Petrographische Mitteilungen, v. 84, No 3, p. 271-302
Waber, H.N., Schneeberger, R., Mäder, U.K., Wanner, C., 2017, Constraints on evolution and residence time of geothermal
water in granitic rocks at Grimsel (Switzerland), 15th Water-Rock Interaction Symposium, WRI-15, Procedia Earth and
Planetary Science 17, 774-777

Swiss Geoscience Meeting 2018

Platform Geosciences, Swiss Academy of Science, SCNAT

267
Symposium 9: Shale-Gas, CO2 Storage and Deep Geothermal Energy

Simulation results suggest that the flow pattern through the system is primarily controlled by the permeability and its
distribution in the rock. For instance, assuming a uniform high permeability distribution throughout the GBF results in
convective circulation within the fault plane inhibiting fluid recharge to a depth of 10 km. A high permeability of the rock
increases discharge into topographic lows such that there is insufficient water to establish sustained hydrothermal
circulation in the fault plane. Only if fluid flow within the GBF plane is focused along (one or several) higher permeability
pathways can fluid circulation to a depth of 10 km be sustained. The model predicts the precipitation of quartz in the upflow
zone which is consistent with the silicification observed in the GBF at Grimsel Pass (Figure 1).
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Detecting microseismicity in the Geneva Basin and surrounding areas
using coherence of signals at different stations
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The Canton of Geneva and the Industrial Services of Geneva (SIG) are investigating the potential for geothermal
exploitation of the Geneva Basin. Before starting geothermal exploitation it is important to know the location of the local
seismicity its rate and its relationship with local tectonic structures. Available data indicate sparse and disperse seismic
activity, which can be a consequence of the low number of seismic stations in the area. In order to better estimate the local
seismicity, we deployed a dense temporary network composed of 20 broadband stations.
This study introduces the catalogue obtained during the 17 months of the experiment. With the dense temporary network
and using an efficient detection method we found new events not listed in the public catalogues. The events epicenters are
consistent with local fault structures. The magnitude of completeness of our network was Mc 1.3 using the goodness-of-fit
test method. However, this value may be overestimated due the low seismic rate in the area.
We used LASSIE, a new open-source software, capable to efficiently and automatically detect weak seismic events, even
in the presence of high background noise (Heimann et al., in prep). The detection is done using a grid search to get the
maximum value of the coherence of signals at different stations considering the local 1D velocity model. We compare
LASSIE performance with standard STA/LTA method and for the month of June 2017 we obtained 124 detections with
LASSIE of which 25 local earthquakes, 79 other types of seismic events and 20 false detections. With STA/LTA method we
had 2097 detections of which 1993 were false detections.
.
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Creation of secondary dissolution porosity in carbonate rocks during deep burial has the potential to improve reservoir
properties for hydrocarbons, gas storage and geothermal applications. However, the occurrence and mechanisms of such
porosity enhancement are controversial (Ehrenberg et al., 2012). Here we present compelling evidence for generation of
deep burial porosity from the Swiss Molasse Basin, where dissolution of eogenetic anhydrite nodules in dolostones of the
Middle Triassic Muschelkalk increased matrix porosity by up to 15 vol.%.
We reconstruct the genesis and evolution of the anhydrite-dissolution porosity based on petrography, porosity
determinations, analyses of stable and radiogenic isotopes (d2H, d18O, d13C, d34S, 87Sr/86Sr), fluid inclusion studies and laser
U–Pb geochronology of secondary calcite.
The results show that modified meteoric waters derived from the Variscan crystalline basement ascended via basement–
cover cross-formational faults into the overlying Muschelkalk, where they dissolved the anhydrite nodules throughout an
area of at least 55 km2 at 700–2300 m depth and 40–160 °C. Secondary calcite in anhydrite moulds yields Late Eocene to
Middle Miocene U–Pb ages, which coincide with the timing of basement uplift in the foreland bulge of the Swiss Alpine
Orogen. This uplift provided the hydraulic gradients to drive meteoric water deep into the adjacent Molasse basin. Similar
enhancement of reservoir properties can be expected in dolostones in other foreland basins that are bordered by a foreland
bulge in which fractured basement rocks are exhumed.
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Brand new deep electrical resistivity tomography (ERT) methodology for
middle-enthalpy geothermal exploration in the Geneva Basin, Switzerland.
Aurore Carrier 1, Matteo Lupi 1, Federico Fishanger 2, Marine Collignon 1
Départment des Sciences de la Terre et de Géophysique, University of Geneva, Rue des Maraîchers 13, CH-1205
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Sustainable energy development is becoming key in environmental politics. In this framework, the Canton of Geneva is
developing the use of hydrothermal energy in the Geneva Basin. The region shares similar geological and petrophysical
features with the Paris basin where geothermal energy is used to provide heat since the 70’s. Previous geological,
petrophysical and geophysical studies have since confirmed the geothermal potential of the Geneva Basin. Geoelectrical
methods are the most commonly used methods for water resources prospection. However, the depth of investigation of
such methods is limited and remains a key issue.
Here, we elaborate a new methodology based on the use of new Electrical Resistivity Tomography material developed by
IRIS Instruments and non-conventional acquisition geometries to investigate regions previously identify as suitable for low
to middle enthalpy geothermal exploration. This cableless innovative material avoids the use of km-long and heavy cables
and enables great freedom of acquisition and noise removal thanks to continuous signal recording.
Four 4 km long ERT profiles have been realized in the Geneva Basin reaching exploration depths ranging from 800 m to
1000 m. Strong resistivity contrasts are observed between the tertiary molasse sediments and cretaceous limestones.
Vertical variations consistent with faults positions inferred on active seismics are also observed. Hence, new information
about water content until 800 m depth can be added to active seismic data and will enable to refine static and dynamic fluid
flow models for geothermal exploration.
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Hydrothermally active shear zones in crystalline rocks are of interest because of their potential similarities with petrothermal
reservoirs and potentially exploitable natural hydrothermal systems. The shear zone investigated in this study is the Grimsel
Breccia Fault (GBF), a major WSW-ENE striking sub-vertical ductile shear zone in the Southwestern Aar Granite. The GBF
is exhumed from 3-4 km depth, brittlely overprinted and exhibits both fossil and active hydrothermal activity (Belgrano et al.,
2016). A shallow borehole was drilled in 2015, which acutely intersects the main breccia fault core and is entirely situated in
its surrounding damage zone. Geochemically the rock mass is homogeneous thus the main features are variations of the
fabric due to ductile deformation and different degrees of brittle deformation.
A comprehensive suite of geophysical borehole logs, comprising nuclear, sonic and resistivity logs, as well as optical
televiewer (OTV) and borehole radar (BHR) data, was collected in 2015, 2016 and 2017. The focus of this study is a
detailed characterization of the fracture network in the damage zone of the main fault core from geophysical borehole data.
We employ the BHR reflection data to image the damage zone of the GBF and a selection of the borehole logs, to analyse
the fine-scale petrophysical variations in response to brittle deformation. To shed light on the characteristics of the hydraulic
system, we examine self-potential and fluid resistivity data. To verify the observations and findings from the geophysical
data sets we utilize the detailed structural characterization of Egli et al. (2018).
The migrated BHR image reveals a network of intersecting fluid-filled fractures and cataclastic zones in the damage zone
surrounding the main fault core (Figure 1a). A comparison of picked reflector dips with fractures dips from the OTV is shown
in Figure 1b. Reflectors with dips above 55° from the horizontal with respect to the borehole are well captured in the image
and in good agreement with the OTV data. Reflectors can be tracked a few meters into the formation in zones with low
signal attenuation, which are indicated by the BHR first-cycle amplitude. A comparison of the well log data to the
deforamtion data from the OTV and a simple cluster analysis confirm that the response of the well logs and thus the
variations in petrophysical properties are as expected predominantly driven by the brittle deformation. As a result, the
petrophysical properties can be categorized by four groups with varying intensity of brittle deformation.The imaged fracture
network and high porosity zones associated with brittle deformation are the main flow pathways of the system in its present
state. The self-potential data recorded in 2016 and 2017 is remarkable repeatable and contains an abundance of anomalies
with varying magnitude. These anomalies can be linked to fractures and are most likely of electrokinetic origin. As such,
they are indicative of in- and out flow zones into the borehole. Furthermore, a distinctive layering is observed in the fluid
resistivity. These observations may suggest a conduit like hydraulic behavior dominated by the steeply dipping geology and
possibly the inflow of water from different sources.
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Figure 1. a) Migrated image of the up- and down going reflection data plotted in positive distance from borehole trajectory. Overlain are
selected fracture dips picked from the image (red lines). b) BHR first-cycle amplitude, relative dip of fractures from OTV data and picked
from the BHR migrated. c) Brittle deformation data from the OTV overlain by corrected self potential data from 2016 and 2017. d)
Petrophysicsal groups identified by cluster analysis overlain with fluid resistivity of 2016.
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The rapid and worldwide economic development and increasing population of the last fifty years have triggered a constantly
rising demand for energy. However, the limited amount of natural resources, as well as the global warming and pollution
caused by industrial gas emissions and wastes urge to the development and production of renewable and sustainable
energy. In addition to production, energy conservation and storage became equally crucial to make use of excess energy
and waste in future times of high energy demand. Seasonal temperature variations induce an imbalance between the
energy supply and demand that could be restored by thermal energy storage in aquifers. The principle of an aquifer thermal
energy storage system consists in storing, during warm seasons, the excess thermal energy in water by injecting it into an
aquifer and extracting it again during cold seasons, when the energy demand is high.
The last two decades, many geological and geophysical studies were conducted in the Geneva Basin to investigate its
geothermal potential for energy production. A large data set is now available, including exploration wells, active seismic,
gravity and geoelectrical data. The low permeability of the geological units and the low temperature gradient are not
promising for electricity production and the shallower horizons (within the first 2 km) are now investigated for seasonal heat
storage or direct heat production for modern buildings whose heating systems do not require high temperature (>80 C).
In this study, we use the current and available data set to investigate the possible heat storage strategy in the Geneva
basin. For this purpose, we use the Matlab toolbox MRST (Matlab Reservoir Simulation Toolbox) in which we have
implemented a geothermal module. This work presents the newly implemented module, synthetic heat storage simulations
and finally applied simulations to the Geneva Basin. The geological model has been mostly developed based on gravity
and geoelectrical data while the dynamic flow model is constrained by the data from the well, recently drilled in Satigny.
Several structural case scenarios and aquifer conditions are tested to investigate the feasibility of heat storage in the
Geneva Basin. These simulations will be further constrained by the data of ongoing drilling prospections in the basin.
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Six hydraulic fracturing experiments were conducted at the Grimsel Test Site (GTS), Switzerland. The aim was to study the
geometry of induced hydraulic fractures (HFs), their interactions with the pre-existing fracture network, and the hydromechanical coupled response during hydraulic fracturing. All six tests were performed by targeted injection using a double
packer and followed a similar injection protocol to study the response of the rock mass at different injection locations and
the influence of injection fluid characteristics (Dutler et al., 2018). For the later, water or a xanthan-salt-water (XSW) mixture
were injected. The viscosity of the XSW mixture was 35 times higher than water. Except for HF6, all HFs were initiated in
borehole section without pre-existing discontinuities (Jalali et al., 2018).
Several monitoring systems were installed to study transient pressure propagation, deformation within the rock mass and
along shear zones, and seismic activities during the injection tests. The geometry of hydraulic fractures was determined by
located microseismic events as well as by the deformation and the pressure response at points distributed within the rock
mass (more in Amann et al. (2018)). The deformation was measured using two different systems: 1) chains of fiber Bragg
grating (FBG) sensors and 2) distributed strain sensing (DSS) optical fibers.
Figure 1 and 2 show selected monitoring results used to evaluate the geometry of the hydraulic fracture during HF2 test.
The FBG sensor at 5.4 m in FBS1 (Fig. 1, dark blue) followed a few second later by the sensor at 6.1 m (Fig. 1, black)
show abrupt extensions during the propagation cycle of the test HF2. We interpret this as a direct observation of fracture
opening due to fluid flow and thus permit to track the propagation of the hydraulic fracture. The study of the microseismicity
record and the DSS data suggest that the HF bifurcate and that the flow path toward the FBG sensors is not unique. One
need to note also that during this test a flow path developed toward the lower part of the injection well, below the double
packer were pressure was also measured (referred as INJBE on Fig. 1 and 2). Pressure started increasing in this interval
after the first propagation cycle (C21) and exceeded 3 MPa at this end of the main injection. This allowed developing other
links as for example with the FBG deformation sensor at 7.8 m whose response seems to be strongly dictated by the
pressure record in the INJBE interval. A small pressure response is also visible in the interval PRP11, suggesting a
transient pressure change in the vicinity without any direct flow path to PRP11. Independent information suggest that the
PRP11 interval is connected indirectly to our system via the shear zone S11 (not shown in Fig. 2, S11 shear zone is a
major structure crossing our experimental volume).
The position of the microseismic events show a strongly asymmetric fracture propagation about the injection point with a
propagation direction which is essentially only downward. The events aligns on a plane that agrees well with the assumed
stress field from the stress characterization phase. The plane is oriented 190/75°, with a minimum principal stress axis
oriented sub-horizontal North.
This contribution gives an overview of the fracture growth from the microseismic events and deformation observations
during hydraulic injection during various experiments and injection cycles. It allow to track in-situ hydraulic fracture
propagation with a resolution never achieved before. It highlights clearly the complexity of the fracture propagation
processes that in the details involves a network of fractures while at large the overall orientation of the propagation plan is
consistent with the stress field.
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Figure 1: Selected data for the experiment HF2, with FBG sensor
data on top, pressure interval observation, fluid balance and
injection protocol incl. injection pressure response.

Figure 2: Fracture geometry of experiment HF2.
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A new mine-by experiment at the Mont Terri rock laboratory to assess
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David Jaeggi 1, Jürgen Hesser 2, Christophe Nussbaum 1 & Paul Bossart 1
1
2

Bundesamt für Landestopografie, Swisstopo, Seftigenstrasse 264, 3084 Wabern (david.jaeggi@swisstopo.ch)
Bundesanstalt für Geowissenschaften und Rohstroffe, BGR, Stilleweg 2, 30655 Hannover

Since initial excavation of the security gallery of the Mont Terri highway tunnel in 1989, every 10 years or so the Mont Terri
Project Partners have excavated new, and extended existing, galleries and niches in the Opalinus Clay. Currently, 700 m of
galleries and niches are actively being used for experiments. Besides rock mechanical experiments, the Project Partners
have conducted six mine-by experiments with different tunnel orientations, five in the shaly facies and one in the sandy
facies. In 2018/19, another 500 m of galleries and niches will be excavated south of the existing rock laboratory, mainly in
the stiffer and highly variable sandy facies (Jaeggi & Bossart, 2014). In April 2019, we will carry out a new mine-by test, the
MB-A experiment (hydromechanical characterization of the sandy facies before and during excavation), along a 30 m tunnel
section oriented parallel to bedding strike. We will explore both the sandy and the carbonate-rich sandy facies that are
sandwiched between the shaly facies (Figure 1).

Shaly facies

Sandy facies
Carbonate-rich
sandy facies

Shaly facies

Figure 1. Vertical section through the MB-A experiment. View from the two instrumentation niches 7 and 8 on the left and right-hand side
respectively. Positions of sensors for measuring porewater pressure (pp) and stress (σ) are given with x and z local coordinates.

In our talk, we present the concept and layout of this 1:1-scale experiment, the instrumentation scheme, and some selected
data from predictive modeling (Parisio, 2016, Jaeggi & Madaschi, 2017, Li, 2018). Knowledge of the hydromechanical (HM)
response of the Opalinus Clay is important for tunnel excavation and lining in deep underground infrastructures as well as for
caprock characterization before initiation of any CO2 injection. We carried out the predictive simulations for the
heterogeneous, anisotropic, and elastic/plastic case to estimate the HM behavior of the rock mass during excavation. The
results of our model predict overpressures along bedding immediately at the initiation of excavation and a pressure decrease
vertical to bedding that results in a long-term pressure decrease parallel to bedding. Modeled pressures at instrumented
boreholes increase from 2.0 to 2.8 MPa just before excavation and drop to 1.2 MPa after excavation. Deformation within the
rock mass at distances >3 m from the tunnel are in the mm-range, which seems to be reasonable for sandy facies.
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Changes in thermodynamic conditions can drive reservior fluids becoming over-saturated with their dissolved substance.
This eventually can lead to volatile exsolution and/or phase separation with the emergence and growth of a second phase.
Examples of these processes include gas formation in sediments, CO2 exsolution in nature or during geologic CO2
sequestration in reservoirs, and gas bubble formation in magmas. This conversion from a single-phase to a multiphase fluid
system is known to alter the physical properties of reservior fluids (e.g. their buoyancy, viscosity, and capillarity). In this
work, we are interested in investigating, via multiphase numerical modeling, using a lattice-Boltzmann method, the system
response to phase exsolution/separation from a solution, where fluid flow is driven by hydraulic gradients and where
buoyancy stresses, potentially arising from the emergence of a dispersed phase, can be neglected (i.e. low Bond number).
We focus our discussions on two main aspects: 1) the characterization of the evolution of the exsolved non-wetting phase
(including size, shape, and mobility of the emergent droplets), and 2) phase separation effects on fluid discharge (i.e. the
hydraulic response to the evolving capillary stresses on the emergence of two-phase fluid flow). We explore a wide
parameter space of capillary numbers and fluid saturations to characterize droplet evolution, size and shape distribution,
and system capillary-clogging patterns. Our results provide insights into the understanding of the phase separation
dynamics during the aforementioned processes.

Figure 1. Magnitude of the norm of seepage velocity (solids are rendered transparently in gray) and non-wetting droplets (in red).

Swiss Geoscience Meeting 2018

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 9: Shale-Gas, CO2 Storage and Deep Geothermal Energy

P 9.10
Dynamics of phase exsolution in porous media

277

Symposium 9: Shale-Gas, CO2 Storage and Deep Geothermal Energy

278

P 9.11
Thermal modelling to prevent risks in geothermal exploration: the
Geneva Basin case study (Western Switzerland)
Omodeo-Salé, S.1°, Do Couto, D.2, Corrado, S.3, Carraro, D.1, Ziegler, L.4 and Moscariello, A.1
Department of Earth Sciences, University of Geneva, Geneva (Switzerland);
Institut des sciences de la Terre de Paris (ISTeP) Sorbonne University, Paris (France)
3
Dipartimento di Scienze della Terra, Università degli Studi di Roma3, Roma (Italy)
4
Institute of Petroleum and Coal, RWTH, Aachen University (Germany)
°silvia.omodeosale@unige.ch

1

2

The geothermal potential of the Geneva Basin (Switzerland) is today under investigation through a variety of exploration
activities. In the sedimentary basins geothermal resources are invariably linked to and possibly also coupled to hydrocarbon
resources. Both resources can share the same reservoirs and their occurrence is strictly related to the thermal and tectonic
histories of the basin.
Currently, the geothermal energy prospection, exploration finding activities is confined to local studies of limited
geographical extent – a few 10s km2 surrounding the area of potential geothermal well to be drilled. However, the presence
of oil and gas in the basin can constitute a serious risk for geothermal exploration. During the drilling activity, relevant
seismic stimulations can be produced, as a consequence overpressure of gas or oil stored in the rock (e.g., St. Gallen
accident, in 2013). Therefore, a regional scale hydrocarbon prospection, of the area where geothermal activity want to be
carried out, is mandatory to prevent risks.
The potential for oil and gas generation and accumulation in a sedimentary basin is strictly related to the temperature
attained by the basin infill over the time and to the presence of deposits rich in organic matter. The temperatures recorded
in the basin deposits are direct consequence of the tectono-sedimentary evolution of the basin. The extension rate of the
crust controls the heat flow in the basin area, as a consequence of the asthenosphere upraise, and the sedimentation rate
determines the burial depth. Therefore, in order to estimate the amount of hydrocarbons stocked in the subsoil, the integrity
of the geological evolution of the basin need to be taken into account.
In this work, by computing 1D modelling, we quantitatively simulate the thermal history of the Geneva Basin. 1D modelling
reconstructs temperature variation over the time in a vertical point of the basin, herein chosen at the Humilly-2 well location,
the reference stratigraphic section of the basin. In the model, the petrophysical features of the units constituting the
considered stratigraphic sequence were integrated, together with the geochemical properties of the potential hydrocarbons
source rocks. To validate the modelling results, paleothermal proxies, such as vitrinite reflectance, fluid inclusions and illite
crystallinity, were used.
The results performed by this work permit to estimate the thermal maturation state of the potential source rocks of the area
and to assess first hypothesis on the hydrocarbons generation, migration timing. Integrating in the future these data in a
more complex 3D model, our knowledge on the location of potential oil and gas reservoirs in the region could be
considerably improved.
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In 2013 the Swiss government decided on a step-by-step replacement of nuclear power by renewable energy sources to
generate electricity as part of the Energy Strategy 2050. In this context, interest into deep geothermal energy as a potential
source of electricity has increased again. The most active geothermal domain in Switzerland is the Rhône Valley. The steep
topography and many fault and fracture zones allow water precipitated onto the mountain slopes to percolate to great
depths where it is heated by the background geothermal gradient and then driven to the surface where it emerges as hot
springs along the traces of major faults within the valley. Several such thermal occurrences are known and some are
exploited for spa purposes and district heating such as the 110 °C, 28 L/s system at Lavey-les-Bains. It can be assumed
that such fluid-conducting fault zones are much more common and more extensive than the surface observations suggest.
Unfortunately, the thick cover of Quaternary sediments deposited within the Rhône Valley obscures these thermal water
occurrences, leading most likely to underestimation of the geothermal potential within the region.
In order support future potential studies and guide geothermal exploration, we are conducting a so-called Play Fairway
Analysis (PFA) in the Rhône Valley. This approach, adopted from the hydrocarbon exploration industry, spatially correlates
data on various properties known to be directly associated with geothermal systems. The two most important data
categories are “heat source”, i.e. data indicating the presence of hot fluids, and “permeability”, i.e. the availability of flow
paths for the hot fluids to move. In order to evaluate these categories, we are currently compiling all data available within
the Rhône Valley including geological and geophysical surveys, geologic structures, temperature measurements and
estimates as well as hydrogeological/-chemical data. The compilation will eventually be made available as a GIS map and
an accompanying report and represents the first step of a PFA for the entire Rhône Valley. For a full PFA, the data compiled
needs to be extrapolated and turned into regional potential maps for “heat source” and “permeability”. By combining these
regional maps, an overall “favourability map” can be obtained which will show the areas within the Rhône Valley where
future exploration is most likely to be successful.

Swiss Geoscience Meeting 2018

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 9: Shale-Gas, CO2 Storage and Deep Geothermal Energy

P 9.12
Compilation of data relevant for geothermal exploration – a first step
towards a Geothermal Play Fairway Analysis of the Rhône Valley,
Switzerland

279

Symposium 9: Shale-Gas, CO2 Storage and Deep Geothermal Energy

280

P 9.13
Investigating mineral reactions during high-temperature aquifer thermal
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As part of the Swiss Energy Strategy 2050, Switzerland aims to substantially reduce its energy consumption over the next
few decades. Besides developing new, renewable sources of energy, a more efficient use of the energy currently produced
will be crucial in reaching this goal. One option is the increased use of surplus heat from industry (e.g. municipal waste
incinerators) for district heating. While heat generation from these industrial sources is more or less constant, the heating
demand is characterised by a strong seasonality. In order to overcome this problem of demand and supply, excess thermal
energy can be stored in the subsurface during summer and recovered and fed into the district heating network during
winter. This so-called aquifer thermal energy storage (ATES) is already in use across Europe but not yet in Switzerland. In
order to increase the potential of ATES, the temperature of the injected water should be increased to over 25 °C. A new
international project (GEOTHERMICA HEATSTORE) aims at lowering costs, reducing risks, and optimizing the performance
of such “high-temperature” aquifer thermal energy storage (HT-ATES) systems. In Switzerland, two pilot projects are
currently being developed as part of the EU- and BFE-funded GEOTHERMICA HEATSTORE project: (1) a 200 – 500 m
deep ATES system (max. 120 °C) in the OSM sandstones connected to the waste-to-energy and wood fired plants in the
outskirts of Bern and (2) a deep ATES system (> 50 ˚C) in Cretaceous porous limestone connected to a waste-to-energy
plant close to Geneva.
While more energy can be stored in a HT-ATES, the higher temperatures enhance the interactions between the injected
fluid and the reservoir formation. This leads to enhanced mineral dissolution and precipitation reactions during recharging of
the reservoir as well as during the storage period. In order to investigate these rock-water interactions, especially reactions
in the carbonate system, we are performing laboratory experiments on drill core samples from both pilot sites under the
conditions planned. By measuring changes in the fluid composition as a function of time, we can infer the stoichiometry and
kinetics of mineral dissolution and precipitation reactions. In addition, we are investigating different conditions (e.g.
variations in pH, salinity or pCO2) in order to generate data transferrable to other reservoir formations. Eventually, all our
experimental data will be fed into 3D thermochemical models for both sites. These models can be used to inform further
development of the two sites as well as help to predict the long-term behaviour of the reservoir formation. In addition, the
models can be used as a planning tool to develop more sites inside and outside of Switzerland in the future.
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