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7.1
Instantaneous high porosities versus long-term dynamic porosity
evolution within the Grimsel breccia fault (Aar-Massif): Insights from
cockade bearing breccias
Alfons Berger1 and Marco Herwegh1
Institut für Geologie, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern (alfons.berger@geo.unibe.ch)

1

This study presents structural and petrophysical data from the Grimsel breccia fault (GBF), a still active fault-bound
hydrothermal system in the crystalline basement of the southern central Aar Massif. The naturally formed rocks divide into
breccias, cataclasites, cockade-bearing breccias and a damage zone surrounding the GBF. The latter consisting of
fractured gneisses and mylonites. The most porous parts of the GBF often contain cockade structures or their tectonically
overprinted remnants.
Cockades are indicators for a high permeability and porosity. They are clasts completely surrounded in 3D by spheroidalhydrothermal growth rims. The core of the cockades either consists of cataclasites or re-fragmented cockades clearly
documenting a brittle origin. The growth rims must precipitate while the cores are in suspension within a fluid jet. This
peculiar cockade formation requires (a) instantaneous fracturing, (b) high-speed injection of the fluid and (c) high porosities
[Berger and Herwegh, 2019]. All these processes occur during a local seismic event producing such cockade structures.
Once the velocity of the injecting fluid jet reduces, the cockades settle down and either are remobilized again into a
suspension state with the next fluid pulse (aftershock) or become cemented during a stagnant fluid stage (interseismic
period). With cementation, porosity decreases and may even clogg. It requires then a new main rupture to re-fracture the
system and start the seismic-interseismic cockade cycle again. These cockade layers have sizes of mm to decimeters and
are embedded in cataclasites or breccias. Depending on the timing and number of overprints the cockade layers are the
most porous rocks inside the GBF but their porosity changes with time and is therefore highly dynamic. In active
hydrothermal systems such as the GBF, these cockade layers and breccias are the dominant present day fluid pathways.
The estimated porosities are in the range of 20-25vol%. In contrast cemented cataclasites show porosities of about 5-15%.
Both values are fundamentally different to those of adjacent gneisses, which show porosities below 2 %. For geological
time intervals, this clearly indicates that only repeated seismic fracturing is an effective way to locally open very high
porosities. These porosities are connected with high dynamic permeability. In contrast, slow brittle deformation also
enhances porosity, but much less efficient and with lower values.

Fig. 1: thin section photographs of an cataclasite and cockade bearing breccia. Note the fundamental different porosity

REFERENCES
Berger, A., Herwegh, M., 2019. Cockade structures as a paleoearthquake proxy in upper crustal hydrothermal systems.
Nature Scientific Reports, 9, 9209.
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7.2
Hydromechanical observation from the in-situ hydraulic fracturing (HF)
experiment
Dutler Nathan1°, Valley Benoît1, Gischig Valentin2, Krietsch Hannes3, Villiger Linus3, Doetsch Joseph3, Jalali
Mohammadreza4, Amann Florian4
Centre for Hydrogeology and Geothermics, University of Neuchâtel
CSD Engineers, Bern
3
Dep. of Earth Sciences, ETH Zurich
4
Dep. of Engineering Geology and Environmental Management, RWTH Aachen
°nathan.dutler@unine.ch
1

2

A total of six hydraulic fracturing (HF) experiments were conducted at the Grimsel Test Site (GTS), Switzerland, with the
aim to improve our understanding of processes associated with high-pressure fluid injection into a moderately fractured
crystalline rock mass. The HF test intervals were distributed over two inclined boreholes using an injection interval length of
one meter. The injection protocol was kept similar for all tests. The surrounding, exceptionally well-characterized rock mass
is accessed with 12 boreholes which allow high-resolution monitoring of fracture fluid pressure, temperature, strain and
micro-seismicity.
Injection rates and injection pressures in the open intervals are recorded and rock mass deformation is monitored with
uniaxial strain (FBG) sensors (Dutler et al., 2019). The results of different tests and cycles will be presented within this
contribution. As an example, Figure 1 presents pressure-controlled step test of one experiment. In Fig. 1a the location of
the injection interval and the FBG sensor at 31.8 m depth in FBS1 (radial distance to the injection location is ~6 m) can be
observed. Also shown are the time series for the aforementioned FBG sensor and the injection pressure (Fig. 1b). The
linked FBG reading with the injection pressure (Fig. 1c) show almost linear opening with increasing injection. At
approximately 3.5 MPa, the pressure varies during opening until pressure stabilise at 4.25 MPa and the FBG reading
indicate progressive tension until shut-in. The delay time between is due to the different measurement locations. Therefore,
pressure decay at the injection interval before the FBG reading indicate closure. The fracture closes with a rate of 5 m/m/
MPa.

Figure 1: a) Overview of the injection location and the FBG sensor in FBS1. b) The timeseries of the FBG reading at 31.8 m and the
injection pressure are presented for the pressure-controlled step test. c) presents the FBG reading vs the injection pressure for the two
timeseries from b).

REFERENCES

Dutler, N., Valley, B., Gischig, V., Villiger, L., Krietsch, H., Doetsch, J., … Amann, F. (2019). Hydraulic fracture propagation in
a heterogeneous stress field in a crystalline rock mass. Solid Earth Discussions, 1–41. https://doi.org/10.5194/se-2019111
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7.3
3-D Static Model to Characterize Geothermal Reservoirs for HighTemperature Aquifer Thermal Energy Storage (HT-ATES) in the Geneva
Area, Switzerland
Ovie Emmanuel Eruteya1, Luca Guglielmetti1, Yasin Makhloufi1 & Andrea Moscariello1
1

Department of Earth Sciences, University of Geneva, Rue des Maraîchers 13, CH-1205 Geneva (ovie.eruteya@unige.ch)

In the framework of the GEOTHERMICA ERA-NET co-funded project-HEASTORE, one of the main challenges related to
assessing the technical feasibility and sustainability of High Temperature (~25°C to ~90°C) Aquifer Thermal Energy Storage
(HT-ATES) is subsurface characterization. In this study, we aim to develop a 3-D geologically robust static model in order to
characterize the subsurface at the GEo-01 geothermal exploration borehole and possibly identify candidate intervals
suitable for HT-ATES within the Lower Cretaceous Carbonates in the Geneva Area. In order to achieve this, we analyzed a
suite of subsurface datasets encompassing two-dimensional seismic reflection data integrated with petrophysical data and
well report from the GEo-01 well recently drilled in the framework of the Geothermie2020 program and other proximal
boreholes. Seismic interpretation reveals a well-developed flower structure deforming the Mesozoic and parts of the
Cenozoic sediments. Petrophysical analysis suggests the Lower Cretaceous Formation is tight, generally characterized by
low porosity and permeability values. However, the presence of fracture networks and faults deforming a substantial part of
this unit may promote localized fluid circulation. Three candidate intervals have been identified as potential Lower
Cretaceous targets (CT) suitable for HT-ATES in fractured intervals characterized by tested water outflows and devoid of
hydrocarbon impregnation: (1) Grand Essert Fm / Pierre Jeune de Neuchatel + Marnes d’Hauterives Fm [CT1], (2) Vuache
Fm - Chambotte- Chambotte inférieur [CT2] and (3) Goldberg Fm [CT3]. The 3-D static model developed in this study will
be used as input for numerical heat flow and predictive THMC models for the Geneva Basin. Importantly, our findings
highlight the need for subsurface data augmentation in the Geneva Basin. It also shed light on the implication of the
subsurface manifestation of hydrocarbons as geohazard to heat storage and other geo-energy related projects at large.

Figure 1. (a) Volume of interest (b) Faults interpreted (c) Fault and Horizons interpreted (d) Layering with the three candidate intervals for
HT-ATES CT 1, CT2 and CT3. (e) Porosity model (f) Permeability model.
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7.4
Characterization of Lower Cretaceous-Upper Jurassic geothermal
reservoirs using chemostratigraphy and automated quantitative
petrography: examples from the Geneva Basin.
Gustavo Ferreira De Oliveira1, Antoine De Haller1, Luca Guglielmetti1, Yasin Makhloufi1, Andrea Moscariello1
Department of Earth Sciences, University of Geneva, Rue de Maraîchairs 13, CH-1205 Geneva
(andrea.moscariello@unige.ch)

1

The stratigraphic, sedimentological and compositional characteristics of the Mesozoic sedimentary sequence outcropping in
the Geneva Basin and neighbouring reliefs have been subject of several studies in the past (Brentini, 2018; Rusillon, 2018).
On the other hand, very little knowledge exists regarding these characteristics in the subsurface. This work presents the
results of a detailed investigation of the sedimentary record encountered in 3 wells drilled in the Geneva Basin in both the
Canton if Geneva and surrounding France.
The deepest of the three wells, is the GEo-01 and was drilled in the context of the GEothermie 2020 Program (Moscariello,
2016) in order to assess the geothermal potential the Geneva Basin subsurface. This well crossed the Oligocene and
Lower Cretaceous units, reaching total depth in the Upper Jurassic. The other two wells, Grilly and Crozet have a total
length of ca 250 m and were drilled for hydrogeological prospection in neighbouring France, at the foothill of the Jura. The
sedimentary sequences encountered in these 3 boreholes is composed mainly by a succession of carbonate strata
presenting variable degree of clastic components, intercalated with thinner layer of marls and shales. Integrated
chemostratigraphic (ICP-MS) and automated petrography (QEMSCAN) analyses on ditch cuttings samples, joined with
quality-check investigation using conventional petrography, were therefore carried out to define key stratigraphic units
based on geochemical and mineralogical composition.

Figure 1. Stratigraphic correlation for the GEo-01, Crozet and Grilly wells. The continuity of the various formations forming the Lower
Cretaceous succession has been detected based on QEMSCAN automated mineralogy.

The variations in concentration of specific groups of chemical elements (major and rare earth elements) and minerals,
allowed us to identify several units consistent with the established lithostratigraphic and chronostratigraphic subdivision and
key markers, corresponding also to important sequence stratigraphic surfaces, which can be used to drive inter-well
correlation and reservoir properties description.
This study demonstrate the usefulness of using chemical and petrographic information to establish a first order stratigraphic
subdivision which can be used for assisting reservoir characterization studies and 3D reservoir modelling providing a solid
stratigraphic and reservoir subdivision framework both at reservoir and basin scale.

REFERENCES
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7.5
Critically-stressed EGS reservoir stimulation in reverse faulting stress
regimes using stress preconditioning
Barnaby Fryer1, Xiaodong Ma2, Gunter Siddiqi3, & Lyesse Laloui1
EPFL, Route Cantonale, 1015 Lausanne (barnaby.fryer@epfl.ch)
Swiss Competence Center for Energy Research – Supply of Electricity (SCCER-SoE) &
Chair for Geothermal Energy and Geofluids, ETH Zürich, Zürich
3
Swiss Federal Office of Energy, Bern

1

2

Hydrothermal wells could greatly benefit from stimulation treatments that can be directed. This might allow them to target
specific areas of a reservoir (such as known highly-permeable fracture zones), avoid faults, or prevent overlap with other
wells – maximizing reservoir usage. In this work it is shown how stimulation treatments could be directed by modifying the
reservoir stresses.
The proposed methodology has been investigated numerically, using a 2-D, plane strain, sequentially coupled fully implicit
flow and linear elastic mechanical simulator.
The methodology is based around the idea that stresses in the subsurface can be altered through fluid production/injection
activities (e.g. Segall 1989). To begin, one well is stimulated as usual - in this case in a reverse faulting stress regime.
Then, the second well is drilled into the stimulated region of the first well. At this stage, both the first and second wells are
produced. The advantage of this is that it alters the stresses outside of the stimulated region of these two wells. Specifically,
the horizontal stress will decrease and the vertical stress will slightly increase in regions at the same depth but outside of
the already stimulated area. As this is a reverse faulting stress regime, this makes shear failure less likely. Next, a third well
is stimulated in this stress-altered zone. This stimulation treatment will be influenced by the altered stress field such that it
is directed away from the first two wells. The stress changes caused by the preconditioning production phase are relatively
small (on the order of 0.5 MPa in the region between the wells) and therefore do not affect the shear failure occurring near
this third well during stimulation. However, these stress changes become significant at distances farther away from the
stimulating well as the pore pressure changes at larger distances from the stimulating well are smaller. This then inhibits
shear failure in the regions closest to produced area, resulting in a stimulation treatment which preferentially stimulates
areas away from the first two wells. While the results presented here were for reverse faulting stress regimes, the
methodology works similarly for strike-slip faulting stress regimes.
One potential disadvantage of the extra production phase is that it induces stress changes above and below the producing
wells. Specifically, it induces compressive horizontal stress changes and tensile vertical stress changes. As this is a reverse
faulting stress regime, these stress changes can lead to shear failure (similar to the production-induced seismicity reported
by Segall 1989). However, it should be noted that the production rates used to produce these wells during the
preconditioning phase are significantly less than rates which are considered economical for, for example, EGS wells
(Ziagos et al., 2013). This implies that, were this shear failure to be seen during the preconditioning phase, it also would
have been seen during the normal field life of the producing well of the doublet pair under normal circumstances.

REFERENCES

Ladner, K., & Häring, M. 2009: Hydraulic characterisation of the Basel 1 Enhanced Geothermal System, Geothermal
Resources Council Transactions, 33, 199-204.
Miller, S. 2015: Modeling enhanced geothermal systems and the essential nature of large-scale changes in permeability at
the onset of slip, Geofluids, 15, 338-349.
Segall, P. 1989: Earthquakes triggered by fluid extraction, Geology, 17, 942-946.
Ziagos, J., Phillips, B., Boyd, L., Jelacic, A., Stillman, G., & Hass, E. 2013: A technology roadmap for strategic development
of enhanced geothermal systems, Proceedings: Thirty-Eighth Workshop on Geothermal Reservoir Engineering, Stanford
University, Stanford.
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7.6
Observation of rate and magnitude of induced seismicity under damagecontrolled tensile fracturing
Gilles Waleffe1, Dr. Omid Moradian1
1

Earth Sciences Department, ETH Zurich, Soneggstrasse 5, CH-8006 Zurich (waleffeg@ethz.ch)

Brazilian Fracturing experiments were performed on Grimsel Granodiorite (n=20) and Central Aar Granite (n=15) to analyse
the effect of fatigue and creep loading on the tensile strength and induced seismicity. To see a potential influence of the
anisotropy observed in Grimsel Granodiorite, one half of the experiments were performed parallel, the other half
perpendicular to foliation. Brazilian Fracturing experiments do not consider any confining and pore pressure. The fracture
mechanics do also not include thermo-mechanical and hydro-mechanical effects, however, the purpose is to come up with
a promising, damage-controlled loading protocol that can possibly lead to a basis for an injection protocol for further
hydraulic fracturing experiments performed in-situ or at laboratory scale.
Fatigue loading protocols were determined to be progressive – where the stress is increasing progressively by each cycle
applied – and cyclic, where the stress is held constant for 10 cycles, followed by an increase for the next 10 cycles etc as
shown in Figure 1 below. The creep loading protocols were loaded monotonically with a lower loading rate than the
standardized and reference monotonic loading (MISRM). The loading rates for the creep experiments were calculated based
on the duration and maximum stress of progressive and cyclic experiments, respectively. Acoustic Emissions (AE) were
measured and analysed for all experiments.

Figure 1. Example of a loading protocol for a cyclic Brazilian experiment performed on Central Aar Granite. Red dots indicate the
registered acoustic emissions (i.e. seismic events), the blue line is representing the cumulative AE curve, the black line the applied stress
up to failure (=tensile strength).

It was observed that the effect of anisotropy, heterogeneity and grain size seem to be more dominant on the tensile
strength than the applied loading mechanisms for Grimsel Granodiorite specimens. However, the maximum amplitude of
the measured AE’s were reduced and the b-value increased for all loading mechanisms compared to monotonic loading.
Furthermore, it was observed that the b-value for the last cycle was most of the time higher than the b-value for the whole
experiment (as shown in Figure 2 below). This result seems to be surprisingly, since the failure occurs with the biggest
seismic events, resulting in a low b-value for monotonic loading, while for cyclic we see higher b-values indicating lower
seismicity.
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Figure 2. Obtained b-values from the magnitude-frequency curve for experiment shown in Figure 1. Red best fit= whole
registered AE from whole experiment, black best fit = registered AE from last cycle only.

The results obtained from this work are promising to reduce the induced seismicity by different mechanical fracturing. In
general, the most promising loading mechanisms throughout different foliation angles seem to be cyclic and creep
monotonic.
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7.7
Geochemical Characterization of Deep Geothermal Waters Circulation in
Carbonatic Geothermal Reservoirs of the Geneva Basin (GB)
Guglielmetti Luca1, Eichinger Florian2. Moscariello Andrea1,
1
2

Department of Earth Sciences, University of Geneva. Rue des maraichers 13, 1205 Geneve (Switzerland)
Hydroisotop GmbH. Woelksetr. 9, D-85301 Schweitenkirchen (Germany)

This study focuses on the interpretation of geochemical data collected at springs and at two deep geothermal exploration
wells located on the edges and within the Geneva Basin (GB Canton of Geneva, Switzerland). The sampling sites have
been selected across one North-South trending sections following the main groundwater flow from the recharge zone to the
deep geothermal reservoirs in the Mesozoic carbonatic units. These formations have been drilled by two geothermal
exploration wells; the 745 m deep GEO-01 well, where water with a temperature of 34°C and an artesian flow rate of 50l/s
is encountered, and at the 2530 m deep Thonex-01 well, which produces app. 0.1 l/s by artesian flow at reservoir
temperature of 80°C. Major ions, trace elements, stable isotopes of Oxygen and Hydrogen, Tritium, Sulphur and Carbon
isotopes as well as noble gas samples have been collected and analysed. The analyses aim at characterizing the fluid
circulation in terms of recharge zone, origin of the water, mean residence times, reservoir temperature, and water-rock
interactions. The interpretations show that the geothermal waters have a meteoric origin with the main recharge zone being
located in the Jura Mountains towards the North. The infiltration is dominated by secondary porosity controlled by intense
fracture conditions. Infiltrating water circulates in the Mesozoic Units and the groundwater flow direction is controlled by the
geometry of these formations, which gently dip towards south with a 3° average dip. Fracture zones associated to subvertical strike- slip faults represent the main corridors where waters as well as hydrocarbons and dissolved gas rise towards
the surface. Moreover, the highly porous and permeable karstified horizons at the Lower Cretaceous level and the reef
complex in the Upper Jurassic represent very promising potential geothermal reservoirs across the whole Geneva Canton
for heat production with temperatures ranging from about 30°C to more than 110°C.

REFERENCES
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7.8
Flow path characterization at the Grimsel Underground Rock Laboratory
using solute tracer tests
Xiang-Zhao Kong1, Anniina Kittilä1, Mohammadreza Jalali2, Márk Somogyvári3, Keith F. Evans1, Martin O. Saar1
Geothermal Energy and Geofluids Group, Institute of Geophysics, ETH Zurich, CH-8092, Zurich, Switzerland
(xkong@ethz.ch)
2
Department of Engineering Geology and Hydrogeology, RWTH Aachen, Aachen, Germany
3
Department of Hydrogeology, TU Berlin, Berlin, Germany
1

The sustainable development and utilization of geothermal energy is one of the recommended approaches to meet the
increasing demand for global renewable energy. In particular, Switzerland has set an ambitious goal of increasing the
supply of electricity from deep geothermal energy from 0 to 4.4 TWh by 2050. It is known that the productivity of a
geothermal reservoir is strongly influenced by the characteristics of flow paths between the injection and the production
wells. In this study, we report solute tracer tests that were conducted as part of a pre- and post-stimulation hydraulic
characterization of the In-Situ Stimulation and Circulation (ISC) experiment at the Grimsel Underground Rock Laboratory in
Switzerland. Our tracer tests aim at understanding and characterizing the changes in the hydraulic properties controlling
fluid flow in the fractured crystalline rock mass induced by hydraulic stimulation.
During the ISC experiments, a total of nine solute tracer tests were conducted in the manner of the cross-well short-pulse
test framework. These nine experiments yielded 5 and 18 tracer breakthrough curves (BTCs) before and after the hydraulic
stimulations, respectively. Analysing the tracer BTCs and their intrinsic temporal moments, we delineate hydraulic properties
of the connected flow paths in the fractured crystalline rock mass before and after the hydraulic stimulation. Our analyses
focus on the tracer residence time distribution curves and the spatial distribution of hydraulic conductivities evaluated by
tomographic inversion. The calculated tracer swept volumes increased considerably at all three monitoring locations,
suggesting that new and/or additional flow paths were accessed by the tracers after the hydraulic stimulations. Moreover,
the tomographic inversion of the hydraulic conductivity distribution indicated an increase in the geometric mean of hydraulic
conductivity and a decrease in the heterogeneity of hydraulic conductivity distribution. These observations suggest that the
stimulated rock volume became hydraulically more conductive, where the injected fluid travelled through fractures with
higher hydraulic conductivities than before hydraulic stimulations. Our study provides a valuable framework for field-scale
geothermal reservoir characterizations.
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In 2017, six decameter-scale hydraulic shearing test were conducted at the Grimsel Test Site (GTS) in the framework of the
In-Situ Stimulation and Circulation (ISC) experiment. In each of these experiments one cubic meter of water was injected in
a 1 m long injectoin interval. The injections targeted two different types of pre-existing shear zones. One shear zone type is
allocated within two meta-basic dykes, which host a highly fractured zone in-between. The other shear zone type is
characterized by very few discrete fractures, that are initially poorly connected to the overall fracture network and the highly
fractured zone.
To capture the seismological, hydraulic and mechanical response of the test volume, a comprehensive monitoring system
was installed along ten dedicated boreholes inside the test volume and along the tunnel walls surrounding it.
The experiments indicated the high complexity of rock mass responses at this scale. These responses included poro-elastic
stress transfer coupled with shearing induced stress redistributions. Fracture normal opening and shear dislocation were
observed, as well as fracture initiation and competitive fracture opening. Based on the fluid pressure monitoring, it is
interpreted that the fluid flows very channelized along the shear zones, but can reorient in terms of flow direction during
ongoing stimulation. The pressure monitoring system also allowed to distinguish between hydraulically and mechanically
induced pressure perturbations. Thus, an inner zone of diffusion-controlled hydro-mechanical rock mass responses can be
distinguished from a mechanically-controlled far-field zone. The extent of these zones was confirmed by active seismic
surveys conducted during stimulation.
The seismic responses vary for the two different shear zone types. It was observed that the stimulations targeting the shear
zones associaded with the highly fractured zone and initially high permeable strucutres induced an increased seismic
response. In contrast, stimulations of shear zones assoziated with only dicrete fractrues and initially low permeable
structures further away from the highly fractured zone, were more efficient in terms of permeability enhancement, with a
lower seismic response.
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7.10
Imaging the long-term loss of faulted host rock and caprock integrity
(FS-B experiment),
Mont Terri Rock Laboratory
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Understanding fault reactivation and post-reactivation with possible self-sealing as a result of subsurface fluid injection is
crucial in investigating geological CO2 sequestration. The potential for fault reactivation and subsequent self-sealing is also
important in assessing the performance of radioactive waste repositories in shale formations. Since 2015, two semicontrolled fault reactivation experiments, named FS (2015-2018) and FS-B (2018-ongoing), have been conducted in a fault
zone intersecting the Opalinus Clay at 300 m depth in the Mont Terri Rock Laboratory (Canton of Jura, Switzerland). In
2015, repeated injections in five borehole intervals set at different locations within the fault zone showed that injected fluids
can only penetrate the fault planes when they are at or above the Coulomb failure pressure, highlighting complex mixed
opening and slip-activation modes. Rupture modes are driven by complex fault geometry. One key parameter is the way the
initial very low permeability of the fault dynamically increases at failure. We observed poro-elastic stress transfer in a large
volume around the rupture patch, producing pore-pressure drops of ca. 4*10-4 MPa in the host rock 20 m away from the
ruptured (activated) fault patch. Since 2015, the pressure in the ruptured patch has not recovered, remaining ca. 0.45 MPa
below its initial value. This unexpected result shows a long-term modification of the hydraulic response of the fault zone that
is clearly related to irreversible changes caused by the reactivation. In 2018, we initiated the FS-B experiment targeting the
time-lapse three-dimensional imaging of long-term fluid flow and rupture in a 100 m-scale fault zone volume including the
previous FS volume. Five inclined holes were drilled parallel to the Main Fault dip at a distance of ca. 2 to 5 m from the
fault core “boundary”, with three boreholes drilled in the hangingwall and two boreholes drilled in the footwall (Figure 1). An
active seismic source-receiver array will be deployed in autumn 2019 in the five inclined boreholes. It will be coupled to
nearby three-dimensional displacement and pore-pressure measurements distributed in the three vertical boreholes drilled
across the fault zone. This system will allow us to track the variations of p- and s-wave velocities during fault leakage
associated to rupture and any possible post-rupture self-sealing processes. Pre-calibrations show that the system resolution
is ca. 3* 10-4 m/s for 3*10-7 Pa stress changes, thus in the range of the expected signals.
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Figure 1. Design of the FS-B experiment. Conceptual vertical section of the fault zone (Main Fault) and the proposed geometry for both the
injection vertical holes equipped with distributed fault 3D-displacement extensometers (SIMFIP), and the seismic tomography (five inclined
holes parallel to the fault zone, not shown here). The 8 m-long interval will allow injection into the entire fault core, while conducting (i)
nearfield pressure-deformation-acoustic and seismic monitoring with sensors set on the SIMFIP, and (ii) crosshole active imaging and a
passive seismic monitoring from the inclined holes.
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7.11
Fault Reactivation and Associated Induced Seismicity under Cyclic
Loading
Omid Moradian1
1

Department of Earth Sciences, ETH Zurich, Switzerland (omid.moradian@erdw.ethz.ch)

Increase of pore pressure and consequently decrease of effective normal stress can cause fault slip and induce
earthquakes during fluid injection in engineering applications such as enhanced geothermal systems (EGS), wastewater
disposal, and CO2 sequestration. This happens because a large volume of the high-pressure fluid is injected in the rock
mass in a continuous or monotonic manner.
Several studies have been done to investigate the effect of stress states, pore-pressure, fluid properties, injection volume,
injection rate, fault geometry, and fault roughness on the sliding mechanisms and induced seismicity of the faults during
fluid injection. However, an effective solution to controlling the induced seismicity, which can be applied with confidence,
does not exist yet.
Recently, efforts to reduce the effects of fault induced seismicity by fluid injection have focused on developing softer
stimulation techniques such as cyclic or fatigue loading. In this research, we conducted an extensive experimental
investigation on sliding fault activations and assessed the effect of monotonic and cyclic loading paths on the fault slip and
associated induced seismicity (acoustic emissions) in crystalline rocks.
The results showed that compared to monotonic loading, the cyclic loading could cause not only the failure of the fault
under a lower strength but also with a smaller stress drop, hence it decreases the maximum seismic magnitude of the
induced earthquakes. Nevertheless, cyclic loading on the faults generated a higher number of low-amplitude acoustic
emissions (higher b-value) as it releases the seismic energy of the fault gradually.
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In deep geothermal systems, the creation of large fracture networks by hydraulic fracturing (HF) is an essential task for
heat absorption enhancement in low permeability rocks. This is because fluid flow should occur within many fractures that
sweep a large surface area of the rock mass in order to absorb an appreciable amount of heat energy.
Over the years, the conventional injection protocol for hydraulic stimulation has been performed by the monotonic
mechanism, where the pressure of the injection fluid in the well is continuously increased until the rock fractures in tension.
Therefore, the working hypothesis of this research is to help develop an optimized methodology for a successful hydraulic
stimulation for geothermal energy projects by investigating the effect of different loading mechanisms/protocols/paths,
loading rates, anisotropy and grain size on the complexity of tensile fractures from the Brazilian experiment.
Although the hydraulic tensile fracturing mechanism is affected by confining pressure, pore pressure and thermo-hydromechanical loading rather than mechanical loading, the Brazilian tensile fracturing test was selected for this research since
it still has close failure mechanism to the hydraulic tensile fracturing.
The laboratory experiments in this thesis were conducted on anisotropic Grimsel Granodiorite and Isotropic Central Aar
Granite. Forty-five (45) samples were tested, which include fifteen (15) isotropic materials and thirty (30) anisotropic
materials. Fourteen (14) of the tested anisotropic materials were investigated under Monotonic High Rate Loading for the
assessment of the influence of grain size on the fracture complexity by eliminating the effect of the loading mechanism.
There were five (5) loading actions under which the specimens were tested. These are the Monotonic High Rate Loading,
Monotonic Medium Rate Loading, Monotonic Low Rate Loading, Progressive Loading, and Cyclic Loading.
Tested specimens were analyzed by image analysis tools to compute two fracture complexity parameters, which are the
Tortuosity and the Total Fracture Length. Correlations were then made between the explored objectives and the fracture
complexity parameters. In conclusion, Low rate cyclic loading in a high feldspathic Grimsel Granodiorite with foliation
oriented parallel to the loading action, proved to create higher fracture complexity comparing to other loading paths.
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7.13
The CS-D experiment at the Mont Terri Laboratory: site-characterization
and preliminary results of long-term injection
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Understanding potential caprock failure through fault zone leakage is crucial for the safe, long-term containment of a CO2
storage site. Thus, the presence of faults in caprocks will greatly affect the site characterization process in terms of the
safety assessment. The CS-D experiment at the Mont Terri Lab aims to investigate caprock integrity by determining CO2rich water mobility in a fault zone. We monitor for geochemical and geomechanical changes induced by fluid injection for
prolonged time, with the goal to better understand mechanisms of CO2 leakage, and develop strategies to detect/monitor/
predict it. The experiment offers a unique opportunity to develop improved, and more integrated monitoring technologies
(Zappone et al., 2018; 2019). In particular, a multi component monitoring network of stress propagation within the fault will
be integrated with the three-dimensional displacement probe (Guglielmi et al., 2013), and will be employed in parallel with
other monitoring systems (micro-seismicity and active seismic monitoring, cross-hole electrical resistivity monitoring, axial
deformation, geochemical fluid sampling).
Injection activities started in December 2018, with multiple step up tests at pressures up to 6 MPa, in order to define the
hydraulic response of the fault. Tests were interrupted in May 2019 due to tunnel excavations for the extension of the Mont
Terri Underground Rock Laboratory and the final breakthrough in proximity of the experiment site. The excavation was
recorded by our monitoring system, and constitutes an extremely valuable calibration for our instrumentation. A prolonged
injection of CO2 saturated brine at constant head pressure started in June 2019 and will continue for the next months. At
the conference, we will present the analysis of the data collected during the site characterization (hydraulic, geophysics,
and core analysis) as well as the preliminary results the continuous injection.

Figure 1. (a) A Prolonged Step Test (constant head with step of 1 day). The blue line is pressure changes at injection point, while the red
curve is the response at the monitoring point. (b) Recording of pressure changes (blue) and deformation (red) in two boreholes located
next to the excavation front. The dashed line represents the time of breaktrough (May 27th)
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Monitoring micro-seismicity during operations of a geothermal field is crucial for the understanding of seismic hazard and
the reservoir evolution. Induced earthquakes in the context of a geothermal project are on the one hand an important tool to
enhance the permeability and thus productivity of reservoirs and to image structure and processes. On the other hand, felt
and/or damaging earthquakes are a major threat to societal acceptance and regulatory license to operate. With the
adaptive data driven tool RISC (Real-Time Induced Seismicity Controller), we aim at managing and mitigating the risk
posed by induced earthquakes during stimulation and operations, while at the same time insuring and optimising the
productivity. RISC is developed as part of the EC Geothermica project COSEISMIQ (www.geothermica.eu/projects/
coseismiq/). The demonstration site lies in the Hengill volcanic region located in the South-West of Island, which hosts two
power plants (Hellisheiði and Nesjavellir) with a total production capacity of 423 MWe and 433MWth. The production of
energy and heat in accompanied by reinjection of the spent geothermal water in dedicated areas. These reinjection area
have been showing very different seismic responses to drilling and injection operation. We invetigate these different
behaviours by performing preliminary numerical modelling for two of the reinjection regions, using the hybrid
simulatorTOUGH2-Seed. Future analysis will aim, on the one hand, at understanding the physical processes happening at
the different sites, and on the other hand, at evaluating the performance of such code for future application in RISC..
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Advanced hybrid thermo-mechanical drilling technology to facilitate
deep geo-resource exploitation
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To meet the increasing worldwide energy demand in the next decades, the access to geothermal heat from deep reservoirs
can play a fundamental role in the global energy supply. Deep wells to extract geothermal energy in more challenging and
deeper environments, require major costs, mainly related to the involved drilling operations. Indeed, drilling costs are found
to increase exponentially with depth and, furthermore, they occur in an early, considerably high-risk phase of the project
(Tester 2006). Drilling of deep wells into hard rocks represents a major challenge for conventional rotary drilling systems,
featuring high rates of drill bit wear with consequent bit replacement and high non-productive time (NPT), low rates of
penetration (ROP) and poor process efficiency (Fay 1993).
Therefore, with the aim of improving the overall economics to access deep resources in hard rocks, advanced drilling
technologies, based on alternative rock-breaking mechanisms are investigated worldwide. We propose to use a combined
thermo-mechanical drilling (CTMD) technology to intensify the drilling process in deep, hard rocks. This method is based on
thermally-assisting conventional drilling using a flame-jet (Rossi 2018), and is expected to facilitate drilling in hard rocks
with a consequent reduction of the overall costs. In order to prove the feasibility and demonstrate the drilling performance
of this technology, we field-test the method under relevant process conditions. We provide evidence that combining a
thermal assistance to conventional drilling can greatly improve drilling performance parameters in hard granite rocks,
commonly found formation in deep geothermal drilling projects.
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In support to the Swiss energy strategy, which aims to produce 5% of the Swiss electricity demand with deep geothermal
energy by 2050, the Swiss geological survey (swisstopo) is compiling subsurface information to help geothermal
prospection and exploration. Access to this database provides opportunities for reviewing the geothermal potential of
Switzerland using a quantitative play- fairway approach.
In this contribution, we first review the available data sets and propose a conceptual classification of geological and
structural settings favourable for deep geothermal projects. The data and information we used include the following
elements:
•
Hydrostratigraphy (Chevalier et al. 2010)
•
Mechanical stratigraphy (Hergert et al., 2015)
•
Geomol horizon model (swisstopo)
•
Geomol fault model (swisstopo)
•
Geomol temperature model (swisstopo)
•
Heat flow map (swisstopo)
•
Spring and thermal spring locations (Hydr. Atlas of CH, Sonney and Vuataz; 2008)
•
Evaluation of regional flow pattern
•
Stress field estimation with a Swiss-scale finite element stress simulation
•
Earthquake catalogue of Switzerland (download from SED website)
We defined 11 favourability criteria computed from one or a combination of the datasets listed above. For each criteria, we
computed a favourability index ranging from 0 (=unfavourable) to 1 (= favourable). We performed our analyses on a 1km x
1km grid covering the extent of the geomol model. In addition, we focus on two specific temperature levels: 80°C and
120°C, being the typical minimum temperature level for direct use and electricity production, respectively. The favourability
criteria include elements related to:
•
thermal regime (heat flow and temperature);
•
lithological controls (aquifer vs. aquiclude formations);
•
rock mass damage (seismic events density, distance to faults, von Mises stress);
•
in-situ stress conditions computed using a swiss-scale finite element stress model (slip tendency, dilation
tendency) and;
•
indications of deep-seated flow (flow pattern, regional springs, thermal springs).
We joined the 11 criteria in a combined favourability index, and Figure 1 shows an example of a favourability map for 120°C
target temperature. Sharp contrasts in favourability are highlighted on the Swiss plateau and these contrasts can guide
exploration. However, this has to be considered as a preliminary approach and also at a scale that is not appropriate for
local scale exploration planning. Future approaches will include more detailed analyses of the elements leading to the
combined favourability map. Another important element will be to include data from exploration projects in order to base the
weighting scheme on a more robust method. The methodology and results presented here are bound to evolve when more
data becomes available.
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Figure 1. Combined favourability index for deep geothermal project with 120°C target temperature.
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Detailed knowledge about the circulation of meteoric water in amagmatic, orogenic belts is fundamental for assessing the
potential of such settings for geothermal power production. To get more general insight into these large-scale hydrological
processes, we have conducted large-scale (20 x 10 x 9 km) thermal-hydraulic-chemical (THC) simulations of meteoric
water circulation in the orogenic, crystalline basement of the Aar Massif in the Central Alps, Switzerland. Model results were
compared to numerous geochemical and isotopic analyses of groundwater discharging into the longest and deepest tunnel
of the world, the Gotthard railbase tunnel located within the model domain. Explicitly considering the surface topography
and stable water isotopologues in our model was sufficient to reproduce all key characteristics of the tunnel inflows (e.g.
salinity and temperature distribution, tunnel discharge rates, δ18O values, up- and downward directed flow zones inferred
from geochemical constraints). This quantitatively confirms that surface topography operates as the governing control on
fluid flow in orogenic crystalline basements with meteoric water infiltration occurring at high altitude and resulting upward
directed flow zones (i.e. exfiltration) along major valleys. Owing to the low flow rates (<2 m/year), computed residence
times of the longest flow paths were above 100 k years, confirming that groundwater and/or porewater in orogenic
crystalline basements may act as an archive for palaeohydrologic variations. Moreover, simulation results show that down
to the lower model boundary at 9 km depth, penetration of meteoric water is not limited by the decrease in permeability with
depth that is typically observed in granitic rocks. This suggests that advective fluid transport in orogenic crystalline
basement likely reaches the brittle-ductile transition zone. Without the occurrence of major fault zones, however, the
permeability and hence the flow rates are too low for the formation of major thermal anomalies despite that meteoric water
attains temperature well above 150 °C during such deep circulation. Nevertheless, based on the upward directed flow
zones identified along major valleys our simulations suggest that positive temperature anomalies preferentially form when
steeply-dipping, major faults zones with elevated permeability intersect with valley floors. Since such conditions are
frequently found in the Alps as manifested by the occurrence of thermal springs, we conclude that orogenic geothermal
systems are promising plays for geothermal power production.
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The Effects of Normal Stress on the Transition Between Stable Sliding
and Stick-slip in Crystalline Rock Faults
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Hydraulic fracturing and hydraulic shearing stimulations in the crystalline basement rocks are used to increase the
permeability of the rock mass in the enhanced geothermal systems (EGS). While the fluid is injected, it increases the pore
pressure and changes the stress field around the pre-existing faults that might have been already under a critical stress
state and very prone to slip. This pore pressure increase leads to a decrease in the effective normal stress which
eventually causes fault activation even in farther distances from the injection borehole.
It has been widely accepted that faults fail in a spectrum of slip behavior from aseismic to seismic slip. However, among
different frictional mechanisms involved in fault reactivation, stable sliding and stick-slip are the two common mechanisms
that have been investigated the most. The stable sliding process is the steady slip of the fault surfaces under constant
stress states with no measurable radiating seismic energy. If for any reasons such as fluid injection the effective normal
stress on a fault changes, a transition from stable sliding to stick-slip may happen in the fault behavior leading to a large
stress drop and a seismic slip. This transition in the frictional mechanism has been considered as the failure mechanism of
many injection-triggered earthquakes.
To investigate the effects of normal stress on rock faults and the friction sliding regimes, constant normal load direct shear
experiments were conducted on fault surfaces in granite with variations in the effective normal stress. Shear displacement,
dilatancy, and acoustic emission (AE) signals were measured to monitor the behavior of the tested faults.
The results showed that once the normal stress was increased, the AE events started increasing gradually with higher
seismic magnitudes. The shear stress also increases and the fault behavior changes from stable sliding to stick-slip. In the
decreasing normal stress conditions, a noteworthy decrease happens in shear stress and also in rate and magnitude of the
AE signals indicating stable sliding behavior. Regarding the friction coefficient, once the normal stress is increased, a
significant drop is observed in the friction coefficient. However, in the reduction period of normal stress, the coefficient of
friction is increased with smaller amounts.
In general, the results show that changing the normal stress, whether increase or decrease, has a substantial effect on the
stable or unstable slip behavior of the faults and the associated induced seismicity.
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Investigating mineral reactions during high-temperature aquifer thermal
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As part of the Swiss Energy Strategy 2050, Switzerland aims to increase the 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 seasonal fluctuations. In order to overcome this mismatch of demand and
supply, excess thermal energy can be stored in sandstone- and carbonate-aquifers during summer and recovered and fed
into the district heating network during winter. In order to increase the potential of aquifer thermal energy storage (ATES),
new pilot projects planned within the framework of the GEOTHERMICA-Heatstore project aim for higher injection
temperatures (60 to 110 °C). As the reservoir fluids are in equilibrium with calcite and/or dolomite, heating them up will
result in carbonate mineral precipitation, potentially clogging surface installations and reservoir porosity.
In order to quantitatively investigate the mineral reactions expected during ATES, we are performing laboratory experiments
on drill core samples from the target formations under the conditions planned for the HT-ATES system. 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 (variations in temperature and fluid composition)
in order to generate data transferrable to other reservoir formations. We are also investigating the effectiveness of potential
mitigation strategies such as conditioning of fluids by CO2 addition or the usage of carbonate inhibitors.
All of our experimental data is fed into 3D THC models representing the two pilot sites planned in Switzerland (in Geneva
and Bern). The models will be used to guide development of the 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 HT-ATES systems inside
and outside of Switzerland in the future.

Swiss Geoscience Meeting 2019

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 7: Deep geothermal energy and CO2 storage

219

Symposium 7: Deep geothermal energy and CO2 storage

220

P 7.2
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This paper focuses on the acquisition and processing of gravity data collected in the Canton of Geneva in the framework of
the InnoSuisse funded project GECOS (Geothermal Energy Chance of Success). The goals of GECOS is to reduce the
costs and the exploration risk for geothermal exploration by integrating high resolution data acquisitions such as gravity,
S-waves reflection seismic and 3D DAS VSP (Distributed Acoustic Sensing Vertical Seismic Profiling). The main geological
challenges in geothermal exploration in the Geneva area are the characterization of the lithological heterogeneities and the
fault zones affecting potential geothermal targets in the Quaternary sediments, Oligocene Molasse sequence and the
Mesozoic Units. The study area covers the central part of the Canton of Geneva and overlaps with the location of two
geothermal exploration wells drilled by SIG in the framework of the Geothermie 2020 program. A total of 1714 new stations
were collected in 71 days of field work thanks to the collaboration between the University of Geneva and GEO2X SA. The
goal of the survey has been to constrain the lateral density variations associated to lithological anisotropies in the
Quaternary, Oligocene Molasse and in the Mesozoic carbonate sequence. The results of the survey showed that the new
stations produced a dramatic increase in resolution compared to the gravity data available at the regional scale. In
particular Quaternary deposits are much better constrained than before, which is a crucial step forward as these sediments
are known to be lithologically and geometrically heterogeneous and locally can host hydrocarbon gas pockets, which can
represent an element of risk for drilling operations. 3D inversion processing allowed producing a realistic 3D density model
down to about 1000m in depth, where the main present-day geothermal targets are located, proving that gravity can be a
powerful tool for prospection and possibly for time-lapse monitoring of production.
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In a referendum in May 2017, Switzerland decided to phase out nuclear power in favor of further developing renewable
energy sources. This is part of the Swiss Energy Strategy 2050 which also states that around 4’400 GWh per year of
electricity should be provided by deep geothermal installations. To help facilitate potential future deep geothermal projects,
this project aims at characterizing, for instance, the heat transport in potential geothermal reservoir systems by numerical
modeling and uncertainty evaluation. For this, we present an iterative workflow to connect geological and heat transport
modeling which also considers uncertainties in input data and their effect on simulation results.
This workflow is applied to a pilot study in the Canton of Aargau. There, a known surface heat-flow anomaly exists with
measured specific heat-flow values of up to 140 mW m-2 (Medici and Rybach, 1995), thus an area of interest for deep
geothermal energy exploration. We want to characterize the heat-flow distribution in the vicinity of the anomaly in more
detail to facilitate future assessment of the geothermal potential of this region. To achieve a complete characterization of the
heat-flow values as well as their spatial uncertainty, we develop a workflow comprising: (i) assimilation and homogenization
of different types of geologic data, (ii) development of a geological model with focus on important heat transport
parameters, and (iii) numerical simulations of the dominant heat transport processes. For step (i), we closely cooperate with
colleagues at the Georessources Switzerland Group (ETH Zürich), who re-compile available and new data, relevant for
heat-transport characterization. By integrating new data, they aim to update published maps of the shallow heat flow in
Switzerland (Medici & Rybach, 1995).
Due to its nature as a pilot study, the developed workflow needs to be integrative and adaptable. This means that data
generated during the course of the project can easily be integrated in the modeling and simulation process, and that the
generated workflow should easily be adaptable to other regions for potential future studies.
One further goal of this project is that the generated models and simulations provide insights into the nature of the heatflow anomaly in Northern Switzerland and to test the hypothesis that upward migration of deep geothermal fluids along
structural pathways is the origin of this particular heat-flow anomaly. For instance, the localized increase in heat flow, which
is also shown in earlier surface heat-flow data (Medici and Rybach, 1995) may be caused by advective heat transport along
Paleozoic faults in the crystalline basement. These are most likely normal faults bounding the so-called PermoCarboniferous trough(s) of which all besides the major, northernmost one (see Fig. 1), are merely presumed to exist (Naef
and Madritsch, 2014).
By inferring the main parameters for controling the heat-flow anomaly in Northern Switzerland, e.g. fault permeability, a
model can focus on assessing these parameters and their (spatial) uncertainty. This is achieved by combining (geometrical)
uncertainty of geological 3D models with (parametric) uncertainty of numerical heat-transport models in a Bayesian
framework. Results can be presented as maps, for instance, comprising average heat-flow values, as well as their (spatial)
uncertainty.
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Figure 1. Thematic map of the project area in the Canton Aargau. Relevant boreholes in the area are colored by their data quality, based
on the classification of Schärli and Kohl (2002). Permo-Carboniferous troughs are outlined based on Leu (2008). The heat-flow contours
are based on Medici and Rybach (1995).
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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 occurs at the intersection with a brecciated fault zone (Grimsel
Breccia Fault (GBF)), a late Neogene exhumed strike-slip fault (Belgrano et al, 2016). The chemical composition of the
water sampled in the tunnel shows that the water is a mixture of old geothermal water and younger cold water. Both
components have meteoric isotope signatures, but the thermal water is derived from a higher altitude. Residence times of
the old and young waters are ≤30 ky and ~7 years, respectively (Waber et al., 2017).
The breccia in the GBF formed about 3 Ma years ago. It shows hydrothermal alteration by heated meteoric water at about
165 °C (Hofmann et al., 2004). However, results from Na-K geothermometry on present-day fluid samples indicate the
maximum temperature at depth could be as high as 250 °C. Given the local geothermal gradient this corresponds to a
circulation depth of meteoric water to at least 9 km (Diamond et al., 2018).
The breccia in the GBF has a sub-vertical, pipe-like structure in 3D, and it constitutes a permeable linkage zone between
parallel segments of the main shear-zone. Another such linkage zone exists in the Sidelhorn area to the west (Belgrano et
al., 2016). Thus, it can be expected that these permeable linkage zones are common structural features along the fault.
In this study we use numerical modelling to better understand the regional flow system leading to discharge of thermal
water at Grimsel Pass. Questions we aim to answer include the following:
1) What is the role of the GBF in generating upflow under Grimsel Pass?
2) What causes infiltration of meteoric water to a depth of at least 9 km?
3) What is the permeability (k) of the fault and its permeability distribution that reproduces flow rates and temperatures
observed at the thermal springs?
4) What conditions induce mixing of the ascending hydrothermal fluid with shallow groundwater at mixing ratios
observed at the springs?
To answer these questions a thermal-hydraulic model was constructed, using the high performance reactive transport code
PFLOTRAN (www.pflotran.org). The model incorporates the topography of the region as the top boundary and extends to a
depth of 12.5 km. The upflow zone at Grimsel Pass is incorporated as a vertical permeable conduit (k = 1e-13 m2) within a
low permeability granitic rock (k = 3e-20 m2).
Simulations confirm that the GBF, if represented as an unconfined permeable vertical plane extending into the high
mountains towards the west and to depths of 12.5 km, can sustain hydrothermal upflow at Grimsel Pass. The driving force
of flow is the increase in recharge elevation towards the west. The infiltration of meteoric recharge becomes progressively
deeper towards the west and can easily exceed the 9 km circulation depth consistent with geochemical evidence (Fig. 1A).
The region around Lake Oberaar constitues a broad discharge zone of groundwater from shallower depths (Fig. 1) which
indicates a (relatively minor) contribution of groundwater to the source of the river Aare. Local hill-and-valley topography
induces shallow groundwater flow which at Grimsel Pass leads to mixing of the ascending thermal water with cold meteoric
water recharging in the Sidelhorn area. This type of mixing is consistent with geochemical evidence from the thermal
springs.
Models calibrated to match discharge rates and temperatures at the thermal springs suggest permeabilities of the GBF
between 1e-15 m2 and 1e-14 m2. At permeabilities exceeding 5e-15 m2 (fault-zone width of 100 m), the flow system in the
fault becomes unstable and convection cells begin to form which induce transient flow and transient temperature conditions
at the discharge site.
Although meteoric water can infiltrate the fault to depths > 9 km without permeability forcing (e.g. a homogeneous
permeability distribution), results indicate that significant mixing of fluids from different circulation depths occurs in the
upflow zone (Fig. 1A). This is inconsistent with obervations which suggest a distinct geochemical signature of the spring
water acquired at a depth > 9 km. To preserve this signature, mixing during upflow has to be minimal. We propose a
permeable pipe-like breccia zone, analogous the upflow conduit at Grimsel Pass, situated at higher elevation in the west
and acting as the preferential path of meteoric recharge into the deep fault zone (Fig. 1B). Such focussed recharge would
lead to focussed inflow into the deep section (> 9 km) of the upflow zone.
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Figure 1. Flow pattern as tracer pathlines in the fault plane assuming a homogeneous permeability of 1e-15 m2, (A) without and (B) with
recharge through a permeable breccia pipe. Only in scenario B can the ascending fluid preserve the chemical signature obained at > 9 km
depth.
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Better understanding fault criticality, the proximity of a fault to shear failure, is of primary interest when planning
underground projects. Stress perturbations in the surroundings of a critically stressed fault, resulting from human activities,
can affect the fault’s stability – and eventually lead to a forced interruption of projects due to seismic risk.
Changes in the stress state also occur naturally. It has been observed (Miller 2008) that in karstic regions, an increase in
groundwater pressure following significant recharge (precipitations and/or seasonal snowmelt) can result in a fault reactivation, inducing microseismicity.
The aim of this study is to combine the natural microseismicity and groundwater level fluctuations observations to estimate
the fault criticality. The research is carried out on two major strike-slip faults on the northern shore of Lake Neuchâtel (Fig.1)
– La Lance Fault and La Ferrière Fault – most likely critically stressed according to their position in the global stressregime. Data acquisition mainly consists in hydrogeologic and seismic monitoring. The objectives are to have continuous
discharge rates of the major karstic springs and to produce a seismic catalog for the area of interest. Combining both data
sets will allow to determine relations between increasing spring discharge rates and low magnitude earthquakes and
eventually to acquire a quantitative knowledge on what pressure change is affecting the fault’s stability. This knowledge will
be used to develop a straighforward methodology to assess fault criticality. In addition, the study of a possible time lag
between aquifer response and fault activation, as well as back-analysis of seismic events can provide, respectively,
important information about the deep-seated fluid circulation and the local stress-regime.

Figure 1. Situation map of the research area. Showing major strike-slip and thrust faults, monitored karstic springs and future position of
the 3-Channel geophones for microseismic monitoring. Also shown epicentre of 2006 and 2018 seismic events and associated Areuse river
discharge ratios. Data from the geological map (Geocover, https://www.map.geo.admin.ch), the Swiss Seismological Service (https://www.
seismo.ethz.ch), and the Federal Office for the Environnment – Hydrological data and forecasts (https://hydrodaten.admin.ch).
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The use of passive seismic techniques to monitor geothermal reservoirs allows to assess the risks associated with their
exploitation and stimulation. One key factor in geothermal reservoirs is fracture connectivity, as changes in this parameter
can affect the permeability and productivity of the system. Notably, seismic attenuation, anisotropy, and velocity are
sensitive to changes in the mechanical and hidraulic properties of rocks. In this work, we study the effects of fracture
connectivity on Rayleigh wave dispersion accounting for frequency-dependent poroelastic effects. For that, we consider a
three-layer medium (Figure 1) which consists of a water saturated and fractured granite layer characterized by unconnected
or connected fracture networks. We used an upscaling approach based on Biot’s poroelasticity theory to determine the
effective properties associated with these two scenarios. This procedure allows to obtain P- and S-wave velocities
accounting for fluid pressure diffusion effects. Finally, we compute the corresponding Rayleigh wave dipersion curves. Our
results show that Rayleigh wave dispersion curves exhibit a significant sensitivity to fracture connectivity and, thus, that
they have the potential to be employed to detect changes in fracture connectivity as well as related properties in
geothermal reservoirs.

Figure 1. Schematic illustration of the considered three-layer model. The panels on the right show representative samples associated with
the fractured reservoir models analyzed in this work.
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The presence of fractures has a predominant influence on the hydraulic and mechanical behavior of fractured rock
systems. In this context, studies show the existence of a microfractured zone, generally referred to as the damaged zone,
surrounding fractures and faults (Mitchell and Faulkner, 2012). The permeability changes associated with the damaged
zone can enhance fluid pressure diffusion in the vicinity of fractures as seismic waves travel through the system. This
process, together with the inherent mechanical weakness of damaged zone, are expected to affect the reflectivity of the
fracture system. Following Barbosa et al. (2016), we investigate these effects using Biot’s theory of poroelasticity (Biot,
1962). Under this framework, we consider a reference model (Figure 1a) and a model with a damaged zone (Figure 1b),
and we compute the reflectivities at the background-fracture interface and background-damaged zone interface,
respectively.

(a)

(b)

Figure 1. (a) Reference model and (b) model with damaged zone. Pi is the normally incident fast P-wave, Pr is the reflected P-wave, Bg is
the background rock, DZ is the damaged zone, and F is the fracture.

Our results show that accounting for the permeability enhancement of the damaged zone increases the reflectivity of the
system (Figure 2a). This effect is explained by the increase of fracture compliance when fluid pressure diffusion occurs from
the fracture into the damaged zone. Mechanical weakening of the damaged zone increases the reflectivity as well (Figure
2b) due to an enhancement of the mechanical contrast with respect to the intact background.
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Figure 2. Absolute value of P-wave reflectivity (|RPP|) versus frequency for models with a damaged zone with (a) different values of
permeability and (b) with weaker moduli. The frame bulk and shear moduli of the damaged zone decrease by 20%, 50%, and 80% with
respect to their reference values (background rock). We assumed a damaged zone thickness of 10 cm, a background permeability of 10-6
D, a fracture permeability of 100 D, and, unless stated otherwise, the properties of the damaged zone are the same as those of the
background.
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The Mont Terri rock laboratory was initiated in 1996 with 8 niches followed by a research tunnel in 1998. Since then the
laboratory has been expanded every 10 years, mainly in the shaly facies of the Opalinus Clay. In March 2018, south of the
existing laboratory, we extended the Mont Terri rock laboratory, mostly in the sandy facies of the Opalinus Clay (Ga18). In
October 2019, this extension will be finished, resulting in more than 500 m of additional galleries and niches for new
experiments. In the frame of this extension, we conducted for the first time a mine-by test investigating a sheet of sandy
facies and carbonate-rich sandy facies sandwiched between shaly facies. This so-called MB-A experiment (hydromechanical characterization of the sandy facies before and during excavation) consists of two lateral niches for
instrumentation and monitoring, and a test gallery of 30 m length oriented perpendicular to the lateral niches (Figure 1).
Instrumentation based on 26 boreholes with lengths up to 40 m comprises pore-pressure transducers, extensometers,
inclinometers and stress monitoring stations. It was finished several months before excavation of the test section was
started to assure equilibration close to the initial conditions. We carried out excavation of the test gallery running parallel to
bedding strike in May 2019 sequentially in daily advances of 2 m. The horseshoe-shaped gallery was lined with two layers
of sprayed shotcrete of 20 cm total thickness. Concreting of the invert was done after finishing the entire gallery.
Here we present data from predictive modeling to estimate the hydro-mechanical behavior of the rock mass during
excavation that was carried out for two heterogeneous, anisotropic cases: i) 3D-elastic and ii) 2D-APD (anisotropy,
plasticity, damage) (Parisio, 2016). Initial predictive modeling was corrected to effective daily advances and sensor
locations (Jaeggi & Madaschi, 2017, Li, 2018). We also present monitoring data and qualify the modeling results for the two
different approaches. The elastic calculation predicts a rotation of early time, near-field pore-pressure reduction from
perpendicular to parallel to bedding for later times. In contrast, the APD simulation predicts plastic volumetric dilation and a
linked pore-pressure reduction along bedding. In general, monitored peak pore water pressures were higher than predicted,
with a remarkable phase shift depending on distance and spatial position with respect to the drift. Compared to the elastic
calculations, monitored deformations were clearly underestimated and are still low compared to the APD calculation. The
overall behavior of the excavation in the sandy facies was, unexpectedly, not so different from earlier excavations in shaly
facies (Lisjak et al., 2015). A large volume of the rock mass was influenced by the excavation works of Ga18, which
became manifest in large-scale pore-water pressure changes and long-range deformations of existing galleries.
The acquired dataset of the mine-by test will be used in the future to calibrate our hydro-mechanical models. We need
sound constitutive laws in the sandy facies for the understanding of rock mechanics and hydraulics. The outcomes of the
MB-A experiment build an important input for CO2 caprock integrity and long-term safety.
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Figure 1. Location of the MB-A mine-by test in the new part (Ga 18) of the Mont Terri rock laboratory.
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This study focuses on measurements of elastic properties and permeability of both the Opalinus shale host formation and
the so-called ‘Main Fault’ within the Mont Terri Rock Laboratory. Given the formation’s potential to serve as both a caprock
for carbon capture and storage and as the host for nuclear waste disposal, understanding the hydro-mechanical properties
of the Opalinus shale is of significant importance. During the drilling phase of the CS-D experiment within Mont Terri,
approximately 200 m of core was recovered and preserved in air-tight aluminium packing. We selected core material from
both the host rock ‘shaley’ facies and from within the Main Fault. The samples from the shaley facies develops anisotropic
fabric due to bedding, while the samples from the Main Fault have foliation that developed due to shearing along the fault.
As such, we have measured directional variations in seismic velocities, porosity, and permeability, perpendicular and
parallel to the foliations in the recovered core. The seismic velocity and permeability measurements were made
systematically under hydrostatic confinement. We measured permeability at 3, 5, 7, and 10 MPa confining pressure using
the transient pressure step technique with argon. Seismic velocities were made at corresponding pressures and then up to
200 MPa. The high-pressure measurements allow for extrapolation of the permeability and elastic properties to realistic gas
reservoir conditions and beyond. As expected, the results show that the foliation controls both seismic velocities and
permeability. In both cases the seismic velocity and permeability is significantly higher parallel to both the bedding and
structural foliations. Permeability measurements perpendicular to bedding and structural foliation are both on the order of
10-20 to 10-22 m2, and in some cases above 5 MPa confining pressure the flow was below the detection limit of the
apparatus. Measured permeability parallel to bedding and structural foliation is one to two orders of magnitude larger,
however given the fissile nature of the Opalinus, it is difficult to rule out whether or not this increase is due to desiccation
cracks in the sample.
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Pore fabrics describe pore shape and pore network distribution. The shape-preferred orientation and distribution of pores
lead to anisotropic physical properties, for example permeability. The preferred orientation of connected pores results in
strong permeability anisotropy, which in turn controls the preferred flow direction. The thorough understanding of preferred
flow paths is essential for the exploitation of fluid resources, such as groundwater, geothermal energy, or hydrocarbon. One
way of relating pore fabrics to physical properties is digital rock physics. In this study, we use X-ray microcomputed
tomography (XRCT) as an advanced way to directly assess the 3D pore fabric in sedimentary rocks. Two types of porous
sedimentary rock samples have been used in our experiments, respectively, ~5%-porosity sandstone (Swiss Molasse
Basin, Switzerland) and ~50%-porosity calcarenite samples (Apulia, Italy). Porosity on discrete samples is measured by
pycnometry. XRCT data were analysed to quantify and visualize pore shape and distribution. XRCT has the advantage that
the digitized 3D pore fabric of rocks can be directly used for modelling and process simulation in fluid flow studies. These
XRCT-derived data will be compared to a new indirect method of pore fabric characterization, the magnetic pore fabric
determination, by impregnating ferrofluid and measuring magnetic susceptibility of the samples. That method, once fully
understood, has the potential to characterize in an effective and rapid way the average pore shape and orientation. This will
allow more samples to be analysed for pore fabric characterization in hydrocarbon and geothermal studies, making it
possible to investigate regional-scale variations.
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Anisotropy of Magnetic Susceptibility to investigate the pore fabric of
rocks with various porosity using ferrofluid impregnation: First results
and method improvements
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Pore fabric analysis is important in oil and gas exploration, hydrogleology, hydrothermal characterization and extraction of
fluid from underground structures. However, it can be challenging when the lithologies involved show a wide range of
porosities with anisotropic properties. Many properties of porous rocks can be anisotropic (permeability, elastic wave
propagation, electrical resistivity, magnetic susceptibility). For example, the anisotropy of permeability determines the
easiest direction of groundwater flow or the easiest direction to extract oil or gas from the subsurface, while elastic
anisotropy defines the direction of fastest wave propagation. The anisotropy of these properties is largely controlled by the
pore structure (pore dimensions, shape and orientation). A method to analyse the pore fabric of a range of lithologies
showing different porosities is the magnetic pore fabrics method, initially proposed in the 90’s. Here, this method is tested
with a special focus on impregnation methods (and their efficiency) and frequency-dependence magnetic susceptibility on
three types of rocks with low (5-10%), medium (10-30%) and high (30-50%) porosity. The experimental procedure starts
with water and oil-based ferrofluid (fluid with suspension of 10nm particles of magnetite) impregnation of drilled cores. The
quality of impregnation was checked using magnetic method. After successful impregnation, the anisotropy of magnetic
susceptibility was measured at different frequencies in 15 directions to create an ellipsoid of the anisotropy. Since the
observed data show that the magnetic susceptibility of the ferrofluid is significantly larger than the susceptibility of the rock,
the direction of maximum susceptibility reflects the preferred pore elongation direction. Ferrofluid impregnation is a
challenging and important step and its efficiency depends mainly on the porosity and pore throat of the porous medium and
the fluid properties. The results of this study show that: (1) Verify the impregnation efficiency is a key point to ensure the
uniform distribution of the ferrofluid inside the pores and its improvement is vital for the reliability of the Magnetic Pore
Fabric anisotropy results because it’s one of the factors that have the strongest influence on the susceptibility
measurements. (2) The method used for impregnation strongly affects the impregnation efficiency, however it also depends
on the porosity of the material, the type of ferrofluid and its wetting and viscous properties. (3) The type and concentration
of ferrofluid are other factors that affect the impregnation efficiency and the magnitude of anisotropy. (4) In all cases the
impregnated samples show a strong frequency dependence in magnetic susceptibility measurements. For this purpose,
future works should investigate in detail the correlation between frequency dependence magnetic susceptibility and the
pore size distribution.
The future development of the project will show which combination of type of ferrofluid, impregnation method and
impregnation efficiency determination will provide the optimum response as a function of the physical characteristic of the
porous samples (interconnected porosity, pore throat pore shape and orientation).
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Will deep geothermal enable Switzerland to be carbon neutral by 2050?
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Switzerland has two existential challenges:
1.
2.

It must become carbon neutral by 2050; and
It must find ways to reduce foreign energy dependency.

The Energy Strategy 2050 is promising but insufficient. Deep Geothermal Energy (DGE) could be the primary solution to
achieving both goals.
Existential challenges:
Global greenhouse gases emissions have reached an all-time high in 2018 (Global Carbon Project 2018). On August 28,
2019, the Swiss Government declared Switzerland’s imperative to become carbon neutral by 2050. In 2018, 73% of
Switzerland’s energy originated from non-renewable sources, such as oil, gas, coal and nuclear.
The Energy Strategy 2050 presents a shift towards more renewable energy sources, such as hydropower, solar photovoltaic,
wind and deep geothermal energy, in the form of electricity.
While the strategy is promising, it hardly seems achievable for three reasons:
1.

2.
3.

Time: at the current rate (40-60 MW of added renewable capacity per year), replacing non-renewable with renewable
sources will take at least 46 years for nuclear, plus 61, 155, and 59 additional years to replace oil, fuels and gas
respectively (BFE, 1999, 2018, 2019). Assuming an optimistic 2% annual growth of the current renewable installation
rate, it will take a century to replace nuclear, oil, fuel and gas!
Resources: deployment of solar and wind renewable is heavily dependent on technologies requiring raw materials
that are mined using cheap and abundant fossil energy.
Energy Return on Energy Invested (ERoEI): the functioning of our economics and society is estimated to require
ERoEI above 9:1. Recent studies indicate ERoEI for solar PV getting below 3:1 in sunny Spain and below unity for
moderate insolated countries like Switzerland or Germany (Weißbach et al., 2013; Ferroni and Hopkirk, 2016; Hall,
2018).

A solution to two problems:
Deep geothermal energy offers the greatest theoretical potential to solve both problems. However, current technologies have
not proven yet the capability of installing a 5 MW plant and are often criticized for induced seismicity.
Seismo Earth AG located in Biel/Bienne, Switzerland, is developing a patent-pending technology for deep geothermal heat
exchange in industrial power production. Given the strategic importance of the challenges, the viability and sustainability of
renewable energy sources must be scrutinized. Our research and technology development focus on increasing the efficiency
of DGE plants, applying a systemic optimization of raw material and energy needs inputs, considering the whole plants life
cycle. Our goal is to present an alternative answer.

REFERENCES

Bundesamt für Energie BFE - Office fédéral de l›énergie OFEN 1999: Schweizerische Gesamtenergie Statistik
1998/2017/2018 - Statistique Globale Suisse de l›Energie 1998/2017/2018.
Ferroni, F. & Hopkirk, R. J. 2016: Energy Return on Energy Invested (ERoEI) for photovoltaic solar systems in regions of
moderate insolation, Energy Policy 94, 336–344.
Global Carbon Project (2018): Carbon budget and trends 2018.
Hall, C. A.S. 2018: Energy Return on Investment. A Unifying Principle for Biology, Economics, and Sustainability, Lecture
Notes in Energy 36, Springer International Publishing.
Weißbach, D., Ruprecht, G., Huke, A., Czerski, K., Gottlieb, S. & Hussein, A. 2013: Energy intensities, EROIs (energy
returned on invested), and energy payback times of electricity generating power plants, Energy 52, 210–221.

Swiss Geoscience Meeting 2019

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 7: Deep geothermal energy and CO2 storage

235

Symposium 7: Deep geothermal energy and CO2 storage

236

P 7.13
Bridging the gap between Places and Sites
Including place factors in the site selection process of CO2 storage
projects
Juanita von Rothkirch, Olivier Ejderyan, Michael Stauffacher
ETH Zürich

Geological CO2 storage is a key technology for facilitating the removal of carbon dioxide from the atmosphere. However,
the progression of CO2 storage has been hindered by public opposition to some particular cases, once sites for the project
implementation were selected. As numerous experiences on contested technologies have shown, public participation
processes determine whether communities become a door or barrier for the emplacement of projects in local contexts. Yet
there is much literature on the importance of early public engagement for normative, substantive and instrumental reasons,
there are no tools for integrating social aspects early on in the site selection process. This thesis constitutes an exploratory
study of the upstream inclusion of social characteristics and concerns in the site selection process for CO2 storage in
Switzerland. It starts with an evaluation on the social aspects which matter for the emplacement of CO2 storage. Then, it
analyzes whether it is possible to map selected social aspects using GIS, for including them in the selection process. It
extracts the characteristics of potential locations in Switzerland and explores the locations using cluster analyses. Finally, it
reflects on the potential uses and limitations of this approach. This thesis presents a concrete framework for including place
factors in the site selection process, consisting on a typology of place factors, maps for their visualization and a frame for
reflection. This framework can constitute a first step in an iterative process which requires the input of diverse stakeholders.
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