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Introduction
The Upper Rhine Graben (URG), located in eastern France, is an attractive region for the 
development of new renewable energy projects, such as deep geothermal energy. Over 
the last few decades, many projects have taken place in the French part of the URG, 
including electricity production and/or industrial heating at Soultz-sous-Forêts, Ritter-
shoffen, Illkirch-Graffenstaden and Vendenheim (the latter two being underway). The 
first Enhanced Geothermal System (EGS) pilot project in the world, located in Soultz-
sous-Forêts (northwest URG), was drilled in the 1990s. Between 1990 and 1991, for 
detailed geothermal exploration research, an abandoned petroleum well (called no 4589; 
reaching the Lettenkohle, 830 m deep) was core-deepened from 930 to 2227 m (the first 
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100  m corresponding to the interval 830–930  m was drilled in rotary mode; the well 
was renamed EPS-1 after this operation). The main objective of the EPS-1 well was to 
reach the granitic basement to perform hydraulic tests of possible future geothermal 
wells of the Soultz-sous-Forêts project. Regarding geothermal energy, these are almost 
the only continuous cores available for the deepest part of the URG sedimentary cover 
(Genter and Traineau 1996). Based on a very good core recovery of close to 99%, Perrin 
and Baudu (1992) worked on the EPS-1 cores to provide a depth recalibration. Com-
bining the correlations between the gamma density measurements of the cores with 
the gamma–gamma log from the well, they gave a fine scale-resolution depth recalibra-
tion, observing the nonoverlapping areas of the successive passes and missing material 
between the nested cores.

The cores have provided numerous pieces of valuable information about the middle 
Muschelkalk (Anisian) up to the Paleozoic Variscan granitic basement, including the 
Permian sedimentary formations. If the geological results from the granite cores analysis 
are already described by Genter and Traineau (1992), there is still no precise description 
of the sedimentary part whereas these cores are very useful especially for the identifica-
tion of the formations. For the middle and lower Muschelkalk, there are only a small 
number of outcrops which are in addition of poor qualities most of the time. With no 
quarries and excessively rare outcrops, having these cores from the middle Muschelkalk 
up to the basement represents the only available, continuous and complete reference of 
this sedimentary interval. Extensive formations over the continent, the Muschelkalk and 
the Buntsandstein formations, are relatively similar in facies and thickness throughout 
the URG; therefore, these cores are of great interest for any future geothermal project in 
the graben.

In this geological approach, we logged the lower part of the middle Muschelkalk, the 
entire lower Muschelkalk, the complete Buntsandstein formation (Triassic and Per-
mian) of the URG. The second objective of this work was to characterize the gamma-
ray (GR) signal corresponding to this sedimentary succession to provide a reference for 
future geothermal projects planned in this area. Indeed, during the drilling operation, 
the limited knowledge of the sedimentary formations presented challenges for setting 
the casing and managing the borehole strategy (trajectometry, technical design). There-
fore, having a GR signature for each sedimentary formation could be a powerful tool 
for close to real-time recognition of the geological boundaries, taking into account that 
most of the geothermal wells are drilled in rotary mode (cuttings) and, thus, no cores 
are available due to cost issues. The GR signature is also a great tool for the reinterpre-
tation of old well data of which the sedimentary cover was not always the subject of a 
specific analysis. For example, the GR signature collected during the recent drilling of 
GRT-1 (Géothermie Rittershoffen 1; Fig. 1. Duringer et al. 2019) was a great help for the 
Soultz-sous-Forêts GPK wells reinterpretation (Aichholzer et al. 2016). Thus, to be sure 
of the given lithostratigraphic limits, an assessment of the geological formations was 
conducted through the comparison of ESP-1 core analyses and field data on available 
outcrops. Afterwards, the stratigraphic log was put in superimposed on to the GR data 
to observe if there was a particular signature for each formation. In this paper, we pre-
sent the cores and gamma-ray analyses from the middle and lower Triassic and Permian 
based on the EPS-1 core analysis.
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Context of the study
The Upper Rhine Graben belongs to a series of faults of the West European Paleogene Rift 
System, which stretches for more than 1000 km from Spain to north of the Netherlands 
and finally to the North Sea (Illies 1967; Villemin and Bergerat 1987; Ziegler 1992; Schu-
macher 2002; Ziegler and Dèzes 2005; Rotstein et al. 2005; Berger et al. 2005b; Edel et al. 
2007; Bauer et al. 2015). Located in northeastern France and southwestern Germany, the 
URG is one of the major tectonic structures of Western Europe, with a mean orientation 
NNE–SSW (N20° E; Bergerat 1987). As a rift, the URG is delineated by a system of major 
fault zones separating the sediment-filled graben (Tertiary history) from the uplifted gra-
ben shoulders on both the eastern and western sides (Paleozoic massif: Black Forest and 
Vosges, respectively). During the Cenozoic, by convergence between the African and Euro-
pean plates, the Alpine orogeny becomes a transtensional shear zone with an SSO-NNE 
orientation, the West European Rift System (Bourgeois et al. 2007). In the Middle Eocene 
(Lutetian) to the base of the Oligocene the first important rifts are set up in subsidence, 
as the URG, the Bresse Basin, the Saône and the Limagne graben. With the Alpine orog-
eny, the graben was established in the Tertiary, and the first synrift deposits are dated from 
the middle Eocene (Sittler 1965, 1992; Duringer 1988; Schuler 1988; Blanc-Valleron 1990; 
Sissingh 1998, 2003; Berger et al. 2005a, b). The URG is an asymmetric graben with much 
thicker deposits in the north than in the south (Sittler 1965, 1969a, b; Doebl and Olbrecht 
1974; Sissingh 1998; Schumacher 2002; Rousse 2006; Hinsken et al. 2011). During the Chat-
tian age, the subsidence, which had previously occurred in the southern part of the rift, 
moved gradually toward the north, producing very large deposits north of the graben, while 
the subsidence in the south remained consistently stable (Sittler 1965). The complete sedi-
mentary cover from the basement top to the Quaternary of the Rhenish Graben consists of 

Fig. 1 Location of wellheads of EPS-1 exploration well, the GPK-1, GPK-2, GPK-3 and GPK-4 geothermal wells 
at Soultz-sous-Forêts and GRT-1 and GRT-2 at Rittershoffen. It is located in the French north-western part of 
the Upper Rhine Graben
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two major units: the Permian and Mesozoic prerift sedimentary formations and the synrift 
to postrift (Cenozoic and Quaternary) formations. In this work, we focus on the deepest 
part of the sedimentary cover: the lower part of the middle Triassic, the lower Triassic and 
the entire Permian units.

The Upper Rhine Graben has long been a basin of great economic interest for potash and 
petroleum exploration. Due to the latter, thousands of wells and seismic lines were under-
taken in the region. In the 1930s, Haas and Hoffmann (1929) found a relationship between 
the thermal anomalies and oil accumulations in the Pechelbronn basin and analyzed more 
than 500 thermometer measurements at a deep of 400 m in old oil mines. They showed 
that an intense geothermal anomaly following the overall structure is located in the area 
of Soultz-sous-Forêts. This is why the European deep geothermal project took place at 
Soultz-sous-Forêts: by taking advantage of that abnormally high geothermal gradient (with 
temperature of 141 °C at 2 000 m depth) in the deep-seated fractured rocks to produce elec-
tricity (Gérard and Kappelmeyer 1987; Kappelmeyer et al. 1992). During that prosperous 
economic period of the early twentieth century, an old petroleum well (no 4589) was drilled 
at Soultz-sous-Forêts. This borehole was core-deepened in the 1990s for the Soultz-sous-
Forêts geothermal project from 830 m to 2 227 m depth (renamed EPS-1).

Five deep wells were drilled for the Soultz-sous-Forêts project (Fig. 1): EPS-1 (Exploration 
Puits Soultz 1) and four GPK (Géothermie Puits Kutzenhausen) wells, including GPK-1 
(3600  m deep), between Soultz-sous-Forêts and Kutzenhausen (location on Fig.  1), and 
GPK-2, GPK-3 and GPK-4 (at 5090 m, 5000 m and 4985 m depth, respectively) drilled in 
the SSE, 400 m from GPK-1, between Soultz-sous-Forêts and Surbourg (location on Fig. 1). 
EPS-1 is a nearly vertical borehole in the sediments, while the GPK wells are vertical bore-
holes in the sedimentary part only. Few investigations have been done in the sedimentary 
part of EPS-1. Vernoux et al. (1995) did petrophysical and geological studies of the Bunt-
sandstein cores whereas Bourquin et  al. (2006) used EPS-1 GR log for a Buntsandstein 
basin scale correlation. Deep in the granitic basement, each well deviates away from each 
other to create a sufficiently horizontal space between the bottom of each well to avoid 
thermal losses between the injection and production zones. The magmatic basement inter-
sected by the deep drillings is composed of two granites: a porphyritic monzogranite dated 
at 334.0 + 3.8/3.5 Ma and a two-mica granite dated at 327 ± 7 Ma (Köhler 1989; Alexandrov 
et al. 2001; Stussi et al. 2002; Cocherie et al. 2004). These granites are affected by natural 
fractures related to the late Variscan history (reactivated during the Mesozoic and Cenozoic 
URG tectonic; Valley 2007; Dezayes and Lerouge 2019). Moreover, the upper part of this 
basement was affected by paleosupergene weathering before the deposits of the Permo-Tri-
assic series (Genter and Traineau 1996; Hooijkaas et al. 2006). The position of Soultz-sous-
Forêts wells on a horst structure enables reaching the top of the granite at a relatively high 
position (~ 1400 m depth), limiting drilling time and costs.

Materials and methods
The old petroleum well (No 4589) in Soultz-sous-Forêts reached the Lettenkohle (Trias-
sic, Upper Ladinian) at 830 m depth. Deepened from 830 to 930 m in rotary mode, no 
cores are available. From 930 to 2227 m, it has been core-deepened for the geothermal 
exploration at Soultz (renamed EPS-1; Table 1).
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From 930 to 1 997 meters depth, the cores have a diameter of 78 mm, and from there 
to 2227 m, the diameter is 57 mm (Genter and Traineau 1991). The core recovery was 
excellent, close to 99%. Core quality was also excellent except at the beginning of the 
coring operations between 930 and 940 m deep in the Middle Muschelkalk. The cores 
described here are all 78 mm in diameter. The cores are stored in boxes of 1 m. Perrin 
and Baudu (1992) showed the nonoverlapping of the successive core passes and the lack 
of material between the nested cores with their depth recalibration. Thus, core depth 
and well data are fully depth matched with very good accuracy. As shown in those docu-
ments, the first meters were difficult to drill. The target was to drill 9-m-long cores. Due 
to technical drilling difficulties, the first meters of the cores are shorter in length and 
some portions of the cores are missing at approximately 935 m deep. Below 940 m, the 
drilling operations proceeded as expected.

Time was spent in the Pechelbronn core shelter to precisely analyze the 484 meters 
of the cores from the lower part of the middle Muschelkalk to the base of the Permian 
formations. Time was also spent on the outcrops to observe most of the formations and 
to obtain representative samples for comparison with the cores, especially in the lower 
Muschelkalk, for which data are relatively scarce. The detailed log has been redrawn to 
show the main lithofacies and sedimentary features of each formation. Particular atten-
tion was also focused during this synthesis on the position of the main facies. Wireline 
logs were run in the EPS-1 borehole to measure the gamma-ray (GR), which registered 
the natural radioactivity in geological formations, as reported in gAPI. Thus, the GR sig-
nal was placed with regard to the geological log.

In this paper, the names of the formations are given in French, as defined by the last 
geological mapping of the region which uses the classical stratigraphic international 
scheme and the German nomenclature commonly accepted and used in the region for 
the name of the formation (Ménillet et al. 2015). The gamma-ray log has been logged in 
the vertical well; therefore, the depth of the cores and the depth of the GR can be easily 

Table 1 Information about  the  EPS-1 exploration well, focusing on  the  Muschelkalk–
Buntsandstein section (interest of the study)

This table gives the main technical information about the well and the logging operations. More details are given in the 
Final Report of EPS‑1 (Degouy et al. 1992)

MSL mean sea level
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compared. For the labeling of the figure, it is done in this paper as follows: (Figure Num-
ber, Box number in italic). In the following section, the core descriptions will be com-
pared to the outcrop data to upstream the analyses.

Results and discussion: top to bottom cores descriptions in relation 
with the gamma-ray log
Muschelkalk

Top of Box 1 to the middle of Box 76, corresponding to depths of 933 m to 1001 m.
The Muschelkalk formations (Schumacher 1890, 1891; Théobald 1952; Perriaux 1961; 

Haguenauer 1963; Schwarz 1970; Kozur 1974; Geisler 1978; Aigner 1979, 1985; Adloff 
et al. 1982; Duringer 1982, 1984, 1985; Geisler-Cussey 1986; Duringer and Vecsei 1998; 
Vecsei and Duringer 2003) represent the main marine episode within the Germanic 
Triassic and displays mainly argillaceous limestones, marl/limestone alternations, lime-
stones, dolomites and dolomitic marls. Some anhydrite intervals in the lower part of the 
middle Muschelkalk also occur. If the upper Muschelkalk (Anisian–Ladinian) is a pure 
marine deposit, the middle Muschelkalk (Anisian) is shown to be the result of both evap-
oritic and shallow marine environments. The lower Muschelkalk (Anisian) represents 
the first marine transgression covering the siliciclastic fluvial-dominated Buntsandstein.

Marnes Bariolées

Top of Box 1 to the middle of Box 29, corresponding to depths of 933 m to 965 m.

Core observations
The characterization of the upper contact is always difficult because the facies from the 
base of the previous formation (Dolomie à Lingules) is quite similar to the facies on the 
top of the Marnes Bariolées composed of a mal/dolomite alternation (Fig. 2). The main 
difference with the Dolomie à Lingules is the number of marls between the dolomite 
banks (thickness and frequency of marls increase progressively downward in the Marnes 
Bariolées at the expense of development of dolomite). In the EPS-1, the first 32 meters 
cored correspond to the Marnes Bariolées. The first nine meters of the cored well con-
sists of dolomite and are strongly similar to the facies of the Dolomie à Lingules, but the 
usual alternation with dolomitic marls (Fig. 3B6) shows that the dolomite belongs to the 
top of the Marnes Bariolées. Immediately downwards, marly dolomite soon appear with 
great amount of anhydrite (Fig. 3B12). From boxes 13 to 19, the formation (Fig. 3B19 and 
B21) is strongly folded and fractured (Fig. 3B14 and B18). Close to the base, in Box 26, 
there exist one-meter-thick hydraulic fracture breccias, based on the observation of 
mineralized fractures and the total lack of typical sedimentary structures (Fig. 3B21 and 
B29).

Gamma-ray observations
From the massive dolomite of the Dolomie à Lingules, just above, the top of the Marnes 
Bariolées is marked by an increase in radioactivity attributed to the enrichment in marls 
(Fig. 4). Downwards, a great amount of anhydrite gives several strong low value pulses 
characterizing the middle part of the Marnes Bariolées. The anhydrite disappears toward 
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the base and is replaced by marls that once again shifts the GR signal to the high values. 
The alternation between the clays, the dolomitic limestone banks and the marly dolo-
mites explains the high frequency and amplitude of the GR signal throughout the rest of 
the formation.

Couches à Orbicularis and Schaumkalk (or Schaumdolomit)

From the middle of Box 29 to the base of Box 38, corresponding to depths of 965 m to 
971 m.

Fig. 2 Litho-chronostratigraphic log from the middle Muschelkalk (Anisian) to the upper Buntsandstein 
(Anisian), issued from the EPS-1 core analysis. This log presents from top to base the Marnes Bariolées, 
the Couches à Myophoria Orbicularis, the Schaumkalk, the Wellenkalk, the Wellenmergel, the Couches à 
Térébratules, the Couches à Myacites, the Grès Coquillier and the Grès à Voltzia facies observed on the cores. 
At the right of the log column, the occurence of gypsum, fossils and bioturbations is indicated. The cores are 
stored in boxes of 1-m-length; in the figure their labels are indicated. The number 01 corresponds to the top 
of the coring (middle Muschelkalk), as the number 542 the transition between the Permian and the granitic 
Variscan basement (not represented on this log which shows only the cores from top of the deepening)
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Core observations
The small-sized Myophoria orbicularis, the typical fossil that gives the name to the for-
mation, has not been conclusively identified, and the typical spongy structure of the 
Schaumkalk expressed mainly in the field could not be characterized (Fig. 2). However, 
a massive continuous dolomite succession with rare marl content is typical of these beds 
(Fig.  5B30). The dolomite of around 6 meters of thickness consists of well-cemented 
dolomicrite to dolosparite (Fig.  5B35), together forming consistent unbroken mas-
sive cores that are relatively rare. In the country, from one place to another, according 
to the geochemistry composition (proportion of carbonate) the formation varies from 
Schaumkalk to Schaumdolomit.

Fig. 3 Photo board of the cores from the middle Muschelkalk, with the Box associated with the cores; this 
package is correlated to a formation (with the name and boxes concerned). All the cores have a diameter 
of 78 mm. All the boxes correspond to the Marnes Bariolées formation. Box 06 corresponds to dolomite 
alternating with dolomitic marl with sealed fractures nearly vertical (in white). Box 12 shows great amount of 
anhydrite layer (in white) in the dolomitic formation (gray). Boxes 14, 18, 19 and 21 corresponds to dolomite 
strongly folded, with fractures (in white in the Box 14 and 21). Box 29 corresponds to a hydraulic breccia with 
mineralized fractures
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Gamma-ray observations
After the high radioactive signal at the base of the marly lower Marnes Bariolées, the GR 
signal strongly shifts to the left beginning at the contact of the formation with the occur-
rence of the massive dolomite bank; the signal remains unchanged over more than 10 m, 
i.e., up to the base of the formation (Fig. 4).

Fig. 4 Complete EPS-1 chronostratigraphic log from the middle Muschelkalk to the Variscan basement in 
front of the gamma-ray log acquired in the borehole. The limits between each formation are given jointly 
by the geological- and the GR log. Figure 2 (see preceding) represents the detail of the middle and lower 
Muschelkalk and upper Buntsandstein. Figure 8 represents the detail of the upper part of the Couches de 
Trifels formation. The violet arrow represents the occurrences of gypsum (same legend as in Fig. 2)
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Wellenkalk (Wellendolomit)

From the top of Box 38 to the Box 47, corresponding to depths of 971 m to 978 m.

Core observations
The Wellenkalk facies, which means “wavy limestone” in English, is one of the most dis-
tinctive facies of the lower Muschelkalk (Fig. 2). It consists of around 7 meters of centi-
metric scale undulated limestone alternating with millimetric marls and silty marls. The 
whole facies is strongly reminiscent of what is described as wavy to lenticular bedding 
in many tidal deposits. The facies can be effectively interpreted as the stacking of mostly 
small wave to current ripples formed in very shallow water (Schwarz 1970) (Fig. 5B43). 

Fig. 5 Photo board of the cores from the lower Muschelkalk, with the Box associated with the cores; this 
package is correlated to a formation (with the names and boxes concerned). All the cores have a diameter 
of 78 mm. Box 30 corresponds to the Couches à Myophoria Orbicularis composed of massive dolomite, 
alternating between dolomicrite and dolosparite, with marl content. Box 35 corresponds to the Schaumkalk 
composed of dolomite (generally dolomicrite) alternating with clays (in dark, wavy and bioturbated). Boxes 
43 and 45 correspond to the Wellenkalk formation, where dolomite alternates with millimetric marls and silty 
marls, with the whole facies as wavy to lenticular bedding interpreted as tidal deposits. The lower part of the 
formation (Box 45) marks the passage from wavy to lenticular bedding. Boxes 50 and 56 correspond to the 
Wellenmergel formation, a centimeter-scale dolomite laminae interbedded with centimetric bioturbated 
marls. Box 69 corresponds to the Couches à Myacites formation composed of marls intercepted by fine 
dolomites, sandy dolomites, and sometimes sandstone beds. Box 70 corresponds to the Grès Coquillier 
composed of sandstones with few clayey and silty marls levels
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There are very few facies variations throughout the formation, other than the down-
ward increase in the percentage of marls (passage from wavy to lenticular bedding) 
(Fig.  5B45), and the occurrence of bioturbation (potentially Planolites) giving to the 
facies a nodular appearance. According to the carbonate composition (calcite or dolo-
mite), the name varies from Wellenkalk to Wellendolomit.

Gamma-ray observations
The great transition from the massive dolomite free of marls to the wavy bedding char-
acterized by a relative enrichment in marls leads to an increase in the radioactivity 
and thus a shifting of the GR signal, first to the right and then, as the facies remains 
unchanged, more vertical line up to the base (Fig. 4).

Wellenmergel and Couches à Térébratules

From the Box 48 to the middle of Box 59, corresponding to depths of 978 m to 989 m.

Core observations
The Wellenmergel facies, which means “wavy marls” in English, are similar to the 
Wellenkalk that occurs close to their contact, but they differ downward due to the rapid 
increase in marl content (Fig. 2). Otherwise, the dolomite facies is also very different. The 
ripple-like lenticular bedding of the former formation disappears rapidly on account of 
centimeter-scale dolomite laminae (without dominant characteristics) interbedded with 
centimetric marls, giving the facies its wavy appearance (Fig. 5B50). Some beds are often 
loaded, lateral pinch-out and strongly bioturbated (potentially Skolithos à Cruziana). 
The thickness of the carbonate beds as well as those of marls varies on average between 
1 and 5 cm (Fig. 5B56). The two characteristics shell banks of Terebratula (upper and 
main banks) described by Schumacher (1890, 1891) as the “Terebratel Bank” in a scarce 
outcrop have not been identified, but shelly limestone has been observed from boxes 53 
to 58; some has been identified as Terebratula. However, based on our outcrop observa-
tions (with for example Helstroff in Moselle), Terebratula often occurs without forming 
solid limestone banks that are strongly laterally discontinuous which is why we prefer to 
replace the term Calcaire à Térébratules with Couches à Tétébratules, largely dominated 
by marls. Some sandy dolomites and sandstones are observed in the cores, and a massive 
sandstone is observed in Box 59. It is not rare to find sandy dolomites and sandstones in 
the outcrops (the abandoned quarry of Diemeringen is the most beautiful example, at 
45 km from Soultz-sous-Forêts). In EPS-1, these formations are 11 m thick.

Gamma-ray observations
From the top to the base of the Wellenmergel, even though the GR signal is slightly oscil-
lating, it remains relatively stable as a vertical section (Fig. 4). Schumacher (1890, 1891) 
described two typical limestone banks rich in Terebratula called upper and main “Ter-
ebratel Bank” not identified in the EPS-1 cores (at Volmunster-Lengelsheim, 40 km of 
Soultz-sous-Forêts). However, as in the majority of other wells (e.g., OBR-101 at Ober-
roedern), a less radioactive signal at the base of the formation exists. Knowing that the 
main Terebratula bank described by Schumacher and located at the base can be very 
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discontinuous and replaced locally by sandstone, we put the base of the formation at this 
level of the well underlined by a massive sandstone bank.

Couches à Myacites

From the middle of Box 59 to the middle of Box 70, corresponding to depths of 989 m to 
996.60 m.

Core observations
The fossil Myacites mactroides has not been identified with certainty in the cores, but 
the facies is sufficiently representative for the formation identification. In fact, the fos-
sil characterizing this formation is also very difficult to find in the field. Concerning the 
facies, observed on the cores, it consists mainly of gray to black marls (yellow in the 
field) intercepted by fine dolomites, sandy dolomites, and sometimes sandstone beds 
(Fig.  5B69). The thickness of the marls and solid banks is highly variable. The former 
varies from 10 cm to 1 m and sometimes more; the latter is approximately 10 cm, rarely 
more, in the well. The percentage of carbonate decreases from the top to the base of the 
formation (Fig. 2). The thickness of the Couches à Myacites is of around 8 meters thick.

Gamma-ray observations
The bottom of the formation occurs just before the sudden positive radioactive curve 
announcing the start of the Grès Coquillier. The Couches à Myacites, which have a thin 
thickness, do not display a significant signal, but from the top to the base, the GR signal 
generally displays a uniform increase in radioactivity (Fig. 4).

Grès Coquillier

From the middle of Box 70 to the middle of Box 76, corresponding to depths of 996.60 m 
to 1 001 m.

Core observations
The 4.4-m-thick formation consists of sandstones and dolomitic sandstones alternat-
ing with marly and silty clays (Fig.  2). The thickness of the sandstones varies from 10 
to 40 cm, and the thickness of the clays, from 20 to 80 cm on average. Based on only 
core observations, the difference between the Couches à Myacites and the Grès Coquil-
lier is not always obvious close to the contact between the two formations. One of the 
best criteria is the increase in sandstone levels in the Grès Coquillier concomitant with 
the decrease in marls to more clayey and silty marls (Fig. 5B70). In the field, the facies 
can display many changes (the number and thickness of sandstone banks as well as the 
thickness of whole formation, linked to the partly deltaic environments) between quar-
ries separated by over a few kilometers.

Gamma-ray observations
With only 4 meters of formation, the description of the GR signal is not evident. The top 
of the Grès Coquillier is easy to identify. It is characterized by the strongest positive sig-
nal observed since the beginning of this sequence, explained by the increase in both pure 
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clays and micaceous sandstones (Fig. 4). The only additional feature that can be observed 
here is that the signal remains consistently stronger than before; the incursion to the left 
of the oscillations is due to the sandstone levels.

Buntsandstein

From the middle of Box 76 to Box 542, corresponding to depths of 1001 m to 1417 m.
The Buntsandstein group is subdivided into eight formations (Perriaux 1961; Durand 

1978, 2010; Gall, 1971, 1972, 1985; Dachroth 1985; Mader 1985; Ménillet et al. 2015) and 
entirely consists entirely of 450-m-thick continental, fluvially dominated red sandstone 
that is fine to coarse grained with frequent conglomeratic beds, especially at the base. 
However, some aeolian environments occur. The Buntsandstein is separated into three 
parts, upper, middle and lower. From the top to the base (Fig. 4), these eight formations 
are the Grès à Voltzia and Couches Intermédiaires in the upper Buntsandstein (Ani-
sian), the Poudingue de Sainte-Odile, Grès Vosgien subdivided into Couches de Karlstal, 
Couches de Rehberg and Couches de Trifels in the middle Buntsandstein (Olenekian) 
and finally the Grès d’Annweiler and Grès Anté-Annweiler in the lower Buntsandstein. 
The last two belong to the Permian (Lopingian) but are included in eastern France to the 
Buntsandstein Group (Durand 2010; Ménillet et al. 2015).

Grès à Voltzia

From the middle of Box 76 to Box 97, corresponding to depths from 1 001 m to 1 019 m.

Core observations
The Grès à Voltzia, approximately 18 meters thick, is composed (from the top to the 
base) of two units, the Grès Argileux and the Grès à Meules (Fig. 2). The former consists 
of micaceous sandstone and dolomitic sandstone alternating with green to red-colored 
clays and silty clays (Fig.  6B76). The latter consists of massive clayey sandstone banks 
with micaceous surfaces, light red or gray in outcrop, gray in deep drilling (Fig. 6B86 and 
B94). The subformation of the Grès à Meules is quite homogeneous in facies and thick-
ness through the country, but this is not the case for the Grès Argileux, which displays 
huge lateral changes, from clay dominated to sand- or silt-dominated facies. In all cases, 
the Grès à Voltzia sandstones are fine grained from the top to the base. In EPS-1, the 
Grès Argileux is observed between 1001 m and 1008 m (Box 83); the Grès à Meules is 
observed between 1008 m and 1019 m, for a total thickness of 18 m. In the cores, the top 
of the Grès à Meules is characterized by the sudden arrival of massive sandstone beds, 
compared with the sandstone and dolomitic sandstone/clay alternations in the Grès 
Argileux. In the Grès à Meules, the sandstone banks can reach several meters and are 
separated by discontinuous centimetric to decametric clay layers.

Gamma-ray observations
Muschelkalk is characterized by the constant increase in the natural radioactivity toward 
the bottom of the series, which is directly linked to a constant increase in the clay con-
tent (Fig. 4). The top of the Grès Argileux (upper Grès à Voltzia) is characterized by a 
less radioactive peak followed seven meters below by a very strong radioactive peak, 
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which is the highest value along the entire Triassic sedimentary column. This highest 
peak characterizes the summit of the Grès à Meules, which could be related to the pres-
ence of radioactive minerals (probably in zircon) in the sole of the transgressive phase 
of the Grès Argileux, which is often described as a transgressive series (see Duringer 
et  al. 2019). Progressing downwards through the entire Grès à Voltzia, the GR signal 
decreases progressively as the clayey sandstones disappear, marking the passage between 
the Grès Argileux and the massive Grès à Meules. Within the Grès à Meules, the signal 
consistently has wide right/left oscillations (high amplitude, low frequency for the inter-
bedded clays) until it reaches a less radioactive plateau that characterizes the summit of 
the Couches Intermédiaires.

Fig. 6 Photo board of the cores from the upper and middle Buntsandstein, with the Box associated with 
the cores; this package is correlated to a formation (with the names and boxes concerned). All the cores 
have a diameter of 78 mm. Box 76, Grès Argileux (upper Grès à Voltzia) composed of micaceous sandstone 
and dolomitic sandstone alternating with green to red-colored clays and silty clays. Boxes 86 and 94, Grès 
à Meules (lower Grès à Voltzia) composed of massive clayey sandstone banks with thin micaceous surfaces. 
Are observed in the Box 96 oblique beddings. In the Box 94, occurrence of nearly vertical fractures, filled 
with white barite. Boxes 103, 104 and 121, Couches Intermédiaires composed of coarse-grained sandstones 
with oblique beddings (Box 103 and Box 104) alternating with red to purplish clays and silty clays, with 
numerous rip-up mud clasts and oxidations zones. Boxes 132 and 150, Poudingue de Sainte-Odile composed 
of coarse-grained sandstone to true conglomerate, with mostly rounded white milky quartz pebbles and 
very fine-grained red quartzites. Boxes 189, 195, 215, 251, 254 and 255, Couches de Karlstal: this formation 
presents two distinct facies with planar sandstone beds alternating with horizontally stratified fine silty 
clay lamina (milli- to centimetric scale) (Box 254 and Box 255) interpreted as typical playa facies with many 
desiccation cracks (Box 195 and Box 215), wind/wave ripples and small bioturbations (Box 251). The second 
facies consists of large oblique tabular and trough cross-beds (Box 189), which looks like aeolian dunes shape. 
Box 284, Couches de Rehberg composed of coarse-grained sandstones with large cross-beddings. Box 415, 
Couches de Trifels: medium- to coarse-grained sandstones with various mud clasts (sometimes imbricated 
and formed by desiccation cracks)
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Couches intermédiaires

From Box 98 to Box 129, corresponding to depths of 1 019 m to 1 050.5 m.

Core observations
The Couches Intermédiaires are 31.5  meters thick. Formed by slightly coarser sand-
stones that are more reddish, the series is generally less micaceous and less clayey rather 
than Grès à Voltzia. Oblique bedding (Fig. 6B103 and B104), medium to fine grained, 
can be observed on meter-scale sets. In outcrops, channels are frequent. In the Grès à 
Voltzia, the sandstone strata alternate with centimetric to pluridecimetric red to pur-
plish clay and silty clay levels. Dolomitic concretions of boulder size (paleosols), numer-
ous rip-up mud clasts, and manganiferous and ferrous oxidation zones with occasional 
Liesegang rings are common. The lack of pebbles in general characterizes the upper and 
middle parts of the Couches Intermédiaires (Fig. 6B121). In its lower part, one observes 
an increase in the grain size up to, in some places, enriched pebbly zones (mainly milky 
quartz and quartzite pebbles) announcing the passage to the following formation: the 
Poudingue de Sainte-Odile (Ménillet et al. 1989, 2015). If the clay banks in the Grès à 
Meules vary from light red to green, in the Couches Intermédiaires, these banks are 
always red to dark red.

Gamma-ray observations
As described above, the Couches Intermédiaires can be divided into two sections: an 
upper part with clay alternations, similar to the overlying Grès à Meules, and a lower 
part that is more massive and often coarse-grained. Both sections can be observed in 
the gamma-ray signal, with a frequency that is higher in the upper part rather than in 
the lower part. Despite this, the GR signal decreases continuously downwards from the 
Grès Argileux with right/left oscillations that are less well expressed. This is due to the 
progressive decrease in clay content (Fig. 4).

Poudingue de Sainte‑Odile

From Box 130 to Box 152, corresponding to depths of 1 050.5 m to 1 064.5 m.

Core observations
In most of the country, the Couches Intermédiaires overlies a prominent conglomeratic 
formation called the Poudingue or Conglomérat de Sainte-Odile; it is sometimes also 
called Conglomérat Principal, but that name is less used now. This latter formation is a 
conglomerate spreading for hundreds of kilometers from the Paris Basin (SSW) to Ger-
many (NNE). Real marker beds are found in the middle and southern part of the Vosges; 
the Poudingue de Sainte-Odile seems poorly developed in the northern part of the 
Vosges or is even completely absent, according to Durand (2010). Approximately twenty 
meters thick, the formation displays an almost continuous prominent ridge in the land-
scape. The conglomerate is mainly composed of milky quartz and very fine-grained pink 
quartzite pebbles. Lydian pebbles rarely occur (Perriaux 1961). From the cores (EPS-1 
well), it is observed that the proportion of pebbles is much lower than expected; most 
intervals are closer to coarse-grained sandstone bodies with scattered pebbles rather 
than to true conglomerates (Fig. 6B132).
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According to Durand (2010), the Poudingue de Sainte-Odile does not exist in most 
sectors in the northern part of the Vosges (approximatively 15  km northeast from 
Haguenau). This absence could be the result of significant erosion, the surface of which 
was named by Trusheim (1961) as the “Hardegsen Diskordanz”. The new deposits on this 
surface of erosion on the top of the Grès Vosgien belong, according to Durand (2010), 
to the new cycle of the Couches Intermédiaires whose base is conglomeratic. Durand 
(2010) calls this new conglomerate distinct from the Poudingue de Sainte-Odile, the 
Conglomérat de Grosbliederstroff (Ménillet et  al. 2015). According to Bourquin and 
Durand (2007), the existence of the conglomerate of Grosbliederstroff is defined by two 
key criteria. First there is the presence of small immature pebbles and the occurrence of 
carnelian clasts (reworked clasts of the top of Poudingue de Sainte-Odile, which were 
deposited after a long time without deposition that allowed the development of a paleo-
sol called Zone Limite Violette (ZLV)). This ZLV area was described by Müller (1954a), 
(b), (c), who first carried out a complete study in the Saar region of Germany and gave it 
a name that suits perfectly because even if some places do not contain any dolomite or 
carnelian, they still retain the typical violet color (Perriaux 1961). The ZLV is linked to 
a subaerial weathering episode (Durand, 2010, 2013; Ménillet et al. 2015; Müller 1954a, 
b, c) corresponding to a complex of dolocrete and silcrete palaeosoils that developed on 
top of the Poudingue de Sainte-Odile, in a less arid climate (Durand 2010). Then, accord-
ing to Durand (2010), the building of a new detrital sequence after this long period of 
subaerial weathering started with a new conglomeratic unit that forms the Conglomérat 
de Grosbliederstroff in place of the eroded Poudingue de Sainte-Odile. So, in the north-
ern part of the Vosges, this conglomeratic unit occurs between the Couches de Karlstal 
(Grès Vosgien supérieur) and the Couches Intermédiaires.

After observing the cores of the EPS-1 well at Soultz-sous-Forêts, the question 
remains whether the observed conglomeratic zone is the distal termination of the 
Poudingue de Sainte-Odile or the Conglomérat de Grosbliederstroff? In the case 
of the erosion hypothesis, the carnelian clasts would appear in the cores. For the 
hypothesis of a northern distal part of the Poudingue de Sainte-Odile sequence, 
there would be an important decrease in the pebble proportion which is observed in 
the core of EPS-1, characterized by mainly very scattered pebbles at approximately 
1 050 m and 1 070 m (Fig. 6B132 and B150). Even if the pebbles of the Poudingue 
de Sainte-Odile are characteristic and the majority have a high degree of maturity, 
smaller, more angular pebbles are also observed, since we also consider the smaller 
part of the pebbles and gravels. In the case of distal termination, at the end of the 
sequence, only the small clasts would be deposited (the decrease in energy far from 
the source), as demonstrated by the pebbles observed in the EPS-1 cores. A total 
absence of carnelian clasts in the cores is noticed. Moreover, even if the forma-
tion is poor in pebbles, the overall observed thickness of this quite conglomeratic 
zone is equivalent to the thickness of the Poudingue de Sainte-Odile, whenever it 
exists southward. Therefore, in the case of the EPS-1 cores, the conglomeratic zone 
observed between the Couches Intermédiaires and the Couches de Karlstal is inter-
preted as representing the Poudingue de Sainte-Odile.
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Gamma-ray observations
Whether the formation belongs to the Poudingue de Sainte-Odile or the Conglomérat 
de Grosbliederstroff remains questionable, the GR signal is strongly representative. It 
presents two broad curve-shaped signals, with a great decrease in the value at the transi-
tion between the Couches Intermédiaires and this conglomeratic zone. Afterward, the 
value at the base increases (the beginning of the Grès Vosgien) (Fig. 4). With fewer vari-
ations in frequency and amplitude, the signal is smoother over this conglomeratic part. 
At the middle of the signal, an increase in the value is observed (which makes the signal 
look like an ‘Ɛ’). Due to older sampling, some cores are missing around that depth, which 
could coincide with clay banks and would explain the increase in the GR value. Indeed, 
in the Poudingue de Sainte-Odile, from the top to the bottom, the conglomeratic facies 
alternates with more sandstone facies or even clayey sandstones.

Considering the question of whether the formation is the Poudingue de Sainte-Odile 
or the Conglomérat de Grosbliederstroff, in the EPS-1 well, the GR signal brings an 
important clue: the intensity of the signal and its general shape as well as the thickness 
of the formation are similar, point to point, to the GR signal of the Poudingue de Sainte-
Odile south of Strasbourg (e.g., MEI-2; Meistratzheim), where its occurrence is indisput-
able (Aichholzer, 2019). This conglomeratic zone of approximately twenty meters at the 
same chronostratigraphic position has also been observed in all the geothermal wells of 
Soultz-sous-Forêts (GPK) and Rittershoffen (GRT) (Fig. 1).

Grès Vosgien

From Box 153 to Box 466, corresponding to depths of 1064.5 m to 1349 m.

Core observations
The cores show facies variations in the Grès Vosgien, even if, objectively, the variations 
are not evident enough to set a sublimit as it was defined for the first time in Germany 
by Leppla (1888) and Thürach (1894). Regarding the French nomenclature Grès Vosgien 
supérieur and Grès Vosgien inférieur, the Couches de Karlstal belongs to the former, 
while both the Couches de Rehberg and Couches de Trifels belong to the latter (Ménillet 
et al. 2015). The GR synthesis will be given after the core descriptions of each unit com-
posing the Grès Vosgien.

Couches de Karlstal From Box 153 to the middle of Box 259, corresponding to depths 
of 1 064.5 to 1 161 m.
The Couches de Karlstal (Grès Vosgien supérieur) consists of sandstone that is coarser 
than the two overlying sandstone units: the Couches Intermédiaires and the Grès à Volt-
zia. In the cores, the thickness of the formation is 96.5 m in the well. The thickness can 
reach 120 m in the field and is divided at the middle (of the two intervals) by a harder 
bank, usually conglomeratic, though it is not identified with certainty in the well. With 
a thickness of approximately 20 meters, this level represents the recurrence of facies as 
massive banks with planar cross-stratification to trough cross-stratification, which are 
predominant in the Couches de Trifels (Grès Vosgien supérieur) (Ménillet et al. 1989, 
2015).
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From pink to reddish brown, the Couches de Karlstal forms multimetric beds. There 
are two distinct facies in the Couches de Karlstal (Figs. 6, 7b). The first facies, observed 
in the cores, is composed of planar sandstone beds alternating with horizontally strati-
fied fine silty clay lamina (milli- to centimetric scale) (Fig. 6B254 and B255). This centi-
metric alternation of sandstone and silty clays is typical of playa facies from the Couches 
de Karlstal. It is in this medium- to coarse-grained facies that many desiccation cracks, 
wind/wave ripples and small bioturbations can be observed (Fig. 6B195; B215 and B251). 
In this playa type, sediments alternate with coarser, poorly cemented sandstone, with 
strong, spherical smoothed and frosted grains: named “caviar-like” facies. This aeolian 
facies forms multidecimetric to plurimetric sets that are poorly cemented, and the size 
of these rounded grains varies between 0.5 and 1 mm (Dachroth 1985; Durand 2010). In 
the field, this lithofacies consists of large oblique tabular and trough cross-beds that look 
like aeolian dunes shape (Fig. 6B189). In the EPS-1 cores, the presence of mud chips and 
pebbles generally less than 3 cm, usually in place in “regs like” layers, are observed in the 
upper part of the sandstones, which are impregnated with oil. The “caviar-like” facies 
sandstone (Fig. 7b, B241) is observed in the two different aeolian facies described above.

Fig. 7 a EPS-1 gamma-ray log between the Couches de Karlstal and the Grès Anté-Annweiler showing the 
limits and b cores from EPS-1 from the middle Buntsandstein to the Variscan basement. Box 241: “caviar-like” 
facies sandstone typical from the Couches de Karlstal. Box 326, Couches de Rehberg: coarse sandstone with 
white quartz pebbles and a filled fracture (white circular arc). Box 446, Couches de Trifels: coarse-grained 
sandstone with white quartz pebbles and a decolored level. Box 472, Grès d’Annweiler: clayey sandstone 
with high frequency rip-up clay clasts of all sizes rounded or angular. Box 537, Grès d’Anté-Annweiler: 
coarse-grained clayey arkosic sandstones with a thick clay level at the base. Boxes 545 and 1003, Variscan 
granitic basement: unaltered monzogranite with K-feldspar megacrystals and oxidized facies, respectively. 
c GRT-1 GR log and borehole image log showing unrolled vertically compressed image of the sedimentary 
cover-basement transition in GRT-1. This acoustic log presents the amplitude data, highlighting natural 
fractures (Grès d’Annweiler) and induced fractures (Grès Anté-Annweiler)
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Couches de Rehberg From the middle of Box 259 to Box 364, corresponding to depths 
of 1 161 m to 1 256 m.

The Couches de Rehberg (Grès Vosgien inférieur), approximately one hundred meters 
thick, consists of very coarse sandstones with large cross-bedding (Figs.  6, B284; 7b, 
B326). At the top of the formation, numerous brown ferromanganese patches called 
Grès tigrés (“Tiger sandstones”), mud clasts and some clayey layers occur. At the base 
of this formation, coarser sandstones with scattered pebbles and some micaceous beds 
appear. In the field, this formation shows conglomeratic thin intervals. The Couches de 
Rehberg are very similar in facies to the Couches de Trifels, which makes their distinc-
tion difficult based only on cores (and cuttings) analysis.

Couches de Trifels From Box 365 to Box 466, corresponding to depths of 1 256 m to 1 
349 m.

The Couches de Trifels (Grès Vosgien inférieur) consists of medium- to coarse-grained 
sandstones that frequently embed scattered quartz pebbles throughout the formation, as 
well as mud clasts (Figs. 6B415; 7b, B446). Cross-bedded facies are frequent. At around 
90 m thick, the formation has a pink to red-brown color. The top of the unit contains 
three characteristic silty and micaceous clay beds, each twenty centimeters thick (Fig. 8). 
The first marks the upper contact with the Couches de Rehberg. These three horizons 
of silty clays of few meters of thickness were also found in the GRT-1 well (Rittershof-
fen, 7  km away from Soultz-sous-Forêts, Fig.  1), so we can consider that their extent 
is almost regional and therefore can regard them as a marker for the upper part of the 
Couches de Trifels.

Fig. 8 Focus on the cores from the upper part of the Couches de Trifels (Grès Vosgien inférieur), in 
conjunction with the gamma-ray log. Boxes 364, 384 and 392, Couches de Trifels: medium-grained 
sandstones showing white quartz rounded pebbles, mud clasts and three thick silty and micaceous clay beds 
and cross-bed laminations. The GR peaks located at 1255, 1273 and 1281 m are associated with the schematic 
log and cores, respectively number 1, 2 and 3
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Gamma-ray observations for all the formations of the Grès Vosgien
The three formations that comprise the Grès Vosgien—the Couches de Karlstal, 

Couches de Rehberg and Couches de Trifels (from top to base, respectively)—are very 
close to each other in terms of the GR signal. As observed in the field or in the cores, 
these formations are sandstones composed of silica sand, and the main difference is the 
grain size and, therefore, the abundance of clays and clay levels. In most parts of the 
URG, the formations are just defined as the Grès Vosgien because of these similarities. 
Therefore, these similarities also explain why the GR signal is homogeneous and quite 
linear, with the same value within approximately 50 gApi (Figs. 4, 7a). The upper limit 
of the Grès Vosgien, just below the conglomeratic Poudingue de Sainte-Odile, is easy to 
observe from the GR signal. Moving downward from a low value in the Poudingue de 
Sainte-Odile, the signal jumps to the right, with a higher value and a signal that shows 
greater amplitude and frequency; in contrast, the signal is smooth and more regular in 
the Poudingue de Sainte-Odile.

Although the GR is quite similar throughout the Grès Vosgien, the upper part, corre-
sponding to the Couches de Karlstal, is slightly different from the signals of both under-
lying formations. They are close to each other in terms of facies and, therefore, in terms 
of their well-log signal, with quite a constant amplitude and frequency. However, the 
Couches de Karlstal shows little variation (even if linear in the first order) with ampli-
tude and frequency variations, which could be attributed to the differences observed in 
the cores between the two main types of facies (playa and aeolian).

Another substantial GR response, in the linear Grès Vosgien, can be found in Couches 
de Trifels because it is underlined by a thick clay bank. Due to their compositions and 
potassium-rich minerals (especially illite; Clauer et al. 2016), these three banks of clay 
are very well emphasized in the GR log because it forms three peaks with a pronounced 
shift to the right (the radioactive pole) (Figs. 4, 7a, Fig. 8). Observed in the box’s core at 
depths of 1255 m, 1272 m and 1280 m, these clays were detected by the GR sensor at 
depths of 1255 m, 1273 m and 1281 m (Fig. 8).

Grès Permien

From Box 467 to Box 542, corresponding to depths of 1 349 m to 1 417 m.

Core observations
After Durand (2010) and Ménillet et  al. (2015), the Grès d’Annweiler belongs in east-
ern France in the Buntsandstein Group but is included to the uppermost Permian 
(Lopingian), which can bring a lot of trouble because Buntsandstein is defined in the 
international chart as lower Triassic (Induan to Anisian). In Soultz-sous-Forêts, the 
Grès Permien is composed of the Grès d’Annweiler and Grès Anté-Annweiler (lower 
Buntsandstein). The GR synthesis will be given after the core descriptions of the two 
formations.

Grès d’Annweiler From Box 467 to Box 532, corresponding to depths of 1 349 m to 1 
408 m.

Compared to the formations of the Grès Vosgien, the Grès d’Annweiler, 59 m thick is of 
finer lithology, mainly of fine to very fine grain size. On average, the size of the grains can 
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be divided into two classes, sometimes more. The mean diameter of the grains oscillates 
between 0.1 and 0.3 mm, while in the Grès Vosgien inférieur, the diameter is between 
0.2 and 0.5  mm. The Grès d’Annweiler is a clayey sandstone of red brick color. Over-
all, it is very homogeneous, but some coarse beds occur locally (Fig. 9B516 and B525). 
Except for the red color, the facies is very similar to the sandstone of the Grès à Volt-
zia. Based only on field or core samples, it remains impossible to differentiate those for-
mations from light-colored samples. Some milli- to decimetric clay beds alternate with 
the sandstone (Fig. 9B496). The best criteria are both the numerous traces of bioturba-
tions (very rare in the Grès Vosgien) and the high frequency of clay rip-up clasts of all 
sizes, which are rounded, more angular or related to true desiccation plates (Figs. 7B472, 
9B478 and B505). There are also numerous nodules of dolomite and manganese oxide 
stains (concentrated in some areas) (Fig.  9B516). By contrast, the pebbles always pre-
sent in the Grès Vosgien disappear at the boundary of this formation. The stratification 
is flat to slightly oblique. This latter formation alternates with more coarse sandstones 

Fig. 9 Photo board of the cores from the lower Buntsandstein (Permian age), with the Box associated with 
the cores; this package is correlated to a formation (with the names and boxes concerned). All the cores 
have a diameter of 78 mm. Boxes 478, 496, 505, 516 and 525, Grès d’Annweiler: clayey sandstones with very 
high frequency of clay rip-up clasts of all sizes rounded and angular (related to desiccation plates) and thin 
clay banks. A filled fracture with barite is observed in the Box 596. Boxes 538 and 540, Grès d’Anté-Annweiler: 
medium to coarse clayey sandstones with feldspathic megacrystal clasts (up to 2 cm) and numerous Variscan 
basement clasts such as rhyolite (9 mm) and granite (6 mm). The difference of color with Box 496, compared 
to the others, is linked to the fact that the photo is coming from another shooting
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(sometimes similar to the sandstone of the Grès Vosgien), which are obliquely bedded 
and still very rarely contain pebbles.

Grès Anté‑Annweiler From Box 533 to Box 542, corresponding to depths of 1408 m to 
1417 m.

The Grès Anté-Annweiler (Fig.  4) is a transitional formation between the basement 
and the Grès Permien. It is composed of dark red mostly coarse-grained arkosic sand-
stones (Fig.  9B538). Unlike the previous Permian formation, there are no more mud 
clasts and far fewer clay benches (Fig. 7B537). Nevertheless, there are scattered milky 
quartz pebbles and brown to blackish oxidation spots. In the field, microconglomerate 
zones are locally observed as tuff and volcanic ashes. The Permian formation observed 
in the cores is only approximately nine meters thick. As the base of the formation lies 
just above the granitic basement (Fig. 7B545 and B1003), some immature granite peb-
bles and feldspathic megacrystal clasts are observed (Fig. 9B540).

Gamma-ray observations
Easily recognizable in the field or in the cores, the Permian sandstones are generally 

made by clayey fine-grained sandstone, rich in clay intervals. They contain numerous 
rip-up mud clasts and are highly bioturbated. Therefore, due to a high percentage of 
clays, the contact between the Grès Vosgien and the Grès d’Annweiler is also easily rec-
ognized in the GR signal. Thus, the transition between the Grès Vosgien and the Per-
mian formations is marked by a sudden shift to the right (radioactive high values) of the 
GR signal after the very vertical linear signal from the Grès Vosgien (Figs. 4, 7a).

Another interesting change in the GR is noticed between the Grès d’Annweiler and 
the Grès Anté-Annweiler. Indeed, the GR shifts slightly to the left and is less radioac-
tive because of the decrease in the clay percentage, together with a grain size increase 
between both formations (Figs.  4, 7a). However, this signal is higher than the one 
observed in the Grès Vosgien because despite the low clay content (compared to the 
Grès d’Annweiler), it still remains higher than that in the Grès Vosgien. This signal is 
attributed to the fact that the Permian facies is more feldspathic (K-rich) and that the 
matrix of these sandstones is more clayey than the pure siliciclastic Triassic sandstones. 
It contains relics from the granitic basement and is, therefore, more radioactive because 
of high potassium (K), thorium (Th) and uranium (U) in the feldspars and granite clasts.

During the drilling phase, the identification of the contact between the sedimentary 
cover and the Variscan basement (Fig. 7a) remained complicated; based only on obser-
vations of the cuttings, the difference between the crushed, reddish, altered granite and 
the feldspar-rich arkose is very subtle and challenging (Fig. 9B540). However, the GR is 
undeniably associated with the presence of all the radioactive minerals in the basement, 
and the GR signal unquestionably gives the exact position of the Permian/Variscan 
boundary, with the largest jump to the right in the log at the top of the granite (Fig. 47a).

Based on acoustic image logs, it is also possible to spatially correlate the gamma-ray 
curve with the lithology at the transition between the sedimentary cover and the granitic 
basement (Fig. 7c). This detailed correlation is especially useful for boreholes drilled in 
rotary mode, which is the more standard case for deep wells. In that context, cutting 
examination could be interpreted in terms of arkose facies or reddish altered granite. It 
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is really difficult to distinguish between a real arkose facies of sedimentary origin and 
a paleo-weathered granite. For example, in the neighboring geothermal well GRT-1 
located at Rittershoffen (Fig. 1), a detailed comparison of GR logs and image logs allows 
the visualization of the different lithologic facies with depth. In the upper part, between 
2161 and 2202 m, the image logs show sedimentary facies with an abundance of local 
natural fractures (strong amplitude image), which geologically corresponds to the Grès 
d’Annweiler (Fig. 7c). From 2202 to 2212 m, the image logs show a massive rock with 
the presence of vertical induced fractures that correspond to the basal Permian forma-
tion, the Grès Anté-Annweiler. Finally, deeper than 2212 m depth, a darker image shows 
natural sinusoidal traces corresponding to steeply dipping natural fractures that char-
acterize the Paleozoic fractured basement (Genter and Traineau 1996). In this section, 
it is also clearly visible that the GR curve increases from 150 to 300 gAPI due to the 
occurrence of radioactive minerals in the granite (primary biotite, K-feldspar megacrys-
tals, and secondary clays such as illite …). Therefore, the combination of the GR log and 
the high-resolution image logs calibrated by the cutting samples is a powerful tool for 
understanding the different lithofacies lying at the transition between the sedimentary 
cover and the granitic basement.

Application of lithostratigraphic results to new geothermal projects

This section highlights how fine resolution geological observations calibrated on high-
quality cores could contribute to secure the development of new geothermal projects 
in the URG. High-quality observations done in terms of lithostratigraphy on the EPS-1 
cores and representative outcrops were used in several geothermal projects under devel-
opment in the URG, like Rittershoffen and Illkirch, close to Soultz-sous-Forêts and 
Strasbourg, respectively. These main achievements were applied to ongoing industrial 
geothermal projects based on this geological approach. Important geological observa-
tions in the Triassic layers such as the occurrences of a given clay layer in the Buntsand-
stein sandstones or a well-known limestone bench in the Muschelkalk are very useful 
during drilling. For example, during drilling operations in Rittershoffen, the casing shoe 
of the liner installed after drilling of the 12 ¼ section was laid on the Upper Buntsand-
stein in the Grès à Meules (Baujard et al. 2017). Then, the cuttings’ examination during 
drilling was interpreted in terms of lithostratigraphical units. The precise depth of the 
casing shoe was decided on the basis of the daily geological profile produced and cali-
brated with the knowledge gained from the EPS-1 cores (Duringer et al. 2019). The use 
of the lithostratigraphic column for setting the casing was, therefore, applied to the two 
successful Rittershoffen geothermal wells (Baujard et al. 2017).

More recently, the drilling of the geothermal well GIL-1 in Illkirch, also benefited from 
both the detailed lithostratigraphic column and the use of LWD (Logging While Drill-
ing) technology. Gamma-ray data were collected by LWD and then compared system-
atically to the specific signature of GR logs known in adjacent wells or from EPS-1. The 
comparison between the Soultz geothermal wells, the Rittershoffen wells and many old 
wells drilled in the Strasbourg area leads to the conclusion that the Triassic layers of 
Muschelkalk and Buntsandstein are isopach (Aichholzer et al. 2016).

This information is also very useful during drilling for forecasting the predictive 
geological section. For example, in the recent Illkirch well, the decision that led to 
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the precise depth for setting the casing shoe of the liner was also successfully derived 
from the lithostratigraphic log calibrated with the LWD gamma-ray log. These kinds 
of isopach properties of the Triassic layers in Northern Alsace were used to forecast 
geological formations during a geothermal exploration phase in the Strasbourg area. 
Several 2D seismic profiles were interpreted using constant thickness values for Bunt-
sandstein, Muschelkalk and Keuper (Richard et al. 2016). A 3D geological model taking 
into account various boreholes and vintage 2D seismic profiles was also built using this 
isopach rule for those sedimentary layers of Trias (Maurer et al. 2016). In the coming 
years, it will be enhanced by applying those constant Triassic layer thickness values to 
a 3D seismic reflection survey done in 2018 in Northern Alsace over 200  km2 (Rich-
ard et  al. 2019). It is very important for preparing complex well trajectories of future 
deviated wells targeting nearly vertical faults to document the 3D geometrical model 
with accurate thickness estimation of those layers. On the other hand, when such lay-
ers show a higher thickness than expected for the Triassic sandstone layers, it could be 
interpreted as the trace of a normal fault which thickened this sedimentary layer. Such 
a result was observed in the Soultz GPK-1 well in the Buntsandstein sandstone by Aich-
holzer et al. (2016).

Conclusion
Based on the 484-m-continuous cores of excellent quality, this analysis was conducted to 
give solid petrographic and stratigraphic data for future chronostratigraphic interpreta-
tions of wells. This paper gives for the first time a realistic description of each forma-
tions’ lithofacies and corresponding gamma-ray responses from the middle Muschelkalk 
to the Buntsandstein formations. In the EPS-1 well (Soultz-sous-Forêts), the basement 
was reached at 1417  m depth. After studying the cores between 933 and 1417  m, it 
became possible to propose a precise stratigraphic frame and to analyze the lithofacies 
from the middle Muschelkalk up to the basement, associated with the GR signals. A syn-
thesis of all core descriptions with the most representative photos of each formation is 
given. Afterward, with the spatial correlation of the core observations with their descrip-
tions, it is possible to explain the variations in the gamma-ray signals acquired in the 
EPS-1 well.

The GR signal corresponds to a physical response from the lithologic facies, and each 
variation in the formation composition induces a specific signal. Many facies observed 
in the cores are compared to equivalent ones in the field. The most evident transition is 
the strong shift of the GR signal between the sedimentary cover (base of the Permian) 
and the basement observed at 1417 m deep. The Variscan basement is primarily com-
posed of radioactive minerals, and its GR signal is, therefore, very high.

In the Muschelkalk, from top to base we can observe that the signal can be divided into 
two main parts. The first part corresponds to the Marnes Bariolées (middle Muschel-
kalk) showing a great cyclic signal linked to the alternation of dolomite/marls. Further, 
downward, the main shifts to the left are related to the high percentage of anhydrite that 
is characteristic of the lower part of the middle Muschelkalk. In the second part of lower 
Muschelkalk, the GR signal shows low values due to the massive dolomitic complex of 
the Couches à Orbicularis, Schaumkalk and Wellenkalk, and then increases progres-
sively from the top to the base.
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On a first order, the transition between the Muschelkalk and the Buntsandstein is obvi-
ous, with a consistent increase in the GR throughout the lower Muschelkalk linked to the 
clay increase, until its maximum at the Grès Argileux (Buntsandstein) and Grès à Meules 
(Buntsandstein) transition. From there, the signal progressively decreases again until it 
reaches the Poudingue de Sainte-Odile, in which the signal is linked to the decrease in clay 
observed in each formation from the Grès à Voltzia through the Couches Intermédiaires 
progressively less clayey and sandier. The Poudingue de Sainte-Odile has an important left-
wards GR signal which presents two broad curve-shaped signals clearly distinct from the 
formations above and below. The homogeneous underlying Grès Vosgien and the clayey 
Permian formations are also evident on the GR log, with a very long stable signal linked to 
the former, and a shift to a more radioactive signal linked to the latter. In the linear signal of 
the Grès Vosgien, there are two interesting signals: the amplitude and frequency variation 
observed in the Couches de Karstal (even if linear on a first order), which can be attributed 
to the two types of facies of the formation (playa like facies composed of more clayey depos-
its, in fact, millimetric sand–clay alternations, and aeolian dunes characterized by more 
sandy arenites); and three peaks with a strong push to the right at the top of the Couches de 
Trifels, which correspond to the three thick clay banks occurring at the top of the formation 
(observed on the cores and also present in the GRT-1 and GRT-2 wells at Rittershoffen).

The Permian formations, being more clay-rich, therefore have a higher gamma-ray sig-
nal than the Grès Vosgien. Thus, a jump in the GR value at the transition between the 
Grès d’Annweiler and the first Permian formation is observed. In the case of the Grès 
Anté-Annweiler, which has a lower content of clay than the first Permian formation (Grès 
d’Annweiler), a decrease in the GR signal is observed in the log. Otherwise, many facies are 
also more coarse grained. However, since it has a higher clay content than the Grès Vosgien, 
the signal does not decrease below the Grès Vosgien gamma-ray value.

With few outcrops in the region for the middle and lower Muschelkalk, having this com-
plete description with high-quality photo boards of each formation brings an important 
base not only for all the future geothermal wells drilled in the region, but also for the rein-
terpretation of old well logs.
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