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Structure and nature of the Palaeozoic
basement based on magnetic, gravimetric
and seismic investigations in the central Upper
Rhinegraben
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Ecole et Observatoire New and old magnetic and gravimetric data acquired in the frame of a geothermal
des Sciences de la Terre, . . . . .
Université Strasbourg, 1 Rue project have been processed in N.Vosges and the adjacent Rhinegraben in order to
Blessig, 67084 Strasbourg identify the nature and tectonic framework of the graben basement and to select areas
Cedex, france _ with a geothermal potential. In maps, the ENE-WSW striking units of N. Vosges can
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is available at the end of the be followed beneath the sedimentary cover as far as the N35°-striking Upper Rhenish
article Shear Zone, which shifts these units towards NE. The magnetic basement S and SW

of Strasbourg is interpreted as akin to the southern Champ du Feu Massif, consist-

ing of I-type granitoids. Combined with new and old reflection seismic sections, the
data show that the petrologic and tectonic contexts in the lllkirch-Grafenstaden area,
where a geothermal project is planned, which is similar to the deep geothermal wells
of Soultz and Rittershoffen 70 km to the north. The target zone is a N-S fault, partly
normal and partly transpressive, which offsets the magnetic, I-type granitoids with
high contents of uranium and thorium by about 800 m. Further exploitation of oil
along the N-S footwall block attests to the geothermal potential of the area. The NW-
SE transpressional regime favours the formation of cracks and increases the porosity
and consequently fluid convection. The close borehole ESC-7 and modelling of the
temperature distribution lead to expectations of a temperature of at least 150 °C on
top of the granite and show that the temperature anomaly results from the heat-pro-
ductive granitoids and from the blanket effect of the low thermal conductivity tertiary
sediments.

Keywords: Rhinegraben, Palaeozoic basement, Gravity, Magnetism, Seismics,
Geothermal project

Background

Since the eighteenth century, the Rhinegraben has been known for its high-temperature
anomalies, in particular in northern Alsace, where the shallow oil reservoirs of Merk-
willer-Pechelbronn, west of Soultz-sous-Foréts, were dug, drilled and exploited in the
1960s (Fig. 1). There, the temperature gradient reaches 10 °C/100 m, mainly within
the first 1000-m depth (Genter et al. 2010). Investigations devoted to the geothermal
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Fig. 1 a Outcrop of the Northern Palaeozoic Vosges and isobaths map of the Triassic bottom derived from
the interpretation of seismic sections (after Ménard 1979). Red contour: limits of the new aeromagnetic map.
The A zone is shown in this paper. The B zone is completed by the magnetic data at ground level by Edel
etal. (1982). Green contour: limits of the additional gravimetric data. Violet contour: location of the detailed
maps given in Fig. 8. Location of the seismic sections in the area of the geothermal project: old lines in white,
new ones in red. Mei2 is the sole borehole that has cored the granitic basement. Coordinates: Lat/Long in
red, Lambert Il extended in blue, UTM zone 32 N in green. b Location of the investigated area in the upper
Rhinegraben. CF: Champ du Feu; URSZ: Upper-Rhine Shear Zone (Edel et al. 2007). The dashed line in a
locates the temperature section of Fig. 11

potential of the graben have been undertaken since the 1970s (Munck et al. 1979), the
results of which indicate that the high temperature gradients in the Rhinegraben result
from the addition of several effects of various wavelengths.

The first contribution to the high heat flow comes from the mantle. The Rhinegraben
is characterized by a high Moho ridge with a mean depth of approximately 27 km and an
asthenospheric upwelling in the form of an elliptical dome culminating 24 km beneath
the central southern graben in the area of Colmar and the Miocene Kaiserstuhl volcano
(Fig. 2; Edel et al. 1975; Campos-Enriquez et al. 1992; Dézes et al. 2004). The tempera-
ture anomalies are scattered along the Moho ridge, but none are located on the top of
the dome.

The second and most prominent heat contribution is attributed to the composition of
the upper crust, in particular to the elevated concentration of heat-producing elements
(HPE) in Palaeozoic granitoids (Vila et al. 2010). Already in the 1970s, the magnetic sur-
veys at the ground level of the graben between Strasbourg-Lahr and Wissembourg—
Baden-Baden had shown a clear correlation of the magnetic anomalies with temperature
anomalies in the Soultz and Eschau ridge areas (Edel et al. 1980). In the northern Vosges,
Baden-Baden area, Odenwald and Spessart massifs, the geophysical investigations
revealed that these strong magnetizations are related to arc magmatic granites, grano-
diorites, diorites and associated volcanites (Edel and Weber 1995) emplaced in the range
340-330 Ma above the southeast dipping subduction of the Rhenohercynian ocean
(Krohe 1991; Oncken 1997; Altherr et al. 1999) (Figs. 1b, 4). The 500-km long, 80-km
wide magnetic belt consists of a succession of narrower kilometric anomalies. Three of
such magnetic belts cross the Palaeozoic northern Vosges and continue towards the NE
beneath the sedimentary cover of the Rhinegraben. Baillieux et al. (2013) suggest that
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Fig. 2 Temperature distribution at 2000 m TVD, interpolated from borehole measurements of the Upper
Rhinegraben (Baillieux et al. 2013) and topography (in km) of the Moho derived from refraction and reflexion
seismic sections (e.g., Edel et al. 2006). Kis the 17 Ma Kaiserstuhl volcano

approximately 20% of the temperature anomalies in the Upper Rhinegraben could be
attributed to radiogenic heat production in this type of crystalline basement.

The third source for relatively high temperatures in the uppermost basement is
the low thermal conductivities in the overlying sedimentary infill. In particular, the
low conductivity of the Late Triassic, Early Jurassic and Tertiary marls and sands of
the Soultz area that overlie the granites and granodiorites is manifested by a blanket
effect that tightens the isotherms at the bottom of the sedimentary cover, leading to
an increased geothermal gradient that can reach 10 °C/100 m. An additional strik-
ing factor that increases the permeability and enhances fluid convection is the orien-
tation of pre-existing faults with respect to the compressional stress regime, which
triggers tensional hydraulic failure in rocks and opens previous suitably oriented frac-
tures (Barton et al. 1995; Zoback 2007; Evans et al. 2005; Cornet et al. 2007; Baillieux
et al. 2013). Based on several geothermal wells at Soultz and Rittershoffen in northern
Alsace, the occurrences of natural brines circulating via the fracture and fault system
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have been clearly demonstrated (Baujard et al. 2017; Genter et al. 2010) (Fig. 3). Such
a structural framework induces a hydrothermal convection up to the base of the evap-
orites of the Keuper formation, which constitute a cap-rock for the convection (Vidal
et al. 2015; Maurer et al. 2018).

The aim of this paper is to correlate specific areas with high geothermal potential
with the geological and geophysical pattern of the Palaeozoic basement of the central
Rhinegraben (Fig. 1b) based on (1) geothermal data from wells, (2) interpretations
of old and new gravimetric and magnetic data and (3) old and new reflection seis-
mic data. In particular, the link between magnetic anomalies and thermal anomalies
is used to constrain the structure and nature of the Palaeozoic basement of the central
Rhinegraben and to localize areas of high geothermal potential (Fig. 1b). Finally, this
approach is used to evaluate the geothermal potential of the southern area of Stras-

bourg, where a deep geothermal project is planned.

Methods

Existing geological, geothermal and geophysical data for the northern Vosges and central
Upper Rhinegraben

Previous geophysical investigations have shown that the magnetic anomalies, which
strike NNE-WSW to NE-SW in the northern Vosges, continue in the same direc-
tion across the Rhinegraben towards the area of geothermal interest. Therefore, inter-
pretations of geophysical data in terms of the petrology and structural pattern of the
Rhinegraben basement require knowledge of the geological and geophysical charac-

teristics of the northern Palaeozoic Vosges.
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Fig. 3 a East-west schematic section of the Rhinegraben crossing the Soultz-sous-Foréts and the
Rittershoffen wells. Gamma ray and temperature log at equilibrated thermal conditions between surface and
5 km depth, b in the Soultz-sous-Foréts well, and ¢ in the Rittershoffen well
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Geological units of the northern Vosges

In the northeastern part of the Paris Basin, the Palaeozoic units switch gradually from
the Late Carboniferous—Permian of the Saar—Lorraine basin to the deep metamor-
phic rocks of the Variscan orogenic root of the Central Vosges. From north to south,
the outcropping basement of the northern Vosges consists successively of the Devo-
nian—Dinantian volcanics and sediments of the Bruche valley, the S-type granites of
the northern Champ du Feu Massif, the I-type diorites (Neuntelstein) and granodior-
ites (Champ du Feu and Hohwald) of the southern Champ du Feu Massif (Altherr et al.
2000), the Cambrian—Ordovician schists of Steige, and the Ordovician—Silurian schists
of Villé. South of the Lalaye—Lubine (L-L) fault zone, monotonous gneisses and mig-
matites of the metamorphic core of the Vosges Mountains occur (Fig. 4). In the east, the
Lalaye—Lubine fault zone and the high-grade gneisses are intruded by the Late Visean
leucogranite of Dambach and are covered by Stephanian—Permian sediments (von Eller
et al. 1970; Elsass and von Eller 2008; Skrzypek et al. 2014).

The volcanic activity was manifested by the Middle Devonian and possibly older
basalts and by acidic pyroclastic rocks that were formerly known as the “spilite-kera-
tophyre association” of the Bruche valley. These rocks show bimodal tholeitic and calc-
alkaline affinities (Ikenne and Baroz 1985). The southern part of the shallow and younger
granites of the northern Champ du Feu Massif is overlain by a narrow belt of andesites,
ignimbrites and tuffs and at its westernmost extremity by volcano-sedimentary rocks,
forming the “Bande médiane” In the western part of the belt, the calc-alkaline volcanic
rocks of Visean age overlie terrains of supposed Devonian age, similar to those of the
Bruche valley (Elsass and von Eller 2008) (Fig. 4). The last volcanic pulse occurred at the
Carboniferous—Permian boundary approximately 297 Ma (Boutin et al. 1995). The rhy-
olitic magmatism of the Nideck—Donon, which was contemporaneous with the rhyolitic
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volcanism of the Black Forest and the Saar—Nahe, consists of rhyolites, ignimbrite and
tuff flows and small granitic spots.

The plutonic complex of the Champ du Feu Massif crystallized in the Late Visean in
a short time span between 336 and 326 Ma (Boutin et al. 1995; Hess et al. 1995; Altherr
et al. 2000; Edel et al. 2013). The magmatic activity started with a succession of I-type
granitoids forming two narrow dioritic belts striking NNE-SSW along the northern
margin and in the central southern part of the pluton (the Neuntelstein diorites). The
hornblende-bearing granodiorite of the Hohwald surrounding the Neuntelstein dior-
ite belt was emplaced at a depth of approximately 10 km (Altherr et al. 2000) (Fig. 4).
The magmatic activity further evolved to an S-type plutonism that is represented by the
northern granitoid suite (Belmont, Waldersbach) with a concentric intrusive structure
and a common granophyric microstructure and is emplaced at a shallow crustal level
of 3—4 km depth (Altherr et al. 2000). The central elliptical part of the northern granite
body (“Waldersbach” granite) is characterized by numerous xenoliths of volcanic-sedi-
mentary rocks resulting from stopping of the Devonian—Carboniferous cover and by the
intrusion of a more or less continuous belt of cogenetic hornblende-bearing microdior-
ite (Edel et al. 2013). The younger granitic stocks of Andlau and Natzwiller, respectively,
intruded the schists of Steige and the Walderbach granite, whereas the ultrapotassic
Kagenfels granite with its two E-W and N-S branches crosses the whole pluton.

The main tectonic feature is the E-W striking and subvertical Lalaye—Lubine fault
zone that is commonly interpreted as being a dextral strike-slip (Fluck et al. 1989).
The fault zone marks the boundary of the Saxothuringian Zone in the north and the
Moldanubian Zone in the south (Kossmatt 1927; Edel and Schulmann 2009). South of
the “Bande médiane’, an ENE-WSW and north dipping normal fault zone separates the
shallow northern granites from the deeper southern granodiorites and diorites. North of
the pluton, a nearly parallel normal fault zone, also north dipping, runs along the Bruche
valley through Schirmeck (Fig. 4). Seismic and palaeomagnetic data show that the E-W
to ENE-WSW faults were acting as normal faults during the NNW-SSE extension
responsible for the SSE tilting of the plutonic units as well as that of the volcanic-sedi-
mentary units of the Bruche valley that started approximately 330 Ma (Edel et al. 2013).

Existing geophysical data of northern Vosges and adjacent Rhinegraben

The available gravimetric data consist of a dense network of measurements carried out
in the western Rhinegraben by CGG on behalf of the Mines de Potasse d’Alsace in the
1950s and plotted on hand-drawn Bouguer maps at a scale of 1/50,000. The maps were
digitized and processed by Rotstein et al. (2006). The databases for the Vosges from the
Bureau de Recherches Géologiques et Miniéres (BRGM) and the eastern Rhinegraben
from the Bundesanstallt fiir Bodenforschung were compiled and added to the previous
set. All of the results were presented in a global Bouguer map that included the Vosges,
Rhinegraben and Black Forest (Rotstein et al. 2006).

The previous magnetic data concern only parts of the investigated area. They consist
of (1) the aeromagnetic survey of NE France by the PREPA company, which was car-
ried out in the early 1950s, digitized and plotted by Edel and Schulmann (2009), (2) the
aeromagnetic map of Germany published by the BGR (1976) (Gabriel et al. 2011) and (3)
the survey of the Rhinegraben at ground level by Edel et al. (1982) and Papillon (1995).
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The NNE strike of the gravimetric and magnetic anomalies suggests that rocks similar
to those of the northern Vosges are expected in the adjacent Rhinegraben. Therefore,
it is necessary to know the physical characteristics of the rocks in the Vosges. Subse-
quently, numerous available density, magnetic susceptibility and remanent magnetiza-
tion measurements were summarized for this study in order to extrapolate gravimetric
and magnetic anomalies from the Vosges massif to the Rhinegraben basement (Lauer
and Taktak 1971; Gangarski 1977; Edel et al. 1982, 1986, 2013; Edel and Weber 1995; and
unpublished data).

Among the numerous reflexion seismic profiles of the upper Rhinegraben, only those
of the southern area of Strasbourg, where deep geothermal drillings are planned, are
taken into account. There, four seismic 2D lines set up in 1985 for oil prospecting were
reprocessed to obtain first order information at a quite low cost (Fig. 1).

Geothermal wells of the central Rhinegraben (Soultz and Rittershoffen)

The extensive geological, geophysical and deep drilling data collected in the Soultz and
Rittershoffen geothermal wells have led to a better understanding of the deep-seated
geothermal resources located at the interface between the sediments and the basement
of northern Alsace (Baujard et al. 2017; Dezayes et al. 2010, Genter et al. 2010, Ledésert
et al. 1999; Pribnow and Schellschmidt 2000; Sanjuan et al. 2016; Sausse et al. 2010; Vidal
etal. 2016, 2017).

From a structural point of view, the geothermal target of both wells corresponds to a
local normal fault showing a significant apparent vertical offset. At Soultz, the natural
fractures are mainly oriented NO’E, with nearly vertical dipping (Dezayes et al. 2010). At
Rittershoffen, the fractures are also N-S striking (N10°E to N20°E) and dip westward in
the reinjection well. In the production well, the main fracture orientation is N160°E to
N180°E, dipping eastward or westward (Vidal et al. 2016).

All these wells were drilled down to the Triassic-sediments and/or the crystalline
basement. Two main types of granites have been identified based on core samples col-
lected in the Soultz wells: a biotite-rich monzogranite showing K-feldspar megacrysts
emplaced approximately 330 Ma (Alexandrov et al. 2001) and a fine-grained two-mica
granite. The Soultz site is located on the western margin of a magnetic body consisting
of granitoids, whereas the Rittershoffen site is located more on its core (e.g. Baillieux
et al. 2014).

From a thermic point of view, temperature measurements were performed in all wells
of the Soultz and Rittershoffen sites. The temperature profiles in the Soultz wells can
be divided into three sections with different geothermal gradients reflecting different
heat transport processes (Fig. 3) (Genter et al. 2010). The upper section lies entirely in
the sediments from the surface down to the top of the Muschelkalk formation and has
a very high and linear gradient of approximately 90-100 °C/km, indicating a predomi-
nantly conductive heat transport (Maurer et al. 2018). The intermediate depth section
is characterized by a very low geothermal gradient of approximately 5-10 °C/km, which
suggests that heat transport is dominated by convection, probably within the fractured
granite and in the Triassic sandstones. In the Soultz area, below 3.3 km, the geother-
mal gradient increases again to 30 °C/km and becomes linear with depth, indicating a
return to a conduction-dominated heat flow regime (Genter et al. 2010) due to a weak
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connectivity of faults and fractures below 3.3 km depth. A temperature of 150 °C is
reached at 3000 m in the granite. In the Rittershoffen wells, a temperature of 160° is
already attained at 1600 m in the middle Triassic (Fig. 3). All the Soultz and Rittershof-
fen wells have demonstrated occurrences of geothermal fluids circulating within the
natural fracture system developed within the deep granites. They correspond to geother-
mal brines characterized by a NaCl composition, high-salinity values ranging from 99 to
107 g/l and pH values close to 5 (Sanjuan et al. 2016). From a radiogenic point of view,
the increase in gamma rays at the sedimentary/basement interface (from values lower
than 100 gAPI to 250 gAPI at Soultz) can be interpreted as a result of precipitations of
secondary minerals such as illite (clay mineral bearing potassium) from the geothermal
brine into the hydrothermally altered and fractured granite in the upper part of the base-
ment (Traineau et al. 1991).

New geophysical investigations

Geophysical data

Two hundred fifty new gravimetric measurements were acquired in the frame of the
Ilkirch-Graffenstaden geothermal project (Fig. 1) in order to densify the network in
areas of interest for geothermal projects. The compilation of old and new data resulted
in a Bouguer map of the northern Vosges and adjacent Rhinegraben. This map is verti-
cally derived in Fig. 5 in order to reduce the effect of the sedimentary cover, to constrain
the boundaries of the gravimetric bodies and to facilitate the correlations with the mag-
netic map. The objective is to link the gravity anomalies with the density distribution of
the outcropping basement available for rocks of the northern Vosges (Gangarski 1977;
Edel and Weber 1995; and unpublished data) and to extrapolate the correlations to the
Palaeozoic basement beneath the Rhinegraben sedimentary cover.

As part of the geothermal project, a new high-resolution aeromagnetic survey was
carried out in 2015 by Geophysics GPR International Inc. Despite that the area of inter-
est was the “Illkirch-Erstein” licence (Fig. 1a), the acquisition area has been enlarged to
connect with the outcropping basement in the Vosges Mountains, where magnetic sus-
ceptibility values were measured on rock samples in order to calibrate the experimen-
tal values. The east—west cross-lines were spaced by 400 m, whereas the control lines
were spaced by 4000 m and oriented north—south. The nominal height of the survey was
300 m but varied, particularly over the Vosges area, due to the strong topographic relief
(Richard et al. 2016). Survey characteristics are presented in Appendix. For confidential-
ity reasons, the northeastern part of the aeromagnetic map was replaced by an extract of
the magnetic map at ground level (Edel et al. 1982) (Fig. 6).

The further maps and interpretations addressed in this paper were achieved after
removal of the International Geomagnetic Reference Field (IGRF) and anthropogenic
anomalies. To optimize the interpretation, the magnetic anomalies have been repro-
cessed using several types of mathematical transformations. In the case of a symmetrical
structure with a dominant induced magnetization, the associated magnetic anomaly is
only symmetrical (pseudo-gravimetric) at the magnetic pole. The skewness or deforma-
tion of an anomaly is a function of the inclination of the magnetization, and in the case
of a dominant induced magnetization, of the inclination of the magnetic field. In north-
ern Alsace, this inclination is approximately 64°. To remove this effect, the anomalies
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Fig. 5 Vertical derivative of the Bouguer anomalies. The data compiled by Rotstein et al. (2006) have
been complemented by the new data acquired and processed in the frame of the geothermal project.
The red-to-violet anomalies are mainly associated with granites, the intermediate white-yellow-orange
anomalies with Palaeozoic sediments and gneisses, and the green and dark blue anomalies with mafic
volcanites, diorites and Early Palaeozoic schists. Geographical and extended Lambert Il coordinates

have to be reduced to the pole. First and second vertical derivatives are used to delineate
the boundaries of subvertical magnetic bodies (Fig. 6). Tilt is a transformation that also
locates subvertical boundaries and faults, but in addition, it estimates the depths of the
tops of the structures (Salem et al. 2007) (Fig. 7). The analytical signal and the square of
the analytical signal delineate the fabric of the magnetic basement, but the intensity is
also a function of the depth and the intensity of the magnetization.

Reprocessing of the four previous seismic sections was completed with a new survey
and processing of vibroseismic reflections acquired within the “Illkirch-Erstein” licence
in the southern suburbs of the Strasbourg area during the summer of 2015 (Fig. 1a). This
2D seismic survey was designed in order to qualify a potential deep fractured geother-
mal target (Richard et al. 2016). Obtaining a structural and hydrogeological model of
this kind of deep fractured reservoir is a key point for a successful project (Dezayes et al.
2010). Therefore, geometry design and acquisition parameters have been designed to
provide a suitable and valuable image of the sub-surface, particularly of faults (Appen-
dix). The design of the new vibroseismic acquisition was focused on a specific area to
ensure the trajectories of the future wells and to cross the previously identified targets.
In the case of the Illkirch-Graffenstaden geothermal project, four new seismic profiles
were implemented (Fig. 1a).

Gravity map of the northern Vosges and Rhinegraben
The positive Bouguer anomalies correlate with the high densities (2.9 >d>2.75) of the
Devono-Dinantian mafic volcanites of the Bruche valley and of the Early Palaeozoic
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schists of Steige and Villé (Gangarski 1977; Edel and Weber 1995). Devonian—Dinantian
sedimentary and volcano-sedimentary rocks of the Bruche valley and the “Bande médi-
ane’, gneisses of the Central Vosges, diorites (Neuntelstein) and granodiorites (Hohwald,
Champ du Feu, Andlau) have intermediate densities. The negative anomalies are asso-
ciated with low-density biotite granites and leucogranites of the northern pluton, with
acidic volcanites and with Visean sediments (2.5 <d <2.65).

The first vertical derivative of the Bouguer anomaly map shows a succession of N60°
striking belts of anomalies (Fig. 5). In the south, the northern part of the Moldanu-
bian central Vosges is characterized by low-to-intermediate anomalies associated with
granites and gneisses. North of the Lalaye—Lubine fault zone, the high densities of the
Villé and Steige schists are responsible for a positive anomaly that, east of a short gap
attributed to the presence of granites, reappears in the southern part of the Erstein horst
(Fig. 1) (Gangarski 1977; Edel and Weber 1995). Further north, the granitoid belts of the
southern Champ du Feu pluton show intermediate densities and slightly weaker anoma-
lies. East of these units, the intermediate anomalies of the northern Erstein horst may be
due to the presence of similar rocks. This assumption is confirmed by the deep drilling
MEI2, which has cored a monzonite similar to the Andlau granite. A sharp horizontal
gradient that coincides with the “Bande médiane” separates the anomalies of the north-
ern and southern Champ du Feu Massif. The low-density felsic granites in the north can
be followed in the graben as far as the Strasbourg-Illkirch area, with an interruption
south of Molsheim. Further north, the positive anomalies associated with the Devonian—
Dinantian volcano-sedimentary units of the Bruche valley continue north of Molsheim
towards the NE. North of these positive anomalies runs a belt of gravity lows that must
be associated with light granites. The sole outcrop located on the axis of the negative
anomalies is the small microgranitic dome of Blanc Rupt, which is located within the
Nideck-Donon rhyolitic volcanites (Figs. 4, 5) The K—Ar age of 299+9 Ma age of the
microgranite granite is compatible with the 297 +9 Ma ages of the rhyolites and suggests
that the northern low-density belt is mainly due to a late Carboniferous—early Permian
magmatism (Boutin et al. 1995).

Magnetic maps of the Palaeozoic basement of the northern Vosges and Rhinegraben

Over several decades, the northern Vosges basement was regarded as highly magnetic
and was the subject of a series of rock magnetic and palaeomagnetic studies (Lauer and
Taktak 1971; Gangarski 1977; Edel et al. 1986, 2013). Numerous measurements of the
magnetic susceptibility, remanent magnetization and Curie temperature on the various
volcanic, plutonic and meta-sedimentary units were carried out. The magnetizations
are in perfect agreement with the intensities and boundaries of the transformed anoma-
lies (Fig. 6). The highest susceptibilities, generally exceeding 10~ SI and occasionally 1
SI, were measured on basalts of the Bruche valley. The 12-km-long magnetic belt run-
ning along the northern rim of the Champ du Feu Massif (Fig. 6) can be attributed to
such mafic rocks, as can a large part of the magnetic bodies of the Schirmeck—Rabodeau
massif. The volcanites of the “Bande médiane”, the southern granodiorites and diorites
exhibit similar high susceptibilities in the range of 1072 to 10~ SL. Such values were also
measured in the Steige schists at the contact with the Andlau granite, Hohwald granodi-
orite, and small grained aureole of the Andlau granite. With susceptibilities in the range
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Fig. 6 a Aeromagnetic map of the geothermal project (2015): vertical derivative of the upward continuation
by 100 m, reduced to the pole. The magnetic sources of the basement being about 1.7 km deeper in the
graben (1b), the scale of the anomaly intensities (in nT/m) has been expanded. b Magnetic map at the
ground level (Edel et al. 1982): vertical derivative of the upward continuation by 400 m, reduced to the pole.
Coordinates: Lat/Long in red, Lambert Il extended in blue, UTM zone 32 N in green

of 10* to 1072 SI, the northern granites show a low-to-medium magnetism. The highest
values occur in the volcanic inclusions and microdioritic dykes (Nadeldiorites) of the
Waldersbach granite. The Kagenfels granite and the acidic dykes show the lowest sus-
ceptibilities, which are approximately 10~* SL. In general, the remanent magnetizations
display a similar distribution as the susceptibilities, and the mean Koenigsberger ratio
(remanent magnetization/induced magnetizations) scatters approximately 0.3 (Edel
et al. 1986, 2013). However, in the case of mafic volcanites, microdiorites, dioriorites and
granodiorites, this value can exceed 0.5 and occasionally reach 10. As a consequence,
magnetic modelling cannot be restricted to the induced magnetization, in particular
when the direction of the remanent magnetization is not collinear with the induced
magnetization. The global magnetization, whose direction mostly differs from the direc-
tion of the present field, must be accounted for.

The vertical derivative of the reduction to the pole shows three belts of magnetic
anomalies striking N60° (Fig. 6). The southern one is located in the southern part of the
Champ du Feu Massif and on the Meistratzheim—Eschau horsts. The second concerns
the Bruche Valley, and further east the anomalies north of Molsheim. The third belt is
located on a Wasselonne—Hoerdt line. Based on the transformed magnetic map and the
derivatives, an attempt was made to delimit the magnetic basement structures and pro-
pose their lithological interpretation.

The tilt map delimits the lateral boundaries of the magnetic bodies and provides an
approximate depth of their roofs, assuming that the boundaries are subvertical (Fig. 7).
In this figure, the depth estimations provided by the tilt map are completed by depths
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derived from the Vacquier (1951) method. Despite the fact that this empiric method
implicitly supposes that the structures are infinite dykes, it often provides results with
relatively good approximations of roof depth. In the northern Vosges, the very low
depths derived from the tilt map confirm that the magnetic rocks are mostly outcrop-
ping as expected from the susceptibility measurements. The eastern prolongation of the
southern Champ du Feu Massif magnetic belt, namely, the Meistratzheim—Eschau struc-
ture, culminates at approximately 1800—2000 m depth beneath the Rhine, approximately
1500-1600 m in the southwest and approximately 1700 m in the area of the Mei 2 drill-
ing. The borehole is located at the northwestern rim of the magnetic and medium dense
body and has reached a monzonite at 1666 m depth that has similarities with the Andlau
granite. The northern magnetic belt includes the Molsheim body, which extends the vol-
canic units of the Bruche valley and has a depth of 500-600 m.

The maxima of the analytical signal are located on the edges of the magnetic bodies,
and their intensities depend on the depths and magnetizations of the bodies. The ana-
lytical signal map outlines the N-S high east of Illkirch-Graffenstaden and Eschau that
is named “Bois d'Illkirch-Graffenstaden-Maison-Blanche horst” (Figs. 8b, 9). The mag-
netic basement located south of the Meistratzheim Mei2 borehole shows a second high

at approximately 1.6 km depth.
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Fig. 8 Transformed maps of the Erstein-Eschau-lllkirch horst zone: a Second vertical derivative of the
aeromagnetic map reduced to the pole and upward continued by 150 m. b Analytical signal of the
aeromagnetic map. ¢ Second vertical derivative of the Bouguer anomalies. Gravimetric data from the 2015
survey are added to the Rotstein et al. (2006) dataset. d Structural interpretation of the geophysical maps:
red/blue dots = magnetic/gravimetric boundaries, red/blue full and dashed lines = magnetic/gravimetric
faults and discontinuities. Violet lines represent both magnetic and gravimetric faults and discontinuities. The
whole is superimposed with temperature lines at 100 °C (green), 110° (yellow) and 120° (orange) at 2000-m
depth from Fig. 2

Discussion
Interpretation and correlations of the gravimetric and magnetic maps
Lithology of the Rhinegraben basement
Within the graben, the derivative and tilt maps show two major belts of anomalies
(Figs. 5, 6, 7, 8). The southern one, the Meistratzheim—Illkirch belt, is in the continua-
tion of the southern Champ du Feu Massif, which consists mainly of I-type granitoids
(Fig. 9). Gravimetric anomalies are intermediate to high, implying that similar rock
types as diorites, granodiorites and metamorphic schists are expected. Remnants of
volcano-sedimentary host rocks on top of the granitoids, as in the area of St-Nabor
and the “Bande Médiane’, are not excluded. The depths of the magnetic bodies given
by the tilt and the Vacquier methods range from 1.6 to 2.2 km.

The northern dense and highly magnetic belt includes the Devonian—Dinantian basin
of the Bruche valley. The gravimetric and magnetic maps show a series of prominent
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positive anomalies, which in outcrops coincide with mafic Devonian—Dinantian volcan-
ites. The anomaly highs associated with mafic rocks continue NE between Wasselonne
and Molsheim (Figs. 5, 6). The dense but weakly magnetic rocks likely consist of Devo-
nian—Visean volcano-sedimentary and sedimentary rocks similar to those of the Bruche
valley. In the area of Mundolsheim, a gravimetric and magnetic low, which is at least
partly due to the deepening of the basement (Fig. 1a), interrupts the volcano-sedimen-
tary belt. Between Mundolsheim and Truchtersheim, the gravimetric low may indi-
cate the presence of granite possibly covered by Permian layers. According to the very
smooth bedding (Fig. 7), the low-to-intermediate magnetic anomalies have no sub-ver-
tical contacts and are rather due to the presence of layered magnetic bodies consisting
of volcanic or volcano-sedimentary strata overlying the granite. Unpublished modelling
confirms this interpretation.

In the northeastern continuation of the poorly to moderately magnetic and low-den-
sity northern granites of the Champ du Feu Massif, the gravimetric and magnetic lows
of the Mundolsheim—Strasbourg basin reveal a similar granitic basement possibly over-
lain by Permian sedimentary layers (Figs. 1, 9). Remnants of a “Bande médiane type”
volcano-sedimentary cover on the felsic S-type granitoids, may also be expected. West
of Strasbourg, the N60-65° striking granitic zone is crossed by a narrow, N30° oriented
intermediate gravity high, which may be attributed to a horst effect (Fig. 1a) and/or to
intermediate densities of non-magnetic Palaeozoic sediments. As confirmed by the tilt
map, the very shallow depths of the anomalies of Strasbourg and its surroundings indi-
cate anthropic origin.
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Topography and tectonic framework of the basement of the central Rhinegraben

Due to its potential in oil and potash, the Rhinegraben subsurface was investigated using
a dense network of seismic reflection profiles, which led to the production of Cenozoic
and Mesozoic stratigraphic maps and of the faults associated with the graben formation.
Although the Mesozoic/Palaeozoic boundary is often difficult to observe in the seismic
sections, Ménard (1979) attempted to map the bottom of the Buntsandstein (Fig. 1a).
The map shows two basins, the basin of Strasbourg—Mundolsheim in the north and the
basin of Sélestat in the south. The Meistratzheim-Erstein and “Bois d’Illkirch-Graffen-
staden-Eschau” horsts separate both basins.

The processed magnetic and gravimetric maps of this study are interpreted in terms of
structural and lithological discontinuities of the pre-Permian basement. In addition to
the global N60-65° trend of the Palaeozoic structures observed in the northern Vosges,
the tectonic network of the basement beneath the Mesozoic—Cenozoic cover is domi-
nated by N30° discontinuities, the effect of which is particularly visible on the truncation
of the southern magnetic belt (Figs. 6, 7, 8, 9). The most important faults belong to the
Upper-Rhine-Shear-Zone (URSZ), which shifts the Lalaye—Lubine fault zone by approxi-
mately 40 km northeastward, where it is relayed by the Baden-Baden fault zone (Edel
and Fluck 1989; Edel et al. 2007). The sinistral URSZ that extends from the southeast-
ern Vosges to the Mid-German Crystalline Rise was conjugated with the large-scale dex-
tral faults of Bray and northern Bavaria (Edel and Weber 1995). The major N30° URSZ
faults mark the eastern limit of the northern Vosges western Rhinegraben magnetic
plutonic belt. The NE-SW fabric of the Andlau, Soultz-sous-Foréts and Baden-Baden
granites implies that the granitoids were emplaced in the sinistral transcurrent regime
active approximately 330 Ma (Edel et al. 2006). The plutonic complex is also affected by
a series of sub-meridian faults. The best example illustrated as well by the magnetic as
by gravimetric maps is the “Bois d’Illkirch-Graffenstaden-Eschau” N-S oriented horst
(Figs. 8, 9). N-S faults are also present all along the western border of the Rhinegraben,
from Molsheim to Dambach. The tectono-magmatic context of the southern plutonic
belt looks very similar to that of the Odenwald massif, which belongs to the same Rhe-
nohercynian magmatic arc that coincides with the Mid-German Crystalline Rise (Edel
and Schulmann 2009). There, the I-type granitoids were emplaced in a WSW-ENE sin-
istral transtensional regime and affected in a late stage by the N-S normal Otzberg fault
(Krohe 1991, 1992). To a lesser extent, NN'W-SSE and NW-SE discontinuities conju-
gated with the ENE-WSW and NW-SE discontinuities are also present in the basement.
Such discontinuities were active as dextral strike-slip faults in the area of the Champ du
Feu Massif (Figs. 4, 9).

The target zone of the geothermal project

The characteristics of the potential deep-seated geothermal reservoir are discussed in
light of the structural and petrological framework derived from the presented gravimet-
ric and magnetic maps and of the information derived from the Soultz-sous-Foréts and
Rittershoffen productive wells.
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Structural context: the Eschau fault zone and the Bois d'lllkirch-Graffenstaden-Eschau horst:
seismic interpretation

The Eschau fault appears as a prominent N-S discontinuity in the gravimetric and
magnetic maps marking the western flank of the “Bois d'Illkirch-Graffenstaden-Eschau
horst” (Figs. 8, 9). Several seismic sections cross the fault zone at various angles, and
the latest were acquired in 2015 (15Gil01 to Gil05) in the frame of the project. Older
sections located in the same area were reprocessed (85ST03-85ST05, and the N-S sec-
tion85ST12) (Figs. 1b, 10). The seismic sections show that the discontinuity consists of a
several hundred metre wide zone of parallel faults plunging west. The existence of paral-
lel faults is also evidenced in the derivatives of the magnetic map (Figs. 9, 10b). In the
gravimetric maps, the effects of the faults are cumulated and appear as due to a unique
fault.

The thickness of the pre-Cenozoic layers in the area of the geothermal project
remains relatively constant, implying that normal faulting was active in the Cenozoic.
The TWT offset of the pre-Cenozoic reflectors is approximately 0.5 s. This corresponds
to a 800—1000 m vertical offset of the Mesozoic layers and Palaeozoic basement along
the fault zone. The onset of the N-S faulting likely occurred in the context of the N-S
Late Eocene compression (Fig. 9, inset). Reactivation of the Variscan NE-SW sinistral
strike-slip faults of the URSZ led to the formation of N-S oriented pull-apart basins (Vil-
lemin and Bergerat 1987; Schumacher 2002; Edel et al. 2007). The major activity of the

b gravimetric: , magnetic: , gravimetric and magnetic: fault or boundary:

Mdv2

Fig. 10 a Migrated seismic sections. Inset: location of the profiles (see also Fig. 1a). Reflectors: SP schistes

a poissons; SM schistes a Melettes; Dis Jurassic/Eocene discordance; Kp-top of the Triassic; Mk top of the
Muschelkalk; Bs top of the Buntsandstein; P top of the Palaeozoic basement. Faults are in red. b The vertical
(Mdv1) and second vertical (Mdv2) derivatives of the magnetic anomaly reduced to the pole indicate faults
and discontinuities within the basement. The second vertical derivative of the Bouguer (Gdv2) anomalies
locates the faults and discontinuities of both the sedimentary cover and the crystalline basement. The 0
level of the second vertical derivatives shows faults and boundaries provided these are subvertical. The
discontinuities are in red (Mdv1 and Mdv2), blue (Gdv2) or violet when both magnetic and gravimetric
gradients coincide
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Eschau fault zone is due to the E-W extension responsible for the Rhine—Rhone rift-
ing that lasted during the whole Rupelian. The former transtensional N-S faults were
active as normal faults up to the Chattian. This period is marked by a change of the
stress regime. A NE-SW oriented compression phase occurred in western Europe and
lasted into the middle Aquitanian (Villemin and Bergerat, 1987). In the Rhinegraben, it
led to the formation of sedimentary depocentres parallel to the URSZ faults and to dex-
tral transpressive activity along the N-S faults (Edel et al. 2006). The undulations in the
upper Chattian Niederroedern layers located above the normal fault may reflect folding
linked with the associated dextral strike slip (Figs. 9 inset, 10). Since the Middle Mio-
cene, the principal orientation of stress has been oriented NW-SE, perpendicular to the
Alpine front. This context favours NW-SE normal faulting and more often reactivates
NNE-SSW sinistral basement faults, among others the URSZ faults (Edel et al. 2006). In
the seismic sections, slight deformations of the Plio-Quaternary reflectors suggest a neo-
tectonic activity above the fault zone (Fig. 10).

In most of the seismic sections, a relatively well-defined doublet of reflectors reveals
a significant velocity contrast at the bottom of the Triassic sandstones (Buntsandstein)
(Fig. 10).

Expected petrology and heat production

The Permian is absent in the Mei2 borehole, and the sandstones overly successively a
granitic breccia and a biotite granite. In the northern Vosges, the Champ du Feu palaeo-
surface consists of granite and granodiorite often altered in arenas that constitute more
or less thick, perched aquifers, some of which have been intensively investigated using
geophysical methods (Sailhac et al. 2009). Such an altered and wet arena zone between
the Buntsandstein and the granitoids is considered to be a good candidate for the deep
seismic reflectors (Fig. 10).

In the northern Vosges, emplacement of the granitoids was responsible for contact
metamorphism in the host rock. The volcanic, sedimentary or volcano-sedimentary
rocks affected by contact metamorphism form a strong carapace that is extremely brit-
tle. The presence of such rocks, akin to the development of faults and fractures during
the tectonic evolution of the Rhinegraben is possible on top of the granitoids.

Previous studies have shown that the magnetic anomalies are due to magnetite rich
I-types granitoids with high concentrations of radiogenic elements such as thorium and
uranium (Edel et al. 1980; Lexa et al. 2011). Modelling of the magnetic anomalies asso-
ciated with the granitoids of the Carboniferous magmatic arc shows that the magnetic
bodies mostly have the shape of thick, deeply rooted dykes (6—15 km deep) widening
towards their bottoms (Bosum and Ulrich 1969; Edel et al. 1996; Edel and Schulmann
2009, and unpublished EOST student works). The magnetic derivatives and tilt maps
reduced to the pole showing weaker gradients in the northwest than in the southeast of
the anomalies, the magnetic bodies must have a northwest plunge (Figs. 6, 7, 8). Such
bodies can be considered as continuous thermal conductors from the top of the lower
sheeted crust up to the bottom of the sedimentary cover. In addition, the contribution of
the natural radioactivity of such volumes of granitoids to the heat flow is significant (Jol-
ivet et al. 1989; Baillieux et al. 2014; Ielsch et al. 2016). In Table 1 are listed the heat-pro-
duction values of the granitoids of the northern Vosges or from the Soultz geothermal
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Table 1 Petrophysical parameters used for modelling of the temperatures

Rock type Porosity (%) Heat production Thermal
(MW/m3) conductivity
(W/mK)
GrCFN CF Nord granites 0.35¢ 2.53° 284
GdS South CF granodiorites 0.35¢ 3.23-3.68° 2.83¢
SVS Steige-Villé schists Negligible 2.5¢ 3.03
GBFW W Black Forest granite 0.35¢ 3.16° 285
GOb Oberkirch granite 0.35° 3.16° 285"
IntCr Intermediate crust-gneiss? Negligible 1.049 2.1°
LowCr Felsique lower crust Negligible 5.0¢ 2.1P
Sediments Ter Tertiary sediments 15¢ 149 14
Sédiments Mez Mesozoic sédiments 15¢ 14 259

Mantel flux: 0.050 W/m?; surface température: 10 °C; fluid thermal conductivity: 0.6 W/m/K
? Tabaud et al. (2014)

b Ray et al. (2007)

¢ Wang et al. (2016)

94 Guillou-Frottier et al. (2013)

¢ Forster and Forster (2000)

f Correia (2015)

9 Vila et al. (2010)

site as well as petrophysical data collected from Variscan rocks in Europe (Correia 2015;
Forster and Forster 2000; Grecksch et al. 2000; Guillou-Frottier et al. 2013; Lexa et al.
2011; Tabaud et al. 2014; Vila et al. 2010). Due to high contents of uranium and thorium
(Altherr et al. 2000), the heat-production values of the granitoids are, respectively, 3.23
and 3.68 uW/m? for the southern granitoids of the Hohwald and Andlau. Both types of
granitoids show a high proportions of zircon and monazite (Tabaud et al. 2014). The
highest heat production reaches values of, respectively, 6.36 and 5.62 pW/m?> for the
elliptical Natzwiller and Senones younger plutons. Lower values of 2.53 pW/m?> char-
acterize the northern Belmont granite. Within the Erstein-Eschau-Illkirch horsts, base-
ment values comparable to those of the southern granitoids of the southern Champ du
Feu massif are expected. Lower values comparable to those of the Belmont granite may
characterize the eastern continuation of the northern Champ du Feu massif. From the
geophysical point of view, there is no clear evidence of the presence of Natzwiller and
Senones type plutons which exhibit the highest heat-production values. However, the
extension in depth of these small plutons is likely limited, so that their contribution to
the global heat flow must be less than that of the deeply rooted granodiorites.

The geothermal potential of the Eschau fault zone
The “Bois d’Illkirch-Graffenstaden-Maison-Blanche horst” was an oil reservoir exploited
for several decades in a series of wells dispatched on a N-S line, parallel to the Eschau
fault. The presence of oil reflects the high paleo temperatures associated with the respec-
tive oil generation window of the Illkirch-Graffenstaden-Eschau area, heat being neces-
sary to oil production, in particular in the case of moderate depths of the mother rock.
By comparison with operational geothermal sites located in the Upper Rhinegra-
ben, some favourable geological conditions for the Illkirch-Graffenstaden area can be
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anticipated. For instance, at Soultz-sous-Foréts and Rittershoffen, located approximately
50 km north of Strasbourg, several deep geothermal wells have been drilled in the base-
ment at depths between 2.5 and 5 km (Fig. 1b). The experience acquired in those sites in
terms of geothermal reservoirs is very useful to extrapolate to the Illkirch-Graffenstaden
site before any drilling operations. Temperature and gamma ray profiles similar to those
of the Rittershoffen and Soultz wells, which show a succession of conductive and convec-
tive sections and an increase in the natural radioactivity in the hydrothermally altered
and fractured granite, are expected in Illkirch-Graffenstaden. This temperature increase
is supposed to be due to accumulations of heat-producing elements (HPEs) related to
secondary clay precipitations.

Like at Soultz and Rittershoffen, the productive wells of Illkirch-Graffenstaden will be
drilled in submeridian faults. It is therefore anticipated that in the present stress field,
the Eschau N-S faulted zone at the interface between the deepest sediments and the Pal-
aeozoic crystalline basement could be characterized by a high concentration of closely
spaced fractures acting as permeable drains. Just as at Soultz and Rittershoffen, where
magnetic and heat-productive granites were drilled (Baillieux et al. 2014 and references
therein), magnetic and heat-productive granodiorites of the southern champ du Feu
type are expected.

The temperature distribution at 2000 m depth in Fig. 8d is in favour of a minimum in
the range 100-110 °C at this depth. Borehole ESC-7, which is the closest to the Illkirch-
Graffenstaden geothermal targets, shows a gradient of 5.5 °C/100 m, which lets expect
a temperature of approximately 150 °C at 2500 m depth. To test this predicted temper-
ature, the temperature distribution on a WNW-ESE section passing through Illkirch-
Graffenstaden was modelled. The calculated model is based on a crustal model derived
from the section of the graben infill by the EU GEORG project, on the interpretation of
the close and parallel deep reflection seismic ECORS-DEKORP section (Brun et al. 1991;
Edel and Schulmann 2009) (Fig. 11a) as well as on the available petrophysical parameters
of Table 1. The modelled temperature log, located westwards of the normal Eschau fault
in the Illkirch-Graffenstaden area, shows temperatures in the range 150-200 °C in the
Buntsandstein. East of the Rhine, close to the Black Forest, as well as in the centre of the
Black Forest gneiss massif, the temperatures in the same depth range are significantly
lower (Fig. 11c). This is due to the blanket effect of the low conductivity sedimentary
infill combined with the higher heat production of the arc magmatic upper crust in the
western part of the Rhinegraben as shown in Fig. 11b. In short, a temperature of at least
150 °C is expected within the target zone of the future Illkirch-Graffenstaden well.

Conclusions

In geophysical maps, the ENE-WSW striking units of the northern Vosges can be
followed beneath the Mesozoic to Quaternary cover as far as the N35°-striking Upper
Rhenish Shear Zone, which shifts these units towards the NE in the Baden-Baden
area. From south to north, these units are the Early Palaeozoic Schist Zone (EPSZ),
the Late Visean I-type Granite Zone (VIGZ), the Late Visean S-type Granite Zone
(VSGZ), the Devonian—Dinantian volcanic-sedimentary Zone (DDVZ) and the Late
Variscan Granite Zone (LVGZ) (Fig. 9). The granitoid belts are emplaced at higher
levels and are younging from south to north. The magnetic basement south and
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Fig. 11 a Crustal section based on the EU GEORG section of the sedimentary infill of the Rhinegraben and
on the ECORS_DEKORP seismic section down to the Moho (Brun et al. 1991; Edel and Schulmann 2009).
The NW-SSE profile passes through the lllkirch area. b Temperature model using the adjacent section

and the petrophysical parameters of Table 1. The objectives being in the upper crust, the vertical scale

has been magnified. The upper and lower boundaries of the Lower Triassic—Permian and the main faults
are superimposed with the section. ¢ Log of temperatures in the lllkirch project area (IG), the easternmost
Rhinegraben (ER) and the Central Black Forest (CBF) (b)

south-west of Strasbourg is interpreted as akin to the southern Champ du Feu Massif,
which consists of I-type granitoids. As these magmatic rocks intruded Early Palaeo-
zoic schists and Devonian-Dinantian volcanic-sedimentary units, remnants of these
host rocks on top of the pluton as the Bande Mediane and the St-Nabor units are not
excluded.

The sandstones of the Buntsandstein, the fractured fault zone, the possibly altered cap
of the plutonic body and the eventual presence of brittle hornfels may be considered as
potential geothermal reservoirs. Several factors favour a potentially high-temperature-
productive reservoir in the Illkirch-Graffenstaden zone.

1. The formation of oil within the sedimentary cover of the Soultz and Eschau areas is
associated with high-temperature anomalies.

2. The submeridian Eschau fault consists of a several hundred-metres-wide fault zone,
mainly active as normal faults in the Rupelian and transcurrent in the Priabonian,
Chattian, Aquitanian and, in particular, recent times. The orientation and stress
context are similar to those of the Soultz and Rittershoffen productive wells. The
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transpressional system favours the formation of cracks and increases the porosity
and consequently fluid convection.

3. The basement consists of magnetic granitoids, as is the case at Soultz and Ritter-
shoffen. In the northern Vosges, these magnetic granitoids are characterized by high
contents of uranium and thorium and thus by heat production. The deeply rooted
arc magmatic granitoids are also efficient thermal conductors of the deep-seated heat
flow.

4. The close borehole ESC-7 and the modelled temperature distribution allow expecta-
tion of a temperature of a least 150 °C in the future geothermal doublet. Modelling
of the temperature distribution based on a crustal section and appropriate physical
parameters is also in favour of a minimum temperature of 150 °C on top of the gra-
nitic basement.
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Appendix

The new aeromagnetic magnetic survey

In the frame of the geothermal project, a new high-resolution aeromagnetic survey was
conducted in 2015 by Geophysics GPR International Inc. Although the area of interest
was the “Illkirch-Erstein” licence (Fig. 1a), the acquisition area has been enlarged to con-
nect the outcropping basement in the Vosges Mountains, where magnetic susceptibility
values were measured on rock samples in order to calibrate the experimental values. The
east—west cross-lines were spaced by 400 m, whereas the control lines were spaced by
4000 m and oriented north—south. The flight altitude of the helicopter was determined
accordingly to a draped surface that approximates the expected flight path and altitude
of which the survey aircraft was capable. The surface was calculated from the Europe
SRTM 30 m digital elevation model to conform to the 25% maximum rate of climb and
descent of the survey helicopter. The nominal height of the survey was 300 metres but



Edel et al. Geotherm Energy (2018) 6:13 Page 22 of 25

varied particularly over the Vosges area due to the strong topographic relief (Richard
et al. 2016).

The two main sources of measurement errors of the magnetic measurements were
the diurnal variations of the earth’s magnetic field and the interaction of the permanent
magnetization in the aircraft and transient magnetic fields produced by the varying
electrical loads of systems onboard and moving flight control surfaces. A ground mag-
netometer control station was installed to minimize the prior and a series of calibrations
were carried out before the start of the survey to minimize the effects due the latter.

The low-level aeromagnetic survey was carried over significant urban areas and man-
made structures, particularly over the city of Strasbourg, causing significant magnetic
anomalies called anthropogenic anomalies. These anthropogenic anomalies are normally
not removed from aeromagnetic survey data (Coyle et al. 2014) but were still removed
to aid in the interpretation of the current study by painstaking examination of satellite
imagery and manual editing of magnetic profiles. In the centre of the Strasbourg area,
the shear volume of anthropogenic anomalies may have completely masked the magnetic
signature of the geology underneath. An enlightened attempt to interpolate the meas-
urements over the city centre of Strasbourg has been made, but with limited success.

Seismics

The design of the new vibroseismic acquisition was focused on a specific area to ensure
trajectories of the future wells and to cross the previously identified targets. In the case
of the Illkirch-Graffenstaden geothermal project, the exploration area was reduced to
approximately 30 km?% Acquiring 37 km of 2D seismic lines was sufficient to obtain
enough information to characterize the targeted fault without any exploration drilling.
However, in order to take maximum advantage of the information coming from the pre-
vious seismic acquisition, the new survey design had to take into account the previous
geometry of the lines and the previous parameters used to acquire data in 1975, 1977
and 1985. To increase the spatial coverage and to keep a coherent global design, the
decision was taken to add three east—west seismic lines, the targeted fault being NS ori-
ented. As a consequence, the distance between lines of the 1985 acquisition was reduced
by half (*0.9 km) (Figs. 1a, 10).

To correctly image faults with a significant apparent offset, seismic lines have to be
as perpendicular as possible to fault plane direction (Lavergne 1986). However, due to
the large distances between old seismic lines, an important uncertainty remained on the
fault geometry in the cross-line direction. To obtain a better azimuthal constraint and
obtain information all along the well trajectories, two extra lines, respectively, NW-SE
and NE-SW were set up. The obliqueness of these seismic lines compared to the main
fault plane direction remains low enough to ensure a right migration of the sloping
reflectors (Yilmaz 1987, 2001), while allowing intersection of possible faults in between
two seismic lines. Ideally, accurate information regarding target depths, frequency con-
tents and propagation velocities in the different geological layers are necessary to define
the key parameters of a seismic acquisition. Reprocessing and reinterpretation of old
seismic lines provide access to the information necessary to define the optimal geom-
etry that properly images the deepest layers down to the top basement and the identified
target.
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