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5.1
Constraining the stochastic fracture network using induced
microseismicity in the Basel geothermal reservoir
Mohammad Javad Afshari Moein*, Thessa Tormann**, Benoit Valley3, Stefan Wiemer**, Keith F. Evans
1
2
3

Geological Institute, ETH Zurich, Sonneggstrasse 5, CH-8092 Zurich (mohammad.moein@erdw.ethz.ch)
Swiss Seismological Service (SED), ETH Zürich, Sonneggstrasse 5, CH-8092 Zürich
Centre for Hydrogeology and Geothermics, University of Neuchâtel, Rue Emile-Argand 11, CH-2000 Neuchâtel

Hydraulic stimulation is key to the creation of a commercially exploitable Enhanced Geothermal System (EGS) reservoir.
The operation commonly generates a relatively large numbers of microseismic events, some of which may be large enough
to be felt by the community and hinder further developments (e.g. 2006 Basel geothermal project). The task of designing
reservoir stimulation protocols that are effective in creating suitably-connected linkage of flow-paths in the reservoir without
producing damaging seismic events requires satisfactory characterization of the reservoir, particularly with regard to the
distribution and properties of natural fractures and faults. Typically, insufficient information is available to develop fullydeterministic discrete fracture network (DFN) models that are adequately-constrained. Thus, stochastically-generated
fracture networks, supplemented by deterministic information, are usually used to generate realizations of the discontinuity
distribution.
In this analysis, we investigate the use of microseismicity patterns to constrain attributes of the natural fracture network.
Since the injection of fluid into a reservoir can induce microseismicity from the earliest stages when conditions in the
reservoir are relatively undisturbed, we prefer to use those observations to calibrate our DFNs. For small magnitudes, we
can assume that the earthquake hypocenters correspond to the centers of circular fracture planes. We applied fractal
geometry to relate the existing fracture network to the fractal patterns observed in relocated Basel microseismicity data
(Kraft & Deichmann 2014). The spatial organization of induced microseismicity can be characterized by computing the
correlation function and its slope (i.e. the correlation dimension). The correlation function of the earthquake hypocenters
also provides some information about the underlying network geometry (e.g. the presence of a fracture zone if the
correlation dimension is around 2) and the potential presence of repeating events (multiple ruptures of individual fractures if
there is a sudden drop in the local slope) (Figure 1a).
In order to generate fractal DFNs, we choose a statistical model presented by Davy et al. involving fractal clustering of
fractures and power-law size distribution given by n(l,L).dl = c.LD l-a.dl, where n is the number of fractures whose size is in
the range [l,l + dl] and whose center belongs to a volume in L3 with c being a constant). The spatial and size distributions
of fractures in a given DFN model are related by a new scaling law, relating size and average distance from a fracture to
the closest nearest neighbour having a larger size (distance function) (Bour & Davy 1999). We implement a similar concept
to extract the statistical distribution of fracture size in Basel, assuming fractal spatial and size relations govern the
distributions. We include the uncertainty of hypocentral locations in computing the size distributions, producing a large
number of possible realizations and different estimates of the size exponent (a) (Figure 1b). A probabilistic analysis of the
available data reveals a normal distribution of size exponent (a=2.08±0.09). Current results bring additional insight to the
key reservoir characteristics and they are expected to provide more reliable inputs for reservoir simulations.
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Figure 1 a) Spatial distribution (correlation function) of relocated earthquake hypocenters in the Basel geothermal reservoir. b) Probabilistic
distribution of fracture size exponents considering the hypocentral uncertainties.
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5.2
Overview of the hydraulic stimulation experiments at the Grimsel Test
Site
Joseph Doetsch1, Florian Amann1, Valentin Gischig1, Reza Jalali1, Hannes Krietsch1, Linus Villiger1, Keith Evans1, Benoît
Valley2, Nathan Dutler2, Bernard Brixel1, Maria Klepikova1, Anniina Kittilä1, Stefan Wiemer1, Martin O. Saar1, Simon Loew1,
Thomas Driesner1, Hansruedi Maurer1, Domenico Giardini1
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University of Neuchatel, Laboratory of Geothermics and Reservoir Geomechanics, 2000 Neuchâtel, Switzerland

Within the In-situ Stimulation and Circulation (ISC) project at the Grimsel Test Site (GTS), twelve hydraulic stimulation
experiments have been performed to address questions related to the stimulation and production phases of geothermal
reservoirs (Amann et al., 2017). The stimulations were prepared by detailed geological and geophysical characterization
(Doetsch et al., 2017) and extensive measurements of the in-situ stress state and its spatial variation (Krietsch et al., 2017;
Gischig et al., 2017). Two sets of shear zones dissect the rock mass, but apart from these persistent large-scale structures,
the rock mass contains exceptionally few small-scale fractures. In order to study hydraulic stimulation, both hydraulic
shearing (HS) and hydraulic fracturing (HF) experiments were performed. Six injection intervals were chosen to cover preexisting structures, to generate slip on the pre-existing structures (HS). The other six injection intervals were chosen in
intact rock to create new fractures (HF). Both water and a high-viscosity fluid were injected with the aim of studying
toughness and viscosity-dominated hydraulic fracture growth.
The rock volume of interest is accessed by a total of twelve boreholes, one of which is used for high-pressure water
injection into a 1-m-long interval and four boreholes are used for pressure monitoring. Longitudinal strain along three
boreholes is monitored using fibre-optic technology and 26 sensors in tunnels and four boreholes are used to record microseismicity (Figure 1). Borehole positions and the sensor locations are optimized for monitoring the pressure propagation
and deformation of the rock volume during the HS and HF experiments. A high spatial coverage of sensors from a
distances of 3.5 to 30 m with respect to the injection interval provide great detail in observations.
All twelve experiments have been successfully performed in Feb. and May 2017 and all monitoring systems have recorded
high-quality data. Data processing is ongoing, but preliminary results already show the exceptional scientific value of the
acquired data. The permeability enhancement shows strong variability, ranging from 1 to >1000 fold, with the final
injectivities all being within one order of magnitude. Several thousand micro-seismic events have been detected during
some of the injections, much fewer in others. Although there is strong variability in the number of events between injections,
no apparent link to the change in permeability has been observed. Pressure data show indications of both non-linear
pressure diffusion and heterogeneous flow channeling, and rock deformation data clearly show slip on some pre-existing
structures and opening of new fractures during the experiments.
The aim of the ISC project was to create a new benchmark data set for the seismic and hydro-mechanical response of
hydraulic stimulations. After preliminary analysis of the recordings, we are confident that our data have the potential to act
as such a benchmark.
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Figure 1: Location of the Grimsel Test Site (GTS), the ISC experiment within the GTS and on overview of the experimental volume. Two
sets of shear zones (S1.x and S3.x) dissect the rock mass and have been stimulated. Twelve boreholes access the volume for high-quality
monitoring.
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5.3
Injection Protocol and First Results of Hydraulic Fracturing Experiments
at the Grimsel Test Site
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Amann3
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Hydraulic fracturing (HF) is a common method to create artificial fractures and increase the bulk permeability of a rock
mass. We aim to study injection parameters, such as injection flow rate and fluid viscosity, and their influence on fracture
propagation, fracture geometry and micro-seismicity in crystalline rock.
The HF experiments are part of the in-situ stimulation and circulation project (Amann et al., 2017), which is recently carried
out at the Grimsel Test Site. The preceding characterization phase includes a stress characterization campaign (refs).
For the actual experiment, a total of six HF experiments were executed in two boreholes. The injection protocoll consists of
three cycles. Prior to testing the integrity of the packed interval was tested with a pressure pulse (i.e. assessment of the
pressure decay following the pressure pulse). The measured transmissivity in intact rock ranges from 1e-13 to 1e-14 m2/s.
The objective of the first cycle was to break down the formation (i.e. to initiate a hydraulic fracture) using small flow rates
(i.e. 5 l/min injections for 60 s). The second cycle aimed to propagate the hydraulic fracture away from the wellbore and
connect it to the pre-existing fracture network using progressively increasing flow rates (up to 100 l/min with an interruption
due to pump switch). A shut-in and venting period followed. Finally, a third cycle was utilized to quantify the final injectivity
and jacking pressure of the created structure, using a pressure step injection (Amann et al., 2017).
For fracture propagation two different types of fluid were used (Figure 1 A): pure water and a water-xanthan-salt-mixture
with 0.025 weight percent of Xanthan and 0.1 weight percent of salt with a viscosity between 35 and 40 cPs (Figure 1 B).
Using the xanthan-mixture, cycle 2 is extended with a flushing sequence. Figure 1 shows two injection protocols and
pressure response in the injected interval for two different experiments. During stimulation, the monitoring includes pressure
observation in boreholes and tunnel surface, micro-seismicity, strain and temperature in boreholes and at the tunnel
surface, tilt at the tunnel surface, electric conductivity measurement, gas analysis on fault zone and sampling back-flow.
After stimulation, the dislocation was measured in active injection borehole using an acoustic televiewer.

Figure 1: A) HF3 injection with pure water. The break down pressure was at 16.2 MPa. The jacking pressure measures 5.8 MPa and the
final injectivity measures 0.88 l/min/MPa. B) HF8 injection with Xanthan-salt-water (green window). The break down pressure was at 21.1
MPa. The jacking pressure measures 5.0 MPa and the final injectivity measures 0.20 l/min/MPa.
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5.4
Fault structure and porosity distribution in an active hydrothermal
system
Daniel Egli1, Rahel Baumann1, Sulamith Küng1, Alfons Berger1, Ludovic Baron2 & Marco Herwegh1
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The geometry of fracture networks and matrix porosity of fault rocks are key parameters controlling the permeability and
ultimately the fluid flux along fault zones. On the example of a long-lived and still active fault-bound hydrothermal system,
i.e. the Grimsel breccia fault (Hoffmann et al., 2004; Belgrano et al., 2016) in the crystalline basement of the Aar Massif
(Swiss Alps), this study aims at understanding the extent, occurrence, dynamics and evolution of natural fluid pathways
along faults and their characteristics in hydrothermal zones in particular. Better understanding of such naturally porous and
permeable rocks is of prime importance for the successful exploration of natural hydrothermal systems. This study shows
continuous structural data and matrix porosity measurements collected from a cored drillhole across the Grimsel breccia
fault. A central fault core showing large amounts of fault breccia and gouge material of increased porosity of up to >25% is
adjoined by several large subsidiary faults and interconnected by a intensly fractured damage zone. Fracturing is controlled
by regularly spaced variations in ductile deformation intensity ranging from granite to ultramylonite. The variable degree of
ductile precursory deformation shows a range of matrix porosity values between <0.1 and 7% and thus forms a succession
of subparallel sealing and high-porosity structures bridged by a dense fracture network. Fluid flow is therefore directly
related to the combined effect of fractures and enhanced fault-related matrix porosity. In this specific setting, the width of
the damage zone exceeds the distance between the large scale faults that can be observed on the surface and which are
characterized by a regular increase in fracture density. However, of several such parallel fault zones, the Grimsel breccia
fault is the only one showing enhanced heat flow. This suggests a key importance of matrix porosity within fault core rocks
(breccia & fault gouge) for the transport of hydrothermal fluids as an enhanced fracture network alone is not providing
sufficient permeability in the case of this natural hydrothermal system.
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The stochastic modelling of large basement seismicity during fluid
injection in sedimentary horizons
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In the last few years, earthquakes which have been attributed to waste-water injection have been felt at the surface in the
continental United States. These earthquakes have been primarily occurring in the crystalline basement rock located below
the injection interval and not the injection interval itself. As waste-water injection is fairly analogous to CO2 storage in deep
saline aquifers, this kind of seismicity could potentially become an issue for large-scale CO2 storage; indeed, minor
seismicity in crystalline basement rock during CO2 storage has already been seen (Goertz-Allmann et al., 2017).
Previous studies have modelled fluid injection above crystalline basement rock and shown that seismicity can occur in the
basement, at times even without fluid pressurization (Chang and Segall, 2016). This study, however, quantifies the relative
chance of large events occurring in the basement rock. The premise is essentially that basement rocks typically have larger
shear moduli and shear strength allowing them to support larger differential stresses (Vilarrasa and Carrera, 2015).
Because differential stress is inversely proportional to the Gutenberg-Richter b-value (Schorlemmer et al., 2005), this
means that seismicity in basement rocks has the potential to exhibit much lower b-values than in typical reservoir rocks.
Further, because crystalline basement is also more likely to be critically stressed than sedimentary layers (Vilarrasa and
Carrera, 2015), a much smaller change in effective stress is required to induce seismicity in the basement than in the
reservoir. The larger differential stresses in the basement rock and its stress criticality mean that seismicity is not only
predicted to occur in the basement rock, it is predicted to have a disproportionately high number of large seismic events.
In order to test this hypothesis, the theory of linear poroelasticity was used to produce pore pressure and stress
perturbations for a typical injection scheme before a semi-analytical variant of the seismicity model originally presented by
Layland-Bachmann et al. 2012 was used to quantify the potential of large events in both the reservoir and basement rock.
This work has been supported by a research grant (SI/500963-01) of the Swiss Federal Office of Energy. The authors are
also grateful for the helpful input of Dr. Gunter Siddiqi.
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5.6
A decade of unconventional exploration in Europe – where are we now
Piotr Gawenda
IHS Markit Ltd, 24 chemin de la Mairie, CH-1258 Perly (GE)
(piotr.gawenda@ihsmarkit.com)

An unprecedented rise of oil and gas production from unconventional reservoirs in the US has radically changed the view of
the hydrocarbon prospectivity of petroleum provinces in Europe. As many European basins were found to be promising for
unconventional exploration, a licensing boom occurred between 2006 and 2011: operators of all sizes, from majors through
mid-size independents to niche players acquired acreage in the region - valid contracts covered the entire area believed to
be prospective (Fig. 1a).
Resulting, pursuits of “shale gas“ and coal-bed methane commenced in Austria, Bulgaria, Czech Republic, France,
Germany, Lithuania, Poland, Romania, Spain, Sweden and Switzerland. Shale oil operations started in France, heavy oil
project continued in Albania, while Estonia kept mining oil shales. New projects exploring “tight“ sandstones were started in
Hungary and Poland.
The primary targets of operation covered the Lower Palaeozoic successions, the Carboniferous coal series and the
Mesozoic organic-rich mudstone units.
The first wells for unconventional purposes were drilled in 2008 in northern Germany, attesting potential of the Jurassic
Posidonia series. Some 90 wells were subsequently completed. Of this number, more then 60 wells targeted the Lower
Palaeozoic series along the edge of the East European Platform in Sweden, Denmark and Poland.
Operations in Sweden, aiming at the Cambrian Alum series, have shown that the succession holds residual gas, while a
well in Denemark intercepted a poor quality reservoir. The Baltic Basin in Poland, seen as one of Europe’s most promising
areas of unconventional exploration, attracted the bulk of attention. Over 50 wells were spudded during 2010-2015 to
evaluate the Upper Cambrian-Lower Ordovician Piasnica Formation (Alum equivalent), the Middle-Upper Ordovician Sasino
Formation, the Lowermost Silurian Jantar Member (Paslek Formation) and their lateral equivalents in the Lublin Basin to
southeast. The results of the wells have proven that the prospective successions are hydrocarbon-bearing and extraction
could be feasible in places. However, multiple fracture stimulations and tests conducted even in the horizontal sections
failed to deliver commercial flow rates.

Figure 1. Map of Europe displaying (a) contracts/applications for unconventional exploration in early 2011 and (b) in 2017.

As the exploration efforts unfolded, the legislators in several European countires enacted new rules for unconventional
activities: the search for “shale gas” was banned in France and Bulgaria, while moratoriums on operations were imposed in
Switzerland and the Netherlands. Many projects were discontinued in Austria, Czech Republic and Spain, while in Germany
the use of hydraulic fracture stimulation in hydrocarbon exploration was barred pending future revision.
Owing to disappointing results of the early exploration phase, growing fiscal and environmental uncertainty triggered by the
legal actions impairing or prohibiting operations, as well as due to devastating results of prolongued low commodity price,
coupled with structural transformations in the larger energy market, virtually all active players pulled out of European
unconventional exploration by mid-2016 (Fig. 1b).
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Although a few contracts with the relevant targets still remain valid, the plans to unlock their potential are either abandoned
or suspended. In mid-2017, the only developments in the unconventional scene were reported in Poland and the UK.
Notwithstanding the operational and commercial setbacks, exploration activities of the years 2006-2016 have delivered a
new scientific input into the geological development of several European basins, some of which were dormant for decades.
Newly acquired seismic and well data provided key insight into the structure of the subsurface, prompting in places a major
redefinition of the vintage geological and petroleum models. Ongoing hydrocarbon exploration progressively focuses on the
low-porosity/low-permeability zones.
Applying new geological facts, the authorities in e.g. Poland and Lithuania have selected acreage with unconventional
targets for licensing that may commence in 2018. Assuming favourable macroeconomic environment, a new round of
unconventional exploration in Europe could be envisioned.
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5.7
Pressure propagation during decameter-scale hydraulic stimulation
experiments in crystalline rock at the Grimsel Test Site
Valentin Gischig1, Mohammadreza Jalali1, Joseph Doetsch1, Hannes Krietsch1, Linus Villiger1, Florian Amann1
1

Swiss Competence Center for Energy Research, ETH Zurich, Sonneggstrasse 5, 8092 Zurich (gischig@erdw.ethz.ch)

The nature of pressure propagation in fractured rock during hydraulic stimulations is being debated in the context of
enhanced geothermal systems and induced seismicity. It has been suggested that flow is non-linear due to permeability
enhancement during stimulation (Murphy et al., 2004) and channelized due to the heterogenous nature of rock fractures
(e.g., Nicol and Robinson, 1990). The In-situ Stimulation and Circulation experiment (ISC) recently performed at the Grimsel
Test Site (Amann et al., 2017) gives new insights into these and other flow processes on a decameter scale due to
numerous pressure monitoring locations surrounding the injection borehole interval. We present and compare pressure
evolution across a series of six hydraulic stimulation experiments. We observe that for most experiments the pressure
response at distances of only few meters from the injection point reached only a fraction of the maximum injection pressure
unlike expected from a pulse-like pressure propagation typical for non-linear pressure diffusion (Murphy et al., 2004).
Injectivity estimates before and after the stimulations show that permeability has changed by two to three orders of
magnitude, which indicates that non-linear pressure diffusion must have occured in the rock mass but has not been detected
during most experiments. Seismic velocity changes gained from active seismic experiments show a linear relationship
between pressure variations and seismic slowness changes at the pressure monitoring intervals. Thus, time-lapse 3D
images of seismic velocity changes reveal the spatial and temporal evolution of pressure changes that are much below the
actual injection pressure. In contrast, high-pressure pulses are not detected from slowness images. Additionally, insights into
pressure evolution are obtained from a comparison with the distribution of induced microseismicity. Seismic events are
strongly grouped in clusters associated with asperities that might illuminate preferntial flow channels. We suspect that nonlinear pressure diffusion occurs along strongly localized channels that are often not sampled by the pressure monitoring
points. The results of an extensive hydraulic characterization before and after the stimulation confirm the existance of such
distinct preferential flow paths and possibly new ones created by stimulation. Our observations indicate that flow during
stimulation in a natural fracture system may be both strongly heterogenous and non-linear. Such a degree complexity has to
be anticitpated for designing and modeling full-scale hydraulic stimulations in deep geothermal reservoirs.

Figure 1: a) Time series of pressure monitoring during hydraulic stimulation at an interval at 27.2 - 28.2 m depth of borehole INJ1. b)
Injection and pressure monitoring concept in six boreholes. c) Geometrical relatioship between boreholes along a vertical cross section in
EW direction.
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5.8
Alteration of hydrogeochemical properties during reactive flow-through
experiments on sandstone specimen using CO2-charged brine
Xiang-Zhao Kong1,1, Jin Ma1, Martin O. Saar1
1
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(1Corresponding author’s email: xkong@ethz.ch)

Utilization of underground reservoirs for geothermal energy extraction, particularly using CO2 as a working fluid, requires an
in-depth understanding of fluid, solute (e.g., dissolved CO2 and minerals), and energy (heat, pressure) transport through
geologic formations. Such operations necessarily perturb the chemical, thermal, and/or pressure equilibrium between native
fluids and rock minerals. The involved physico-chemico-thermo-mechanical processes often lead to modifications of
permeability and cause immense consequences for fluid, solute, and energy transport, injectivity, and/or withdrawal in/from
such reservoirs. Here we report evolutions of permeability and water chemistry observed in core-flood experiments using
CO2-charged fluids under formation conditions. During the experiments, fluids were injected at constant flow rates in a
recycling mode where outlet fluids were re-injected into the specimen. This allows us to examine geochemical reactions
from far-from-equilibrium to equilibrium. We also analysed the outlet fluid chemistry samples throughout the experiments
and imaged our rock cores before and after the flow-through experiments using X-Ray Computed Tomography (XRCT).
Water chemistry indicates precipitation of secondary minerals during the experiments. Together with SEM and XRCT data,
we are able to interpret the changes in permeability, porosity, and (reactive) surface area at the core scale. Moreover, we
will present numerical modelling results of 1D reactive transport through the same setup as the experiments to faciliate the
understanding of alteration of hydrogeochemical properties.
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Figure 1. Mass-specific surface area (SSA) distributions of six minerals in a sandstone sample. Here the SSA distribution is pore-wised.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

5.9
Mechanical response of a decameter-scale reservoir during an in-situ
hydraulic stimulation experiment
Hannes Krietsch1, Valentin Gischig1, Joseph Doetsch1, Benoit Valley2 & Florian Amann1
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1

The decameter-scale In-situ Stimulation and Circulation (ISC) experiment has been recently carried out at the Grimsel Test
Site (GTS) (Amann et al, 2017). In February 2017, six hydraulic shearing experiments were conducted on pre-existing
shear zones and fractures. To measure the spatial mechanical response of the rock mass and fractures distributed in the
experimental volume, a total of 60 Fibre-Bragg Grating (FBG) sensors with baselengths of 1 m were distributed in three
differently orientated boreholes. The FBG sensors have a resolution of 0.1 µstrains and an accuracy of 1 µstrain.
Additionally, three tiltmeters, measuring the deviation from horizontal in two axes with a sensitivity of 0.1 µradians, are
positioned in a tunnel west of the test volume. In this contribution, we present first results from the data analysis of the
strain and tilt measurements.

Figure 1. Three dimensional model of the experimental volume. Left: Main shear zones are shown with strain monitoring and injection
boreholes. Right: The FBG-sensor and tilt meter locations are indicated along the boreholes and in the tunnel.

The strain data captured by the FBG system shows a strong dependence of the strain magnitude on the distance to the
injection point (Figure 2). Closest to the injection point (around 4 m away), strains of 400 to 500 µstrain have been reached
(Figure 2). Besides the distance, also the number of fractures across the base length of the FBG sensors influences the
measured strain magnitude. The transient 3D strain field is analyzed by visualizing the maximum (compressional or
tensional) and permanent strains observations. Additionally, the ratio between maximum and permanent strains are used to
qualitatively infer the relative importance of normal opening or slip along the monitored fractures.

Figure 2. Maximum strains during stimulation experiment. A decrease of strain with increasing distance to injection point can be observed.
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The mechanical response of the fractures due to high pressure fluid injection is strongly dependent on the in-situ stress
field. Therefore, the dilation and slip tendency were calculated for each fracture based on the estimated in-situ stress field
(Krietsch et al, 2017). These tendencies may give additional hints on whether a fracture was reactivated by dilation or slip
movement.
During most of the experiments the tiltmeters indicate an expansion of the test volume with increasing injected fluid volume,
as they all show a general tilt towards west. Considering the NS tilt component we find two distinct behaviors possible
related to reactivation of different shear zones (S1 or S3, Figure 1). We are able to infer the orientation of the stimulated
structure, by modelling the expected tilt associated with a normal opening across faults with different orientation using a
three dimensional finite element model, in which normal opening is uniformly distributed across penny-shaped faults.
As a next step the mechanical response will be analyzed in greater detail by considering the measured pressure
propagation as source.
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AGEPP – First swiss hydrothermal well for electricty and heat production
Jean-Marc Lavanchy1
1
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The AGEPP project consists in a single 2’300 to 3’000 m deep geothermal well. It aims at exploiting the renewable
geothermal energy present in Lavey (canton of Vaud), one of the best known sites in Switzerland in terms of geothermal
potential. Indeed, a geothermal resource was discovered in Lavey during the 19th century. The geothermal water is currently
pumped via two wells of 200 and 600 m deep and feeds the thermal complex of Les Bains de Lavey.
For the AGEPP project, water will be pumped from the aquifer located in highly permeable naturally fractured cristalline
rocks (gneiss). Water at 110°C (at the drill head) is expected to be pumped at a rate of 40 l/s. These conditions will enable
the production of 4.2 GWh of electricity and 15.5 GWh of heat. In the long run, the residual energy could be used for district
heating, greenhouses, fish farming, etc.
The main milestones of 2015 to 2017, in extension of the former studies performed several years before, consisted in the
realisation of additional technical studies, the actualisation of the business plan, the confirmation of private and public
financing, the funding from the OFEN and the Canton of Vaud, the creation of AGEPP SA, the review process by the
authorities to obtain the authorizations for the drilling and operation phases, according to partly new requirements.
This presentation will highlight the current state of the project as well as the results of geoscientific studies conducted with
a panel of experts (structural geology, hydrogeological conceptual model and hydromodeling results, natural sismicity as
well as risk analysis and risk management concerning possible induced sismicity, etc.).

Lavey

Les Bains de Lavey
AGEPP

Figure 1 : Localisation of the AGEPP project within the Rhône Valley

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

205

PUITS PROFOND LAVEY-1

Schéma du puits et étapes de réalisation
1ère étape du forage

2ème étape du forage

LAVEY-1 / 2'300 m

LAVEY-1 / 3'000 m

0m

Moraine
(0 - 42 m)

434 m.s.m.

0m

Forage vertical
23" (584 mm)
de 0 à 50 m

Tubage 18 5/8"
(473 mm)
jusqu'à 50 m

Tubage 13 3/8"
(340 mm)
de 50 à 500 m

Forage vertical
16" (406 mm)
de 50 à 500 m

Prof. 500 m

Prof. 500 m

Forage vertical
12" 1/4 (311 mm)
de 500 à 1'800 m

Gneiss fissurés
(dès 42 m et jusqu'à >4'000 m)
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Tubage 9 5/8"
(245 mm)
de 450 à 1'800 m

Prof. 1'800 m

Prof. 1'800 m

Forage dévié jusqu'à 41°
8" 1/2 (216 mm)
de 1'800 à 2'375 m

Tubage 7" cimenté
(178 mm)

Trou nu
Etape 1

Venues d'eau thermale

Prof. 2'300 m
ETAPE 1
Profondeur finale : 2'300 m
Longueur totale : 2'375 m

Forage dévié à 41°
8" 1/2 (216 mm)
de 1'800 à 3'310 m
Tubage 7" cimenté
(178 mm)

Venues d'eau thermale

- 2'572 m.s.m.

Trou nu
Etape 2

Prof. 3'006 m

ETAPE 2
Profondeur finale : 3'006 m
Longueur finale : 3'310 m

Figure 2 : AGEPP – Sectional drawings of the hydrothermal well (2 scenarii: 2’300m and 3’000m)
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Experimental study on the swelling behaviour of a gas shale
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2
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1

Water loss during flowaback operations represents one of the main environmental concerns related to the use of hydraulic
stimulation to exploit unconventional shale gas reservoirs. Among the main involved causes, the water uptake by the rock
reservoirs plays a major role. The presence of clay minerals in the composition of gas shales makes these geomaterials
capable to absorb a great amount of the injected fracturing fluids. To quantify the water uptake in gas shales, imbibition
tests are typically performed at the laboratory scale. These tests foresee the immersion of gas shale specimens in water (or
other fluids) with the following assessment of the amount of imbibed water through the measurement of the weight variation
of the specimen.
Despite the importance of imbibition tests for the upscaling of imbibition data at the reservoir scale, two fundamental
aspects are usually neglected. Firstly, as typical of shales (Ferrari et al. 2014; Minardi et al. 2016), also gas shales might
exhibit a significant expansion during the imbibition process which may significantly affect the amount of imbibed water.
Secondly, the swelling observed in the laboratory might not be representative of the response experienced by the material
under reservoir conditions; indeed, the presence of the in-situ stress is expected to play a major role in controlling the
expansion of the material. Hence, running imbibition tests without accounting for these two aspects may lead to a
misleading quantification of the amount of imbibed water by the shale gas reservoir.
This work aims to show the different swelling response of a gas shale when subjected to an imbibition process under free
and stressed conditions. A testing set-up and an experimental methodology have been developed to assess the volumetric
response of the tested gas shale duirng the imbibition process with and without the application of a mechanical stress.
Imbibition process is performed through the exposition of the tested specimens to a controlled relative humidity air and the
direct contact with deionized water.
Obtained experimental results show clearly the impact of the volumetric swelling on the imbibed amount of water when the
tests are performed without any mechanical tress. Neglecting the volumetric expansion of the tested material leads to a
significant excess of imbibed water (up to 40%). Moreover, even if the volumetric swelling is properly considered, an
overestimation of the amount of imbibed water is obtained in free stress conditions. Indeed, experimental results from
imbibition tests performed under stress highlight a significant lower swelling response of the material with respect to free
stress conditions. Figure 1 shows an example of experimental results where the volumetric behaviour exhbited by two
specimens which undergone the same imbibition process but in different stress conditions is compared; the application of
an axial stress of 7 MPa to the tested specimen reduces its volumetric swelling by more than 50% with respect to the
specimen tested without mechanical stress. As a consequence of this different response, a lower amount of imbibed water
is expected when an imbibition process is performed under stress.
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Figure 1. Comparison of the swelling behaviour under free and stressed conditions of two gas shale specimens.
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Acoustic Emission Monitoring of Fractures in Opalinus Clay Shale
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Cracking and failure behavior of Opalinus clay shale (OPA), as a candidate for hosting nuclear wastes, have been highly
investigated over last years. Microseismic monitoring of the fractures provides a good estimation of the cracking processes,
as well as the produced fracture network. However, data obtained from different experimental studies on OPA illustrats that
the cumulative microseismic events only reflect a small fraction of the rock damage. In addition, this small portion of the
microseismic data shows a very wide and dispersed zone of activity instead of imaging the actual fracture network. An
essential task is to understand whether the silence in the microseismic activity and the scatter in the microseismic locations
are real and therefore must be taken into account, or they are due to uncertainties associated with the microseismic
technique.
Several factors such as fracture processes (tensile splitting, sliding along bedding, stress perturbation in pores), wave
propagation (attenuation, anisotropy in the velocity model) and data collection (sensor array, sensitivity, frequency range)
are responsible for these behaviors. Using scanning electron microscopy (SEM), acoustic emissions (AE) and stress-strain
data, the nucleation and propagation of fractures in OPA were investigated in micro- and macro scales. The objective was
to see how fracture processes are responsible for aforementioned issues with the microseismic response of OPA.
The results demonstrated that OPA is seismically silent because 1) it contains high clay content, around 75% (the more
clay content, the less it produces seismicity), 2) cracking is mostly intergranular, in the clay matrix with lower energy rather
than intragranular through grains such as pyrite or calcite, 3) fracturing mostly happens along bedding planes with gradual
AE release and low breakdown pressures which create less number of AEs with low energies.
Source locations were found to be dispersed because 1) many events are generated from reactivating natural fractures and
bedding planes that are distributed throhout the rock, 2) stress perturbations in the pores and fossil locations produce
disperse seismic events, 3) a complex fracture network is created due to bedding angles and heterogeneity and finally, 4)
process zones at the tip of the fractures produce a disperse cloud of microseismic events.
Using a denser sensor array with a good geometric coverage of the fracture zone, employing sensors with higher sensitivity
(higher signal to noise ratio (SNR)), attaching sensors closer to the fracture point, taking into account the attenuation and
using an anisotropic velocity model for source locations can improve the results considerably.
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5.13
In-situ observations of fault leakage during a semi-controlled fault
activation (FS) experiment, Mont Terri rock laboratory, Switzerland
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Underground carbon dioxide (CO2) injection and storage may result in enhanced fault permeability, potentially inducing fluid
leakage from the injection zone through overlying caprock, and possibly triggering shallow earthquakes. Fault slip can also
be triggered by fluid injection inducing seismicity and an increase in fault-zone permeability. Therefore, it is crucial to better
understand the processes of fault reactivation with in-situ experiments. Here we present measurements of fault rupture,
permeability variation, and seismicity induced by fluid injection in a mature fault affecting the low-permeable Opalinus Clay
(Mont Terri underground rock laboratory, Switzerland) at an overburden depth of 300 m. We monitored the fault zone to
detect potential displacement and estimated the associated fault leakage and induced seismicity. We used two probes for
this experiment: one on the Main Fault slip surface and one at the injection source. The latter was moved to four different
locations to test the fractured host rock above and below the fault, the fault fracture damage zone, and the fault core that is
composed of scaly-clay fabric. We applied the step-rate injection method and synchronously monitored pressure, flow rate,
and 3D fault displacements. From these measurements, we estimated changes in elastic modulus, permeability, and local
variations in the effective stress state through time.
Inside the fault, shear-slip occurred and a magnitude ~-2.5 seismic event was triggered following an aseismic slip period.
Outside the fault zone, we detected normal aseismic openings. All tests displayed a sharp increase in permeability from 1016
to 10-12 m2 above the water-entry pressure, which was significantly less (~-0.8MPa) inside the fault core compared to
outside the fault. This different reactivation behaviour is related neither to the state of stresses nor to the orientation of preexisting discontinuities relative to the direction of local effective stress, which is almost the same in all four tests. We
explain this behaviour as reflecting strong contrasts in rock-type properties. Indeed, we calculate a decrease in Young’s
modulus from the host rock to the damage zone by a factor 5 and from the damage zone to the fault core by a factor 2. In
the host rock, our results are in reasonable agreement with laboratory data showing a strong elastic anisotropy
characterized by the direction of the plane of isotropy parallel to the laminar structure of the shale formation. In the fault
zone, we observe strong rotations of the direction of anisotropy. The plane of isotropy can be oriented either parallel to
bedding (when few discontinuities are present), parallel to the direction of the main fracture family intersecting the zone,
and possibly parallel or perpendicular to the fractures that are critically oriented for shear reactivation.
From the results of this experiment we infer that large fault permeability variations are associated with infra-mm dilatant slip
pulses. The aseismic component induced by fluid pressure drives low-level seismicity within the pressurised zone.
However, we note that passive seismic monitoring may give an incomplete picture of a fault’s status. Implementation of
complex permeability monitoring in comparison with a critical shear relationship could help to refine the analyses. In
addition, complementary monitoring of pressure difference transients and active seismic imaging appear to be promising
ways to advance research and to better assess potential for fault leakage.
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Amorphous silica (SiO2) precipitation or scaling has been identified as one of the most common problems in high-enthalpy
geothermal systems and is a major issue limiting the efficiency of geothermal energy production. Despite the impact of
silica scaling, no universally applicable solution to prevent silica precipitation is available yet. In order to improve mitigation
techniques, the understanding of the pathways and mechanisms of amorphous silica precipitation inside geothermal power
plants has to be advanced.
In this study we describe the microtextures of amorphous silica scale from the Hellisheiði power station (SW-Iceland) in
order to evaluate the precipitation mechanism. Our results revealed that there are two independent mechanisms of silica
precipitation occurring concurrently: (1) direct deposition of monomeric silica onto equipment surfaces (= heterogeneous
nucleation) resulting in the formation of a dense, botryoidal layer which grows in thickness over time and (2) the formation
of silica particles through homogeneous nucleation in the fluid, growth and subsequent aggregation and cementation to
form mm-sized fan- and ridge-shaped structures growing towards the flow. Direct deposition was found to primarily depend
on the concentration of dissolved silica as well as temperature. The precipitation rates were found to be up to 1 g day-1 m-2
at 120°C and nearly 800 ppm SiO2. While homogeneous nucelation and particle growth were controlled by the same
parameters, particle deposition was contolled by the number of particles in the fluid and by the flow rate. No rate could be
determined. In addition to number of particles and flow rate, the salinity of the fluid has a major impact on the aggregation
behaviour. Thus it is expected that the homogeneous pathway of particle formation and aggregation will be dominant in the
saline geothermal systems of the European sedimentary basins. In order to mitigate this problem, more research into the
transport and deposition behaviour of silica particles is necessary as well as the development of disperging agents.
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Quantification of the 3D thermal anomaly in the orogenic geothermal
system at Grimsel Pass, Switzerland
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Hydrothermal springs with temperatures up to 28 °C are present ~250 m beneath Grimsel Pass, where they discharge into
a tunnel hosting a major European gas pipeline (Pfeifer et al., 1992). The springs occur over a narrow tunnel section of
<100 m where it intesects the WSW–ENE-striking Grimsel Breccia Fault (GBF). Beside the occurrence of warm springs,
hydrothermal activity is also manifested by the occurrence of a 3 Ma old hydrothermal breccia, which is widely exposed at
and near Grimsel Pass and represents the fossil manifestation of the same hydrothermal system. Oxygen isotopes in
quartz and adularia, combined with fluid inclusion data, indicate a breccia formation temperature of about 165 °C and
reveal a meteoric fluid origin (Hofmann et al., 2004).
For this contribution we present results from solute geothermometry and from coupled thermal-hydraulic simulations aimed
at elucidating the penetration depth of the meteoric water and at quantifying the shape, dimensions and magnitude of the
subsurface thermal anomaly of such fracture-flow hydrothermal systems, which we refer to as “orogenic geothermal
systems”. The Na-K geothermometer (Giggenbach, 1988) applied to the thermal spring waters provides strong evidence
that the circulating meteoric water reaches a temperature of at least 250 °C, corresponding to a remarkable penetration
depth of ~10 km, given that the background geothermal gradient of 25 °C/km is the only source of heat in the area.
Simulation results suggest that a steady-state temperature distribution is attained in less than 5000 years, which is much
shorter than the 3 Ma minimum lifetime of the Grimsel-Pass system. Moreover, they demonstrate that the extent of
temperature anomalies induced by orogenic geothermal systems are mainly controlled by (i) the upflow rate, i.e., by the
fault zone permeability as well as the hydraulic head gradient driving hydrothermal circulation, and (ii) the 3D extent of the
flow system. Calibrating the model against discharge temperatures and flow rates of thermal springs and against the
temperature anomaly measured along the tunnel wall has allowed us to quantify the current thermal anomaly of the Grimsel
Pass system to about 1011 MJ per km depth, which corresponds to a theoretical power output of 10–20 MW (Fig. 1).
Conversely, our simulations predict that the fluid upflow rate and heat anomaly of the fossil system 3 Ma ago were about
double the current values.
We conclude that orogenic geothermal systems are promising plays for geothermal power production. Based on our
modelling, exploration should focus on high topography areas such as those in the Vallais and in surrounding valleys of the
Central Alps where hydraulic head gradients and hence upflow rates are at maximum values.
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Figure 1. Anomalous heat (i.e. that exceeding the background regional geothermal gradient) per km depth predicted for: (a) the calibrated
model simulating the current flow system and (b) the model simulating the temperature of the fossil system (i.e., 165 °C at a depth of ∼3
km).
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Regional-scale reactive transport models of the orogenic hydrothermal
system at Grimsel Pass, Switzerland
Peter Alt-Epping, Larryn W. Diamond & Christoph Wanner
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Thermal fluids at temperatures in the range of 17 – 28 °C discharge into a tunnel underneath Grimsel Pass (2164 m) in the
Central Alps. Discharge occurs at low rates (≤ 10 L/min) along the Grimsel Breccia Fault (GBF), which extends some 100 m
along the tunnel. Geochemical evidence suggests that the water is a mixture of old geothermal water and younger cold
water components. Both components are meteroric in orgin. Residence times have been estimated to be at least 30 ky and
about 7 years, respectively (Waber et al., 2017).
A hydrothermal breccia in the Grimel Pass area, which formed ~3 Ma years ago, is fossil evidence for a long lived activity
of the system. Oxygen isotope and fluid inclusion data from this breccia reveal a formation temperature of about 165 °C
and a meteoric origin (Hofmann et al., 2004). Constraints from the Na-K geothermomenter (Giggenbach, 1988) suggest a
maximum temperature of the hydrothermal fluid of at least 250 °C. Given the local geothermal gradient and the absence of
a thermal anomaly at depth, this corresponds to a circulation depth of about 10 km.
The hydrothermal system is clearly confined to the GBF, which provides a permeable pathway for fluids recharging at high
altitude, infiltrating the rock to great depths and discharging as thermal fluids at lower altitude. The GBF strikes
approximately WSW-ENE (Belgrano et al., 2016) which suggests that recharge to the hydrothermal system could be
associated with the glaciated mountains exceeding altitudes of 3000 m some 10 km to the WSW. The difference in
elevation head between recharge and discharge zones thus could be up to 1000 m. This head difference constitutes the
main driving force for fluid circulation in the fault zone. Little is known about the permeability distribution and the geometry
of the flow pattern within the fault zone. Local permeability measurements in the upflow zone below the discharge site at
Grimsel Pass indicate fault permeabilities on the order of 1e-13 m2 .
We use the high performance reactive-transport code PFLOTRAN to model the hydrothermal system in its entirety (i.e. the
recharge zone, the reaction zone at depth and the upflow and discharge zones below Grimsel Pass) and use it to integrate
geological, hydrological, thermal and geochemical observations. The geometry of the model copies the topography around
Grimsel Pass. The GBF is modelled as a 100 m wide zone of elevated permeability. We assume that recharge of meteoric
water occurs over an arbitrary length of the fault trace. As the properties of the deep flow path are unknown, we perform
simulations that obey the chemical and thermal constraints of the discharging water and the mineralogy of the fossil site to
explore feasible permeability distributions and flow patterns in the deep fault zone. Preliminary results reproduce the
observed intense silicification of the hydrothermal breccia (Figure 1A) only if the infiltration of meteoric water to 10 km depth
occurs via discrete permeable zones, rather than via a long, diffuse zone of homogeneous permeability. If the latter were
the case we predict that, after initial circulation through the system (including discharge at Grimsel Pass) has been
established, the fluid would migrate through the overlying low permeability rock, slowly establishing a secondary circulation
system. Discharge of the fluid would then occur over a long segment of the GBF-trace at higher altitude, collapsing the
previously established upflow at Grimsel Pass (Figure 1B), which is contrary to observations.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

215

Figure 1. Panel A: Quartz dissolution (< 0) and precipitation (> 0) rates along the vertical cross-section comprising the GBF. The fluid
attains equilibrium with quartz during infiltration to 10 km depth as quartz dissolves. Upflow and cooling of the hydrothermal fluid leads to
quartz re-precipitation in the upflow zone. Panel B: Temperature distribution illustrating a simulation case where diffuse recharge has led to
the formation of a secondary convective system through the low permeability rock and the collapse of the upflow zone at Grimsel Pass.
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P 5.2
Effect of progressive burial on matrix porosity and permeability in
Muschelkalk dolostones, Swiss Molasse Basin
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Carbonate rocks are currently being investigated worldwide, especially owing to their economic importance as hydrocarbon
reservoirs or potential reservoir rocks for subsurface gas storage (methane or CO2) and geothermal energy or electricity
production. Especially dolostones, which tend to have higher porosity and permeability at great depth than associated
limestones are of particular interest. Despite the enormous research interest in carbonate reservoirs, their burial compaction
trends, i.e. rock-matrix porosity and permeability versus depth curves, are not completely understood. However, for
exploration campaigns, it is essential to understand how the porosity and permeability of carbonates decrease with
compaction and how to predict the magnitudes of these properties at depth. The present study examines the effect of
progressive burial on two dolostone units belonging to the Middle Triassic Muschelkalk (Trigonodus Dolomit and Dolomit
der Anhydritgruppe) within the Swiss Molasse Basin and aims at providing conceptual understanding to support the
assessment of dolomite reservoirs in similar tectonic and sedimentary settings elsewhere.
Our investigations aim at providing compaction trends and insight into the compactional modification of crystal textures,
pore sizes, pore geometries, the respective roles of chemical and mechanical compaction, diagenetic processes, as well as
the impact of these parameters on matrix porosity and permeability. We have constructed compaction trends by interpreting
wireline porosity logs retrieved from up to 5 km depth in wells throughout the Molasse Basin. The porosity deduced from
these logs is calibrated against our new drill core analyses, which include plug measurements of porosity and permeability,
as well as pseudo-logs of porosity calculated from density logs acquired by using a Geotek Multi-Sensor Core Logger.
Examinations of the compactional modification of the rocks is based on thin-section petrography by standard optical, UVfluorescence and scanning electron microscopy, digital image-analysis and visual logging of the geometry and frequency of
macroscopic features related to burial compaction (e.g. stylolites). The role of diagenetic processes is investigated based
on fluid inclusion studies and stable and radiogenic isotope analyses of rock forming and pore- and fracture-filling minerals.
The results show that average matrix porosity and permeability within the Trigonodus Dolomit decrease rapidly within the
first 1.5 km below surface (from 23% to 9% and 2 to 0.02 mD). At depths of more than 2000 m, porosity and permeability
maintain virtually constant values of 1–7% and <0.008 mD, respectively. These trends go along with distinct changes in
dolomite crystal textures, pore sizes, pore geometries and stylolite frequency and amplitude. At the shallow well of Bözberg
(i.e. 58 m) the rock matrix is composed of a relatively “loose” framework of euhedral dolomite crystals, which show straight
and regular crystal faces and it contains considerable amounts of intercrystalline pore space. All the intercrystalline pores of
the dolostones have nearly equant geometries, regardless of size. Pores larger than 100 µm2 constitute between 40 and
92% of the total pore space of the rock. The frequency of diagenetic stylolites is 3.4/m with average amplitudes of 1.3 mm.
At the deep Lindau well (i.e. 2225 m) the rock matrix shows a dense packing of anhedral dolomite crystals, which show
curved, lobate, serrated, sutured or otherwise irregular boundaries. Intercrystalline pores <100 µm2 are nearly equant too,
whereas larger pores are increasingly elongated. However, the quantity of pores larger than 100 µm2 is nominal (1–11% of
the total pore space). A major portion of the interparticle and separate-vug pores are clogged by saddle dolomite showing
87
Sr/86Sr ratios of 0.7122–0.7134, which significantly exceed the rock matrix values of <0.7105. Primary fluid inclusions in
these dolomites show homogenization temperatures of 138–147 °C, which is distinctly higher than the maximum burial
temperatures derived from basin modelling (~120 °C, Nagra, 2002; Mazurek et al., 2006). The frequency of diagenetic
stylolites is 9.4/m with average amplitudes of 2.4 mm.
The results demonstrate that compactional modification of matrix porosity and permeability in the Muschelkalk dolostones is
largely determined by (1) mechanical compaction by which particles are rearranged and pores are squeezed, (2) chemical
compaction and associated pressure solution, which expresses itself either by dissolution along dolomite crystal-to-crystal
contacts or by dissolution along stylolites. The increase in the frequency and amplitude of diagenetic stylolites with burial
depth indicates an increasing impact of pressure solution with burial depth and thus an increasing potential of
cementational loss of porosity and permeability. (3) Pore clogging by the precipitation of saddle dolomite at the deep well of
Lindau is interpreted to result from the influx of water from the underlying crystalline basement and/or the Buntsandstein as
these units are the only feasible sources of radiogenic strontium in the local stratigraphy. This hypothesis is further
supported by the high fluid inclusion homogenization temperatures, which significantly exceed the maximum burial
temperatures derived from basin modelling. To date, it is not exactly known to what extent pore clogging by the precipitation
of saddle dolomite contributes to the overall compactional loss of porosity and permeability in these dolostones at great
depth.
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This study aims to understand the integration of two different approaches for the use of carbon dioxide (CO2). The close
link between economic growth, energy consumption, carbon dioxide emissions and depletion of fossil resources demands
new strategies able to dramatically reduce atmospheric greenhouse gas concentration.
The Carbon Capture and Storage (CCS) is a technique that allows the geologic sequestration of the CO2 that is separated
and captured as a by-product from industrial processes. Another complementary strategy is the Carbon dioxide Capture
and utilization (CCU), which allows (quasi) circular material flows by considering the CO2 as valuable feedstock (Meylan et
al., 2015). This is aligned with the industrial ecology strategies, taking into consideration material and energy constraints,
enabling the industrial utilization of the carbon dioxide to provide various final products as shown in the figure 1.
The geological sequestration is an important option that can be economically interesting when using CO2 for enhanced oil
recovery (EOR), a technique between sequestration and utilization. Currently, the proportion of CO2 used by industrial
activities (approximately 0.2 Gt/yr) is considerably small comparing to the anthropogenic emissions (more than 30 Gt/yr).
However, new processes are being developed to increase this proportion and reduce the environmental impact.
This approach faces challenges in multiple domains. With regard to the legal aspects, the European Union has recently
shown interest in CO2 recycling as an alternative and complementary approach for CO2 geological sequestration, which is
already regulated by the Carbon Storage Directive 2009/31/ EU (CSD) (Piguet et al., 2017).
In this context, the CCS and the CCU can be combined (Carbon Capture, Utilization and Storage, CCUS) to respond to
environmental concerns (Oldenburg, 2012). This combination can potentially close carbon cycles according to industrial
ecology and circular economy principles. A way to merge this is to re-think and re-design business models able to deliver
economic, environmental and social values, considering financial resilience and long-term viability and stability.
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Figure 1. Integration of CCS and CCU processes (based on Meylan et al., 2015).

REFERENCES

Erkman, S. 2004: Vers une écologie industrielle, Paris: Éditions Charles Léopold Mayer.
Meylan, F., Moreau, V. & Erkman, S. 2015: CO2 utilization in the perspective of industrial ecology, an overview, Journal of
CO2 Utilization,12, 101–108.
Oldenburg, C. 2012: Why we need the “and” in CO2 utilization and storage, Greenhouse Gases-Science and Technology,
2(1), pp.1–2.
Piguet, F., Meylan, F., Largey, T., Erkman, S. 2017: Recycling and Utilisation of Carbon Dioxide in the European Union’s
Directives, European Energy and Environmental Law Review, 26(1), pp. 2-12

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

220

P 5.4
Geothermometrical calculations and the influence of the mobile
elements in a low temperature thermal system hosted in carbonateevaporitic rocks
Mónica Blasco1, Luis F. Auqué1, Maria J. Gimeno1, Patricia Acero1 & Maria P. Asta2
Petrology and Geochemistry Area, Earth Sciences Department, University of Zaragoza, Spain C/ Pedro Cerbuna 12,
50009 Zaragoza, Spain (monicabc@unizar.es)
2
Environmental Microbiology Laboratory (EML), École Polytechnique Fédérale de Lausanne (EPFL).
EPFL-ENAC-IIE-EML. Station 6, 1015, Lausanne, Switzerland.

1

In this work the carbonate evaporitic and low temperature Tiermas geothermal system (northern Spain) has been studied.
The main geochemical characteristics and the water temperature in the deep reservoir have been assessed. The thermal
waters, hosted in a Paleocene carbonate aquifer in contact to the Triassic evaporites,are of chloride-sodium type and
emerge with a temperature close to 37 ºC and pH about 7. In a small area (about 50 m2) several springs respresenting two
different hydrogeochemical groups have been identified, one with lower sulphate content (≈ 1200 ppm) and TDS values (≈
7500 ppm) and the other with higher sulphate (≈ 3700 ppm) concentration and TDS values (≈ about 11000 ppm).
The reservoir temperature has been calculated by combining chemical geothermometers (SiO2-quartz, Na-K, K-Mg, Na-KCa and Ca-Mg), isotopic geothermometres (δ13CCO2-HCO3, δ18O CO2-H2O, δ18OCaSO4-H2O) and geothermometrical modelling
performed with the PHREEQC geochemical code (Parkhurst and Appelo, 2013) and the LLNL thermodynamic database
provided with the code (Figure 1).

Figure 1. Evolution with temperature of the saturation indices of the different minerals supposed to be in equilibrium with the low sulphate
water (panel a) and high sulphate water (panel b). In panel b the aluminium concentration has been fixed by performing the modelling
maintaining the equilibrium with K-feldspar. Dolomite-dis: disordered dolomite; Albite_ low: low temperature albite.

The deduced temperature is slightly different for the two identified groups. In the case of the low-sulphate waters the
temperature range established is 90 ± 20 ºC while in the high-sulphate waters is somewhat lower, 82 ± 15 ºC. However, the
mineral equilibria at depth is the same for both groups of waters: anhydrite, calcite, dolomite, quartz, K-feldspar, albite and
other aluminosilicates. Therefore, the differences found between both groups of waters are attributed to the existence of
two different flow paths that, although hosted in the same rocks, undergo different intensities of water-rock interaction
processes and present slightly different temperatures.
It is remarkable the good agreement between the results obtained with the different geothermometrical techniques, even
with the cationic geothermometers which are usually considered unsuitable for low temperature carbonate-evaporitic
systems. This unusual situation may be attributed to the presence of some detrital rocks (silicate minerals) in the
carbonate-evaporitic aquifer, which provides the equilibrium between albite and K-feldspar, as found in the
geothermometrical modelling and also suggested by the Giggenbach diagram (Giggenbach, 1988)
The influence of halite dissolution in the aquifer has also been evaluated and the results indicate that this process (and the
increase in the chloride concentration) conditions the overall chemical characteristics (SO4, Na, K, Ca and Mg contents) of
the waters throught its effects on the mineral equilibrium situations in the reservoir.
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Finally, a favourable structure for CO2 storage has recently been identified in the Paleocene-Eocene carbonates (ALGECO2
Project; IGME, 2010), which is the probable aquifer of the Tiermas geothermal system and, therefore, the groundwaters
studied here could be used as analogues to the waters in that site. The results obtained in this work help to understand the
main processes associated to the CO2 injection in this type of water. Near the injection wells, the waters will desiccate and
calcite, dolomite and anhydrite would precipitate, since the waters are in equilibrium with respect to these phases in the
reservoir. In the long term, the water will acidify leading to the carbonate dissolution and sulphate precipitation. These
processes would lead to changes in the porosity and permeability of the rocks.
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A large fraction of the world‘s water and energy resources are located in naturally fractured reservoirs within the earth‘s
crust. Understanding the dynamics of such reservoirs in terms of flow, heat transport and fracture stability is crucial to
successful application of engineered geothermal systems (also known as enhanced geothermal systems, EGS) for
geothermal energy production in the future. The reservoir development characteristics such as permeability creation and
induced seismicity largely depend on the traits of preexisting fractures such as porosity, permeability and orientation within
the local stress field. One of the primary driving mechanisms for permeability creation in EGS involves shear failure induced
by fluid injection at high pressures. In environments with low differential stress, tensile fractures may develop if the injection
pressure exceeds the minimal principal stress (e.g. fracking). Clearly, preexisting, critically stressed and optimally oriented
fractures provide the most favorable conditions for enhancing permeability of EGS. Reservoir stimulation itself changes the
local stress field due to thermo- and poro-elastic effects as well as slip induced stress transfer. Thus fracture stability is
likely to be very heterogeneous in space and time. Therefore understanding the stress state and its changes in the
fractured reservoir is of major importance in order to understand reservoir development and mitigate the risk of induced
seismicity.
We present an open source implementation of an embedded discrete fracture model for single phase flow and heat
transport. The fractured reservoir modelling framework is implemented in MATLAB. It can be used as a standalone
simulation package for TH(M) applications in geothermal reservoirs or as a blue print for the reimplementation of of the
method e.g. in a high performance computing (HPC) framework. In addition to flow and heat transport modelling we also
adress fracture stability by an analytical approach. In combination with an irreversible permeability increase in case of
failure the modelling framework is suited to adress common problems of reservoir stimulation. We evaluate the perfomance
and accuracy of the model by comparing it with a widely used package in several test cases.
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Hydraulic fracturing (HF) is widely used in the oil and gas industry to enhance production from tight reservoirs. The process
involves the injection of fluid at a given flow rate into a wellbore in order to propagate a fracture in rocks and thus increase
their permeability. Some studies (Chudnovsky et al. 2008; Papanastasiou 1999) have shown that linear elastic fracture
mechanics (LEFM) tends to underestimate the hydraulic fracturing propagating pressure compared to some in-situ
measured data. Rocks are typically known to exhibit a quasi-brittle fracture behavior which is characterized by the fact the
fracture energy is spent over a material lengthscale, i.e. the process zone size may not be necessarily negligible compared
to other lengthscales (e.g. wellbore size). This quasi-brittle behavior can be well described by a softening tractionseparation law in cohesive zone models (Bazant & Planas 1997).
Here, we revisit the problem of a plane-strain hydraulic fracture driven by the injection of a Newtonian fluid in a tight rock
(at the time-scale of the injection). We model the quasi-brittle nature of the rock with a cohesive zone model using different
traction separation laws while keeping the material fracture energy constant (Figure 1). We investigate numerically both the
toughness and viscosity dominated propagation regime (Detournay 2004), and compare our results with semi-analytical
solutions based on LEFM. We show that –although the numerical results obtained with a cohesive zone model differs at
early time (where the cohesive zone is large compared with the crack), they tend to the semi-analytical HF propagation
solutions based on LEFM at large time. We also discuss the difference between different traction separation laws and the
numerical oscillations that can occur on too coarse meshes.

Figure 1. Schema of the formulation of the problem and different traction-separation laws
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The Upper Jurassic carbonate rocks represent an important potential targeted reservoir for geothermal energy in the
Geneva Basin, Switzerland and France. 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. The
study is based on samples from the sub-surface and outcrops in the Geneva Basin and surroundings. Data originated from
petrography (optical microscopy, cathodoluminescence, scanning electron microscopy, calcite staining) with the aim to
constrain the paragenesis for each stratigraphic unit concerned (Calcaires de Tabalcon, Calcaires Récifaux and Calcaires
de Landaize) prior to discussing the cause(s) and effect(s) of dolomitization.
Data reveal that the three units underwent common bio-chemical and physical diagenetic stages, typical of carbonate
sediments. All samples show at least two stages of burial blocky calcite cementation with the exception of the sub-surface
samples of the Calcaires Récifaux. Dolomitization is a major event that affected all units. Our results and interpretations
point to an early dolomitization, in the form of replacement planar dolomite rhombs. Furthermore, dedolomitization, through
calcitization and/or dissolution, is an important process in the Upper Jurassic carbonate rocks of the Geneva Basin, leading
to creation of secondary pore space.
Results of the present study favor rather a reflux model for dolomitization than the mixing-zone model suggested in earlier
studies in this area. However, due to the geodynamical context of the Geneva Basin and the active aquifer, passive margin
and post-orogenetic burial diagenesis models are not discarded for the subsurface. The creation of secondary pore space
might contribute to connect the intraparticular and interparticular microporous networks and, thus, provided enhanced
reservoir properties that are suitable for geothermal energy exploitation.
These results are a first step towards a better understanding of the diagenetic history of the Upper Jurassic in the Geneva
Basin. Moreover, it provides a reasonable framework for further geochemical and petrophysical analyses in order to
pinpoint the nature and timing of fluid migration trough the basin while providing a better understanding and exploitation of
the Geneva Basin subsurface. The diagenetic path established and the dolomitization scenario favored hold the potential to
help in ongoing exploration for geothermal energy beyond the Geneva Basin.
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Evidences of fluid flow in porous rocks are numerous on Earth. In the deep interior, metasomatism and dehydration
reactions generate fluid excess which then migrates in self-arranging preferential pathways. At shallower depths, numerous
seismic surveys in sedimentary basins unveil vertical pipe-like structures. These high-permeability pipes show elevated
concentration of gas or buoyant liquid and are strong evidences of flow localisation. However, there is a current lack in
understanding the formation process of vertical pipes leading to flow localisation in porous rocks.
Within this work, we investigate the formation and evolution of self-developing pipes in two and three dimensions. We use
high-resolution and predictive numerical modelling to solve two-phase flow equations at optimal performance on
supercomputers.
We demonstrate that drastic localisation of the pore liquid occurs due to time-dependent deformation of the porous matrix.
Recent laboratory experiments confirm the creep behaviour of saturated porous reservoir rocks (sandstone, limestone,
shale) and unveil a strong dependence on fluid pressure minus total pressure.
We developed robust 2D and 3D numerical solvers based on an enhanced iterative method. We performed predictive
numerical simulation on very high resolution and show that drastic localisation of liquids in porous rocks occurs due to
localised viscous creep of the porous matrix.
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1

BATMAN is a BiphAsic ThermoMechAnical Numerical simulator for fluid dynamics in fractured geological media. The
simulator considers mass and heat transport with porosity changes in response to dehydration of hydrous minerals.
BATMAN utilises a finite difference scheme to solve the governing PDEs associated with 3D large-scale hydrothermal
systems or geothermal reservoirs.
The simulator can be run on GPU workstations or GPU clusters. The physical processes implemented into the code are
those associated with deep hydrogeological complexes where high fluid pressures generated by dehydration reactions can
be sufficient to induce hydro-fracture that significantly influences the porosity and permeability structures within geological
formation. The conceptual and numerical model couple the mechanical and thermodynamic effects of fluid pressure in 3D,
with application to understanding mass and heat transport through fractured networks. Possible applications include
geothermal resource development and CO2 sequestration.
We present results of the model applied to the Lusi (Java, Indonesia) hydrothermal system where it is hypothesised that a
magmatic intrusion at depth induced large-scale dehydration of clay sediments that added substantial additional water.
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Significant interest in the Swiss and international geothermal energy communities revolves around quantifying the rate of
fluid-rock heat transfer, which is directly linked with the transport properties of fractures, underscoring the importance of
fracture aperture characterization for achieving optimal heat production. In this context, coupled core-flooding experiments
with non-invasive imaging techniques (e.g., X-Ray Computed Tomography – X-Ray CT) provide a powerful method to make
observations of hydromechanical properties of fractured rocks under representative geologic conditions.
This study utilizes a recently developed calibration-free CT method to quantify the three-dimensional fracture aperture
distribution in a fractured Westerly granite core [Huo et al., 2016]. A porosity estimate is also assessed with the X-ray
saturation technique using the contrast between highly transmissible helium and krypton gases [e.g., Vega et al., 2014]. A
single through-going rough-walled fracture was induced in the Westerly granite sample (diameter: 5 cm, length: 10 cm)
before being mounted in a high-pressure aluminum core-holder and placed inside a medical CT scanner for imaging. The
pore fluid pressure was undrained and constant during scanning, while the confining pressure was regulated to the desired
effective pressure (0.5, 5, 7, and 10 MPa) under loading and unloading conditions. 3D fracture aperture and porosity
reconstructions have been prepared at a maximum resolution of (0.24×0.24×1) mm3. In addition to the 3D heterogeneity,
fracture transmissivity from CT scan methods are verified using traditional core flow pressure analysis.
Confining pressure dependent fracture aperture maps obtained independently using helium and krypton for the whole core
depict a similar heterogeneous aperture field. Estimates of the average hydraulic aperture from CT scans are in quantitative
agreement with our own fluid flow experiment results and typical behavior in literature. However, the latter lack the
observational detail degree achieved through imaging, which further evidence the presence of strong heterogeneities in
fracture aperture at the mm-scale. These results highlight the ability of non-destructive imaging to determine fracture
aperture heterogeneity, which can be used to study fluid flow channelization and heat transfer that cannot be obtained from
core-flooding experiments alone.
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Permeability and seismic velocity are critical parameters in shale gas production and exploration. Clay-rich shales show
strong permeability and seismic anisotropy. We collected shale samples from the Lomgmaxi Formation in Upper Yangtze
Area (China), in which a high-yield shale gas field was explored. Cylindrical samples of 25.4 mm diameter and about 30
mm length were acquired in the directions both parallel and perpendicular to beddings to measure the permeability and
velocity anisotropy. Permeability measurements were conducted using transient pulse decay method under different
effective pressure (up to 13.8 MPa) and room temperature. On the same core plugs we measured ultrasonic compressional
wave velocity (Vp) and shear wave velocity (Vs) at 1 MHz frequency at increasing confining pressure up to 225 MPa. Modal
composition was determined through X-ray diffraction (XRD) analysis. SEM imaging and low temperature nitrogen
adsorption were performed to characterize the pore size distribution. Results show that permeability decrease exponentially
with increasing effective pressure, and velocities increase nonlinearly with increasing effective pressure. In contrast,
permeability anisotropy increase with increasing effective pressure, and velocity anisotropy decrease with increasing
effective pressure. Because there are more micropores (< 2 nm) and mesopores (2-50 nm) in organic matter, a positive
relation between total organic carbon (TOC) content and velocity was observed. Our results indicate that influence of pore
size on velocity is much pronounced than on permeability, while permeability depends more on the development of
fractures and the pore connectivity.
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