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Since the 1980′s, more than 15 geothermal wells have been drilled in the Upper Rhine Graben (URG), representing more than 60 km of drill length. Although some early concepts were related to purely matrix-porosity
reservoirs or Hot Dry Rock systems, most projects in the URG are currently exploiting the geothermal resources
that are trapped in fracture networks at the base of the sedimentary cover and in the granitic basement. Lessonslearnt from the European EGS reference site at Soultz-sous-Forêts reveal highest natural permeability in the
uppermost altered crystalline basement.
Here, we present a compilation of related information to examine a more general validity of this hypothesis
for the central URG. In this respect, 15 geothermal wells were analyzed concerning their lithologies, temperature
distribution with depth, and their hydraulic yields. Among others, permeable fractures in Triassic sediments
were observed among others during drilling operations at Soultz-sous-Forêts, Rittershoﬀen, Cronenbourg
(France), Landau, Insheim, Bruchsal and Brühl (Germany). The geothermal wells at Soultz-sous-Forêts,
Rittershoﬀen (France), Landau and Insheim (Germany) also intersect well-connected fracture networks in the
uppermost altered granitic basement. Permeable fractures are intersected to a depth of 5 km at Soultz-sousForêts (France) and Basel (Switzerland).
The compilation of geologic, hydraulic and thermal data of 15 geothermal wells shows permeability variation
among the lithologies with the maximum observed at the top of the hydrothermally altered granite. This higher
permeability is likely due to the intense fracture density in the fault core of the fracture zone and the large
porous and altered damage zone which allow connection with the reservoir.

1. Introduction
The Upper Rhine Graben (URG) is a part of the European Cenozoic
Rift System. This graben is characterized by a series of thermal
anomalies that are widely interpreted as the signature of large-scale
natural advection and convection on multi-scale fracture-controlled
systems. These systems are associated with the nearly vertical faults
that cross-cut both the deep-seated Triassic sediments and the Paleozoic
crystalline basement rocks (Baillieux et al., 2013; Pribnow and
Schellschmidt, 2000; Schellschmidt and Clauser, 1996). In both cases,
fracture permeability exceeds matrix permeability. The overlying Tertiary sedimentary formations exhibit exceptionally high temperature
gradients up to 100 °C/km and host hydrocarbons (Sittler, 1985). Over
the past 35 years, geothermal projects have been developed in France,
Germany and Switzerland to exploit deep geothermal energy.
Starting in Los Alamos (USA) and Cornwall (UK) in the 1970s, the
exploitation of granitic systems was initially developed based on the
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Hot Dry Rock (HDR) concept. The HDR concept was initiated to exploit
the vast energy resources that reside as heat in the low-permeability
rocks underlying most continental regions at depths accessible by wells
(Schulte et al., 2010). The Soultz-sous-Forêts pilot project includes ﬁve
deep wells intersecting the Triassic sediments and reaching the deep
crystalline basement. Initially, HDR technology was used to artiﬁcially
create a heat exchanger in the deep crystalline rocks. However, all wells
exhibit at least one permeable natural fracture zone. The natural permeability of these fracture zones is often weak and needs to be enhanced to reach economically viable hydraulic yields. Thus, these reservoirs are often associated with Enhanced Geothermal System (EGS)
technology, which involves engineering existing fractures to improve
their low initial permeability (Ledru and Guillou-Frottier, 2010). At
Soultz, the top basement is characterized by intense hydrothermal alteration (Traineau et al., 1992), where the ﬂowrate is higher even if the
temperature of the geothermal ﬂuid is lower. It is well known that the
natural reactivation potential and the susceptibility of fractured
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stress regime in the URG from the late Miocene to the present has been
a compressional regime with an NW–SE orientation, as observed over
much of central Europe, which resulted in a left-lateral transcurrent
motion (Bergerat, 1985; Illies and Greiner, 1979).

reservoirs to hydraulic stimulation is inﬂuenced by the lithology
(Meixner et al., 2014) and in the particular case of the granitic basement, the degree, of hydrothermal alteration (Evans et al., 2005; Meller
and Kohl, 2014). Recent geothermal projects are directly based on
lessons learned from Soultz projects, where the initial natural permeability is highest in the fracture networks at sediment-basement interfaces (Schill et al., 2017). They are described as hydrothermal systems,
and their economic exploitation does not require stimulation treatments.
In this paper, we investigate to what extent the observations at
Soultz are systematic and representative of the central URG sedimentbasement interface. To achieve this, 15 wells are compared with regard
to their lithological diﬀerences and respective temperature and hydraulic indicators. These data are discussed in relation to observed
fracture zones. Because hydraulic parameters are of critical economic
relevance and are typically not publically available, temperature is used
to infer heat transfer processes and, thus, hydraulic conditions in most
cases. Following a presentation of fractured systems and hydrothermal
circulation concepts in the URG, deep geothermal projects of the central
and southern URG are discussed. The geothermal project of Soultz-sousForêts serves as a reference.

3. Thermal settings and fractured system
In the URG, the underground temperature distribution is spatially
heterogeneous with a series of local anomalies with temperatures above
140 °C at 2 km Measured Depth (MD). Most of these values are concentrated on the western side of the URG, where the direction of the
border fault rotates from N20°E to N45°E (Baillieux et al., 2014, 2013;
Dezayes et al., 2015; Schellschmidt and Clauser, 1996). High resolution
temperature data from wells reveal a spatial link between high temperature and local faults, such as the Soultz and Kutzenhausen faults, as
well as the Ω-fault at Landau (Fig. 1) (Bächler et al., 2003; Baillieux
et al., 2013; Benderitter et al., 1995; Pribnow and Clauser, 2000;
Pribnow and Schellschmidt, 2000). Thus, these geothermal anomalies
at the local scale are attributed to buoyancy-induced hydrothermal
circulation in fractures within the crystalline basement and sandstones.
For example, Fig. 2 shows the disturbance of isotherms resulting from
geostatistical modelling (GeORG Team, 2013). The so-called ‘Soultz
geothermal anomaly’ is one of the most important temperature
anomalies and has been the subject of numerous studies. Hydrothermal
convection may explain 75–85% of this anomaly (Baillieux et al.,
2013), and the up-ﬂow of thermal water occurs mainly along westward
dipping normal faults (Baillieux et al., 2014). The radiogenic heat
production due to the crystalline composition of the basement may
explain the remaining 15–25% (Baillieux et al., 2013). The highest
radiogenic productions are associated with hydrothermally altered
zones. In the deep geothermal well GPK-1, radiogenic production determined from core samples ranges between 5.5–6.5 μW/m3 for depths
between 1400 and 1550 m MD (Rummel et al., 1988). Continuous
logging of the deep geothermal well GPK2 revealed values up to 7 μW/
m3 between 3700 and 3800 m MD and at 5060 m MD in permeable
zones (Grecksch et al., 2003; Pribnow, 2000).
All geothermal ﬂuids collected in deep geothermal wells result from
the mixing of primary marine brine (seawater evaporation at least up to
the halite precipitation stage) and water of meteoric origins (Aquilina
et al., 1997; Pauwels et al., 1993; Sanjuan et al., 2014, 2010). These
ﬂuids are of the Na-Cl type with high salinity values, approximately
100 g/L, and with pH values close to 5 (Sanjuan et al., 2016, 2014).
Both fossil and present-day hydrothermal circulations in the fracture
system have resulted in the strong dissolution of primary minerals, such
as biotite and plagioclase, as observed in the granitic basement of
Soultz, as well as the signiﬁcant deposition of some altered minerals,
such as clay minerals (smectite, illite, tosudite), calcite, secondary
quartz and sulﬁdes (Genter and Traineau, 1992). Circulation ages have
been estimated from fracture ﬁlling dating at Soultz. Illites from fracture veins revealed ages from the Permian, Cretaceous, Miocene and
earlier (Bartier et al., 2008; Schleicher et al., 2006). Hydrothermal
circulations may have been linked to major volcanic events in the URG
during the Permian (Lorenz and Nicholls, 1976), Cretaceous and Miocene (Illies, 1972). Mineralogical studies of assemblages in fracture
ﬁllings indicate a complex polyphase circulation system (Dubois et al.,
2000; Smith et al., 1998).

2. Structural evolution of the URG
The Upper Rhine Graben (URG) forms the central, most conspicuous
segment of the ECRIS (Illies, 1965), which extends over a distance of
more than 1000 km from the North Sea to the Mediterranean (Fig. 1).
The NNE-trending URG, which is limited by the Rhenish Massif to the
north and the Jura Mountains to the south, has a length of some 300 km
and a width of 30–40 km. This geological setting will focus on the
structural inheritance of the crystalline basement and the evolution of
fractured system from Variscan to late Alpine.
The Variscan crystalline basement of the URG is characterized by
three major tectonic terranes, oriented NE to NNE, from north to south,
the Rhenohercynian, the Saxothuringian and the Moldanubian that
present major lithological diﬀerences (Edel and Schulmann, 2009; Edel
and Weber, 1995; Ziegler, 1990). They are intruded by carboniferous
granitoid (340 Ma (Visean) and 270 Ma (Permian)) that exhibit a large
petrological and geochemical diversity of crystalline rocks, which are
related to a variety of active deep magmatic sources and diﬀerent
petrogenetic mechanisms (Altherr et al., 2000, 1999; Edel and
Schulmann, 2009; Lagarde et al., 1992). These granitoids are emplaced
following a NE to NNE direction according to main weakness zones
such as collisional or shear zones. These inherited Hercynian NE to
NNE-striking crustal weakness were reactivated to the URG formation
under compressional stresses during Alpine and Pyrenean collisions
(Dèzes et al., 2004; Edel et al., 2007; Illies, 1972, 1965; Schumacher,
2002; Villemin and Bergerat, 1987). Mesozoic platform sediments of
Triassic (Buntsandstein, Muschelkalk and Keuper) and Jurassic (Lias
and Dogger) times that results from eroded Variscan belt are also affected by structural evolution during Cenozoic rifting. (Villemin and
Bergerat, 1987) and (Schumacher, 2002; Villemin and Bergerat, 1987)
proposed a Cenozoic rifting of the URG divided into four brittle deformation phases, which were accompanied by diﬀerent stress regimes
from the late Eocene rifting to the late Miocene. The ﬁrst phase (middle
to late Eocene) was characterized by an N–S compressive regime.
During the second phase (late Eocene to late Oligocene), major E–W
extension resulted in the greatest rifting and the development of thick
sedimentary sequences in the URG (Doebl, 1967). These events included two marine transgressions, which induced the deposition of the
carbon-rich Pechelbronn layers and salt layers in the southern area of
the graben, among others. During the early Miocene, the stress regime
changed to an NE–SW-oriented compressive phase. This episode was
characterized by the uplift of the upper mantle and crust, as suggested
by the up-doming Moho and the beginning of volcanism at the Vogelsberg and Kaiserstuhl volcanos (Fuchs et al., 1987). The prevailing

4. History and structural setting of the geothermal wells
Table 1 and Figs. 3 and 4 show the geothermal wells used in this
study, which are located in the central and southern URG, as well as
their structural setting in chronologic order.
Triassic sediments were assessed in the early 80 s with the objective
of exploiting the Mesozoic aquifers. In this context, the geothermal well
GCR-1 was drilled in 1984 at Cronenbourg (Alsace, France) into the
sandstones of the Buntsandstein (Lower Triassic age) (Housse, 1984).
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Geothermics 74 (2018) 57–73

J. Vidal, A. Genter

Fig. 1. a) Simpliﬁed geological map of the Upper Rhine Graben and surrounding low mountain ranges, as well as basins including structural settings of selected high temperature areas of
b) Soultz-sous-Forêts and Rittershoﬀen (Baillieux et al., 2014), and c) Landau and Insheim (Eisbacher and Fielitz, 2010; “Geoportail of EU-Project GeORG − INTERREG IV Upper Rhine,”
2012). AB and A’B’ represent cross-sections that are detailed in Fig. 2.

geothermal exploitation in the URG.
In 1983 at Bruchsal (Rhine Palatinate, Germany), two geothermal
wells named GB-1 and GB-2 were drilled to exploit the geothermal
resources of the Buntsandstein and Permian sandstones (Herzberger
et al., 2010). They were drilled nearly vertically in an accommodation
zone with a high density of normal faults striking N-S to N10°E and

The well was drilled vertically into a tilted block that was divided by a
normal fault that strikes NE-SW and dips westward. The productivity of
the well was too low to warrant an economically viable geothermal
loop. Hydraulic testing showed that compared to the matrix, the natural
permeability was higher in localized fracture zones. Accordingly, the
matrix permeability concept was shown to be ineﬀective for deep
59
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Fig. 2. Simpliﬁed geological cross sections and isotherms obtained from geostatistical modelling across Soultz and Rittershoﬀen geothermal ﬁelds (AB in Fig. 1) and across Landau and
Insheim geothermal ﬁelds (A’B’ in Fig. 1) modiﬁed after (“Geoportail of EU-Project GeORG − INTERREG IV Upper Rhine,” 2012).

that is bordered by the Soultz fault system (Cautru, 1988; Herbrich,
1988). At the top of the basement, the main branch of the normal fault
strikes N170°E and dips westward (Sausse et al., 2010). This well revealed brine at a temperature of up to 140 °C (Herbrich, 1988). It circulates through hydrothermally altered fracture zones at the top of the
basement and thus reduces the geothermal gradient to about 10 °C/km.
Aiming for “dry” rocks at higher temperatures, the well was deepened
and reached a temperature of about 150 °C at 3500 m MD and an intermediate deep fracture network (Aquilina et al., 1993). An intermediate reservoir was developed at about 3600 m MD with a second

dipping westward (Meixner et al., 2016). They intersect two diﬀerent
tilted blocks separated by a NW-SE striking fault.
The second set of approaches was mainly temperature-driven. In
this framework, the project at Soultz-sous-Forêts (Alsace, France) is
used as reference. It was the ﬁrst project in the URG to create a deep
granitic reservoir based on the Hot Dry Rock (HDR) concept (Gérard
and Kappelmeyer, 1987). To produce electricity without the use of
binary plant technology, the minimum required temperature was
200 °C. At a geothermal gradient of about 100 °C/km, the exploration
well GPK-1 was drilled vertically down to 2000 m MD in 1987 in a horst
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Cronenbourg
Bruchsal
Bruchsal
Soultz-sousForêts

Soultz-sousForêts

Soultz-sousForêts
Soultz-sousForêts
Basel
Landau
Landau

Insheim

Insheim

Rittershoﬀen

Rittershoﬀen

Brühl

GCR-1
GB-1
GB-2
GPK-1

GPK-2

GPK-3

BS-1
Gt La-1
Gt La-2

GTI-1

GTI-2

GRT-1

GRT-2

GT-1
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2014

2012

2009

2008

2006
2005
2006

2003

2002

1994 Deepening
in 1999

1980
1983
1984
1987 Deepening
in 1992

Year of drilling

Bold values are for post-stimulation.

GPK-4

Location

Name

30°SE

37° to the North

Sub-Vertical

Highly deviated to NE

Highly deviated to SE

Sub-Vertical and highly
deviated to the South
Sub-Vertical and highly
deviated to the South
Sub-Vertical
33°W
25°E

Sub-Vertical and
deviated to the NW

Sub-Vertical
Sub-Vertical
Sub-Vertical
Sub-Vertical

Trajectory

2542

3200

2580

3850

3850

5000
3300
3170

5270

5110

5060

2870
1932
2542
3590

Drilled
Length (m
MD)

3155

2120

1925

2980

3620

4629
2100
2200

4767

4592

4440

2664
1573
2350
2850

Top of the
Open-Hole (m
MD)

Sandstones (Permian)
Granite (Carboniferous)
Sandstones
Granite (Carboniferous)
Granite (Carboniferous)
Sandstones (Buntsandstein)
Hydrothermally Altered
Granite (Carboniferous)
Sandstones (Buntsandstein)
Hydrothermally Altered
Granite (Carboniferous)
Sandstones (Buntsandstein)

Granite (Carboniferous)
Granite (Carboniferous)
Granite (Carboniferous)

Granite (Carboniferous)

Granite (Carboniferous)

Granite (Carboniferous)

Sandstones (Buntsandstein)
Sandstones (Buntsandstein)
Sandstones (Buntsandstein)
Hydrothermally Altered
Granite (Carboniferous)

Lithology of the Open-Hole

3.5

3.5

0.5
2.5

–

2.5 × 10−3
–
0.25
>1
0.9

deep granitic reservoir

deep granitic reservoir

0.12
–
0.7
upper granitic reservoir
intermediate granitic
reservoir
intermediate granitic
reservoir
deep granitic reservoir
0.09
0.05
1.7
0.03
1.6
0.02
1
0.2
0.4
0.01
0.5

Initial hydraulic yield Poststimulation (L/s/bar)

160

180

170

–

–

–

165

190
160
170

200

200

Thermal, hydraulic and
chemical stimulation

Hydraulic and chemical
stimulation
Hydraulic and chemical
stimulation
Hydraulic stimulation
–
Hydraulic and chemical
stimulation
Hydraulic stimulation and
drilling of a sidetrack
–

200

140
120
134
160

–
–
–
Hydraulic stimulation

Hydraulic and chemical
stimulation

TBottom (°C)

Stimulation

–

–

6.27

–

5.23

–
4.96
–

100

–

101

–

107

–
106
–

–

–

–
–

100

104
121
–
–

TDS (g/
L)

4.98

6.70
5.06
–
–

pH

Table 1
Properties of geothermal wells in the URG at Cronenbourg (Housse, 1984; Pauwels et al., 1993), at Bruchsal (Herzberger et al., 2010; ; Meixner et al., 2016; Sanjuan et al., 2016), at Soultz-sous-Forêts (Baria et al., 1995; Dezayes et al., 2005b; Genter
et al., 2010; Hettkamp et al., 2007, 2004; Jung, 1992; Jung and Weidler, 2000;), at Basel (Häring et al., 2008; Ladner and Häring, 2009), at Landau (Sanjuan et al., 2016; Schindler et al., 2010), at Insheim (Baumgärtner et al., 2013; Baumgärtner
and Lerch, 2013; Sanjuan et al., 2016), at Rittershoﬀen (Baujard et al., 2017; Sanjuan et al., 2016) and at Brühl (Melchert et al., 2013; Sanjuan et al., 2016).
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Fig. 3. Chronology of the deep geothermal projects and their associated wells in the URG. For each well, lithologies of open-holes are represented in depths along the borehole and
stimulation treatments are detailed.

revealed a very low initial hydraulic yield and was hydraulically stimulated. Induced seismic events with magnitudes up to M = 3.4 interrupted the project (Häring et al., 2008).
The following projects developed in the URG were based on lessons
learned from Soultz and EGS technology, and targeted the sedimentbasement interface and not the deep granitic basement.
In 2005, the geothermal doublets Gt La1 and Gt La2 were drilled at
Landau (Baden-Württemberg, Germany). For the ﬁrst time in the URG,
the wells were deviated 33° westward and 25° eastward, respectively
(Baumgärtner, 2007). They targeted local normal faults within a horst/
graben system that strike N-S and dip eastward (Schad, 1962). The
geothermal reservoir at Landau was developed using a multi-reservoir
concept (Triassic and Permian sandstones – altered granite) (Hettkamp
et al., 2007).
In line with the concept of cross-cutting fault zones, the geothermal
doublets GTI-1 and GTI-2 were drilled at Insheim (Baden-Württemberg,
Germany) in 2008. The geothermal target was a normal fault oriented
N-S that dips westward in a horst/graben system (Baumgärtner et al.,
2013). Both wells intersected this fault with a deviated trajectory to the
NW and SE (Baumgärtner et al., 2013). The geothermal reservoir at
Insheim was also developed on a multi-reservoir concept (Muschelkalk

well, GPK-2, in 1992 (Dezayes et al., 2005b; Genter and Tenzer, 1995).
The initial goal was to monitor the micro-seismicity during the creation
of the heat exchanger to ensure the eﬀectiveness of hydraulic operations. The GPK-2 well was deepened to 5000 m MD and two wells, GPK3 and GPK-4, were drilled down to 5000 m True Vertical Depth (TVD)
between 2000 and 2004 (Baumgärtner et al., 2000; Dezayes et al.,
2005a,b, 2003). The deep granitic reservoir shows comparatively lower
fracture density and lower hydraulic yield prior to stimulation. At
Soultz, however, all ﬁve wells exhibit at least one permeable fracture
zone, and the natural fracture network acts as a natural heat exchanger.
Its natural permeability may be too weak for industrial exploitation.
Note that at Soultz, wells were drilled parallel to the maximum horizontal stress and the main fault zones. The presence of fracture zones
were not adequately taken into consideration before drilling and stimulation operations began. EGS technology was used in all wells with
improvement factors of 30–50, but natural ambient test conditions at
the sediment-basement level were never achieved in the deep reservoirs
(Nami et al., 2008; Portier et al., 2009; Schill et al., 2017).
Following the temperature-driven concept of Soultz, the BS-1 well
was drilled in 2006 at Basel (Switzerland) for the Deep Heat Mining
project (Häring et al., 2008). The deep granitic section of the well
62
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Fig. 4. Maps of geothermal sites with fault traces and well trajectories located a) at the top of the Buntsandstein at Cronenbourg (Housse, 1984), b) at the topographic surface at Bruchsal
(Meixner et al., 2016), c) at the top of the basement at Soultz-sous-Forêts (Sausse et al., 2010), d) at the topographic surface at Basel (Meixner et al., 2016), e) at the top of the basement at
Landau (Rueter, 2010), f) at the top of the Triassic sediments at Insheim (Baumgärtner et al., 2013), g) at the top of the Buntsandstein at Brühl (Lotz, 2013), and h) at the top of the
basement at Rittershoﬀen (Baujard et al., 2017). Maximum horizontal stress in open-holes are oriented N142°E at Bruchsal (Meixner et al., 2014), N170°E at Soultz (Valley, 2007), NNWSSE at Landau (Ritter et al., 2014), N-S at Insheim (Baumgärtner et al., 2013), N140°E at Brühl (Reinecker et al., 2014) and N170°E at Rittershoﬀen (Hehn et al., 2016). Regional
maximum horizontal stress is indicated for Cronenbourg and Basel.

– Rotliegendes – altered granite) (Baumgärtner and Lerch, 2013). A
sidetrack and a hydraulic stimulation were achieved within the GTI-1
well to reach the expected ﬂowrate, whereas the GT-2 well was hydraulically and chemically stimulated (Schindler et al., 2010).
At Brühl (Rhine Palatinate, Germany), the geothermal GT-1 well
was drilled down to the Buntsandstein formation in 2013 (Lotz, 2013).
The well is deviated by 30° to the SE and intersects a normal fault that is
oriented N170°E to N-S and dips westward (Lotz, 2013; Reinecker et al.,
2014).
At Rittershoﬀen (Alsace, France), a geothermal doublet was installed between 2012 and 2014, including GRT-1 and GRT-2 (Baujard
et al., 2017). The wells targeted the Rittershoﬀen normal fault that
borders a local graben system (Baujard et al., 2017). This fault strikes
N10°W to N10°E and dips westward. GRT-1 intersects the fault vertically and GRT-2 is deviated 37° to the north. The GRT-1 well stimulated
based on a combined thermal-chemical-hydraulic stimulation, including environmentally friendly solutions (Recalde Lummer et al.,
2014; Recalde Lummer et al., 2014; Recalde Lummer et al., 2014;
Recalde Lummer et al., 2014), packer utilization to isolate treated
zones, and low-pressure hydraulic injections (Recalde Lummer et al.,
2014; Vidal et al., 2016b).

partial or total mud losses related to fracture zones in the sediments
during drilling operations (Vidal et al., 2015). This potential reservoir
was never hydraulically tested or stimulated. In the intermediate and
deep reservoirs, long-term productivity was demonstrated during nine
periods in 1997, 2005 and between 2008 and 2013. The deepest reservoir was developed to ensure electricity production.
5.1. Fracture network and hydraulic yields of the reservoirs
In the following section, we discuss the fracture network and hydraulic yields from the deep to the shallow granitic, the altered top
granitic and the sedimentary potential reservoir rocks (Table 1). The
deep granitic basement of Soultz-sous-Forêts is accessed through the
open-hole sections from 4500 to 5230 m MD. It consists of a grey ﬁnegrained two-mica granite (327 ± 7 Ma) (Cocherie et al., 2004; Stussi
et al., 2002). The matrix porosity of the two-mica granite is approximately 0.5% (Géraud et al., 2010). The fracture density in GPK-3 and
GPK-4 is approximately 0.8–0.9 fract/m below 4500 m MD and decreases to 0.25 fract/m below 5080 m MD (Valley, 2007). The fractures
mainly strike N-S and dip to the west. A major fault zone intersected the
GPK-3 well between 4755 and 4780 m MD and controls 70% of the
ﬂowrate in the well (Dezayes et al., 2010b). This zone consists of 7
individual fractures with a cumulative altered granite thickness of
15 m. The deep granitic reservoir showed an initial injectivity index of
1 × 10–2 L/s/bar in GPK-4 and 2 × 10–2 L/s/bar in GPK-2. Undisturbed conditions in GPK-3 were not determined (Schill et al., 2017).
After hydraulic and chemical stimulation, hydraulic yields range from
approximately 0.4 L/s/bar in GPK-3 to approximately 0.5 L/s/bar in
GPK-4 and approximately 1 L/s/bar in GPK-2 (Hettkamp et al., 2004;
Nami et al., 2008; Portier et al., 2009; Schill et al., 2017). Maximum
hydraulic yields of up to 2 L/s/bar were observed in 2011 after several
years of operation. Note that for these values, contributions from the
intermediate reservoir due to casing leakage cannot be excluded.
In the intermediate reservoir, a gray porphyritic monzogranite
(334 ± 4 Ma) was encountered above a ﬁne-grained two mica granite
(Cocherie et al., 2004; Stussi et al., 2002). In GPK-3 and GPK-4, the

5. The reference geothermal site of Soultz-sous-Forêts
In this section, geologic, hydraulic and thermal properties of geothermal reservoirs at Soultz are discussed. They provide a reference for
comparison with the data from the geothermal wells listed in Table 1 in
Sections 6 and 7.
At Soultz, EGS developments consist of crystalline basement rock
and extend over three reservoir levels: 2000 m TVD (upper reservoir),
3500 m TVD (intermediate reservoir), and 5000 m TVD (deep reservoir). About 15 major hydraulic and chemical stimulations were
carried out to improve reservoir conditions at those diﬀerent levels
(Schill et al., 2017). Potential shallow reservoirs from 1200 m to
1400 m TVD in the Triassic sediments and the altered top of the granitic
basement (reddish granitic reservoir) have shown some occurrences of
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fract/m (Genter et al., 1997a). Sub-horizontal joints strike N120°E and
dip 10°–40°S. Despite the high fracture density and high porosity of this
granitic formation, no permeability was observed during drilling operations. This lack of permeability was conﬁrmed by hydraulic tests
that were performed in GPK-1 (Herbrich, 1988). The fractures were
mainly sealed by hematite, carbonates and clays (Genter and Traineau,
1996).
The transition between the granitic basement and the sedimentary
cover is located at a depth of approximately 1400 m. The base of the
sedimentary cover consists of Permian coarse-grained to microconglomeratic sandstones that are 10 m thick. Annweiler sandstones are
the ﬁrst sandstones from Triassic formations (Vernoux et al., 1995).
Thus, the 50 m-thick formation is argillaceous red sandstone. This formation shows an erosive contact with the Vosgian sandstones, which
consist of typical medium-grained to conglomeratic continental sandstones with clay formations. After the so-called Intermediate beds,
which are 40-m-thick large-grained sandstones, the 10-m-thick Voltzia
sandstones include ﬁne-grained sandstones with interbedded clays that
overlie the Buntsandstein formation. The porosity reaches 20% in the
Vosgian sandstones and approximately 10% in the intermediate beds
and in the Annweiler sandstones (Griﬃths et al., 2016; Haﬀen et al.,
2013; Vernoux et al., 1995). The fracture system is conjugated and
strikes N170°E with a dip of 75°W or 75°E (Vernoux et al., 1995). The
fracture density is 0.8 fract/m, and the fractures are mainly ﬁlled by
barite and calcite. Galena, pyrite, quartz and hematite were also observed as fracture ﬁllings alongside organic materials and oil impregnation. The major permeable fault zone intersects EPS-1 between
1170–1215 m MD. This zone consists of more than 50 fractures with a
maximum individual thickness of 5 cm. The fault zone was also intersected at 1220 m MD in GPK-1 (Dezayes et al., 2010b) and at 1265 m
MD in a peripheral Soultz well called 4550. The intersected fault zone
produces 30 m3/h with a natural post-drilling productivity estimated to
be 1 L/s/bar (Degouy et al., 1992). This value is estimated from a Drill
Stem Test that is not strictly representative of the hydraulic yield of a
geothermal well.
The Middle Triassic formation is called Muschelkalk and is 150 m
thick. This formation consists of fossil-rich sandstones at the base,
marly dolomites that were invaded by anhydrite, and massive limestones at the top (Aichholzer et al., 2015). A permeable fracture zone
intersects at approximately 950 m MD in the Middle Muschelkalk of the
EPS-1 well, approximately 1000 m MD in GPK-1, and approximately
950 m MD in GPK-2, -3, and -4 (Vidal et al., 2015). EPS-1 core samples
indicate the presence of hydraulic breccia at approximately 950 m MD
in this layer.

fracture density is approximately 0.5–0.6 fract/m according to acoustic
image logs in this section (Valley, 2007). In GPK-2 and GPK-1, the
fracture density is approximately 0.4–0.5 fract/m between 2100 and
3500 m MD according to acoustic image logs (Genter et al., 1997a).
This value increases up to 1.3 fract/m between 1600 and 2100 m MD in
the upper reservoir. According to EPS-1 cores, the density is around
0.8 fract/m within the same depth section. The fractures are oriented NS to NNE-SSW with a steep dip (> 60°) eastward or westward. In this
section, the natural permeability is intimately linked to hydrothermally
altered fracture zones (HAFZ) aﬀecting the monzogranite. These zones
consist of a highly fractured fault core, which is surrounded by an altered, porous and fractured damage zone (Genter et al., 2000). The
damage zone is characterized by strong alteration with the leaching of
primary minerals and the precipitation of secondary minerals (quartz,
clays, carbonates, hematite, and sulﬁdes) (Genter and Traineau, 1996).
These minerals are related to the early pervasive alteration stage that
aﬀected the granite on a large scale and the later vein alteration stage
that was controlled by the fracture network. Quartz, illite and carbonates are located within the main fracture zones, and barite, galena and
pyrite occur sporadically. Chlorites, epidote and carbonates are found
in tiny natural fractures in massive granite. Quartz veins observed in
core samples or in cuttings correspond to a localized decrease in gamma
rays (2160 m MD in Fig. 5a). Quartz veins, which are mainly localized
into the fault core, correspond to the precipitation of silica-rich ﬂuids
derived from the dissolution of primary silicate minerals during vein
alteration. They are associated with high reﬂectivity in the dark mottled
zone in acoustic images (Fig. 5a). In EPS-1, the acoustic image presents
a low quality. The surrounded damage zone is a highly hydrothermalized and clay-rich zone associated with an increase of the
gamma rays (Fig. 5a). The porosity of the damage zone is higher than in
the fault core (2163–2164 m MD in Fig. 5a). The highest porosity of this
fracture zone is approximately 25% in the damage zone (Ledésert et al.,
1999). The main permeable fracture zones were intersected between
2155 and 2190 m MD in EPS-1, between 1810 and 1825 m MD in GPK-1
and between 1970 and 2110 m MD in GPK-2 (Dezayes et al., 2010b).
These regions exhibit more than 100 fractures with a cumulative fracture zone thickness of 10–15 m. The major permeable drains are 10 m
thick (Genter et al., 1997b). The pre-stimulation injectivity in GPK-1 in
the upper reservoir varies between 9 × 10−2 L/s/bar (Jung, 1992) and
is undetermined at undisturbed conditions in GPK-2. In the intermediate reservoir, GPK-1 and GPK-2 show initial hydraulic yields of
5 × 10−2 and 3 × 10−2 L/s/bar, respectively, that are enhanced to
approximately > 1.6 × 10 −1 L/s/bar after hydraulic stimulation (Jung
and Weidler, 2000; Schill et al., 2017). Hydraulic fracture stimulation,
or hydro-shearing, does not require that proppants inside the stimulated fractures maintain a higher resulting permeability. Hydraulic
stimulation causes an irreversible increase in the permeability by releasing the shear stress operating in the vicinity of the stimulated
fractures. The eﬀectiveness of hydro-shearing, which induces microseismicity activity, is linked to the initial low planarity and high
roughness of the natural fracture surfaces. The post-stimulation behavior of reactivated fractures allows a self-propping and a permeability
increase, which is sustainable during exploitation. During hydraulic
stimulation, induced seismicity is less intense in the intermediate
granitic reservoir than in the deep reservoir (Cuenot et al., 2008), likely
due to the presence of secondary clay minerals (Meller and Kohl, 2014).
The top of the granitic basement consists of a 150 m-thick reddish
granitic layer, which was observed in all geothermal wells. This section
was aﬀected by a paleo-weathering alteration event because of paleoemersion during the Permian. The bulk porosity in this section is between 2% and 7% (Géraud et al., 2010). Primary magnetic and ferromagnetic minerals, such as magnetite and biotite, were leached, decreasing the magnetic content as measured on a continuous Soultz core
(Rummel, 1992). From a structural perspective, sub-horizontal joints
that were most likely related to the granite’s uplift during the Permian
were superimposed by sub-vertical fractures. The fracture density is 9

5.2. Thermal proﬁles in Soultz wells
The typical thermal proﬁle in the URG can be divided into two
major sections (Fig. 6). The uppermost region consists of sedimentary
formations from the Tertiary and Mesozoic (Jurassic and Upper
Triassic) and features a high geothermal gradient of up to 100 °C/km,
which indicates a conductive heat transport mechanism (Pribnow and
Schellschmidt, 2000). Thesz geological layers act as a cap rock, i.e., an
impermeable layer that insulates an active hydrothermal system below.
The latter is associated with a low geothermal gradient of about 10 °C/
km in the hydrothermally altered granitic basement (Fig. 6). In the
Muschelkalk limestones, Buntsandstein and Permian sandstones, a zone
of smooth transition between conduction and convection is observed.
The deep granitic basement is associated with a mean geothermal
gradient of 30 °C/km indicating a conduction process (Fig. 6). The
thermal proﬁles are locally disturbed by fracture zones. Negative
anomalies on the temperature logs are the thermal signature of HAFZ
that were cooled by drilling, massive hydraulic injections and the circulation of cold water (Genter et al., 2010). For example, in GPK-3 and
GPK-2, the permeable fracture zone between 4755–4780 and between
1970–2110 m MD are associated with a local negative temperature
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Fig. 5. Composite logs of major permeable fracture zones a) in EPS-1 well at Soultz-sous-Forêts and b) in GRT-1 well in Rittershoﬀen. Well logs in the EPS-1 well are from (Dezayes et al.,
2010a). The hydrothermal alteration is linked to the fracture and thus the interfaces between levels of alteration are highly dipping.
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Fig. 6. Thermal proﬁles that are associated with the geology and permeable fracture zones in geothermal wells in central and southern URG. The depths are given in units of measured
depth. At Soultz, the thermal proﬁle was acquired at the thermal equilibrium in GPK-2 in January 1999 (Genter et al., 2010). At Cronenbourg, and the thermal proﬁle in GCR-1 was
acquired at the thermal equilibrium in December 1981 (Housse, 1984). The deepest part below 2700 m MD is extrapolated. At Bruchsal, the thermal proﬁle in GB-2 was acquired at the
thermal equilibrium (Herzberger et al., 2010). At Basel, the deepest part of the geothermal proﬁle in BS-1 is approximated (Ladner and Häring, 2009). At Landau, the thermal proﬁle in Gt
La2 is extrapolated (Schindler et al., 2010). At Insheim, the thermal proﬁle is not published and only the equilibrium bottom hole temperature is published (Baumgärtner and Lerch,
2013). At Rittershoﬀen, the thermal proﬁle was acquired at equilibrium in GRT-1 in July 2015 (Baujard et al., 2017). At Brühl, the thermal proﬁle was acquired in September 2013
(Melchert et al., 2013).
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reﬂectivity in acoustic images (Fig. 5b). Acoustic images present very
good quality in GRT-1, but only cutting samples are available, and the
petrographic and structural interpretations are less accurate than when
using core samples. The damage zone above consists of 50 fractures
with a cumulative individual thickness that reaches 25 cm. It is associated with a high porosity of up to 30% due to the dissolution of primary minerals. The increase in gamma rays associated with this zone
indicates that the secondary illitization of the zone is also observed in
cutting samples. Mineralogical investigations indicated that the ﬁrst
hundreds of meters of the granitic reservoir are illitized because of
hydrothermal alteration (Vidal et al., 2017a). The GRT-2 well exhibits
four permeable fracture zones in this section, associated with temperature anomalies (Baujard et al., 2017). The main fault zone intersects at 2765 and 2800 m MD (Vidal et al., 2017a). This zone consists of
30 fractures with a cumulative individual thickness that reaches 17 cm.
The initial injectivity was < 0.5 L/s/bar in GRT-1 and 2.5 L/s/bar after
thermal, chemical and hydraulic stimulations, and the initial productivity was around 3.5 L/s/bar in GRT-2 (Baujard et al., 2017).

anomalies However, permeable fracture zones observed in the Muschelkalk limestones and Buntsandstein sandstones are not associated
with thermal anomalies (Fig. 6).
The temperature in the hydrothermally altered granitic reservoir is
between 160 °C and 170 °C. The bottom hole temperature reached at
5 km depth is 200 °C (Fig. 6).
6. Geological and hydraulic yields of geothermal reservoirs in
central and southern URG
In the following section, the central and southern URG reservoirs
are grouped according to their lithology. In Figs. 6 and 7, geological
and hydraulic properties are compared to each other and to the respective Soultz reference reservoir.
6.1. Two-mica granite reservoir
Except for the deep reservoir of the reference site at Soultz, only the
geothermal well BS-1 at Basel reaches the deep two-mica granite at a
depth of > 4600 m. It is composed of hornblende-biotite-rich and
quartz-poor granitoid rocks (Käser et al., 2007). The fractures strike
NW-SE to NNW-SSE with steep dips, and the fracture density is approximately 0.2–0.3 fract/m. Two cataclastic fracture zones intersect
BS-1 at 4700 and 4835 m MD, and the cuttings exhibit signiﬁcant
amounts of anhydrite and illite. Their initial hydraulic yield is very low,
with an injectivity index of 2.5 × 10 3 L/s/bar, which is increased by
two orders of magnitude directly after hydraulic stimulation (Ladner
and Häring, 2009).

6.3. Reddish granitic reservoir
At Rittershoﬀen, the reddish granite is less than 100 m thick in GRT1 and exhibits the same petrography as in Soultz. The granite is aﬀected
by paleo-weathering and hematite deposits. The fracture density is
2.5 fract/m in GRT-1 (Vidal et al., 2016a). The fractures are very
scattered but mainly strike N15°E and dip 50°W. An average neutron
porosity of 2% was determined from geophysical logs (Vidal et al.,
2016c). Open fractures identiﬁed on borehole images did not exhibit
permeability during drilling operations.

6.2. Hydrothermally altered granitic reservoir
6.4. Sandstones reservoir
At Basel, a hornblende-biotite monzogranite overlies the two-mica
granite and is characterized by a fracture density of 0.95 fract/m (Käser
et al., 2007). The fracture orientation is the same as in the deepest
section. No natural permeable fracture zone was observed in this section of BS-1.
Undistinguished porphyritic granite has been reported from the
geothermal sites of Landau and Insheim. At Landau, granite was encountered at approximately 2400 m MD (Schindler et al., 2010). Similarity to the Soultz and Rittershoﬀen, the granitic basement can be
expected because all three belong to the Saxothuringian unit. Waterbearing fractures likely control the ﬂowrate in the granitic reservoir
according to the shape of the thermal proﬁle (Fig. 6) (Hettkamp et al.,
2007; Schindler et al., 2010). The injection well Gt La2 showed an injectivity of approximately 0.25 L/s/bar before stimulation and > 1 L/s/
bar after hydraulic and chemical stimulation (Schindler et al., 2010).
The initial productivity of Gt La1 is not published.
At Insheim, granite was encountered at approximately 3500 m MD
(Baumgärtner et al., 2013). Permeable fracture zones intersect GTI-1
and GTI-2 (Baumgärtner et al., 2013). The productivity in GTI-1 was
0.9 L/s/bar before hydraulic stimulation and increased after side-track
operations (Baumgärtner et al., 2013). The initial hydraulic yield of
GTI-2 is not published.
The bottom holes of GRT-1 and GRT-2 at Ritterhoﬀen consist of
porphyritic granite with diﬀerent degrees of hydrothermal alteration,
which is similar to those at Soultz (Vidal et al., 2017b). From the top of
the granitic basement to 2400 m MD, the porphyritic granite is aﬀected
by an intense hydrothermal alteration. The fracture density is around
0.6–1 fract/m at the top and decreases with depth to 0.3 fract/m (Vidal
et al., 2016a). The fractures strike N165°E to N-S and dip 65°W or E.
The GRT-1 well exhibits one major permeable fault zone that intersects
between 2325 and 2370 m MD (Vidal et al., 2016b). It controls 70% of
the ﬂowrate and is associated with a negative temperature anomaly
(Baujard et al., 2017). The main permeable fracture is 24 cm thick at
2368 m MD and is surrounded by quartz veins. These quartz veins are
associated with localized decreases of gamma rays and a high

The sandstone reservoirs in the Upper Rhine Graben consist of
sandstones from Triassic (Buntsandstein) to Permian times. A comparative study of hydraulic data in the URG in Germany and France
reveals a mean hydraulic conductivity of 2.4 × 10−7 m/s in
Buntsandstein sandstones, compared with 9.6 × 10−7 m/s in granitic
basements (Stober and Jodocy, 2009).
At Landau, the Permian formation is thicker than that in Soultz and
is called Rotliegendes (Eisbacher and Fielitz, 2010). This sequence
consists of coarse clastics (continental conglomerates), ﬂuvial and
aeolian sandstones, shales and some evaporites. Triassic sandstones
overlie Permian sandstones. Permeable fractures were intersected in the
multi-horizon geothermal reservoir (Hettkamp et al., 2007).
At Insheim, the Rotliegendes and Buntsandstein sandstones are
approximately 500 m thick and exhibit permeable fractures in both
wells (Baumgärtner et al., 2013).
At Rittershoﬀen, the lithostratigraphy sedimentary cover is similar
to that in Soultz (Aichholzer et al., 2015). The neutron porosity is 3%
on average in GRT-1 and GRT-2, and is higher when clays are present in
the formation (Vidal et al., 2016c). The fracture density is 0.25 fract/m
in GRT-1 and 0.4 fract/m in GRT-2 (Vidal et al., 2016a). Fractures in
the sandstones are oriented N20°E and dip 70°W in GRT-1, and N170°E
with a dip 85°E in GRT-2. Two major clusters with initial permeability
intersect GRT-2 and are approximately 20 m and 10 m thick. They are
associated with temperature anomalies (Vidal et al., 2017a).
At Cronenbourg, the base of the sedimentary cover in the GCR-1
well consists of Permian sandstones that are overlaid by Triassic
sandstones (465 m-thick) (Housse, 1984). The porosity is between 5 and
10%. The main permeable zone is located between 2870 m and 2880 m
MD, which coincides with fractured sandstones, whereas sandstones
with silica-rich cement are porous but not permeable. The productivity
of the sandstone reservoir is estimated to be 0.12 L/s/bar.
At Bruchsal, the exploited geothermal reservoir consists of the
Buntsandstein sandstones in GB-1 (> 200 m-thick) and the
Buntsandstein and Rotliegendes sandstones in GB-2 (between 150 and
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gradient is low at 18 °C/km. The adiabatic geothermal gradient extends
from the hydrothermally altered granite below into to Triassic sediments across the reddish granitic reservoir. All permeable fracture
zones intersected by both wells are associated with a positive or negative temperature anomaly (Vidal et al., 2017a). The equilibrium
temperature reaches 177 °C at 3196 m MD (Baujard et al., 2017).
At Cronenbourg, the thermal proﬁle shows a high geothermal gradient of 55 °C/km above 2600 m MD (Fig. 6). The Early Muschelkalk
limestones, Buntsandstein and Permian sandstones are associated with
a convection process and a lower geothermal gradient of 15 °C/km. The
temperature at the bottom hole reaches 150 °C at 3200 m MD (Housse,
1984).
At Bruchsal, the thermal proﬁle shows a high geothermal gradient
of 50 °C/km above 2300 m MD (Fig. 6). The Buntsandstein and Permian
sandstones are associated with null geothermal gradients that indicate a
convection process. The equilibrium temperature reaches 135 °C at
2500 m (Herzberger et al., 2010).
At Brühl, the thermal proﬁle shows a geothermal gradient of 45 °C/
km (Fig. 6). The convective regime is not clearly evidenced from this
thermal proﬁle. The reservoir temperature is approximately 160 °C
(Melchert et al., 2013).

200 m thick for both formations) (Herzberger et al., 2010). Waterbearing fractures control the permeability in the sandstone reservoir
(Meixner et al., 2016). The injectivity of the GB-2 well is 0.7 L/s/bar
(Kölbel, 2010). The initial productivity of GB-1 is not published.
At Brühl, the targeted geothermal reservoir consists of
Buntsandstein sandstones. The fractures are oriented N170°E with an
eastward sub-vertical dip (Reinecker et al., 2014). The permeable fault
zone intersects between 3150 and 3200 m MD (Melchert et al., 2013).
The injectivity index of GT-1 is 3.5 L/s/bar, and the well was not stimulated (Melchert et al., 2013).
6.5. Limestones reservoir
A comparative study of hydraulic data in the URG in Germany and
France reveals a mean hydraulic conductivity of 2.0 × 10−6 m/s in
Muschelkalk limestones (Stober and Jodocy, 2009).
At Rittershoﬀen, the Muschelkalk formation is similar to that at
Soultz. The fractures are oriented N20°E and dip steeply westward in
GRT-1 (Dezayes et al., 2014). These fractures are ﬁlled by calcite,
quartz and anhydrite. A major permeable fracture zone with drilling
mud losses intersects at 1760 m MD in the Middle Muschelkalk in GRT1 (Baujard et al., 2017).
In the Muschelkalk, permeable zones were also observed in some
geothermal wells, including Les Hélions I, II and III at Preuschdorf,
which are less than 10 km westward from Soultz (BRGM, 1993, 1971).
The equilibrium temperature reaches 70 °C at approximately 900 m
MD. Main inﬂows of geothermal water are from fractured zones.
At Riehen, in the northeast of Basel, the two wells RB1 and RB2
exploit the aquifer in fractured Muschelkalk limestones (Mégel and
Rybach, 2000). The equilibrium temperature reaches 62 °C at 1547 m
MD. Fractured zones in Upper Muschelkalk are governed by an advection regime. They control inﬂows and outﬂows of geothermal water
along the wells.
At Insheim, Muschelkalk is also described as a reservoir, and fracture zones were intersected.

8. Relationship among fracture zones and hydrothermal
circulations
Convective regimes are associated with geothermal reservoirs in the
URG. In the hydrothermally altered granitic reservoirs, geothermal
gradients are below 20 °C/km in general. This is interpreted as hydrothermal circulations through the fracture network associated with
large-scale normal faults striking N10°W to N20°E. With their relatively
important vertical displacement (> 200 m), these faults are interpreted
as potential permeable drains for geothermal resources. Hot geothermal
ﬂuid upwelling is mainly observed through west-dipping faults
(Baillieux et al., 2014). If Permo-Triassic sandstones are also associated
with a convective regime at Soultz, Landau, Rittershoﬀen, Cronenbourg
and Bruchsal, then the Muschelkalk limestones mark the top of the
convective regime and the switchover towards the conduction regime.
This transition between convection and conduction can be smooth, such
as that at Soultz and Cronenbourg, or sharp, such as that at Rittershoﬀen and Bruchsal. Conduction regimes are spatially associated with
high geothermal gradients between 50 and 110 °C/km.
The hydraulic yields of the reservoirs are intimately linked to the
thermal regimes. Hydrothermal circulations in the deep sedimentary
cover and in the hydrothermally altered granitic basement are visible
from thermal proﬁles in geothermal wells in the URG. Moreover, at
Soultz as well as at Rittershoﬀen, permeable fracture zones intersected
by wells are associated with thermal anomalies that are either positive
or negative. This is interpreted as the thermal signature of the permeable fracture zone.
At Basel, the absence of a clear convection regime suggests that the
permeable reservoir was not properly intersected by the well, and hydraulic yields appear to support this assessment (Fig. 6). A thermal
proﬁle from the thermal equilibrium of the Brühl well would to decipher the thermal contribution between the conductive and the convective regimes.
The intersection between the wells and the fracture system channelizing the hydrothermal circulations is crucial for geothermal projects; thus, local normal fault zones are the main targets during regional
exploration. Because fault zones are steeply dipping, vertical wells have
a low probability of intersecting them. The most recent wells drilled in
the URG were deviated to intersect the fractured system associated with
the fault zone (Landau, Insheim, Rittershoﬀen, Brühl). These deviated
wells show high hydraulic yields that indicate a good connection between open-hole sections and the fractured systems (Fig. 7). The trajectory of the planned geothermal well for the future project at Illkirch
(South of Strasbourg) is based on these observations and will be

7. Thermal proﬁles in geothermal wells in the central and
southern URG
In the following section, thermal proﬁles of geothermal wells with
equilibrium temperatures > 100 °C at the bottom hole are presented. In
Fig. 6, one representative thermal proﬁle was selected for each site and
compared to other representative thermal proﬁles, as well as the respective Soultz reference reservoir.
The well BS-1 at Basel reaches an equilibrium temperature of 174 °C
at 4682 m MD (Ladner and Häring, 2009). The thermal proﬁle shows a
geothermal gradient of approximately 41 °C/km until 4400 m MD
(Fig. 6). In the deepest granitic part, the thermal gradient decreases
below 27 °C/km. Low hydraulic yield indicates conductive heat transport.
At Landau, the thermal proﬁle shows a geothermal gradient of
75 °C/km above 2000 m MD (Fig. 6). Below 2000 m MD, the geothermal gradient decreases to approximately 20 °C/km and the equilibrium temperature at the bottom hole reaches 160 °C at 2600 m MD
(Schindler et al., 2010). The low geothermal gradient indicates a convection process through permeable fracture zones below 2000 m MD.
At Insheim, equilibrium temperature reaches 160 °C at 3600 m MD,
but the thermal proﬁle is not published (Baumgärtner and Lerch, 2013).
At Rittershoﬀen, the thermal proﬁle shows a high geothermal gradient of 95 °C/km from 0 to 1650 m MD in GRT-1 and from 0 to 1850 m
MD (i.e. 0–1650 m True Vertical Depth(TVD)) in GRT-2 (Fig. 6)
(Baujard et al., 2017). This uppermost part is associated with conduction processes. The deepest part, from 1650 to 2600 m MD (i.e.
1650–2600 m TVD), exhibits a null geothermal gradient in GRT-1 that
indicates a dominant convection process (Baujard et al., 2017). In GRT2, from 1850 to 3200 m MD (i.e., 1650–2700 m TVD), the geothermal
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Fig. 7. The hydraulic yield of geothermal wells in the URG is expressed in L/s/bar (Baujard et al., 2017; Baumgärtner et al., 2013; Housse, 1984; Jung and Weidler, 2000; Kölbel, 2010;
Ladner and Häring, 2009; Melchert et al., 2013; Schill et al., 2017; Schindler et al., 2010). Hydraulic yields are considered to be before stimulation treatments if there are any. Lithology is
from Soultz. Depths for other projects are not at scale. The diﬀerent varieties of reservoirs are from Ledru and Guillou-Frottier, 2010.

as well. At Soultz, these zones are approximately 25–40 m thick. They
consist of a fault core with a high fracture density and main permeable
drains that are 10 cm thick (Genter et al., 2000). Main permeable drains
are partly sealed with geodic quartz (Fig. 8). The surrounded damage
zone is highly altered and porous and is composed of more than 100
tiny fractures that are likely connected at the borehole scale (Fig. 8).
Despite the high porosity values in the damage zone, well tests reveal
that 95% of the ﬂow entered the rock mass at only 10 discrete ﬂow
points, which correspond to main opened fractures observed on
acoustic image logs (Evans et al., 2005). At Rittershoﬀen, a branch of
the Rittershoﬀen fault likely intersected through GRT-1 and GRT-2
(Baujard et al., 2017). At the borehole scale, this fault zone is 40 m
thick. In GRT-1, the main permeable drain is 25 cm thick and is topped
by a damage zone that consists of 50 fractures in GRT-1 (Fig. 8). In
GRT-2, several thick permeable drains are surrounded by many tiny
fractures. At Insheim, permeable fracture zones are 10–15 m thick.
The top of the granitic basement is an altered and fractured formation that acts as a tight reservoir because of secondary mineral
precipitation and especially clay minerals and is therefore not considered to be permeable (Vidal et al., 2017b, 2016c).
Permeable fracture clusters were intersected through sandstones at
Bruchsal, Cronenbourg, Rittershoﬀen and likely Insheim. These clusters
exhibit a thickness between 10 and 20 m with no obvious displacement

deviated also (Genter et al., 2016).
9. Permeable fracture zones in sedimentary and granitic
reservoirs
The architecture of permeable fracture zones is derived from correlations between core samples, cutting observations, acoustic image
logs and standard geophysical logs (caliper, gamma ray, neutron porosity…) (Fig. 5) (Dezayes et al., 2010b; Genter et al., 1992; Genter and
Traineau, 1992; Traineau et al., 1992). The permeability at the borehole scale is estimated from anomalies on temperature logs, ﬂow logs,
mud losses and gas occurrences (Bradford et al., 2013; Davatzes and
Hickman, 2005; Dezayes et al., 2010b; Genter et al., 2010; Mas et al.,
2006).
Permeable fractures were intersected in deep granite in the deepest
sections of the Soultz and Basel wells. At Soultz, a fault plane intersected through GPK-3 (Sausse et al., 2010). The fault zone is approximately 25 m thick. The fault core is composed mainly of permeable
drains that are approximately 10 cm to 20 cm thick. The damage zone
consists of 7 individual fractures. At Basel, the fracture zones are very
localized and poorly connected.
Permeable fracture zones were intersected through hydrothermally
altered granite at Soultz, Rittershoﬀen, and likely Insheim and Landau
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large damage zones, where fracture clusters promote permeability.
These zones are less prevalent in sediments than in granite.
10. Concluding remarks
The Soultz-sous-Forêts project was an important scientiﬁc contribution for the deep geothermal development in the Upper Rhine
Graben. The permeability is supported by the major fracture network.
Drilling more than 20 km at Soultz in the sedimentary cover and in the
granitic basement reveals geothermal brine circulating into the natural
fracture network. This convection system leads to the thermal anomaly.
The experience at Soultz makes the HDR technology, which aims to
create a deep geothermal reservoir in low-permeability crystalline
rocks, obsolete. It demonstrates the feasibility of the EGS technology in
the URG and aims to reactivate and connect preexisting fractures into a
large-scale fractured reservoir by thermal, chemical and hydraulic
treatments. The experience at Soultz reveals that the ﬁrst 500 m of the
granitic basement, highly fractured and hydrothermally altered, is a
higher potential reservoir. Fault zones present a higher permeability for
hydrothermally altered granitic basements than for hard fractured
sandstones or poorly altered deep granitic basements, likely due to their
intense fracture density in the fault core and their larger damage zone,
which allow connection with the reservoir. The larger roughness of the
fracture surface in the granite is also key for explaining the self-propping of fractures after the stimulation. The Soultz sedimentary reservoir
and the deep sedimentary wells (GCR-1, Les Hélions, GT-1) demonstrated that permeability is supported by fracture zones and not by a
porous matrix. The porosity associated with fractures in the sediments
is lower than in the hydrothermally altered granitic basements.
Following industrial projects (Landau, Insheim, Rittershoﬀen,
Brühl) were based on the lessons learned at Soultz. For most of these
projects the permeability of fracture zones is higher in the hydrothermally altered granitic reservoir. The permeability is intimately
linked to the sub-vertical fault zone in the URG that strikes N-S and dips
westward. Wells target local fault zones at the sediments-basement
interface. Depths of geothermal wells were divided by two compared to
Soultz, and the ﬂowrate was increased more than two fold.
Development of reservoir in the top of the hydrothermally altered
granitic basement is economically more interesting. Inclined trajectories allow for a higher connection between the well and the subvertical fault zone, and thus a higher natural permeability. If the well
trajectory is correctly designed according to the fault zone’s geometry,
geothermal wells exhibit suﬃcient hydrothermal permeability for industrial exploitation and do not need to be stimulated as observed at
Rittershoﬀen (GRT-2), Brühl (GT-1) or Insheim (GTI-2). These recent
geothermal wells qualify as hydrothermal wells. The absence of stimulation is a substantial advantage in terms of environmental eﬀects
and for the public acceptance of future geothermal projects. However,
the localization of faults at the top of the granitic basement at the
seismic scale is less uncertain. Two-dimensional seismic proﬁles imaged
the sedimentary cover but poorly imaged the top of the basement
(Sausse et al., 2010). Major faults at the seismic scale that cross-cut the
sedimentary cover in seismic interpretations are extended downwards
into the deep basement. Future geothermal projects will require technical innovation of exploration methods to accurately characterize the
fractured system at the top of the basement. Experience with 3D seismic
proﬁles for the geothermal project in Brühl showed promising results to
accurately identify the geometry of faults at the sediment-basement
interface (Lotz, 2013).

Fig. 8. Fault zone architecture in sandstone, hydrothermally altered granite and deep
granite. FZ = Fault Zone, FC = Fault Core, DZ = Damage Zone.

observed. At Soultz, a branch of the Soultz fault intersects EPS-1 and
GPK-1 in the Vosgian sandstones (Sausse et al., 2010). The fault zone is
approximately 50 m thick. The fault core consists of main permeable
drains that are 5 cm thick (Vernoux et al., 1995). The damage zone
consists of more than 50 individual fractures. At Brühl, a local fault
zone was also intersected through sandstones that are up to 100 m thick
(Melchert et al., 2013; Reinecker et al., 2014).
Deep sedimentary reservoirs and deep granitic reservoirs show
lower permeability than altered granitic reservoirs (Fig. 5). This difference in permeability could be explained by a structural diﬀerence in
the architecture of fault zones in sediments, hydrothermally altered
granite and deep granite. A high density of macro-scale fractures favors
intersection, and thus connectivity. This highly clustered organization
could sustain permeability. The fault zones in the hydrothermally altered granite consist of a thick fault core that is characterized by a high
fracture density and a porous, altered and fractured damage zone
(Fig. 8). This large damage zone could extend several dozen meters
around the fault core; thus, several fault zones are well-connected to the
large-scale fracture network. The permeability of fault zones is a ﬁrstorder permeability that responds locally and rapidly (Sausse and
Genter, 2005). However thick permeable fractures are connected to a
wide and regular network of small-scale fractures aﬀecting the whole
granitic batholith and responding to a larger scale of permeability. The
fault zones in the deep granite are more localized. Even if the fault cores
are thick, the fracture density in the damage zone is less important, so
the connectivity in the fracture network is poorer. The fault zones in
deep sediments exhibit thinner fault cores than those in granite and
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