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La géothermie profonde dans le fossé rhénan



Sites géothermiques opérationnels

Baujard et al., 2017

SOULTZ-SOUS-FORETS
• dTsedim/dz = 110 °C / km
• 4 forages (3 >5000m)
• Nombreuses stimulations hydro(+ chim.)
• Redémarrage production = Juin 2016
• Co-génération elec. + chaleur

Genter et al 
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Structural core analysis in the granite revealed that 

natural fluids circulate within Hydrothermally Altered 

and Fractured Zones (Genter et al., 2000). They are 

characterized by strong hydrothermal vein alteration 

with clay minerals deposition (illite) and many 

secondary minerals (quartz, calcite, ankerite, dolomite, 

clays, pyrite, hematite, ….). Permeability is strongly 

related to natural fracture zones which present 

complex cluster indication with major permeable 

drains surrounded by damage zone. Natural fractures 

are organized in clusters. The dominating orientations 

of the nearly-vertical fractures in the granite are 

between N20W and N20E (Dezayes et al., 2010). In 

the well, the geometry of the fracture system is 

derived from borehole image logs (Figure 3).  

Among the many lessons from Soultz deep boreholes, 

accurate measurement of the temperature profiles up 

to 5000 m depth provided absolutely unique and 

valuable information. The analysis of this thermal 

profile clearly shows that it was not necessary to drill 

to 5 km deep if we want to access a geothermal 

resource of hydrothermal type (Figure 4). It is 

therefore interesting to preferentially drill at the top of 

this area, not only to reduce drilling costs, but also and 

especially to increase the likelihood of intersecting 

significant permeable fractures that will ensure the 

expected flow rate for future exploitation. 

 

Figure 4. Thermal profile in the GPK2 well at 
Soultz from Genter et al., 2010 

Based on fracture modelling, tracer tests done between 

the Soultz wells during the circulations tests of 2005 

have been satisfactorily reproduced by taking into 

account the complexity of the fracture system 

observed in the boreholes (Gentier et al., 2010). A 

two-dimensional numerical modelling developed for 

the Soultz-sous-Forêts reservoir based on six 

homogeneous horizontal layers has been done by 

Magnenet et al; (2014). 2D convection cells are of the 

order of 1.3 km in width.  

4. ENVIRONM ENTAL MONITORING 

The geoscientific characterization of the deep-seated 

fractured reservoirs in the URG based on geology, 

geophysics and geochemistry is the first step to 

identify the geothermal resource. However, the 

occurrence of very natural saline natural brines as well 

as the application of water injection techniques or 

THC stimulations for reservoir permeability 

enhancement conducted to monitor some physico-

chemical parameters from the earliest stages of a 

given geothermal project.  

Five kinds of impacts are identified and monitored 

from large to local scale influence (Ravier et al., 

2015): induced seismicity and surface deformation, 

surface water and shallow groundwater resources 

protection, neighborhood disturbance, such as 

vibrations or noise emissions, and evolution of the 

natural radioactivity resulting from the scaling. For 

example, slow deformation based on GPS 

measurements, ground leveling or satellite radar 

interferometry (InSar) are under development in the 

URG (Heimlich et al., 2015).  

Ground motion monitoring is also investigated with a 

permanent or temporary seismological network of 

sensors which measures induced seismic activity at 

every stage of the projects (Maurer et al., 2015): 

before and during drilling operations, during reservoir 

development phases and during the operational phase 

of a geothermal plant. 

5. CONCLUSIONS 

The Enhanced Geothermal System (EGS) 

development in the Upper Rhine Graben, tends to 

demonstrate that the multi-scale fracture network 

(from microcracks to local faults) acts as fluid 

pathways. Thus, a current hydrothermal resource is 

available in the deep-seated fractured hard rocks of the 

URG. Those favorable conditions are a key factor for 

the successful development and use of new heat 

and/or power generation in this area.  
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RITTERSHOFFEN
• dTsedim/dz = 85 °C / km
• 2 forages (~2700m)
• 1 stimulation hydro
• Démarrage production = Avri 2016
• Chaleur (24MWth)
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• Un axe transversal de l’EOST (IPGS, LHyGES, UMS) + Icube, LISEC

• Appel à projets annuels (~300 k€/an)

• Une visibilité régionale, nationale, internationale:
« effet de levier »

Recherche

• Ecole Géophysique (Module de géothermie)

• DU « gestion de projet en géothermie »Formation

• CDGP: Centre de données en géothermie profonde

• Observatoire (RENASS – ObsNEF)

• Intégration dans EPOS IP TCS-AH (H2020) – nœud local EPOS

Centre de 
données

• Implications dans les grands chantiers (Soultz, Rittershoffen, Illkirch,…) / 
Prestations

• Données industrielles (monitoring de réservoir)

• Colloque (EGW) / Publications / Communication grand public/ Acceptabilité

Valorisation

LabEx G-eau-thermie profonde: Les missions



Imagerie – Gravimétrie / Magnétotellurie
WG3

MT-GRAVI

Abdelfettah et al. (2018, EGW)

(A) = Anomalie de 
Bouguer observée

(B) = Anomalie de 
Bouguer estimée à partir 
du modèle géologique

Abdelfettah et al. (2018, EGW)
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Imagerie – Sismologie de bruit ambiant
WG1

SISMOLOGY

EstOf
• 288 nodes Fairfield
• Inter-stations =  1.5km
• 30 jours de mesures

T = 3s

Lehujeur et al. (2018)



Modélisation THM
WG9

MODELING

Vallier et al. (2018, GE)
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Maximum Darcy velocity: 6.7 cm/yr
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• A weak hydraulic role of the sediment/basement transition
• A weak influence of the regional faults in the fluid circulation
• Significant lateral variations of the temperature (up to 50°C)



Monitoring
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Sondage effectué à Soultz-
sous-Forêts en 2012

Pohang – 2017 - Mw = 5.4 Soultz-sous-Forêts – 2003 - Ml = 2.9

Kim et al., 2018



Stimulations à Soultz

In 2010: WH injection overpressure ~45 bar, > 400 µseismic events

In 2011: WH injection overpressure ~20 bar, 5 µseismic events

WG1

SISMOLOGY

1993 -> 2005 (HDR) 2010 -> 2012 (EGS)

Données disponible au CDGP : https://cdgp.u-strasbg.fr/



Monitoring - Sismologie

Cauchy et al. (soumis)

8 Cauchie L., Lengliné O. and Schmittbuhl J.

F igur e 5. a) Hydraulic parameters of the st imulat ion: inject ion flow rate and wellhead pressure. b) Evolut ion of the

sources dimensions (radius in meters) throughout the st imulat ion. T he black curve is the average radius computed over

100-consecut ive-events c) as in b) for the evolut ion of the seismic moments over t ime
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F igur e 6. Evolut ion of the sources dimensions (radius

in meters) over t ime for subsets of repeat ing earthquakes

within and from 200 m of the inject ion well.

is increasing, small asperit ies are not able anymore to

produce dynamic rupture and become aseismic. This

hypothesis can be advanced to propose the disappear-

ance of small events. Furthermore this explanat ion is

in agreement with the presence of aseismic slip within

the reservoir which has been evidenced from direct

borehole measurement (Cornet & Morin 1997).

4.2.3 Stress drop variat ion within repeating

earthquakes sequences

At the scale of the repeat ing sequence, we observe im-

portant fluctuat ions of amplitude of the events while

the radius stay nearly constant (Fig.4). This is at odds

with the global scaling between moment and radius

M 0 ⇠ r 3 (Fig.3). This points to a mechanism that

cont rols the size of the events at the scale of the as-

perit ies. Variat ion in st ress drop has already been ev-

idenced in a water circulat ion episode at Soultz-sous-

Forêt s Lengliné et al. (2014) and is in other contexts as

Soultz-sous-Forêts / stimulation 1993

WG1

SISMOLOGY

R R
R

4500 séismes regroupés en 663 

multiplets

Cornet et al. (1997)

M~4.2 >> M~1.9 (observé)



Monitoring - Sismologie

Variation contrainte Coulomb pour 
1cm de glissement asismique

Lengliné et al. (2017, GJI)

Relocation relative

Template matching

WG1

SISMOLOGY

4 jours

Rittershoffen / stimulation 2013



Monitoring - Géodésie
WG2

GEODESY

Heimlich (2016)

PS- INSAR /  Juillet 2013 – Avril 2014

Heimlich et al. 
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understand the process involved, we modelled the 

displacement with elastic model usually use in 

volcanology. Figure 6 presents a solution with 

combining Mogi models (Mogi, 1958). The main 

source is at 500 m depth and minor sources are at 180 

m depth. The total variation of volume with this 

modelling is of 83,000 m
3
. 

The modelling results agree with the technical log of 

the well. The re-injection well is not cemented 

between 479 and 751 m depth (Ministry of Economic 

Affairs, Climate Protection, Energy and Regional 

Planning press talk, 9 April 2014). So a leakage in the 

re-injection well like a defective joint can introduce 

geothermal water at 479 m depth or deeper.   

 

Figure 6: Comparison between geodetic 

measurements and modelling for the uplift 

phase with modelling using multiple Mogi 
models. Dots, modelling PSI  displacement; 

black arrows, GNSS measured horizontal 
displacement; red arrows, modelled 

horizontal displacement; little circle, 
measured vertical displacement by levelling; 

large circle, modelled vertical displacement.  

The spatio-temporal evolution of the subsidence 

shows that the subsidence first affects an restricted 

area around the power plant. This observation argues 

to the fact that the subsidence is related to the shutting 

down of the power plant. The shut down of the power 

plant correspond to a pressure change in deepness. 

The displacement can be modelled as a deficit in water 

injection in deepness. The same models can be used as 

for the uplift phase with an inverse polarity. The 

modelling of the subsidence period using Mogi 

modelling gives a depth around 250 m that is less deep 

than for the uplift phase. 

4. CONCLUSIONS 

In our previous study (Heimlich et al. 2015), we 

analysed the surface displacement during the uplift 

phase. The modelling with Mogi and Okada models 

gives a source deepness at around 500 m for the uplift 

phase, this study confirm the source deepness for the 

uplift. The result is in accordance with the re-injection 

well leakage and the well design. This event highlights 

the importance of the integrity of the geothermal well. 

In this study, we analyse also the subsidence phase. 

The subsidence phase follows the shutting down of the 

power plant. For the subsidence phase, the source 

deepness is lower, at around 250 m and has a lower 

lateral extension. The comparison between the uplift 

and subsidence displacement shows that the main 

contribution of displacement is elastic then reversible. 

But we observe that we did not retrieve the same 

surface level 1 year after the shutting down, this 

observation argues to fact that also another process is 

also involved. 

This study highlights the interest of geodetic tools to 

geothermal monitoring. 1) The geodetic tolls have the 

ability to analyze the origin of surface displacements, 

then it can be used to better understand underground 

process and to discriminate between several sources of 

displacement. 2) Geodetic tools (e.g. GNSS) can be 

control and alarm tools of damages due to human 

activities, thus of geothermal projects. If a continuous 

GNSS site had been installed on the Landau power 

plat, the uplift would have been detected in the first 

month of the event, widely before visible damages. 

Our results give also indications about the geological 

structures that are differentially affected by the 

deformation. 
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Modélisation Source : 
- H = 500m
- V = 83 000m3
- Fuite au niveau du 

puits d’injection

Heimlich et al. (2015)

Landau



Monitoring - Gravimétrie

Gravimétrie hybride => variation absolue de la 
gravité dans le temps et dans l’espace

Portier et al. (2018)

WG3

MT-GRAVI

Theistareykir (Islande)Soultz-sous-Fôrets



Monitoring – sismologie de bruit ambiant

[Azzola et al, JGR, 2018]

Correlation de bruit 
sismique et déformation

Modélisations numériques et analogiques



Monitoring – sismologie de bruit ambiant

Steps toward monitoring a deep geothermal reservoir in 

northern Alsace with ambient seismic noise interferometry 
D. KULA1, M. LEHUJEUR1, J. VERGNE1, L. SCHITTBUHL1, D. ZIGONE1

1 Institut de Physique du Globe de Strasbourg, Université de Strasbourg EOST/CNRS, 5 rue René Descartes, F-67084 Strasbourg, France  

INTRODUCTION
• Upper Rhine graben hosts several deep geothermal projects 

based on the Enhanced Geothermal System (EGS)

• Continuous geophysical monitoring of such deep reservoirs 

is of primary importance for the assessment of their 

productivity and the management of environmental risks 

(seismicity, aseismic deformation, reservoir leakage, …)

• We want to study the applicability of passive monitoring 

approaches based on the ambient noise coda wave 

interferometry [Sneider, 2006], using data from permanent 

seismic stations installed around the Rittershoffen (Alsace, 

France) deep geothermal power plant (Fig. 1)

• Here we especially focus on some phenomena, unrelated to 

the reservoir evolution, that can induced potential bias in the 

estimation of medium velocity changes
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CONCLUSIONS
• 6 years of continuous ambient noise monitoring spanning all the phases of the 

Rittershoffen ECOGI deep geothermal project

• Changes in the seismic noise characteristics (ex: origin, frequency content) or 

subsurface natural phenomena (ex : water table elevation) can produce artificial 

velocity variations or hide faint signals related to the stimulation or exploitation of 

the reservoir

• Future work = model and remove such unwanted effects + confirm the origin of 

the decrease of the coherence coefficient in the 01.-0.5 Hz band following the 

hydraulic stimulation
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AMBIENT NOISE INTERFEROMETRY

• Ambient noise correlation function (ANCF) between two stations 

provides an estimate of the Green function in between them.

• A change in the velocity of the medium produce a stretched version 

of the ANCF, mostly visible in the coda part [Sens-Schönfelder et 

al., 2014] (Fig. 2)

• Assuming that the noise sources are stable, measuring the 

stretching coefficient between daily ANCFs and a reference one 

allow to recover velocity variations over time with great sensitivity

 147 

 

Figure IV.1 : Représentation schématique des perturbations de la coda causées par un changement du milieu. 

(a) Schéma représentant la diffraction multiple des ondes dans un milieu diffractant (points noirs). Les traits 

gris représentent les différents trajets des ondes depuis la source (étoile) vers le récepteur (triangle). Les 

traits rouge et bleu sont deux trajets possibles des ondes affectant des parties distinctes du signal. (b) 

Compression temporelle de la coda causée par une diminution homogène de la vitesse, symbolisée par la zone 

verte. Le décalage temporel est plus important pour le trajet bleu que pour le trajet rouge. (c) Décohérence 

de la coda causée par une variation locale de la vitesse, la perturbation n’est vue que par certains trajets et 

n’affecte que certaines parties du signal. (d) Perte de cohérence de la coda causée par un petit déplacement 

des points diffractants, le point mauve représente la nouvelle position d’un des points diffractants et les traits 

pointillés correspondent aux nouveaux trajets des ondes. 

(2) La coda est également sensible à une modification de la position et/ou des 

paramètres de rupture de la source. Dans l’hypothèse d’un milieu invariant, la 

comparaison des formes d’ondes issues de doublets de séismes par CWI permet 

de déterminer la position relative des séismes et d’identifier des changements 

des paramètres de la source (Snieder et Vrijlandt, 2005; Snieder, 2006; Robinson 

et al., 2007a; 2007b; 2013). Dans le cas de fonctions de Green issues de la 

corrélation du bruit de fond, les sources sismiques sont « virtuelles » et localisées 

à l’emplacement des stations, elles sont donc invariantes dans le temps. En 

t (s)
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Figure 2 : Simplified principle of the monitoring of velocity changes from ambient noise interferometry. If a 

homogeneous velocity change (dv) occur in the medium between day 1 and 2, the coda of the ambient 

noise correlation between 2 stations (star and triangle) will exhibit a phase shift (dt) increasing with time (t) 

due to the longer path of diffracted waves. Estimating this stretching coefficient (dt/t) allows to estimate the 

medium velocity change (dv/v).

DATA PROCESSING
• Pre-processing : 1 day sequencing, down-sampling at 25Hz, 

spectral whitening, 1 bit time-domain normalization, averaging over 

10 days

• ANCFs filtered in 3 different frequency bands (0.1-0.5Hz, 1-3 Hz, 4-

5Hz) and analysed between -80s et +80s lag time.

• Stretching and coherence coefficients computed between each 

daily ANCF (moving reference) and all the other ANCFs

 

Figure 3 : (left) Ambient noise cross-correlation functions (ANCFs) between North components of stations 

RITT and BETS averaged over 10 days and filtered between 1 and 3Hz. (middle) cross matrix of the 

optimum stretching coefficient between each daily ANCF pair. (right) cross matrix of the maximum 

coherence coefficient between each daily ANCF pair for the optimum stretching value.

DATA
• 5 permanent seismic stations with 3-components 1Hz 

sensors (L4C 3D) and 24 bits digitizers (Quanterra Q330S). 

Here we focus only on the RITT-BETS station pair, 2.6km 

apart (Fig. 1)

• Continuous ambient noise from mid 2012 to late 2017 

spanning the drilling of the GRT1 and GRT2 wells, the 

hydraulic stimulation in GRT1 and the circulation + heat 

production phases

GRT1 Drilli
ng

GRT1 Stim
ulation

GRT2 Drilli
ng

Opera; onal phase

20162014

Figure 1 : (top) Map of the studied area around the Rittershoffen ECOGI deep geothermal doublet 

with the 5 permanent seismic stations operated since 2012. (Bottom) timeline of the major phases 

of the geothermal project.
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Figure 5 : Comparison between the time series of the optimum stretching coefficient for the North components of RITT and BETS 

and filtered between 1 and 3 Hz (continuous blue line) with the evolution of the water table elevation at the nearby Haguenau 

hydrological station (red dotted line). 

Seismic noise origin : Anthropogenic – regional

• Usually highly coherent ANCFs (eg. Fig. 3)

• Annual periodicity of the stretching coefficient + good 

correlation with changes in the water level elevation (Fig. 5)

=> Velocity variations at shallow depths due to variable water 

content [Voisin et al., 2016] or thermo-elastic effects [REF] may 

overpass reservoir-related velocity variations
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Figure 6 : Time series of the optimum stretching coefficient (blue line) tand he average coherence coefficient (orange line) for the 

vertical components of RITT and BETS and filtered between 0.1 and 0.5 Hz. Shaded area indicate the major phases of the 

geothermal project (see Fig. 1).

Seismic noise origin : Atlantic ocean - teleseismic

• Annual periodicity of the stretching coefficient (Fig. 6) + in-phase 

known annual periodicity of the dominant back-azimuth of 

microseismic noise [Lehujeur et al., 2015]

 

Þ Artificial velocity variations due to changes in the position of the 

noise sources

• Decrease in ANCFs coherency following the stimulation (Fig. 6)

=> changes in the diffraction pattern at reservoir depth following 

the stimulation as already observed for the St Gallen geothermal 

site [Obermann et al., 2015] ?
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Figure 4 : Time series of the optimum stretching coefficient (cyan line) and the average coherence coefficient (orange line) for the 

vertical components of RITT and BETS stations and filtered between 4 and 5 Hz. Background figure represents the spectrogram of 

the ANCFs over the 4.7-5Hz frequency band. Shaded area indicate the major phases of the geothermal project (see Fig. 1).

Seismic noise origin : Anthropogenic - local

• Linear drift of the stretching coefficient from 2012 to 2015 + 

sudden drop at the time of the drilling of GRT1 + decrease of 

coherency just after the stimulation (Fig. 4)

BUT presence of a spectral line in the raw data and the 

ANCFs with a slight drift in frequency (and interruptions) + such 

spectral line also observed at distant stations (ex: ECH, 

>100km away) 

=> Artificial velocity variations due to changes in the frequency 

content of a strong noise source (also observed by Zhan et al 

[2013] in the microseismic band)
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INTRODUCTION
• Upper Rhine graben hosts several deep geothermal projects 

based on the Enhanced Geothermal System (EGS)

• Continuous geophysical monitoring of such deep reservoirs 

is of primary importance for the assessment of their 

productivity and the management of environmental risks 

(seismicity, aseismic deformation, reservoir leakage, …)

• We want to study the applicability of passive monitoring 

approaches based on the ambient noise coda wave 

interferometry [Sneider, 2006], using data from permanent 

seismic stations installed around the Rittershoffen (Alsace, 

France) deep geothermal power plant (Fig. 1)

• Here we especially focus on some phenomena, unrelated to 

the reservoir evolution, that can induced potential bias in the 

estimation of medium velocity changes
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CONCLUSIONS
• 6 years of continuous ambient noise monitoring spanning all the phases of the 

Rittershoffen ECOGI deep geothermal project

• Changes in the seismic noise characteristics (ex: origin, frequency content) or 

subsurface natural phenomena (ex : water table elevation) can produce artificial 

velocity variations or hide faint signals related to the stimulation or exploitation of 

the reservoir

• Future work = model and remove such unwanted effects + confirm the origin of 

the decrease of the coherence coefficient in the 01.-0.5 Hz band following the 

hydraulic stimulation
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AMBIENT NOISE INTERFEROMETRY

• Ambient noise correlation function (ANCF) between two stations 

provides an estimate of the Green function in between them.

• A change in the velocity of the medium produce a stretched version 

of the ANCF, mostly visible in the coda part [Sens-Schönfelder et 

al., 2014] (Fig. 2)

• Assuming that the noise sources are stable, measuring the 

stretching coefficient between daily ANCFs and a reference one 

allow to recover velocity variations over time with great sensitivity
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Figure IV.1 : Représentation schématique des perturbations de la coda causées par un changement du milieu. 

(a) Schéma représentant la diffraction multiple des ondes dans un milieu diffractant (points noirs). Les traits 

gris représentent les différents trajets des ondes depuis la source (étoile) vers le récepteur (triangle). Les 

traits rouge et bleu sont deux trajets possibles des ondes affectant des parties distinctes du signal. (b) 

Compression temporelle de la coda causée par une diminution homogène de la vitesse, symbolisée par la zone 

verte. Le décalage temporel est plus important pour le trajet bleu que pour le trajet rouge. (c) Décohérence 

de la coda causée par une variation locale de la vitesse, la perturbation n’est vue que par certains trajets et 

n’affecte que certaines parties du signal. (d) Perte de cohérence de la coda causée par un petit déplacement 

des points diffractants, le point mauve représente la nouvelle position d’un des points diffractants et les traits 

pointillés correspondent aux nouveaux trajets des ondes. 

(2) La coda est également sensible à une modification de la position et/ou des 

paramètres de rupture de la source. Dans l’hypothèse d’un milieu invariant, la 

comparaison des formes d’ondes issues de doublets de séismes par CWI permet 

de déterminer la position relative des séismes et d’identifier des changements 

des paramètres de la source (Snieder et Vrijlandt, 2005; Snieder, 2006; Robinson 

et al., 2007a; 2007b; 2013). Dans le cas de fonctions de Green issues de la 

corrélation du bruit de fond, les sources sismiques sont « virtuelles » et localisées 

à l’emplacement des stations, elles sont donc invariantes dans le temps. En 

t (s)
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Figure 2 : Simplified principle of the monitoring of velocity changes from ambient noise interferometry. If a 

homogeneous velocity change (dv) occur in the medium between day 1 and 2, the coda of the ambient 

noise correlation between 2 stations (star and triangle) will exhibit a phase shift (dt) increasing with time (t) 

due to the longer path of diffracted waves. Estimating this stretching coefficient (dt/t) allows to estimate the 

medium velocity change (dv/v).

DATA PROCESSING
• Pre-processing : 1 day sequencing, down-sampling at 25Hz, 

spectral whitening, 1 bit time-domain normalization, averaging over 

10 days

• ANCFs filtered in 3 different frequency bands (0.1-0.5Hz, 1-3 Hz, 4-

5Hz) and analysed between -80s et +80s lag time.

• Stretching and coherence coefficients computed between each 

daily ANCF (moving reference) and all the other ANCFs

 

Figure 3 : (left) Ambient noise cross-correlation functions (ANCFs) between North components of stations 

RITT and BETS averaged over 10 days and filtered between 1 and 3Hz. (middle) cross matrix of the 

optimum stretching coefficient between each daily ANCF pair. (right) cross matrix of the maximum 

coherence coefficient between each daily ANCF pair for the optimum stretching value.

DATA
• 5 permanent seismic stations with 3-components 1Hz 

sensors (L4C 3D) and 24 bits digitizers (Quanterra Q330S). 

Here we focus only on the RITT-BETS station pair, 2.6km 

apart (Fig. 1)

• Continuous ambient noise from mid 2012 to late 2017 

spanning the drilling of the GRT1 and GRT2 wells, the 

hydraulic stimulation in GRT1 and the circulation + heat 

production phases
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Figure 1 : (top) Map of the studied area around the Rittershoffen ECOGI deep geothermal doublet 

with the 5 permanent seismic stations operated since 2012. (Bottom) timeline of the major phases 

of the geothermal project.

1
 –

 3
 H

z
 B

A
N

D

Figure 5 : Comparison between the time series of the optimum stretching coefficient for the North components of RITT and BETS 

and filtered between 1 and 3 Hz (continuous blue line) with the evolution of the water table elevation at the nearby Haguenau 

hydrological station (red dotted line). 

Seismic noise origin : Anthropogenic – regional

• Usually highly coherent ANCFs (eg. Fig. 3)

• Annual periodicity of the stretching coefficient + good 

correlation with changes in the water level elevation (Fig. 5)

=> Velocity variations at shallow depths due to variable water 

content [Voisin et al., 2016] or thermo-elastic effects [REF] may 

overpass reservoir-related velocity variations
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Figure 6 : Time series of the optimum stretching coefficient (blue line) tand he average coherence coefficient (orange line) for the 

vertical components of RITT and BETS and filtered between 0.1 and 0.5 Hz. Shaded area indicate the major phases of the 

geothermal project (see Fig. 1).

Seismic noise origin : Atlantic ocean - teleseismic

• Annual periodicity of the stretching coefficient (Fig. 6) + in-phase 

known annual periodicity of the dominant back-azimuth of 

microseismic noise [Lehujeur et al., 2015]

 

Þ Artificial velocity variations due to changes in the position of the 

noise sources

• Decrease in ANCFs coherency following the stimulation (Fig. 6)

=> changes in the diffraction pattern at reservoir depth following 

the stimulation as already observed for the St Gallen geothermal 

site [Obermann et al., 2015] ?
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Figure 4 : Time series of the optimum stretching coefficient (cyan line) and the average coherence coefficient (orange line) for the 

vertical components of RITT and BETS stations and filtered between 4 and 5 Hz. Background figure represents the spectrogram of 

the ANCFs over the 4.7-5Hz frequency band. Shaded area indicate the major phases of the geothermal project (see Fig. 1).

Seismic noise origin : Anthropogenic - local

• Linear drift of the stretching coefficient from 2012 to 2015 + 

sudden drop at the time of the drilling of GRT1 + decrease of 

coherency just after the stimulation (Fig. 4)

BUT presence of a spectral line in the raw data and the 

ANCFs with a slight drift in frequency (and interruptions) + such 

spectral line also observed at distant stations (ex: ECH, 

>100km away) 

=> Artificial velocity variations due to changes in the frequency 

content of a strong noise source (also observed by Zhan et al 

[2013] in the microseismic band)
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of the ANCF, mostly visible in the coda part [Sens-Schönfelder et 
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stretching coefficient between daily ANCFs and a reference one 
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Figure IV.1 : Représentation schématique des perturbations de la coda causées par un changement du milieu. 

(a) Schéma représentant la diffraction multiple des ondes dans un milieu diffractant (points noirs). Les traits 

gris représentent les différents trajets des ondes depuis la source (étoile) vers le récepteur (triangle). Les 

traits rouge et bleu sont deux trajets possibles des ondes affectant des parties distinctes du signal. (b) 

Compression temporelle de la coda causée par une diminution homogène de la vitesse, symbolisée par la zone 

verte. Le décalage temporel est plus important pour le trajet bleu que pour le trajet rouge. (c) Décohérence 

de la coda causée par une variation locale de la vitesse, la perturbation n’est vue que par certains trajets et 

n’affecte que certaines parties du signal. (d) Perte de cohérence de la coda causée par un petit déplacement 

des points diffractants, le point mauve représente la nouvelle position d’un des points diffractants et les traits 

pointillés correspondent aux nouveaux trajets des ondes. 

(2) La coda est également sensible à une modification de la position et/ou des 

paramètres de rupture de la source. Dans l’hypothèse d’un milieu invariant, la 

comparaison des formes d’ondes issues de doublets de séismes par CWI permet 

de déterminer la position relative des séismes et d’identifier des changements 

des paramètres de la source (Snieder et Vrijlandt, 2005; Snieder, 2006; Robinson 

et al., 2007a; 2007b; 2013). Dans le cas de fonctions de Green issues de la 

corrélation du bruit de fond, les sources sismiques sont « virtuelles » et localisées 

à l’emplacement des stations, elles sont donc invariantes dans le temps. En 

t (s)
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Figure 2 : Simplified principle of the monitoring of velocity changes from ambient noise interferometry. If a 

homogeneous velocity change (dv) occur in the medium between day 1 and 2, the coda of the ambient 

noise correlation between 2 stations (star and triangle) will exhibit a phase shift (dt) increasing with time (t) 

due to the longer path of diffracted waves. Estimating this stretching coefficient (dt/t) allows to estimate the 

medium velocity change (dv/v).

DATA PROCESSING
• Pre-processing : 1 day sequencing, down-sampling at 25Hz, 

spectral whitening, 1 bit time-domain normalization, averaging over 

10 days

• ANCFs filtered in 3 different frequency bands (0.1-0.5Hz, 1-3 Hz, 4-

5Hz) and analysed between -80s et +80s lag time.

• Stretching and coherence coefficients computed between each 

daily ANCF (moving reference) and all the other ANCFs

 

Figure 3 : (left) Ambient noise cross-correlation functions (ANCFs) between North components of stations 

RITT and BETS averaged over 10 days and filtered between 1 and 3Hz. (middle) cross matrix of the 

optimum stretching coefficient between each daily ANCF pair. (right) cross matrix of the maximum 

coherence coefficient between each daily ANCF pair for the optimum stretching value.

DATA
• 5 permanent seismic stations with 3-components 1Hz 

sensors (L4C 3D) and 24 bits digitizers (Quanterra Q330S). 

Here we focus only on the RITT-BETS station pair, 2.6km 

apart (Fig. 1)

• Continuous ambient noise from mid 2012 to late 2017 

spanning the drilling of the GRT1 and GRT2 wells, the 

hydraulic stimulation in GRT1 and the circulation + heat 

production phases
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Figure 1 : (top) Map of the studied area around the Rittershoffen ECOGI deep geothermal doublet 

with the 5 permanent seismic stations operated since 2012. (Bottom) timeline of the major phases 

of the geothermal project.
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Figure 5 : Comparison between the time series of the optimum stretching coefficient for the North components of RITT and BETS 

and filtered between 1 and 3 Hz (continuous blue line) with the evolution of the water table elevation at the nearby Haguenau 

hydrological station (red dotted line). 

Seismic noise origin : Anthropogenic – regional

• Usually highly coherent ANCFs (eg. Fig. 3)

• Annual periodicity of the stretching coefficient + good 

correlation with changes in the water level elevation (Fig. 5)

=> Velocity variations at shallow depths due to variable water 

content [Voisin et al., 2016] or thermo-elastic effects [REF] may 

overpass reservoir-related velocity variations
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Figure 6 : Time series of the optimum stretching coefficient (blue line) tand he average coherence coefficient (orange line) for the 

vertical components of RITT and BETS and filtered between 0.1 and 0.5 Hz. Shaded area indicate the major phases of the 

geothermal project (see Fig. 1).

Seismic noise origin : Atlantic ocean - teleseismic

• Annual periodicity of the stretching coefficient (Fig. 6) + in-phase 

known annual periodicity of the dominant back-azimuth of 

microseismic noise [Lehujeur et al., 2015]

 

Þ Artificial velocity variations due to changes in the position of the 

noise sources

• Decrease in ANCFs coherency following the stimulation (Fig. 6)

=> changes in the diffraction pattern at reservoir depth following 

the stimulation as already observed for the St Gallen geothermal 

site [Obermann et al., 2015] ?
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Figure 4 : Time series of the optimum stretching coefficient (cyan line) and the average coherence coefficient (orange line) for the 

vertical components of RITT and BETS stations and filtered between 4 and 5 Hz. Background figure represents the spectrogram of 

the ANCFs over the 4.7-5Hz frequency band. Shaded area indicate the major phases of the geothermal project (see Fig. 1).

Seismic noise origin : Anthropogenic - local

• Linear drift of the stretching coefficient from 2012 to 2015 + 

sudden drop at the time of the drilling of GRT1 + decrease of 

coherency just after the stimulation (Fig. 4)

BUT presence of a spectral line in the raw data and the 

ANCFs with a slight drift in frequency (and interruptions) + such 

spectral line also observed at distant stations (ex: ECH, 

>100km away) 

=> Artificial velocity variations due to changes in the frequency 

content of a strong noise source (also observed by Zhan et al 

[2013] in the microseismic band)
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à l’emplacement des stations, elles sont donc invariantes dans le temps. En 
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Figure IV.1 : Représentation schématique des perturbations de la coda causées par un changement du milieu. 

(a) Schéma représentant la diffraction multiple des ondes dans un milieu diffractant (points noirs). Les traits 

gris représentent les différents trajets des ondes depuis la source (étoile) vers le récepteur (triangle). Les 

traits rouge et bleu sont deux trajets possibles des ondes affectant des parties distinctes du signal. (b) 

Compression temporelle de la coda causée par une diminution homogène de la vitesse, symbolisée par la zone 

verte. Le décalage temporel est plus important pour le trajet bleu que pour le trajet rouge. (c) Décohérence 

de la coda causée par une variation locale de la vitesse, la perturbation n’est vue que par certains trajets et 

n’affecte que certaines parties du signal. (d) Perte de cohérence de la coda causée par un petit déplacement 

des points diffractants, le point mauve représente la nouvelle position d’un des points diffractants et les traits 

pointillés correspondent aux nouveaux trajets des ondes. 

(2) La coda est également sensible à une modification de la position et/ou des 

paramètres de rupture de la source. Dans l’hypothèse d’un milieu invariant, la 

comparaison des formes d’ondes issues de doublets de séismes par CWI permet 

de déterminer la position relative des séismes et d’identifier des changements 

des paramètres de la source (Snieder et Vrijlandt, 2005; Snieder, 2006; Robinson 

et al., 2007a; 2007b; 2013). Dans le cas de fonctions de Green issues de la 

corrélation du bruit de fond, les sources sismiques sont « virtuelles » et localisées 

à l’emplacement des stations, elles sont donc invariantes dans le temps. En 
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Figure 2 : Simplified principle of the monitoring of velocity changes from ambient noise interferometry. If a 

homogeneous velocity change (dv) occur in the medium between day 1 and 2, the coda of the ambient 

noise correlation between 2 stations (star and triangle) will exhibit a phase shift (dt) increasing with time (t) 

due to the longer path of diffracted waves. Estimating this stretching coefficient (dt/t) allows to estimate the 

medium velocity change (dv/v).

DATA PROCESSING
• Pre-processing : 1 day sequencing, down-sampling at 25Hz, 

spectral whitening, 1 bit time-domain normalization, averaging over 

10 days

• ANCFs filtered in 3 different frequency bands (0.1-0.5Hz, 1-3 Hz, 4-

5Hz) and analysed between -80s et +80s lag time.

• Stretching and coherence coefficients computed between each 

daily ANCF (moving reference) and all the other ANCFs

 

Figure 3 : (left) Ambient noise cross-correlation functions (ANCFs) between North components of stations 

RITT and BETS averaged over 10 days and filtered between 1 and 3Hz. (middle) cross matrix of the 

optimum stretching coefficient between each daily ANCF pair. (right) cross matrix of the maximum 

coherence coefficient between each daily ANCF pair for the optimum stretching value.

DATA
• 5 permanent seismic stations with 3-components 1Hz 

sensors (L4C 3D) and 24 bits digitizers (Quanterra Q330S). 

Here we focus only on the RITT-BETS station pair, 2.6km 

apart (Fig. 1)

• Continuous ambient noise from mid 2012 to late 2017 

spanning the drilling of the GRT1 and GRT2 wells, the 

hydraulic stimulation in GRT1 and the circulation + heat 

production phases

GRT1 Drilli
ng

GRT1 Stim
ulation

GRT2 Drilli
ng

Opera; onal phase

20162014

Figure 1 : (top) Map of the studied area around the Rittershoffen ECOGI deep geothermal doublet 

with the 5 permanent seismic stations operated since 2012. (Bottom) timeline of the major phases 

of the geothermal project.
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Figure 5 : Comparison between the time series of the optimum stretching coefficient for the North components of RITT and BETS 

and filtered between 1 and 3 Hz (continuous blue line) with the evolution of the water table elevation at the nearby Haguenau 

hydrological station (red dotted line). 

Seismic noise origin : Anthropogenic – regional

• Usually highly coherent ANCFs (eg. Fig. 3)

• Annual periodicity of the stretching coefficient + good 

correlation with changes in the water level elevation (Fig. 5)

=> Velocity variations at shallow depths due to variable water 

content [Voisin et al., 2016] or thermo-elastic effects [REF] may 

overpass reservoir-related velocity variations
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Figure 6 : Time series of the optimum stretching coefficient (blue line) tand he average coherence coefficient (orange line) for the 

vertical components of RITT and BETS and filtered between 0.1 and 0.5 Hz. Shaded area indicate the major phases of the 

geothermal project (see Fig. 1).

Seismic noise origin : Atlantic ocean - teleseismic

• Annual periodicity of the stretching coefficient (Fig. 6) + in-phase 

known annual periodicity of the dominant back-azimuth of 

microseismic noise [Lehujeur et al., 2015]

 

Þ Artificial velocity variations due to changes in the position of the 

noise sources

• Decrease in ANCFs coherency following the stimulation (Fig. 6)

=> changes in the diffraction pattern at reservoir depth following 

the stimulation as already observed for the St Gallen geothermal 

site [Obermann et al., 2015] ?
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Figure 4 : Time series of the optimum stretching coefficient (cyan line) and the average coherence coefficient (orange line) for the 

vertical components of RITT and BETS stations and filtered between 4 and 5 Hz. Background figure represents the spectrogram of 

the ANCFs over the 4.7-5Hz frequency band. Shaded area indicate the major phases of the geothermal project (see Fig. 1).

Seismic noise origin : Anthropogenic - local

• Linear drift of the stretching coefficient from 2012 to 2015 + 

sudden drop at the time of the drilling of GRT1 + decrease of 

coherency just after the stimulation (Fig. 4)

BUT presence of a spectral line in the raw data and the 

ANCFs with a slight drift in frequency (and interruptions) + such 

spectral line also observed at distant stations (ex: ECH, 

>100km away) 

=> Artificial velocity variations due to changes in the frequency 

content of a strong noise source (also observed by Zhan et al 

[2013] in the microseismic band)
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Kula et al. (in prep)! 
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Analyses de données à Rittershoffen



Mieux appréhender l’acceptabilité sociale

• Quatre enquêtes publiques menées au sein de l’Eurométropole et avril-mai 
2015 : Robertsau / Eckbolsheim / Mittelhausbergen / Illkirch-Graffenstaden

• Trois corpus étudiés pour le projet ORAGÉO : 

• Documents produits dans le cadre des enquêtes publiques

• Médias locaux

• Entretiens

• Une « bonne » communication ne constitue pas une garantie pour le « bon » 
accueil d’un projet

• L’adhésion/contestation des projets se fait sur un mode éclairé et informé

• La forme des débats dépend du contexte, et notamment de la façon dont les 
échanges entre opérateurs, élus et résidents se sont engagés

• Distinction entre « projets ancrés » dans le territoire et « projets hors-sol »

P. Chavot, A. Masseran, Y. Serrano



Labex G-Eau-Thermie 
Profonde

ITI G-Eau-TE 
Géosciences pour la Transition Energétique: valorisation de l’eau

profonde du sous‐sol

Le projet ITI G-eau-TE (Evolution du LabEx G-eau-thermie Profonde)



• Pour le développement de la filière géothermie profonde :  
a) la multiplication majeure (facteur 100) du nombre d’installations
b) exploiter des ressources à très haute température (400-500°C) 
c) développer les co-productions : chaleur/électricité; production de métaux rares (Lithium); production 
d’hydrogène natif ; stockage de la chaleur , …

• Exploration/monitoring: imagerie « bas coût »; imagerie de la température/du fluide mobile; développements 
autour de la fibre optique (e.g. DTS, DAS), imagerie de la déformation asismique, de la nucléation de la sismicité.

• Maîtrise des risques (sismicité induite/déclenchée): développement des outils d’observation, guides de bonnes 
pratiques, acceptabilité sociétale, gouvernance « élargie » 

• Développement de la règlementation en lien avec les nouveaux usages du sous-sol dans le cadre de la transition 
énergétique.

• Lien recherche/observatoire/régulation de la surveillance: développement du partenariat avec la DREAL (accord 
de partage de données sismologiques et géodésiques entre EOST, ES, Fonroche, GEIE EMC) – vers une agence 
multipartite de régulation

• Optimisation de l’exploitation: asservissement débit de production/sismicité; surveillance/fiabilisation des pompes 
de production (HT, fluide corrosif, particules solides)

• Evaluer et développer des solutions utilisant le sous-sol pour accompagner  le démantèlement énergétique 
territorial suite à l’arrêt de la centrale nucléaire de Fessenheim.

Quelques enjeux majeurs



• Un appui fort sur l’existant LabEx G-eau-Thermie Profonde

• Un fil directeur unique dans le domaine de la transition énergétique : le rôle du 
sous-sol dans la transition énergétique – la place de l’eau « minière »

• Axes de recherche :
I. Exploration du réservoir et évaluation de la ressource : imagerie, caractérisation, 

modèle géologique de réservoir

II. L’accès au réservoir : réalisation des puits, développement du réservoir (stimulation 
hydraulique, thermique, chimique)

III. Exploitation du réservoir : ingénierie de réservoir, optimisation de l’exploitation, suivi 
de réservoir, maîtrise des risques environnementaux (incluant les risques sismiques)

IV. Durabilité, acceptabilité sociétale, réglementations

V. Instrumentation : fibre optique, réseaux denses de surface, observatoire profond, etc

VI. Gestion des données (CDGP) : archivage, standardisation (FAIR), distribution, 
intégration dans les réseaux internationaux (e.g. EPOS, RESIF)

Proposition G-Eau-TE



Ouverture thématique par rapport à l’existant

• Le rôle de l’eau dans d’autres ressources énergétiques du sous-sol: 
• (co)production d’hydrogène, de lithium, etc
• Stockage de chaleur, de CO2, etc, 
• Eau => production de la ressource (interactions fluides/roches) +  transport + 

comportement mécanique 

• L’étude des impacts environnementaux de l’exploitation énergétique 
du sous-sol en particulier sur les ressources en eau 
• Impacts de l’exploitation énergétique sur les propriétés thermiques, 

chimiques, biologiques des aquifères d’eau potable
• Concurrence entre exploitation énergétique du sous-sol et exploitation des 

ressources en eau, etc. 

• Le développement d’études sur des réservoirs géologiques analogues



G-Eau-TE : Volet enseignement

• Modèle d’Ecole Universitaire de Recherche

• Base = formations de l’EOST dans le domaine de l’exploration du sous-
sol

• Master GEST : Structuration des filières énergétiques du sous-sol en 
vue de la transition énergétique 
• Création d'un parcours international M/D ITI  avec une place importante aux 

projets personnels et stages de terrain et en entreprise (30% en M1, 75% en M2)

• Création d’un parcours original en double diplôme à l’Ecole: Ingénieur/Docteur en 
géophysique (10% de l’effectif)

• Forte participation de l’IFP School / double diplôme

• Doctorant: un modèle ‘ITN’ local (12-15 étudiants) – lien avec les sites 
régionaux




