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ABSTRACT

The development of geothermal exploitation in the Upper Rhine Graben for heat and power generation requires detailed knowledge
of the subsurface in order to mitigate associated geological risk and streamline exploitation techniques.

In this area, several industrial projects have targeted the basement-sediment transition zone as a permeable reservoir. This is because
the zone is located at a depth range where the temperature reaches values between 120 and 200 °C, which is economically exploitable
for industrial heat or electricity. However, this zone is complex. Additionally, its geothermal potential is strongly affected by different
types of heterogeneities, such as lithology, fracture networks and/or the geometry.

Multidisciplinary and multiscale approaches are used on various sites (deep and shallow boreholes and quarries) to characterize the
transition zone: structural analysis of the fracture network that constitutes the deep fluid pathway, geophysical investigations to image
the geometry of this zone, fluid-rock interaction studies and petrophysical characterization to reconstruct paleo-fluid circulations and
identify the most efficient fluid pathways.

The various results are gathered into a conceptual model of the hydraulic behaviour of the transition zone for the sites and then used
to develop new models to inform geothermal energy exploitation in this context.

1. INTRODUCTION

In the Upper Rhine Graben, most of geothermal projects for industrial heat or power generation target the transition zone between
the basement and the sedimentary cover located at depth where the temperature is adequate (120°C-200°C) (Figure 1). Therefore, the
development of such projects requires detailed knowledge of the subsurface in order to mitigate associated geological risk and
streamline exploitation techniques. In addition to temperature, two other conditions are required for geothermal energy exploitation
from depth are the presence of a geothermal fluid that acts as a heat vector and a reservoir permeability sufficiently high to produce
and re-inject this natural fluid.

The CANTARE-Alsace project, funded by the ANR (French Research Agency) and steered by three academic partners (BRGM,
CNRS and University of Strasbourg as LyGHeS and IPGS laboratories) and one local industrial partner (ES-G), aims to acquire a
better knowledge of the basement-sediment transition zone in the Rhine Graben. This zone is indeed complex in term of geometry,
fracture network, sediment filling and water-rock interactions, and these heterogeneities strongly affect its geothermal potential. The
characterization of this transition zone and its heterogeneities poses a great challenge, although not unheard of in the development of
geothermal resources exploitation in deep basins throughout Europe.

We examine the basement-sediment transition both inside the Rhine Graben by working on deep boreholes (Soultz-sous-Foréts, ca.
5 km; Rittershoffen, ca. 3 km), and outside the graben, on the Western flank of the Rhine Graben, by selecting relevant analogues
(Figure 2). Analogue candidates are the Ringelbach site in the Vosges Massif (France), where two 150 m-deep boreholes crosscut
the basement-sediment transition between ca. 25 and 75 m depth, and the Strengbach catchment in the VVosges Massif (France), where
several shallow boreholes, 50 to 120 m deep were drilled in the upper part of the basement close to the sediment layers that outcrop
less than 2 km to the east. Two quarries also offer access to outcrops of the transition zone: Saint Pierre Bois in France and
Waldhambach in Germany.

Multidisciplinary and multiscale approaches are used to characterize the transition zone in these sites: 1) structural analysis of the
fracture network that constitutes the deep fluid pathway, 2) mineralogical, geochemical and petrophysical studies of fracture fillings
and fluid-wall rock interactions in granite and sediments to reconstruct paleo-fluid circulations, and 3) geophysical investigations to
image the geometry.

We present here only an overview of the ongoing work and some of our results.
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Figure 1: Present-day and future exploitation geothermal site on temperature map at 1 500 m depth within the Rhine
Graben (data from LIAG). The colors of stars indicate the targeted reservoir: red: sedimentary cover-basement transition,
pink: granitic basement, black: fault zones at the transition cover-basement zone, blue: deep sediments.

2. GEOLOGICAL CONTEXT AND APPLICATION SITES

The Upper Rhine Graben is a Cenozoic graben belonging to the West European Rift System (Figure 2-A) (Ziegler et al., 1992), which
is very well-known because of numerous studies for petroleum and mining exploration (boreholes, geophysical surveys, etc.). The
graben, roughly oriented N20°E (Figure 2-B), is filled by Tertiary and Quaternary sediments with minor volcanics. This Tertiary
cover (500 to 1000 m thick) overlays the Jurassic (about 150 m thick) and Triassic (about 700 m thick) sediments and the Paleozoic
crystalline basement (Figure 2-C).

The crystalline basement is the result of the Hercynian orogeny, which NE-SW sutures occurred in the main tectonic phases at the
Carboniferous (Sudete phase) and Permian (Saalian phase) (Ziegler, 1986; Oncken et al., 1999). In the VVosges (Schneider, 1984) and
at the western graben border (Villemin et al., 1986), these phases induced brittle tectonic with main fracture sets oriented N45°E,
N135°E and N-S for the Carboniferous phase and N60°E to N90°E and N120°E for the Permian phase.

At the end of the Hercynian orogeny, the erosion of the chain led to local extension-related basin subsidence and rhyolitic volcanic
activity during Late Carboniferous-Early Permian (Eisbacher et al., 1986). These fault-controlled basins generate the NW direction
in the Vosges and the Black Forest massifs (Figure 2-B).

After a large period of sedimentation during Triassic and Jurassic with deposition of clastic and carbonate sediments, the area was
uplifted from the late Jurassic to early Eocene. Taphrogenesis occurred during the Tertiary, between the end of the Eocene and the
Miocene (Roussé, 2006), due to reactivation of a fault zone, inherited from the Hercynian tectonic under the Africa-Europe collision
(Schumacher, 2002; Edel et al., 2006).

In the southern part, the Vosges and Black Forest massifs were uplifted during Mio-Pliocene, probably following the alpine phase
(Wyns, 1999). Presently, the altitude difference for the Triassic and the Paleozoic basement limit between the summit of the Vosges
massif and the deeper part of the central graben is about 3000-4000 m (Figure 2-C), providing evidence of substantial vertical
displacement.
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Geomorphologically, the structure of the Rhine Graben is characterized by a slightly sinuous form: the northern part trends N-S, the
central part trends N30°E and the southern part N10°E (Figure 2-B). The boundaries of the graben are controlled by two types of
large synthetic normal faults: the internal (Rhenane) and the external (Vosgian and Schwarzwaldian) faults. These limit crescent-
shaped fracture fields, such as the Saverne fracture field (Figure 2-B).
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Figure 2: Location of sites used as analogues for studying basement-sediment transition zone of the Upper Rhine Graben.
A. Location of the Upper Rhine Graben in Western Europe. B. Schematic geological map showing location of sampling
sites, quarries and wells (1) Quaternary fluvial deposits; (2) Quaternary loess, eolian deposits; (3) Tertiary marine and

lacustrine limestones, marls, evaporites; (4) Tertiary basalt; (5) Jurassic limestones; (6) Triassic sandstones, marly
limestones, anhydrite (German Trias); (7) Permian red sandstones; (8) Carboniferous volcanism; (9) Carboniferous
granites; (10) Dinantian conglomerate; (11) Ordovician-Silurian Limestones and continental altered rocks; (12) Ordo-
Silurian-Cambrian clay and argillaceous sandstones; (13) Siluro-devonian paragneiss and orthogneiss. C. - Geological W-E
cross-section through Soultz-sous-Foréts based on 3D geological model from GeORG Team (2013).
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Six sites have been selected for the study of the transition zone: two are deep boreholes sites inside the graben, Soultz-sous-Foréts
and Rittershoffen, two are quarries on the shoulders of the graben, Saint Pierre Bois and Waldhambach, and two are observatory sites
for environment studies with shallow boreholes, Ringelbach and Strengbach, also on the shoulders of the graben (Figure 2-B).

The Soultz-sous-Foréts site is the first European EGS (Enhanced Geothermal System) experimental site (Gérard and Kappelmeyer,
1987), where five boreholes have been drilled since 1987: two relatively shallow exploratory wells (GPK-1 and EPS-1) were drilled
to a depth of 3600m and 2200m respectively, and three for reservoir development and heat exploitation at 5000 m depth (GPK-2,
GPK-3 and GPK-4) (Baumgartner et al., 2004). The specific reservoir is located in the granitic basement at 1400 m depth beneath
Mesozoic and Cenozoic sediments. EPS-1 was fully cored starting at 800 m depth and provided cores from Triassic limestone and
sandstones to granitic basement, including the whole of the transition zone between the sedimentary cover (Genter and Traineau,
1992). This site is now an industrial site led by GEIE EMC and has produced electricity since 2016.

The Rittershoffen boreholes are located 6 km southeast of the Soultz site (Figure 2-B). They were drilled in 2012 and 2014 as part of
the ECOGI project associating Roquette freres, Electricité de Strasbourg and the Caisse des Dépdts. The project produces geothermal
steam to dry starch in the Roquette factory located close to the Rhine River. The target of the geothermal exploitation is the base of
the sediment and the top of the granite basement, which is deeper than at Soultz-sous-Foréts at around 2200m. No cores are available
from these boreholes, but different logs and recent seismic profiles have been acquired and are the exclusive use of ES-Géothermie,
one of the partners of the project (Baujard et al., 2017).

The Ringelbach catchment site is located near Soultzeren (Haut-Rhin) on the eastern side of the VVosges Massif (Figure 2-B) and
covers an area of 0.36 km? in which interdisciplinary studies on water cycle dynamics have been conducted since 1976 (Ambroise,
1995). The Triassic sandstones overlay the granitic basement. Three boreholes were drilled within the catchment and cross-cut the
transition zone: two reached a depth of 150 m and the third one to a depth of 80 m, in order to characterise the alteration profile
(Wyns, 2012; Schaffhauser et al., 2014; Lucas et al., 2017).

Like the Ringelbach catchment, the Strengbach catchment (80 ha) is located on the eastern side of the Vosges Massif (Figure 2-B).
The bedrock is a Ca-poor Hercynian leucogranite, covered by a small band of gneiss along the catchments northern edge. In order to
better characterize the deeper part of the catchment, six boreholes were drilled in 2013 and 2014 between 50 and 120 m depth, three
of which have been cored (Chabaux et al., 2017). The sedimentary cover is not present in the boreholes but exists to the east of the
catchment.

The Waldhambach and Saint Pierre Bois quarries are located near the western border of the Rhine Graben in the German and the
French part respectively (Figure 2-B). In both quarries, basement rocks are exposed just under the base of basin filling. Therefore,
the transition zone of sedimentary cover and basement is relatively easily accessible (Dezayes et al., 2011).

3. METHODS

The methodology is based on four approaches that will enable an overall characterization of the transition zone between the
sedimentary cover and the basement:

- Structural analysis to identify the different tectonic phases and establish the relationship between the fracture/fault sets and
fracture/fault infilling through collecting datasets about the fracture/fault network and determining the relationship of these networks
between the sedimentary cover and the basement. A structural survey of the transition zone and also of the large fault zones
intersecting the transition zone was performed in detail (fracture distribution, density, orientation, filling, etc.) to characterize fracture
network pattern and the evolution of its large fault zone in relation to the different tectonic phases and their chronology.

- Water/rock interactions to define circulation cells in the studied areas, establishing the timing of the fluid circulations through the
different major fracture and fault sets (ancient versus present-day fluid circulations) and their impact on the evolution of circulation
cells (porosity opening or clogging) through geological time. A detailed petrographic study (mineralogy, textural relationships)
combined with a geochemical (oxygen, carbon, sulphur and strontium) isotopic study, along with fluid-inclusion microthermometry,
was performed to identify and characterize (temperature, chemistry, origin) different generations of fluids and to advance our
understanding of the fluid paleocirculations.

- Petrophysical investigations to determine the evolution of the petrophysical parameters (porosity, permeability, elastic wave
velocities and electrical and thermal conductivity) along the transition zone. The borehole samples were prepared in three orthogonal
orientations to highlight the in situ anisotropy of the measured physical properties. This study provides a full set of petrophysical data
to inform on the hydro-thermo-mechanical coupling processes in deep geothermal reservoirs and serve as a database for future
reservoir modelling.

- Geophysical survey to evaluate the sensitivity of surface geophysical measurements: electrical resistivity and seismic velocity.
Electrical conductivity has been widely used in geothermal prospecting due to its relevance to fluid and weathering. Resistivity
measurements were performed on analogue sites using DC and EM methods.

This complete multidisciplinary and multiscale investigation involves high-level interaction between the four approaches. Therefore,
all the studies were performed at the same sites described above.
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4. RESULTS

Since most of the results are yet to be published, the key take-home points are presented in this section for each discipline. Finally,
these data are discussed together.

A database of fracture orientation and description have been performed based on previous studies (Dezayes et al, 2010; Dezayes et
al, 2011; Vidal et al., 2016) and completed by measurements performed in the framework of this study (Figure 3). All of them show
the N-S direction and other directions as NE-SW, NW-SE and E-W (Figure 3).

The amount of data in the Permo-Triassic sediments is always lower than the amount of data for the basement (Figure 3), usually due
to the fact that the sediment outcrops are not much developed and not much accessible. Except at Saint Pierre Bois, where the main

fracture set is N20°E in the sandstones and N100°E in the granite, the direction of fracture is rather the same in the basement and in
the sediments.

At Saint Pierre Bois, we observe that some of large E-W faults in the basement continue in the sedimentary cover, but some of them
are stopped by the sedimentary layers.

Rhyolites and
permian
sediments
29 data

Granite
94 data

Dezayeset al., 2011

N

« Sandstones

ver 8

2i5dsta o

~

o =

I

v g

szsten Y =
GPK4 . g

a

Granite :
229 data 2 GRT-1 GRI2
4 LA
s'\ “ RS
H s, \ . .
Granite o y 37 » A
908 data .
; o
" 2
(‘\I_
P&y ¥ |5
5
=

Granite
234 data

Figure 3: Orientation of fractures for the different sites. Data for Soultz from Dezayes et al., 2010, Waldhambach from
Dezayes et al., 2011 and Rittershoffen from Vidal et al., 2016.

The major fractures and faults was formed during the Hercynian provide dark surfaces in the field and consist of cohesive
fracture/fault rocks (breccia and cataclasite) due to pronounced silicification and minor illite formation (Lerouge and Dezayes, 2017).
At the transition zone, alteration of Ca-bearing primary minerals such as plagioclase, amphibole or titanite in biotite-amphibole
granites or gneiss, and Ca-rich accessory minerals such as apatite and monazite in two-mica granite are a Ca source for further
precipitation of hydrothermal carbonates (dolomite/ankerite, calcite) in fractures, shown at Ringelbach, Strengbach and
Waldhambach. On another hand, the alteration of K-feldspar seems to be a possible source for Ba for the precipitation of hydrothermal
barite in fractures at Ringelbach, Saint Pierre Bois, Strengbach and Waldhambach (see Chabaux et al., 2019 for surface circulation
in the Strengbach case). Research dedicated to using accessory authigenic minerals to date hydrothermal fluid circulations provides
evidence of xenotime, titanium oxides, and As-Ba-Sr-REE-bearing alumina-phosphates associated with Mg-rich illite (Figure 4).
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Figure 4: Backscattered Scanned Electron microscope image of accessory minerals. A- Strengbach; B- Saint Pierre Bois; C-
Ringelbach. Zrn zircon, TiO2 with and without W, Xen xenotime, Mon monazite, Apa apatite, APS aluminum-phosphate-
sulfates.

The exploration of the petrophysical variation present across the transition zone shows that the sedimentary rocks are more permeable
(Figure 5-B), have lower P-wave velocity (Figure 5-A), lower compressive strength (Figure 5-C) and lower elastic modulus (Figure
5-D) than the basement rocks (Griffith et al., 2016; Heap et al., 2017; see also data in Kushnir et al., 2018a; Villeneuve et al., 2018;
Heap et al., 2018, 2019, submitted). The porosity of the rocks is generally low and results from a high quartz cementation and to
dissolution of plagioclase and K-feldspar (Kushnir et al., 2018b).



61 | # Rummel, 1991 - granite e
this study - sedimentary
5 Ihis study - basement
997 | @ this study - other 'y

4 Heap el al,, 2017 - Buntsandstein L *

w
a_.

(=1

Dezayes et al.

o ..'f' ﬁ»

» =
°| . ‘ o J
L o RT: + Al
4.5 ‘ 107! +£§ ,: "
| |
] J

x

At

x
x

4 Heap et al., 2017 - Buntsandstein
+ Griffihs el al., 2016 - Bunisandstein

P-wave velocity (km/s)
mEg
'y ! l
iy
O
permeaniiy (m-)

2 o0 x. X Géraud et al., 2010 - attered granite ‘
o [ ] 10 X P Géraud el al., 2010 - Iresh granite
this study - sedimentary
2 |} this study - basement
8 @ this study - other
1.5 . - — —~ 1022k L L ) " L -
1.8 2 22 24 26 28 3 0 0.05 0.1 0.15 0.2 0.25 0.3
: 3 .
bulk density (kg/m*) connected porosity
300 T 45
C D k l sedimentary
Y L] basement
40 ® other 1
250
p =351 O A 4
L A
200-® o G 30 o
0 £ Y -
27 S5 AW
= [ ] > A
~150 = k=]
n o
8! AN B g2 g
2
e ‘ B 15 - "=
A S j=tal
o P ot ' ]
m B B gule
SR | .
[ 5 o
& . :
0 8 L 0 . L :
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 02 0.25 03

total porosity total porosity

Figure 5: A. P-wave velocity as a function of bulk density (Kushnir et al., 2018b). Grey triangles are data for Permo-Triassic
sandstones from the EPS-1 exploratory borehole at Soultz-sous-Foréts, France (Heap et al., 2017); Grey squares are data
for granite from the GPK-1 borehole at Soultz-sous-Foréts, France (Rummel 1992). Each square is the average value for a
given depth and the error bars give the standard deviation. B. Permeability as a function of connected porosity. We
compare the data gathered in this study with data for the Permo-Triassic sandstones (Griffiths et al., 2016; Heap et al.,
2017) and granite (Géraud et al., 2010) from the EPS-1 exploratory borehole at Soultz-sous-Foréts, France. C. Uniaxial
compressive strength of the sedimentary rocks investigated in the present study. D. Elastic modulus of the rocks
investigated in the present study. The rocks from this study are categorised as either being sedimentary (red squares), from
the crystalline basement (blue triangles), or as being other lithologies (black circles).

Thermal properties are not particularly related to lithology but thermal conductivity decreases with increasing porosity (Figure 6;
Kushnir et al., 2018b). Two submitted manuscripts (Harlé et al., submitted; Heap et al., submitted) present thermal property data for
the sedimentary cover.

4 T T T T
[ ] W sedimentary
@ not asdimentary
35|
E
E m
]
2 3|
S e om i=
=
LN ]
§2s = L]
— m L
© -] .
E § = B
2 2
- -]
15 L L L L
0 005 01 015 02 025

total porosity

Figure 6: Thermal conductivity of rocks from Saint Pierre Bois, Raon ’Etape, Waldhambach, and Albersweiler as a
function of total porosity. All investigated rocks are categorised as either sedimentary (red squares), or as being other
lithologies (black circles); see Kushnir et al. (2018b) for details.
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The Ringelbach catchment is particularly adapted to subsurface geophysical investigations due to the shallow depth of the sediment
- basement transition. Electro-magnetic and seismic soundings have been carried out to map the electrical resistivity and P-wave

velocity distribution within the transition zone (Figure 7 and Figure 8).

A 3D Controlled Source Electro-Magnetic (CSEM) survey over a 1000 m x 1000 m area cutting through the transition zone was
acquired (Darnet et al., 2019). The 3D resistivity cube obtained from the inversion of such data shows that the conductive anomaly
associated with altered and fractured zone extends over 200 m into the basement and is laterally extensive. It also shows that this
conductive zone is mainly developed in the granite at varying depth below the base of the sedimentary cover and varies laterally

(from zero to 200 m depth) (Figure 7).
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Figure 7: Results of CSEM inversion Top left: geological map of the Ringelbach area with location of the resistivity cross-
sections. Top right and bottom: Resistivity cross-sections A-A’, B-B’ and C-C’ obtained from the inversion of 3D
Controlled-Source Electro-Magnetic data (Darnet et al., 2019).

A 2D reflection seismic profile has been acquired over the Triassic sedimentary cover cutting through three fault zones identified in
the area. A clear velocity drop from 4000-5000 m/s down to 3500-4000 m/s is observed at the top of the crystalline basement (within
the first 100 m) when crossing these faults (Figure 8). Similarly, reflectors associated to layering within the basement fade away when
crossing these fault zones, possibly indicating the presence of strongly altered and fractured granite. Interestingly, numerous and
continuous reflectors are present within the basement, possibly caused by some layering in the alteration, as evidenced by the layering

observed on the sonic logs in the exploratory boreholes.
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Figure 8: Results of the 2D reflection seismic profile. Righ: geological map of the Ringelbach area with the location of 2D
seismic line. Left top: Velocity model derived from the travel-time inversion of first breaks. Bottom: stacked migrated
section in depth (Darnet et al., 2019).

5. DISCUSSION

The main set of fractures is N-S direction in relation to the main direction of the graben and related to the opening of the graben
(Schumacher, 2002). Other directions as NE-SW, NW-SE and E-W are present and are related to Hercynian tectonics (Edel et al.,
2007). However, the direction appears in relation with local tectonics depending on the location. The fracture density is lower in the
sandstones than in the granitic basement, which went through more tectonic phases. However, the Hercynian direction affects the
direction of fracture in the first sedimentary layers above the basement. The paleo-circulation is particularly important in the NE-SW,
NW-SE and E-W fractures. At Saint Pierre Bois, the E-W fractures are very large and show some traces of filling and are related to
the Villé basin opening during the Permian at the end of the Hercynian orogenesis.

The petrophysical properties measured across the transition zone are highly variable (Heap et al., 2017; Kushnir et al., 2018a, b; Heap
et al., 2018, 2019, submitted). Whereas the sandstones are more permeable than the basement, they show a plugged matrix as a result
of the paleocirculation of deep fluids.

The presence of accessory minerals on both sides of the cover/basement transition confirms that circulating paleofluids mobilized
trace elements from the Hercynian basement on a large scale through the cover/basement transition prior to the opening of the graben
(Dezayes and Lerouge, 2019).

At a larger scale, geophysical surveys reveal the geometry and complexity of the basement-sediment transition zone, with the presence
of large-scale electrically conductive zone and seismic reflectors layering through the several hundred meter thickness in the altered
top of the basement.

6. CONCLUSIONS

Although the transition zone between crystalline basement and the sedimentary cover is a target for geothermal exploitation, it appears
that this zone is complex and shows various heterogeneities, in terms of fracture network, permeability and other geophysical
properties, and geometry. This on-going work highlights these heterogeneities and, in the future, could present one or several
conceptual models for the geological object in order to help the building of more realistic THM models for developing geothermal
exploitation in this kind of system.
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