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New concepts of deep geothermal energy in Western Europe were mainly initiated
by a French-German consortium in the Upper Rhine Graben, at Soultz-sous-Foréts,
France. A series of deep boreholes were drilled till 5 km deep within a crystalline base-
ment, reputed tight and lying below the former Pechelbronn oil field where the first
electric log was achieved for detecting petroleum in sedimentary reservoirs in the 1920s.

The main geothermal concept developed at Soultz-sous-Foréts, was to create from
scratch, a down-hole heat exchanger by injecting water via a vertical borehole in
a very low matrix porosity crystalline rock and by pumping it out hotter via devi-
ated boreholes. It was derived from geothermal projects developed worldwide (US,
Japan, Germany, UK), called Hot Dry Rock (HDR). However, after the achieve-
ment of several deep drilling at Soultz, the HDR concept slightly evolved to become
Enhanced or Engineered Geothermal Systems (EGS), consisting of pumping hot
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water already present in the underground. Based on an extensive deep geoscientific
characterization including geophysical exploration and geophysical logging, this
chapter explains how a better knowledge of the geothermal resource allows improv-
ing the conceptual model of this deep resource and thus how to optimize geother-
mal targets by derisking drilling depths and well design.

R Geothermal development in the Upper
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Rhine Graben

In Western Europe, deep geothermal energy started in the 90s by a French-German
scientific cooperation in the Upper Rhine Graben, at Soultz-sous-Foréts (SsF), France.
This research site was the location of many deep geothermal wells reaching 5 km in
the Carboniferous crystalline basement, various geophysical logging including bore-
hole imagery logs, well testing and hydraulic circulation. After an extensive phase of
purely scientific research on the underground, the site slowly evolved to a pre-indus-
trial site by building a first binary plant producing electricity in 2008. However, due
to severe corrosion induced by the high salinity of natural geothermal fluids, after the
dismantling of the first plant, a second but more robust binary plant was constructed
and operated in 2016 by Electricité de Strasbourg. Since, it has been producing elec-
tricity on the French grid with an installed capacity of 1.7 MWe.

From the SsF experiment, many spin-offs have been created or new competitors
tried to duplicate the Soultz concept in the Upper Rhine Graben, mainly in France,
Germany and Switzerland. Thus, Landau and Insheim geothermal plants were devel-
oped in the Rhine-Palatinate in Germany whereas Rittershoffen plant and Illkirch
sites were developed in Alsace (Figure 4.1). Rittershoffen, which is a real SsF cousin,
is producing 24 MWth of energy since 2016 to a biorefinery with geothermal wells
having a reservoir depth divided by two in comparison with SsF reservoir depth.
Therefore, after several decades of geothermal research, exploration and develop-
ment in Northern Alsace, two geothermal plants are commercially operating in
France (SsF and Rittershoffen). In the German part of the URG, three plants are
also operating (Landau, Insheim, and Bruchsal) (Figure 4.1). The Bruchsal geother-
mal doublet was drilled in the 80s in a fractured reservoir on the Eastern side of
the URG and penetrated Permo-Triassic sandstones considered as a hydrothermal
fractured/faulted reservoir (Kolbel et al., 2020). Those sites have penetrated the
sedimentary formations of the graben and, for some of them, the deeper crystal-
line basement (Soultz, Rittershoffen, Insheim, Landau). In Switzerland, at Riechen,
a heat plant has been operating from several decades but is located on the Eastern
shoulder of the URG (Figure 4.1). This site deliver heat from geothermal hot water
pumped in the Middle Triassic reservoir composed of fractured carbonates. In the
past, for various reasons, several geothermal projects were stopped in the URG
(Trebur, Brithl, Cronenbourg, Basel). For instance, at Cronenbourg in the suburb
of Strasbourg, the unique deep geothermal well ac 3220 m, drilled in 1980, was not
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permeable enough in the Permian sandstones and this site was abandoned without
any attempt of flow enhancement. In Basel, the occurrence of an induced seismic
event was felt during the shut-in of a post-hydraulic stimulation operation done
in a 5 km geothermal well drilled in a granite. A magnitude higher than 3.4 was
then felt in 2006 causing the full stop of the Basel geothermal project (Hiring et
al., 2008).
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Figure 4.1 Geothermal projects in Northern Alsace, and Southern Rhine Palatinate and
Baden Wurttemberg.
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More recently, in the Strasbourg area (Vendenheim), a new competitor came for
developing geothermal projects for producing electricity. However, after the drilling
of two deep wells at about 6 km measured depth, a series of man-made seismic events
were felt on surface during well testing or various operations between 2019 and
2021 with a local maximal magnitude of 3.9 (Schmittbuhl et al., 2021). It turned
out that social acceptability became a real issue in this urban area because some
structural damages were observed on houses around Strasbourg as well as on the
German side around the city of Kehl. About 4000 requests from inhabitants have
been made due to the occurrence of cracks observed on the walls of their houses. In
parallel, by using the precautionary principle, the Illkirch geothermal project which
was under development South of Strasbourg at the same time, was suspended by the
French mining authorities in order to anticipate any further issue related to man-
made seismicity. Now, the Vendenheim project has a new geothermal owner, but
the site is still stopped by the mining authorities. In parallel, the Illkirch project is
still suspended even if it did not cause any nuisances. The operator is waiting for the
possibility of drilling at least a second geothermal well if the social acceprability is
acceptable. Moreover, new geothermal projects are under development in Northern
Alsace in the area of SsF with a geothermal well that could be planned for 2025 for
exploiting the reservoirs at the fractured interface between the deep sediments and
top basement.

In parallel to the geothermal development of the URG, a new era is rising with the
booming of geothermal lithium. Several French and German companies aim to
extract the geothermal lithium which is dissolved into the geothermal brine with
a concentration ranging between 160 and 210 mg/L. After a phase of research for
extracting lithium from the brine and then producing lithium carbonate of battery
grade quality, several companies are currently obtaining geothermal and lithium
leases in order to conduct pre-feasibility and feasibility studies before investment
decisions for conducting industrial projects for producing lithium.

PN Evolution of the geothermal concept
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during the SsF adventure

The basic concept started on the Hot Dry Rock (HDR) concept considering that
many geothermal wells reached interesting temperatures, but their flowrates were
too low, even though fully dry, for reaching viable economic balance. Therefore,
based on previous geothermal research dealing with the creation of artificial heat
exchanger by hydraulic fracturing in US, UK, Japan or Germany (Figure 4.2),
a jointed European research site was selected in Alsace, Eastern part of France,
based on well-known temperature field measured in the former oil mines and oil
wells close to Pechelbronn where the Schlumberger brothers did their first geophysi-
cal well logging in 1927 for detecting hydrocarbon reservoirs based on electrical
measurements.
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Firstly, the French-German SsF project started based on the Hot Dry Rock
(HDR) concept. It consists in exploiting the vast energy resource that resides
as heat in the low-permeability rocks which underlie most continental regions
of the Upper crust at practically drillable depths. Thus, it was planned to drill
a vertical well in the area of SsF because the geology was very well-known from
several thousand of former petroleum wells mainly drilled in the Cenozoic reser-
voirs where interesting temperatures could be accessible at low drillable depths
(Figure 4.2). Therefore, a first vertical well, called GPK-1, was planned to inter-
sect about 1400 m of Cenozoic and Mesozoic sediments before to penetrate into
the Carboniferous top crystalline basement.

In such theorical HDR concept, at the end of each drilling operation, it was planned
to inject fresh water under pressure in order to create artificial fractures that can be
used as a heat exchanger. Then, it is needed to drill and then to inject under pres-
sure in a second vertical well for connecting hydraulically the first one by creating
newly-formed planar fractures in the deep heat exchanger. Considering the absence
of natural permeability, fresh water must be injected from one well (injection well),
and by heat transfer taken on the newly created artificial fractures, the cold injected
water becomes hotter and could be produced at surface in the second well (produc-
tion well) for producing steam and thus electricity. The SsF project started with this
HDR concept by developing permeability in a crystalline basement lying below the
super-hot sedimentary cover.

After the drilling of the GPK-1 well in 1987, the main findings were a very high
geothermal gradient in the first km with about 110 °C. However, below those
depths, the geothermal gradient declined sharply indicating the occurrence of
natural fluid circulations within the natural fractures inside the Triassic formations
and the crystalline basement, the uppermost sedimentary cover acting as a thermal
insulator. It turned out that 140 °C was measured at 2000 m depth in the granite
instead of the 200 °C planned initially. The second main finding is the occurrence
of a native brine within the crystalline basement proving that the top basement
between 1400 and 2000 m depth was not tight as anticipated by many geoscientists
(Vuataz et al., 2000). By taking into account those findings, the capacity to develop
post-stimulation permeability was investigated considering two cases. First, the top
basement was considered as a medium with a residual permeability due to individual
natural fractures partly sealed by hydrothermal deposits. Its stimulation could lead
to preferential flow paths and thus a rapid cooling. Therefore, a second option was
also considered. Indeed, the deepest depths probably correspond to complex frac-
tured rock where closed natural fractures took place within brittle crystalline rocks
(Gerard et Kappelmeyer, 1987). In this deeper case, it would be possible to stimu-
late a volume of fractured rocks and thus to engineer structural linkages between
the future doublet for extracting large amounts of heat by circulation through this
created down-hole heat exchanger.

However, before to drill at great depths, it turned out that for better exploring the
Soultz basement an old petroleum well was deepened and fully cored in 1990-1991
from the Middle Triassic limestone to the deep granite from 930 till 2230 m depth.
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This newly exploration well with a low borehole diameter brought new geological
characterization about the natural fracture system. The main finding was the confir-
mation of highly fractured zones with associated hydrothermal alterations in this
shallow basement reservoir. Natural fractures are organized in clusters and intense
argillic hydrothermal alteration took place in the granite evidencing the impact of
paleo or recent fluid circulations (Genter et al., 2010). It was also shown that the
natural fracture density in the granite was more than three times higher than in the
Permo-Triassic sandstone (Genter et al., 1997).

Then, in order to achieve hotter temperature conditions, it was planned to deepen the
GPK-1 geothermal well from 2000 to 3600 m in 1992 and to drill a second geother-
mal well, GPK-2, from surface to 3890 m in 1995 which is located about 500 m
apart from GPK-1. The temperatures measured at total depth of those two wells
GPK-1 and GPK-2, were around 160 °C and thus still far from the 200 °C expected.
Many tests were conducted in those wells including hydraulic testing, tracer tests,
hydraulic stimulations and circulation tests in this intermediate reservoir (Schill et
al., 2017). Induced seismicity was monitored both in surface but also in some former
oil wells deepened till the top basement (Cuenot et al., 2008; Dorbath et al., 2009).

Finally, GPK-2 was deepened to 5058 m measured depth for reaching 200 °C at
total depth and two additional deep geothermal wells, GPK-3 and GPK-4 were
drilled to about 5000 m and reached 200 °C (Genter et al., 2010). As the HDR
concept was still in mind, it was planned that GPK-2 and GPK-4 would be two
production wells and GPK-3 an injection well. All these new drill pads were drilled
from the same platform for optimizing the geothermal operations (stimulation,
circulation test and future exploitation). Natural permeability was observed in the
granitic sections of all wells mainly related to hydrothermally and fractured sections
(Evans et al., 2005). Even if permeability indicators were observed in each well,
natural artesian flowrate was too low for a viable economic production. Therefore,
each well, which has an open-hole section between 4500 and 5000 m, was hydrau-
lically and chemically stimulated. These stimulations enhanced significantly the
hydraulic yield of the three reservoir sections (2000 m, 3500 m, 5000 m), in some
instances by about two orders of magnitude (Schill et al. 2017). Kohl et al. (1997)
shown that complex hydraulic flow regimes are not restricted to near-well vicinities
but rather extend large distances until reaching high capacity far-field faults. The
most effective method for enhancing the flow, was the hydraulic stimulation rather
than the chemical ones.

In the follow-up geothermal projects such as at Landau and Insheim, the concept of
enhancing the naturally most productive reservoir level at the top of the granitic base-
ment was applied, as well as specific hydraulic stimulation techniques (Schindler et al.,
2010). Several long-term circulation tests including tracer tests were carried out at SsF
for demonstrating that the deep wells are connected after stimulation on a large open
geothermal reservoir producing a very saline brine (Sanjuan et al., 2006).

From 2011, the new Rittershoffen geothermal project, located less than 10 km from
SsE, was launched for producing heat at high temperatures (170 °C) and high flow-
rate (>70 L/s) for providing geothermal heat to a biorefinery. The first vertical well
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was drilled at 2560 m and targeted a local normal fault steeply dipping in the frac-
tured granite. This first well, GRT-1, was not permeable enough and was thermally,
chemically and hydraulically stimulated. Its hydraulic performance was enhanced
by a factor 5 and was considered as a successful geothermal well (Baujard et al.,
2017). Then, the second well, GRT-2, was drilled to 3200 m and inclined from the
same pad and targeted the same permeable normal fault which was better defined
thanks to a new 2D seismic survey (representing 16 km length) done in 2013 cali-
brated with the geological results of the first well. The highly deviated well, GRT-2,
crosscut this local fault and its damage zone and was immediately permeable at
the end of the drilling operation without any stimulation operations (Baujard et
al., 2017). Thus, the first vertical well could be considered as an EGS-like well
whereas the second one was fully hydrothermal because several permeable channels
bearing by the normal fault were crosscut and contributed to the flowrate. This
Rittershoffen EGS project demonstrated that permeable faults took place at great
depth, but the main challenge is to adapt the well trajectories with the complex
geometry and internal architecture of those local faults. To fill the gap between
the lack of deep knowledge of the geothermal resource (lithology, fault geometry,
permeable features) and the design of future geothermal wells, innovative geophysi-
cal exploration is one of the main tools.

From 2016, GPK-2 is the unique production well at SsF with a mass flowrate of
about 30 kg/s. Therefore, both GPK-3 and GPK-4 could be used as reinjection
wells. It turns out that it is easier to produce a geothermal fluid with a relevant flow-
rate, assisted by a production submersible down-hole pump because the wells are
artesian, than to reinject in one well only. Thus, it is the reason why GPK-4 became
an injection well. Moreover, the fact to use two reinjection wells limits the seismic
activity and consequently the occurrence of large felt seismic event. In parallel, from
2016 the geothermal doublet at Rittershoffen is producing a brine at 168 °C in
surface with an average flowrate of 80 kg/s.

From 2010 to 2019, a new geothermal project was launched close to Strasbourg
at Illkirch (Figure 4.1). It targeted a deep normal fault having a vertical off-set of
about 800 m located at the interface between the Lower Triassic sandstone and
the top crystalline basement. Thus, a new 2D seismic reflection survey (35 km)
was acquired in 2015 as well as other geophysical methods (gravity, acromagnetic).
However, this faulted interface was tight during drilling operation. It could be inter-
preted as the occurrence of secondary argillic clay halo that plugged this fault due
to the past activity of the hydrothermal system (Glaas et al., 2021a). Thus, this
first highly deviated well, GIL-1, was deepened to 3800 m depth in the crystal-
line basement which evidenced some permeability indicators and a high fracture
density (Baujard et al., 2022, Glaas et al., 2021b). A stimulation program includ-
ing hydraulic and chemical operations was developed for enhancing the initial
productivity conditions. However, due to felt induced seismicity taking place at
Vendenheim (Figure 4.1) and generated by another geothermal operator, the local
mining authority suspended unilaterally the Illkirch project, and the second well is
still pending to the Alsace prefecture decision.
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Therefore, EGS sites in the URG could be considered as convective-dominated
systems characterized by the occurrences of some open natural fractures. The natu-
ral fluids circulating within the fracture/fault system could be pumped via suitable
borehole trajectories. The shallower Soultz wells were drilled till 2000 m vertically
intersecting a steeply dipping fracture system. Therefore, the probability that verti-
cal boreholes intersect subvertical natural fractures was quite low and complex stim-
ulation strategies were needed to connect the open-hole section of the geothermal
wells with the partly permeable natural fracture system.

For more recent and future projects in the URG, inclined or deviated wells could be
drilled into the nearly vertical fracture system that allowed easier connections to the
most convective and permeable fractures (Vidal and Genter, 2018). Then, from the
purely HDR concept developed at SsF for creating from scratch a down-hole heat
exchanger, the occurrence of natural brines trapped with complex steeply dipping frac-
tures, the initial geothermal concept evolved to Enhanced or Engineered Geothermal
Systems (EGS) in order to enhance the hydraulic flowrate. Generally, there is no need
to restimulate the geothermal wells during long-term exploitation. There is no decline
of the production neither increases of the reinjection pressure, which is below 20
bars both at SsF and Rittershoffen. Then, the stimulated fractured reservoir acts as
a hydrothermal reservoir partly reconnected to the far-field due to the impact of the
stimulation techniques. Therefore, we can state that there is a kind of physical contin-
uum between EGS, with no or low initial permeability and hydrothermal system,
which are prone to be hydraulically improved by post-drilling stimulations.

VER Pre-exploration phase

The structural and geological context of the SsF area in the URG can be outlined by
a thick sedimentary cover of 1400 m made of Mesozoic (Permo-Triassic to Middle
Jurassic) and Cenozoic formations lying on the top of a Carboniferous granite horst,
limited by local faults striking NNE-SSW to NE-SW dipping 60 to 70° West.
There is a huge unconformity between the Mesozoic and the Cenozoic sedimentary
successions due to an emersion or an uplift before the Cenozoic. By comparison
with the Paris Basin geology, that means that many Mesozoic sedimentary units
are lacking like the top Jurassic and all the Cretaceous. As this area was character-
ized by several tectonic phases during the emplacement of the Rhine Graben, the
geophysical methods deployed on surface and sometimes in the wells must consider
the specific geological background of this area.

During purely HDR development at SsF, geophysical exploration was rather limited
because the basic idea was not to find an aquifer or a specific geological unit but
deep-seated brittle rocks showing very low matrix porosity and high temperature
conditions. Therefore, there was no real geophysical exploration phase at SsF even
if research based on surface electrical methods were done between 1977 and 1979
in order to target deep geothermal resources in the basin (Baudu et al., 1980).
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However, for designing properly a vertical deep drilling operation, which is risky
and costly, there was a strong need to characterize the overlying sedimentary units.
Thus, 2D vintage seismic reflection profiles done for oil exploration in 1984 mainly
to image the Mesozoic and the Cenozoic formations were reprocessed and reinter-
preted for geothermal targets at the sedimentary-basement interface (Munck et al.,
1979). Moreover, a series of former oil wells was used for calibrating the reprocessed
2D seismic profiles and stratigraphy. Therefore, the provisional geological profile of
the first well GPK-1 between surface and the top basement was very accurate thanks
to the high density of old petroleum wells drilled in this area. At regional scale, older
public gravity and magnetic measurements (Rotstein et al., 2006) indicated that the
Bouguer anomaly was delineating a large area corresponding to a granite batholith
already proved by a core taken in the old petroleum well, 4616, located at SsF that
reached the top of the granitic basement at 1380 m depth.

With the drilling of GPK-1 and its stimulation in 1988, three old petroleum wells
surrounding the site (4598, 4601, 4616) were reopened in order to instrument down-
hole three-directional permanent probes for monitoring induced seismic activity
during stimulation operation. Those probes were designed to withstand high temper-
ature (125 °C) and severe corrosion conditions at the bottom of the holes.

In parallel to the coring of the HDR exploration well (EPS-1), three old petroleum
wells, 4550, 4601 and 4616 were deepened in 1990 to about 1500 m in order to
instrument down-hole seismic sensors. The fact that those sensors would have been
installed in the deep Triassic sandstone or the Carboniferous basement, allowed
enhancing detection of very low magnitude events and reducing the uncertainty on
the location of the induced events. An additional peripheral seismic observation well,
OPS-4; was drilled in 2000 and located less than 2 km south of GPK-2. It started
from surface to 1540 m in the Lower Triassic formation in order to reduce azimuthal
bias during the seismic monitoring. In parallel, a permanent network of surface seis-
mic stations was installed and regularly densified according to stimulation and circula-
tion phases.

The drilling of the first well GPK-1 to 2000 m and its later deepening to 3600 m
were also a good opportunity to use innovative image log tools based on acoustic
(BHTYV, UBI) and electrical methods (FMS, FMI, ARI). In 1987, FMS tool was
used probably for the first time in continental Europe for characterizing the fracture
depth, the fracture azimuth and their dip in the granite section. Moreover, drill-
ing induced tensile fractures were also characterized for measuring the orientation
of the main horizontal stress. Detailed interpretation of standard geophysical logs
in the basement of GPK-1 (Traineau et al., 1991) was achieved as well as detailed
comparison between borehole image logs and continuous coring done in EPS-1
(Genter et al., 1997). During this early phase of reconnaissance (1987-1991), VSP
(Vertical Seismic Profiling) was carried out to better image the fault structures close
to the GPK-1 well and for improving the velocity model allowing an accurate loca-
tion of seismic events to be recorded during stimulation experiments. Moreover,
results of VSP were used to reprocess two vintage reflection seismic lines crossing
the SsF area. Based on the interpretation of five 2D seismic lines, a 3D geological
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model was built in a geomodelling tool (Renard and Courrioux, 1994). After drill-
ing operations, various geophysical logging tools were used in the geothermal wells
mainly at SsE They aimed to characterize both the petrography of the crystalline
basement (bulk density, sonic velocity), the hydrothermal alteration due to severe
geochemical interactions with natural fluids (spectral gamma ray with U, Kand Th,
resistivity logs), and temperature and flow logs for identifying discrete permeable
fractures. For example, the most striking observation derived from spectral gamma
ray, was the significant increase of K related to argillic alteration within fractured
zones (Traineau et al., 1991). It corresponds to the precipitation of clay minerals
bearing potassium like illite related to fluid circulation.

Acoustic and electrical resistivity image logs were also extensively used for mapping
in situ, the orientation of natural fractures as well as orientation of the principal
horizontal stress field based on the observations of drilling induced tensile frac-
tures or borehole breakouts (Figure 4.3). Caliper logs were also used systematically
during the technical phases for cementing operations. By using various geophysi-
cal logs acquired in the Soultz wells, many research attempts have been done by
using statistical tools like Principal Component Analysis, Hierarchical Ascending
Classification or neuronal network for mapping clay-rich zones in the basement.

b
formation micro image (FMI) Q ultrasonic borehole image (UBI)

Figure 4.3 Example of borehole imagery logs acquired in the Lower Triassic sandstone
(left) or crystalline basement (right) of the geothermal well GRT-2. Natural
fractures appear as sinusoidal traces on both electrical and acoustic borehole
image logs. Nearly horizontal stratification, and vertical induced drilling frac-
tures are also visible on the electrical image log (left).
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During the development of the Rittershoffen project, again vintage 2D seismic lines
were used for targeting the first vertical well GRT-1 drilled at 2560 m in the gran-
ite. However, those reflection seismic data were mainly acquired for imaging oil
embedded in Cenozoic sedimentary reservoirs. Thus, the deepest sediments and the
related fault network were not imaged properly. It is the reason why a new reflec-
tion seismic campaign was achieved at Rittershoffen as well as a three-component
VSP for better targeting the second well, GRT-2, drilled to 3196 m. Then a new
3D geological model was built, and the second deviated well was targeted to the
North with the same technical design as the first well (Baujard et al., 2017). This
well was drilled parallel to the main local fault and about six permeable fractures
crosscut the GRT-2 well in the sandstone and in the granite. This highly deviated
well became the production well in which a down-hole line shaft pump was set.
Consequently, the first well, GRT-1, became the reinjection well which is mainly
crosscut by a branch of the local fault in the granitic section. From 2016, geother-
mal exploitation is running properly by using this doublet.

After this success story in Rittershoffen, the Illkirch project started in 2010. From
the lessons learned at SsF and Rittershoffen, two main sets of geophysical explora-
tion methods were carried out. First, vintage 2D seismic lines were reprocessed and
additional new 2D seismic lines were acquired. It aimed to better define the geolog-
ical and structural properties in this part of the Rhine Graben where the sedimen-
tary layers are rather thick. In this part of the Rhine graben, this sub-basin could
reach more than 4000 m thick. In parallel to this new seismic acquisition campaign,
two gravity data acquisitions were made in 2013 and 2016 for refining the existing
datasets. Moreover, a high-resolution acromagnetic survey was conducted in 2015
in this area. Both geophysical methods aimed to determine the nature of the deep
basement (granite, schist, metamorphic rocks, ...), which was only known from
outcrops lying in the Vosges mountains. Therefore, a better image of the local faults
and layers was achieved by combining in a geomodeller, both vintage and recent
2D seismic lines. Then, a combined interpretation of gravimetric and magnetic
data correlated with a structural interpretation of 2D seismic lines made it possi-
ble to highlight nature and the structure of the deep basement (Edel et al., 2018).
Moreover, the drilling of the deepest part of the GIL-1 is well confirmed that the
deepest basement is characterized by brittle crystalline formation. The drilling of
this deviated well perpendicular to a local fault at Illkirch between 2018 and 2019
demonstrated that the faulted interface between the Triassic sandstone and the gran-
ite was tight, that the basement was made of granite as predicted by acromagnetic
results and that permeable fractures took place in the crystalline basement. Because
of felt induced seismicity triggered by another competitor at Vendenheim in the
northern part of Strasbourg during this period, the Illkirch geothermal project was
temporarily suspended by local mining authorities in 2021 till now.

In Northern Alsace, a 3D seismic reflection campaign was carried out in 2018 over
a surface of about 180 km? in superimposition with the geothermal licenses and
concessions hold by Electricité de Strasbourg. It was the first 3D seismic survey
done in France for deep geothermal energy. The large surface of the 3D seismic
acquisition allowed having an underground image at a regional scale rather than at
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the level of a single project, which helped in terms of interpretation of the continu-
ity of the structures and of the horizons. The target is to obtain a better geological
and structural image of the sedimentary layers and the fault system by focusing on
the deep formations in the basin, e.g. the Lower Permo-Triassic sandstone and the
top crystalline basement. Therefore, special attention has been paid on the faults
intersecting the top basement for evaluating how they rooted into it (Figure 4.4).
The main striking parameters of this 3D acquisition correspond to broadband seis-
mic ranging from 2 Hz up to 96 Hz delivered by 62000 lbs vibro-trucks and 27000
vibrated points. Various former old petroleum wells, used for the seismic interpreta-
tion, are clustered around the SsF and Rittershoffen geothermal wells (Figure 4.4).
The two operational EGS sites of SsF and Rittershoffen were comprised within the
3D acquisition area. It represents a tangible advantage for better calibrate the 3D
results from seismic in terms of geology by comparison with the geological layers
observed in the boreholes of SsF and Rittershoffen. In order to assess the imaging
quality of the deep faulting, the pre-processing flow chart was validated by a 3D
migration of the full cube. Iteratively built from picked faults and key horizons on
delivered volumes, the 3D structural model was built according to the results of
an Advanced Fault Enhanced volume. To refine the fault definition and location,
a fault-oriented velocity model was carried out (Toubiana et al., 2020).

Figure 4.4 Local 3D model of the geological layers and the main steeply dipping faults
in Northern Alsace derived from 3D seismic interpretation. The green arrow
indicates the North, and X and Y axes the geographic coordinates. On sur-
face, geothermal and former oil well names from Rittershoffen (left) and SsF
(right) geothermal sites are represented. Geological legend for the layers from
surface to the deep basement: (brown) Eocene with top of the Dolomitic
Zone, (purple) Upper Trias with top of the Keuper, (green) Middle Trias with
top of the Muschelkalk, (pink) Lower Trias with top of the Buntsandstein,
(red) Carboniferous with top of the crystalline basement.
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Based on new gravity data acquired in Northern Alsace and their comparison
to the older Bouguer anomaly, a qualitative data analysis reveals several negative
Bouguer anomalies suggesting a decrease of the bulk density at the depth that fits
with potential geothermal reservoirs like the Lower Trias and the top basement
(Abdelfettah et al., 2020). A more quantitative analysis of gravity data combined
with 3D geological models outlined areas with low density values that could be
explained either by the variation of petrography within the basement and/or the
occurrences of highly fractured zones associated with geothermal fluid affecting
the bulk density values.

Due to their sensitivity to fluids and particularly brine water in rocks, passive
electromagnetic (EM) techniques (e.g. Magnetotellurics or MT) or active
(Controlled-Source Electromagnetic or CSEM) have been traditionally used to
investigate the subsurface conductivity. Therefore, MT surveys were conducted
in Northern Alsace, respectively, close to Soultz in 2007-2008 and Rittershoffen
in 2013-2014. MT data collected in the Soultz area were combined with other
geophysical data for estimating temperatures at depth below the existing geother-
mal wells drilled at 5000 m. The main result of this analysis based on MT, was
the forecast of a very deep convective cell below GPK-2 at around 6000-8000 m.
Results from continuous MT measurements done at Rittershoffen in 2013-2014
suggested transient variations in subsurface conductivity due to the occurrence of
fluids at depth. Furthermore, by using MT response versus time, it revealed that
fluids could migrate in a NE direction from the injection well GRT1. Therefore,
MT is not only a method for geothermal exploration or for assessing temperatures
at depth but could be used as a monitoring tool during hydraulic stimulation or
geothermal exploitation.

EM methods have shown to be effective to characterize geothermal reservoir
geometry in volcanic area, hydrocarbon reservoir geometry in offshore sedimen-
tary area or onshore mineral exploration but not really in EGS. Nevertheless,
the ability of EM methods to image targets with high geothermal potential in
deep fractured reservoir and in a high man-made noise environment still needs
to be demonstrated. Indeed, CSEM sources must compete with high noise
levels and a conductive sedimentary cover resulting in low signal to noise ratio.
At SsF, a full-scale 3D CSEM campaign done in 2020 demonstrated the ability
of the technique to image resistivity variations underneath a thick sedimentary
cover (>1400 m).

An assessment of subsurface rock mineral compositions derived from their physi-
cal properties measured through geophysical logging, employing a combination
of statistical and machine learning techniques has been applied to the Triassic
sedimentary reservoirs from the URG (Pwavodi et al., 2024). Based on vari-
ous geophysical data from the geothermal SsF and Rittershoffen wells, mineral
composition was spatially predicted and compared with existing mineral descrip-
tions. This approach based on machine learning helps in deciphering complex
mineralogical compositions and geological structures within subsurface geother-
mal reservoirs from the URG.
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A methodology was established by using the thermal logs of the deep geothermal
wells of Rittershoffen and SsF and applied to the temperature profiles measured
in the gradient wells as an exploration tool. The basic idea is to try to estimate the
temperature at the top of the geothermal reservoir. Thus, a series of seven shallow
wells (<200 m) were drilled in Northern Alsace and temperatures were meas-
ured at equilibrium. Then, by using detailed lithostratigraphy and other relevant
geological information, temperatures were extrapolated linearly till the top of the
Middle Triassic limestone (Maurer et al., 2018). Above this geological interface,
the geothermal gradient is conductive and shows a very high slope. This method
is effective in volcanic environments for locating the heat source. It has been
adapted to the URG reservoirs for delineating hottest zones related to local faults
at the depth corresponding to Middle Triassic layers.

S Optimizing borehole design according to
the geological knowledge of the reservoir

Geophysical exploration was not really used for HDR because there was no need
of reconnaissance of a deep heat exchanger nor to identity geothermal perme-
able reservoirs. However, based on extensive structural characterization by drilling
in the URG, faults and fractures are highly dipping (>70°) and drilling vertical
wells present a high probability to not cross these nearly vertical structures. Some
recent wells in the URG (GRT-2 in Rittershoffen, GIL-1 in Illkirch, two wells
in Vendenheim) are deviated in order to intersect a maximum of nearly vertical
faults and fractures. However, a deviated well is more complicated to drill, to log
and to exploit, and consequently more expensive. Insofar the cost of the drilling
follows an exponential law corelated to the drilled length. It is the reason why the
most recent wells are not drilled into the deep granitic basement only like in SsF
but target the fracture network in the overlying Lower Triassic sandstones as well
as the first kilometer of crystalline basement just below the interface with the sedi-
mentary cover. It has been demonstrated from extensive structural analysis of the
SsF wells that the first km of the top crystalline basement is much more naturally
fractured than the overlying Triassic sandstones as well as the deeper basement.

By discovering that the fractures are highly dipping and locally permeable,
well design evolved from vertical to deviated or even inclined wells trajectories.
Therefore, the first wells were vertical at Soultz (GPK-1, GPK-2) but slightly
evolved to a more complex design like GRT-2 in Rittershoffen that was devi-
ated and drilled parallel to the main local faults identified by 2D seismic. The
hydraulic performance of this second well was so good, that stimulation opera-
tions were not needed (Baujard et al., 2017). The open-hole sections of the
geothermal wells are generally aligned with the orientation of the principal hori-
zontal stress (SsE Rittershoffen). Some wells in Briihl, Insheim or Rittershoffen
were not stimulated and presented a sufficient natural permeability for industrial
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exploitation (Vidal and Genter, 2018). They are classified as hydrothermal and
not strictly EGS wells. Their trajectories were well designed according to the
geological and structural context because they crossed out several permeable
fractures. The absence of stimulation is a substantial advantage for reducing cost
as well as induced seismicity, main nuisance for public acceptance. However, all
the geothermal projects in the URG are considered as EGS because they will
need to use a reinjection well and to develop induced seismicity related to the
geothermal exploitation (Maurer et al., 2020).

Conclusion and perspectives

In the Upper Rhine Graben, since the earlier development of matrix porosity
geothermal projects in sandstones (e.g. Cronenbourg) and HDR projects in deep
granitic basement (e.g. SsF) in the 90s, the geothermal concept evolved towards
EGS projects by considering the geological properties of the deep geothermal
system. The occurrence of fractured reservoirs characterized by natural brine circu-
lations with fractured zones obliged developers to adapt geophysical exploration
methods, geophysical well logging strategies as well as technical well design for
reaching hydrothermal or EGS geothermal targets.

Therefore, by improving the conceptual model of deep geothermal resources in the
URG, well productivity has been improved either by stimulation or by optimizing
geothermal targets by derisking drilling depths and well design. The depths of the
wells have been divided by factor 2 between SsF and Rittershoffen, the first km of
the top basement being highly fractured, hydrothermally altered and permeable.
Consequently, the flowrate is higher than 70 kg/s at Rittershoffen compared to the
30 kg/s at SsF only.

In terms of surface geophysical methods, only 2D seismic reflection was used in the
past for shallower petroleum targets. By considering the importance of the fractured
reservoirs, 2D or even better 3D seismic is now routinely used for deep geothermal
resource exploration in the URG for imaging the top basement as well as the fault
system at seismic scale. In terms of depth penetration, some progresses were also
done from surface to great depths. For instance, some years ago, at Rittershoffen
the second well, GRT-2, was targeted based on a specific 2D seismic line. For new
geothermal projects based on a doublet, well design and their geothermal targets
are defined before any drilling operation based on surface geophysical methods and
specific treatments (inversion, machine learning, 3D modelling, ...).

Permeable faults or fractures lying into a deep basement hidden by a thick sedi-
mentary cover are still challenging to image based on surface geophysical methods.
Thus, there is a real need for combining various geophysical methods and treat-
ments to propose a multi-physics image of deep fractured geothermal reservoirs in
the URG in order to explore with low risks and thus exploit more sustainably the
deep geothermal resource.
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