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Geosciences, Telegrafenberg, 14473 necessary for a first rather qualitative assessment of deep geothermal reservoirs in the
Potsdam, Germany region of Luxembourg. Within the geological framework, the study area encompasses
Luxembourg and the surrounding areas of Belgium, Germany, and France. On the one
hand, the focus is laid on low-enthalpy hydrothermal reservoirs in Mesozoic aquifers in
the Trier-Luxembourg Embayment. On the other hand, petrothermal reservoirs in the
Devonian basement of the Ardennes and Eifel regions are considered for exploitation
by Enhanced/Engineered Geothermal Systems (EGS).

Abstract

Methods: For geothermal exploration and exploitation purposes, geological, thermal,
hydrogeological and structural data are necessary.

Results: Among the Mesozoic aquifers, the Buntsandstein aquifer characterized by
temperatures of up to 50°C is a suitable hydrothermal reservoir that could be exploited
by means of heat pumps or provide direct heat for various applications. The most
promising area is the zone of the SE-Luxembourg Graben. The aquifer is the warmest
underneath the upper Alzette valley and the limestone plateau in Lorraine, where the
Buntsandstein aquifer lies below a thick Mesozoic cover. At the base of an inferred
Rotliegend graben in the same area, temperatures of up to 75°C are expected.
However, geological and hydraulic conditions are uncertain. In the Lower Devonian
basement, thick sandstone-/quartzite-rich formations with temperatures >90°C are
expected at depths >3.5 km and likely offer the possibility of direct heat use. The setting
of the Stdeifel (South Eifel) region, including the Mdllerthal region near Echternach, as
a tectonically active zone may offer the possibility of deep hydrothermal reservoirs in
the fractured Lower Devonian basement. Based on recent data on the structure of the
Trier-Luxembourg Basin, the new concept presents the Mdllerthal-Stideifel Depression
as a Cenozoic tectonic structure that is still mobile and relevant for geothermal
exploration.

Conslusion: Beyond direct use of geothermal heat, the expected modest temperatures
at 5 km depth (about 120°C) and increased permeability by EGS in the quartzite-rich
Lochkovian could prospectively enable combined geothermal heat production and
power generation in Luxembourg and the western realm of the Eifel region.
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Background
Status quo of geothermal energy use
Geothermal energy currently represents a very low percentage of the national energy
mix in Luxembourg, and geothermal resources in the subsurface of Luxembourg and
the surrounding areas are barely known. Its use is mainly restricted to heat pump sys-
tems (Biermayr et al. 2007; Héfner et al. 2007). A remarkable exception is hydrothermal
water tapped since 1846 by means of deep wells in Mondorf (southeastern
Luxembourg) and used for the local spa (Mf in Figure la; Bintz 2000; Lucius 1923,
1948, 1949; Leichtle 1980). The water originates from the Buntsandstein aquifer at
depths between 600 and 700 m with temperatures in the range of 25°C to 28°C. Simi-
larly, the French site of Amnéville (Am) exploits for the local spa warm water (36°C to
42°C) since 1979 by means of 900-m-deep wells. In the more densely populated southern
part of Luxembourg, large areas are concerned with the conflicting uses of groundwater
for drinking purposes and geothermal exploitation. This particularly hinders the areal de-
velopment of heat pump systems in the shallow subsurface. Protected areas are shown in
the national geoportal (ACT 2014). Two major aquifers, ie., the sandstone-dominated
Upper Buntsandstein and the Luxembourg Sandstone Formation, are used for provision
of drinking water (Bintz 2003; Bintz et al. 1982, Lucius 1953). However, the exploited shal-
low groundwater resources (<200 m depth) are vulnerable for contamination.

Regarding the surrounding countries, the potential of geothermal energy in Belgium
was assessed by Berckmans and Vandenberghe (1998), while the geothermal conditions
of the Rhineland-Palatinate in Germany were presented by Storz (2007). Hafner et al.
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Figure 1 Geological map and simplified basement tectonic map. (a) Regional geological map of the study
area. Geographical units are indicated. The location of the map within Western Europe is shown in (b). Main
cities and boreholes are mentioned in the text. Black bold lines and letters indicate the cross sections A to
A, Bto B, and Cto C. (b) Simplified basement tectonic map of Luxembourg and the surroundings.
Rectangle indicates location of geological map shown in (a) with indication of the Rhenish Massif (RM), the
Lower and Upper Rhine Grabens (LRG and URG, respectively), the Eifel Depression (ED; hatched zone), and
the Trier-Luxembourg Embayment (TLE). Dashed contour indicates the location of the Eifel plume according
to Keyser et al. (2002).
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(2007) evaluated the possibility of using geothermal energy for space heating in the ad-
joining Trier-Bitburg region. A comprehensive study of mineral and thermal springs in
the Eifel and Ardennes regions for geothermal anomalies was performed by Langguth
and Plum (1984). In a recent and comprehensive study of the deep subsurface of Hesse
(Germany) by means of 3-D modelling (Bar et al. 2011; and references therein), all
types of deep geothermal applications, including hydrothermal and petrothermal sys-
tems as well as fault zones and deep borehole heat exchangers, were considered. At
present, the adjoining areas of the Siideifel region in Germany (Figure 1) are not con-
sidered as targets for exploitation of hydrothermal reservoirs (Kaltschmitt et al. 1999;
Stober et al. 2009). By contrast, the Paris Basin and the underlying Variscan basement
in France are considered as potential areas for the development of geothermal re-
sources (Bonté et al. 2010). For the Lorraine region in particular, the geothermal poten-
tial of shallow aquifers using heat pumps is presented by Bourgine et al. (2007). In
Belgium (Berckmans and Vandenberghe 1998) and the German Rhineland-Palatinate
(Storz 2007), the development of petrothermal systems using Enhanced/Engineered
Geothermal Systems (EGS) are also not yet effective.

Until recently, the assessment of geothermal resources and their evaluation for differ-
ent geothermal applications in Luxembourg and the adjoining areas was hampered by
the absence of deep boreholes (Schintgen and Forster 2013) and lack of temperature
prognosis at depth. Conceptual geological models incorporated into thermal models
allow evaluating the possibilities for different types of geothermal uses and to pinpoint
the most promising areas for geothermal exploration. The regional and local surface
geology and conceptual subsurface models presented by Schintgen and Forster (2013)
and Schintgen et al. (2015) form the basis for geothermal exploration presented in this
paper. Two main types of geothermal reservoirs are considered: (1) the low-enthalpy
hydrothermal reservoirs and (2) the petrothermal reservoirs for exploitation by EGS.

Background on different types of geothermal utilizations

Geothermal energy is stored as heat in rocks and trapped vapour or liquid such as
water or brines (Muffler and Cataldi 1978; International Energy Agency 2011). The dif-
ferent possibilities for its utilization are also related to depth and subsurface tempera-
tures and lead to the distinction of shallow and deep geothermal resources. Shallow
geothermal energy refers to systems frequently using heat pumps for exploitation of
near-surface environments characterized by temperatures <20°C and depths <400 m
(Stober et al. 2009). Deep geothermal energy refers to direct use of geothermal heat at
temperatures >20°C (Lindal 1973; Saadat et al. 2010). Major applications are in spas
and swimming pools for balneological purposes; in industry, for process heating, in
agriculture for greenhouse or soil heating or in aquaculture for pond heating. For
example, for greenhouse heating temperatures >40°C are required, and for district and
space heating, temperatures >60°C (Pluymaekers et al. 2012). In order to efficiently use
a wider temperature domain, different applications demanding successively lower
temperatures are ideally implemented in a cascade (International Energy Agency 2011;
Lindal 1973). Space cooling is also possible using geothermal heat with a minimum
temperature of 60°C to 70°C as an energy source for heat-driven sorption chillers in-
stead of electrically driven compression chillers (International Energy Agency 2011;
Lindal 1973; Saadat et al. 2010). Another important field of application related to
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geothermal energy is the seasonal storage of solar energy or spare heat in deep aquifers
(e.g., Stober and Bucher 2012).

In contrast to volcanologically active regions, low- and medium-enthalpy reservoirs,
characterized by temperatures <200°C, are widespread in Europe and gain increasing
attention because their potential is large and expandable (Kramers et al. 2012; Tester
et al. 2006). Hydrothermal and petrothermal systems are distinguished. Hydrothermal
systems are systems of warm or hot water present in deep aquifers or hydraulically
conductive fault zones (Muffler and Cataldi 1978). Where natural permeability is too
low for economic-technical use of geothermal energy, natural joints can be hydraulic-
ally stimulated or new fractures formed by injecting pressurized water to enhance per-
meability and create a heat exchanger, a procedure designated by EGS (Breede et al.
2013; Held et al. 2014; Huenges 2010). These are called petrothermal systems, uncon-
ventional geothermal resources or hot-dry rock (HDR) systems (Breede et al. 2013;
ENGINE Coordination Action 2008). In contrast to hydrothermal systems, EGS pre-
dominantly makes accessible heat stored in rocks (Muffler and Cataldi 1978; Tester
et al. 2006). Numerous existing EGS projects are still at pilot/demonstration scale
(Breede et al. 2013) with a high proportion of R&D funding, especially during the
cost-intensive drilling and stimulation phases associated with exploration and
geological-technical risks (Rybach 2010; Sperber et al. 2010; International Energy
Agency 2011). The most common and simple type of a hydrothermal system is a
hydrothermal doublet (two-well system), consisting of a reservoir heat exchanger
commonly at a depth of several kilometers (<5 to 6 km depth) exploited by a warm/
hot production well, a heat exchanger at the surface for transferring the heat to a sec-
ondary circuit and a cold injection well. For heat production only, it is possible to
install deep coaxial pipes in a single borehole operating as closed systems independ-
ent from local geology.

The production of electricity in low- and medium-enthalpy systems is only possible
in binary systems using working fluids with low boiling point, notably organic rankine
cycle (ORC) power plants or Kalina systems based on an ammonia-water mixture,
reaching an efficiency of 10% to 15% with minimum temperatures of about 120°C (EN-
GINE Coordination Action 2008). According to Garnish (2002) and Rybach (2010), for
the deployment of EGS technology in petrothermal reservoirs, production rates of 50
to 100 1 s™! and fluid temperatures at wellhead of 150°C to 200°C are preferable. Most
of the current European EGS projects are characterized by reservoir/bottomhole tem-
peratures <165°C (e.g., Bruchsal, Landau, Unterhaching, Insheim, Mauerstetten, Grof3
Schonebeck, Soultz; Breede et al. 2013) and worldwide operating flow rates frequently
are <40 1 s™! (Breede et al. 2013). From an economic and ecological point of view, the
heat remaining after power production should be used according to the principle of co-
generation or combined heat and power generation (International Energy Agency 2011;
Paschen et al. 2003). The technical lifetime of a doublet system usually is 30 years (e.g.,
Kramers et al. 2012), which is due to the fact that conductive heat flow within rock is
too small to compensate heat extraction (Muffler and Cataldi 1978).

Regional geology
An adequate understanding of the geology and its structural/tectonic framework is of
paramount importance for the evaluation of subsurface conditions, notably temperature
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and permeability, relevant for the identification and exploitation of geothermal reser-
voirs. Despite the limited size of the study area, regional geology is multifaceted. It is
characterized by various sedimentary rocks ranging mainly from Cambrian through
Mesozoic to Quaternary volcanics. Lithotypes range from metasediments such as
Lower Paleozoic quartzite and slate, Lower Devonian shale, sandstone, quartzitic sand-
stone, and carbonates to Permian and Mesozoic claystone, siltstone, sandstone, con-
glomerate, marlstone, and carbonates (Schintgen et al. 2015). Figure 1 shows the major
geological subunits of the study area and its location with respect to the Rhenish Massif
(RM) and the European Cenozoic Rift System (ECRIS). As a geographical orientation,
the major cities of Luxembourg (L), Trier (Tr), Metz (Mz), and Saarbriicken (Sb) are in-
dicated in Figure 1. The Eifel Depression (Eifeler-Nord-Siidd Zone) is interpreted as an
important cross fold within the RM, separating the Ardennes (to the west side) from
the Eifel region (to the east side) (Murawski et al. 1983). The study area is characterized
by two contrasting geological environments, the Mesozoic rock of the Trier-Luxembourg
Embayment (TLE) and the mostly Lower Devonian rock of the RM. The Wittlicher
(Rotliegend) Senke (WS) represents a relatively narrow Permian Graben within the
southwestern part of the RM (Stets 2004).

Mesozoic and Rotliegend

The TLE (Figure 1; in German: Trier-Luxemburger Bucht) refers to the present-day
structure and appearance of the Mesozoic sedimentary record, which constitutes a tec-
tonically enhanced and partially eroded counterpart of the former Trier-Luxembourg
Basin (TLB; Dittrich et al. 2011, Dittrich 2014; Schintgen and Forster 2013). As shown in
Figure 2, it is composed of subhorizontal layers of alternating hard and soft lithotypes of
Triassic and Jurassic age. The TLE forms a northeastern extension of the Paris Basin
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Figure 2 Geological cross sections of the Trier-Luxembourg Embayment (modified from Schintgen and
Forster 2013). For location, see Figure 1a. Vertical exaggeration is tenfold for profile B and 7.5-fold for profile
C. Black dashed lines correspond to intersection with the indicated cross section.
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reaching about 80 km into the RM. Sub-regions of the TLE are the Guttland in
Luxembourg and the Siideifel (South Eifel) and Saargau in Germany. The South Eifel re-
gion, encompassing the Bitburg and Trier sub-basins (Dittrich et al. 2011), is a geologic-
ally and structurally integral part of the TLE though the sub-regions are frequently
handled separately on either side of the German-Luxembourgish border. According to
Schintgen and Forster (2013), the development of the Mesozoic TLB is attributed to a
synsedimentary zone of weakness of SW-NE orientation along a Permian graben system.
It consists of a buried part, the SE-Luxembourg Graben (SELG), and a relatively well-
known exposed part, the Wittlicher Senke. In the Trier-Wittlich area, the infill of the 5-
to 10-km-wide graben is an about 1,000-m-thick succession of Rotliegend sediments. The
dominantly siliciclastic lithotypes are breccia/conglomerates, sandstones, siltstone, and
claystone of fluvial origin as well as an ignimbrite layer at its base (Stets 2004).

Lower Devonian

The Variscan basement of the RM is exposed in the Ardennes in Belgium and Luxembourg,
as well as in the adjoining Eifel and Hunsriick regions in Germany, and is buried below the
TLE (Figure 1a). The geology and structure of the study area are illustrated by cross sections
in Figure 3. It is predominantly composed of thick Lower Devonian sediments characterized
by a relatively homogeneous, shale-rich clastic-rock assemblage. Numerous thrust faults
characterize the Hunsriick, whereas persistent fold structures are typical for the Ardennes
and Eifel regions. Besides shale, all Lower Devonian formations contain a certain proportion
of sandstone or quartzitic sandstone, but significant amounts are represented by the
Taunusquarzit in the Hunsriick (e.g., Wildberger 1992; Stets and Schifer 2011) and are
known towards the base of the Devonian in the Ardennes (Bultynck and Dejonghe 2001;
Dejonghe 2008). The underlying Caledonian basement (Ordovician and Cambrian), which
is well exposed in the Stavelot-Venn Massif to the north of Luxembourg (Figure 1a), is not
considered because its specific local geology is uncertain and it is mostly located too deep
to be of interest for geothermal energy use (Figure 3). So far, the lack of deep boreholes
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Figure 3 Geological cross sections of the upper part of the crust (modified from Schintgen et al. 2015). For
location, see Figure 1a. Vertical dashed lines indicate the intersection with the indicated cross section. Black
lines represent thrust faults.
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precludes knowledge about the distribution of lithologies and the stratigraphical position of
known formations buried in the Lower Devonian basement.

Cenozoic evolution

From the Cenozoic to the present day, the TLE is undergoing active deformation
(Dittrich 2014; and references therein). On a larger scale, the RM and adjoining
areas are deformed and uplifted due to the development and evolution of the ECRIS
(represented by the Lower Rhine Graben (LRG) and the Upper Rhine Graben (URG) in
Figure 1b) since the Eocene about 40 Ma ago (Bourgeois et al. 2007; Demoulin and
Hallot 2009; Fuchs et al. 1983; Schmincke 2007; Dezes et al. 2004; Ziegler and Dézes
2007; and references therein). Intensified tectonic activity in the last 700 ka is expressed
by the accelerated uplift of the RM and young volcanism in the Eifel region (Demoulin
and Hallot 2009; Fuchs et al. 1983; Meyer and Stets 2002; Schmincke 2007).

Methods

Geothermal exploration

For geothermal exploration and exploitation purposes, geological, thermal, hydrogeo-
logical, and structural data are necessary. In fact, especially in hydrothermal reservoirs,
various lithologies, and facies changes are responsible for a large range of porosities
and permeabilities. Subsurface temperatures represent important information for the
identification of geothermal reservoirs because the temperature domain determines the
types of geothermal energy use and applications that can be implemented. Hydraulic
properties, notably permeability and the associated transmissibility, are crucial parameters
because they dictate the technical feasibility of specific applications by directly influencing
achievable flow rates and thus power output of a geothermal plant (e.g., Schulte et al.
2010). In hydrothermal as well as petrothermal reservoirs, the crustal stress field influ-
ences or controls the creation and evolution of faults, fractures, and joints, thus perme-
ability, and therefore is particularly important for site selection for geothermal exploration
and development of Enhanced Geothermal Systems (Cloetingh et al. 2010).

Results and discussion
New temperature data
As deep boreholes are scarce and temperature data are unavailable, the thermal regime
was obtained by lithosphere-scale 2D steady-state thermal modelling based on surface
heat flow and a vast database of measured thermal rock properties, in particular ther-
mal conductivity (TC) (Schintgen et al. 2015). It is assumed that heat conduction is the
main heat transfer mechanism in the lithosphere, which encompasses the crust and the
lithospheric mantle. Possible convective as well as transient processes are so far un-
known and were not quantified due to the lack of pertinent data. The thermal model
by Schintgen et al. (2015) provides data for temperature maps (Figure 4) generated for
1-km-depth steps between 1,000 and 6,000 m (below mean sea level). Of particular
interest are the temperatures encountered at a depth of 5 to 6 km to which geothermal
boreholes can be drilled at costs that allow an economic use of the Earth’s heat by com-
bining heat production and power generation.

In contrast to an evaluation by Biermayr et al. (2007), the geothermal potential in
Luxembourg cannot be negated a priori. In the following, it is shown that temperature
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Figure 4 Isodepth temperature maps (obtained from the thermal model by Schintgen et al. 2015).
Temperature (°C) evaluated at (a) 1,000, (b) 2,000, (c) 3,000 m, (d) 4,000, (e) 5,000, and (f) 6,000 m below
mean sea level. Gray and light gray zones indicate the Hunsrlick and Ardennes-Eifel blocks, respectively.
Squares indicate major cities, and full circles indicate towns of at least several thousand inhabitants.
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gradients for the Mesozoic are higher than about 18°C km ™" specified by Biermayr et al.
(2007). According to recent TC data for lithotypes and entire formations and a surface

2

heat flow value of 75 mW m™“ evaluated by Schintgen et al. (2015), average thermal

1in the Triassic and 32.6°C km™ in the Liassic and

gradients amount to 27.8°C km~
Dogger (or Lower and Middle Jurassic). The lower thermal gradient in the Triassic is
related to a higher proportion of sandstone and evaporites such as dolomite presenting
a high TC (median 3.2 and 3.8 W m™" K™/, respectively). Except for the Luxembourg
Sandstone Formation (median TC 3.6 W m™' K™'), the Liassic marine sediments are
generally more fine-grained and characterized by claystone, marlstone, and limestone
of relatively low TC (median 2.1, 2.5, and 2.3 W m! K, respectively; Schintgen et al.
2015). The thermal gradient amounts to 30°C km™" for the entire Mesozoic represented
in Luxembourg, which constitutes a value characteristic for similar geological environ-
ments, e.g., in France and in the Netherlands (Bonté et al. 2010, 2012). In the Paleozoic
basement, temperature maps show at each depth a SW-NE-oriented plateau of
maximum temperature (Figure 4a,b,c,d,e,f). For example, maximum temperatures at
5 km depth are in the range of 120°C to 125°C according to the thermal model by
Schintgen et al. (2015). Temperature in the plateau region exhibits a thermal gradient
of about 20°C km™" due to a higher TC of the compact rock in the basement in com-
parison to the Mesozoic sediments. In the northwest, in the Belgian Ardennes, tempera-
tures are reduced by 5°C at 1,000 m depth increasing to 20°C at 5,000 and 6,000 m depth.
The reduced temperature is associated with the thinning of the Emsian and Siegenian
cover of relatively low TC (3.2 W mt K and a shallow depth of the Cambrian-
Ordovician basement of overall high TC (3.1 to 4.3 W m ™' K™'; Schintgen et al. 2015). In
the southeast, in the Hunsriick region, temperatures are lower by 10°C at 1,000 m depth
increasing to 30°C at 6,000 m depth. The reduced temperature is related to the high TC
of the Taunusquarzit (approximately 5 W m™" K™).

Implications from tectonics and stress field

Besides the deep geological conditions and knowledge of the subsurface temperature dis-
tribution, the crustal stress field is particularly important in site selection for geothermal
exploration and development of Enhanced Geothermal Systems. Inherited structures such
as lithosphere-scale weakness zones formed under paleo-stress fields play a significant role
in basin and lithosphere dynamics under present-day stress fields (Cloetingh et al. 2010).
The previous tectonics and current activity affecting the eastern part/margin of the TLE
have recently been studied in detail and reveal a complex network of polygenetic faults
(Dittrich 2014; and references therein). The result is a subsided bloc mosaic where all
types of faults, i.e., normal, reverse and strike-slip faults, and various combinations and
reactivations, are observed (Dittrich 2008, 2009, 2011, 2012, 2013, 2014; Dittrich et al.
2011; Wagner 1996; Wagner et al. 2012; and references therein). The present-day NW-
SE-oriented principal stress direction, which has remained practically unchanged since
the early Miocene (Dézes et al. 2004; Ziegler and Dézes 2007), is well expressed in the
NW-SE orientation of the West Eifel volcanic field (WEVF) (Figure 1; Schmincke 2007).
The TLE is currently characterized by a compressional tectonic regime (Dittrich 2014).

New interpretation of the Miillerthal-Siideifel region The Miillerthal region in
Luxembourg and the adjoining Stideifel region in Germany correspond to the
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northeastern part of the TLE (Figure 1). Both the present-day appearance of the TLE,
in particular of the South Eifel region, as well as the development of the TLB were clas-
sically interpreted to be of practically identical origin and linked to the Eifel Depression
(e.g., Lucius 1948; Murawski et al. 1983; Wagner et al. 2012). Already challenged by
Weiler (1972), this interpretation has been questioned (Dittrich 1989; Schintgen and
Forster 2013). Detailed studies by Dittrich (2014; and references therein) show that the
eastern part/margin of the TLE has been intensively deformed and subsided during the
Cenozoic. In the following, the Cenozoic structural evolution of the Miillerthal-Siideifel
region is reinterpreted for geothermal exploration using new data by Schintgen and
Forster (2013). The present-day appearance of the TLE is likely the result of consecu-
tive and superimposed large-scale structures formed in different geodynamic contexts.
First, the Mesozoic TLB is suggested to have formed along the weakness zone of a
Permian graben system (Schintgen and Forster 2013). Second, the South Eifel region
was intensively mobile during the Cenozoic (Dittrich 2014; and references therein).

Cenozoic structural evolution of the Miillerthal-Siideifel Depression In order to
underpin the aforegoing reasoning about the young development of the Miillerthal-Siideifel
Depression (MSD), Figure 5a,b,c shows the palinspastic restoration of the South Eifel re-
gion to its probable Mesozoic synsedimentary structure by means of cross section B* (B
to B’; Figure 1) showing the current bedding in the Trier-Luxembourg Embayment. For a
clear visualization, the successive steps are shown with a tenfold vertical exaggeration.
Cross section B** shows the pre-Tertiary, relatively undisturbed stratigraphic layering
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Figure 5 Palinspastic reconstruction of the Mesozoic Trier-Luxembourg Basin. See Figure 1 for the location
of profile B* (panels B to B'). Vertical exaggeration is tenfold. (a) Cross section B*. (b) Cross section B**. (c)
Cross section B***. Dash-dotted line in panels B** and B*** indicates the base of Liassic. Dashed line marks
the postulated flat base of Buntsandstein in the Mesozoic. Dotted line in panel B** is a reference to the
current base of Buntsandstein. Green line in panel B*** marks the reconstructed top of Muschelkalk. Pink
line in panel B*** marks the reconstructed top of Buntsandstein. Dashed red lines in panels B** and B***

represent the border faults of the Eifel Depression.
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(bedding) of the TLB as it likely was before the development of the Eifel Depression, more
specifically, as it probably was prior to the inferred Cenozoic subsidence of the Miillerthal
and South Eifel regions. The reconstruction of the TLB is now possible because the con-
ceptual model of Schintgen and Forster (2013) infers a culmination of the base of the
Mesozoic underneath the Alzette River valley (Figure 5a; 30 to 45 km) instead of the old
concept of a subsided area underneath the central part of the Guttland. This new vision
leads to a different understanding of the regional geological evolution. Cross section B* is
based on cross section G presented by Schintgen and Forster (2013). The latter is
extended into the Eifel region using the cross section data by Wagner and Dittrich (2010).
However, in large parts of the TLB the thickness of the Buntsandstein as the basal geo-
logical unit remains speculative (Dittrich et al. 2011; Wagner et al. 2012; and references
therein). The reasons are the lack of appropriate boreholes in the deeper parts of the
TLE and the locally complicated faulting, e.g., to the north of Trier. Kremb-Wagner
et al. (2014), Wagner et al. (2012) and Weiler (1972) assume reduced Buntsandstein
thicknesses along the eastern and southeastern margins of the TLE near Trier. By con-
trast, in this study, the adopted Buntsandstein thicknesses are more persistent and re-
trieved from recent studies by Dittrich et al. (2011), LGB and LUWG (2010), and
Wagner and Dittrich (2010). An important assumption is that the subsidence of the
Millerthal-Stideifel area affects a zone of about 30 to 100 km in cross section B*
(Figure 5a). According to the palinspastic reconstruction, it is postulated that the un-
disturbed top of the Devonian basement was flat prior to Buntsandstein deposition
and thus in direct continuation of the undisturbed flat section in the southwestern part
of Luxembourg (0 to 30 km in cross section B*). The absolute difference in height, i.e.,
the supposed amount of subsidence, between the constructed line and present-day top
of basement is added to the stratigraphical data. Interestingly, as shown in Figure 5b,
the reconstructed top of the Keuper succession is flat in the reconstructed basin geom-
etry, which certainly was the case before marine transgression at the beginning of the Lias-
sic. Cross section B*** in Figure 5¢ shows the synsedimentary appearance of the Mesozoic
Trier-Luxembourg Basin obtained after a northeastward rotation of 0.8°. The difference be-
tween Figure 5b and Figure 5c illustrates a simple tilting from the former western margin
of the German Triassic Basin to the present-day northeastern realm of the Paris Basin at
the beginning of the Keuper as described by Schintgen and Férster (2013). Northeastward
tilting during the Muschelkalk, then southwestward tilting of the basin towards the centre
of the Paris Basin during the Keuper obviously compensated each other. If the preceeding
assumptions are correct, the subsidence of the MSD and of the entire ED is entirely post-
Liassic, and probably largely Cenozoic, i.e., comparatively young, as are the structures stud-
ied by Dittrich (2014; and references therein). The current stratigraphical inclination of
0.8° may be entirely attributed to the Cenozoic uplift of the RM in the northeastern realm
of the study area, also represented as a rift signature by Bourgeois et al. (2007). Moreover,
the inclination shown in Figure 5b and the subsidence shown in Figure 5a probably are
contemporaneous Cenozoic processes. Figure 5c¢ clearly illustrates that the Triassic
and Jurassic units covered large parts of the Eifel region prior to exhumation of the RM
and consequent erosion. Conclusively, in case the sedimentary record of the TLE repre-
sents a simple western margin of the German Triassic Basin, the Buntsandstein thickness
should more or less constantly decrease from the east to the west (Figure 5c), which is
basically not in contradiction with the newest thickness data reported by Dittrich et
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al. (2011). In the central part of the MSD, the average Cenozoic subsidence amounts
to 470 m according to Figure 5b, which is comparatively more than the 350 m of
Cenozoic subsidence in the Neuwied tectonic basin (Schmincke 2007). A clear evi-
dence for the current relative subsidence of the MSD within the uplifting Rhenish
Massif is presented by Milzer et al. (1983). During the last 40 Ma of evolution of the
ECRIS, the average relative subsidence rate of the MSD amounts to 0.01 mm a . If
the relative subsidence is supposed to be 100 m (Meyer and Stets 2002, 2007) in the
last 700 ka (Schmincke 2007), the average relative subsidence rate amounts to
0.14 mm a”}, i.e,, a tenfold acceleration. The latter rate corresponds to the instantan-
eous, relative height changes between the Eifel and the South Eifel regions determined
by Malzer et al. (1983). To sum up, it is not the development of the Mesozoic TLB it-
self but the appearance of the present-day TLE, in particular, the structure of the
MSD, that is linked to the formation of the Eifel Depression.

Lithology and structure - implications on hydrogeology

The study area is characterized by two geologically and hydrogeologically contrasting
environments, the Mesozoic rock of the TLE and the predominantly Lower Devonian
rock of the RM. According to Bintz et al. (1982), Lucius (1953) and LGB and LUWG
(2010), the exposed compact, often shale-rich, and folded and thrust rocks of the
Ardennes, Eifel, and Hunsriick are not capable of hosting large aquifers, whereas the
subhorizontal and persistent layers of the TLE are composed of alternately permeable

and impermeable lithologies suitable for the formation of significant aquifers.

Mesozoic of the Trier-Luxembourg Embayment From top to bottom, six major
aquifers are known in the TLE (Lucius 1953; Bintz et al. 1982). Figure 6 shows SW-NE-
and W-SE-oriented hydrogeological cross sections across the TLE. Major aquifers are
highlighted by their typical color codes and stratigraphical codes used in Luxembourg.
Among those, the limestone and Minette complex (dom1-4 and lo6-7+dou) and the
Middle Liassic Sandstone (Im3) are the shallowest and only cover a small extent in the
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Figure 6 Hydrogeological cross sections of the Trier-Luxembourg Embayment (modified from Schintgen
and Forster 2013). Traces of the sections are indicated in Figure 1. Vertical exaggeration is tenfold. Aquifers
are highlighted in their typical color code. Low-permeability units are faded out (light gray). Stratigraphic
codes are given in Table 1.
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southwestern part of Luxembourg. The typical Schilfsandstein (km2S; Stuttgart Fm.)
also has a limited extent in the eastern part of the TLE and is locally exposed. Three
aquifers are more extensive in Luxembourg and adjoining areas: the Luxembourg
Sandstone (li2), the Upper Muschelkalk dolomite (mo), and the Buntsandstein forma-
tions (so2+sol+sm). Table 1 summarizes the hydraulic properties of the Mesozoic for-
mations including their degrees and values of hydraulic conductivity (ks) adopted by
LGB and LUWG (2010) for equivalent formations of the South Eifel region. The
Luxembourg Sandstone Formation is a shallow aquifer in the northeastern part of the
TLE (Figure 6, cross section B*) and is significantly used as a drinking water resource,
which creates a conflicting use (ACT 2014). Therefore, the Luxembourg Sandstone
may only be exploited in the southwestern part of Luxembourg where its thickness is
in the range of 70 to 100 m and its top reaches a depth of 300 to 400 m (Figure 6). The
Upper Muschelkalk aquifer has a regional occurrence but presents both a relatively im-
permeable margin facies and a reduced thickness in the western part of the TLE. The
basin facies generally presents a thickness in the range of 40 to 60 m with an average
value of about 55 m in the southeastern part of the TLE. The natural porosity is very
low (2%), except in the eastern part of the TLE where a dense fault network and shal-
low position lead to a locally very high permeability. The lowermost aquifer in the TLE
is the Buntsandstein (Figure 6) encompassing mainly three (locally four if the Lower
Muschelkalk aquifer is considered) stratigraphical units, namely the Voltziensandstein
(s02), the Zwischenschichten (sol), and the Vogesensandstein (sm+su; Table 1). The
generally least permeable basin facies in the northwestern part of the TLE is up to
150 m thick, whereas the most permeable basin facies of the Buntsandstein in the
southeastern part of the TLE is mostly about 150 to 300 m thick (Schintgen and Forster
2013; Weiler 1991). Figure 7 presents the top and base, thus the geometry, of the
Buntsandstein aquifer mapped using conceptual models in the form of cross sections
for Luxembourg by Schintgen and Forster (2013) and LGB and LUWG (2010) and
Wagner and Dittrich (2010) for Germany. Additional data is provided by boreholes in
Luxembourg, France, and Germany as well as the most recent geological maps of
Luxembourg, Rhineland-Palatinate, Saarland, and France. For the top of the Buntsandstein
aquifer, additional depth maps by Coiffait and Ricour (1982) and Weiler (1972) were con-
sidered. Due to its appropriate depth and temperature and known excellent hydraulic
properties (Agence de l'eau Rhin-Meuse 2002; Weiler 1972, 1991; Weidenfeller et al.
2004), the Buntsandstein aquifer is important for geothermal use and considered in more
detail. The amount of geothermal energy extractable from a hydrothermal reservoir is a
function of fluid properties such as temperature and mineralization, but achievable flow
rates are crucial.

Hydrogeology of the Buntsandstein aquifer Among the aquifers of the TLB, the
Buntsandstein aquifer is the deepest, thickest, and has the largest extent. The
sandstone-dominated Buntsandstein is a heterogeneous, mixed fracture/pore aquifer
(Celle-Jeanton et al. 2009; LGB and LUWG 2010; Weiler 1991). Figure 8 gives an
overview of the hydrogeology of the Buntsandstein aquifer, including the water table as
well as known permeable and impermeable zones. Data on the level of the water table
in boreholes being scarce, equipotential lines in Luxembourg are completed using river
levels in outcrop areas and available maps of the adjoining areas (Agence de l'eau



Table 1 Hydraulic and thermal properties of the Mesozoic units

Stratigraphy Geological unit/formation Hydraulic ke K Aquifer H Prot A
conductivity Min. Max. Dry  Sat.
ms™] [m?] [mD] Im]  [m] [%] [Wm" K
Jurassic  Dogger Middle Marnes sableuses d'Audun-le-Tiche dom4  Average to moderate® 10°t0 10 107°t0 1072 10°to 10°  + 70 130 14
Calcaires d’Audun-le-Tiche
Calcaire de Haut-Pont dom3
Calcaire d'Ottange dom?2
Marnes micacées dom1
Lower  Minette dou Average to moderate® 10°t010°* 10 °t0 102 10°to 10° + 1 68 18 15 22
Liassic Upper lo6-7
Argiles et marnes de Grandcourt lo1-5 Low® 10°t0 107 10"°t0 10" 10°t0 10 - 100 1407 20 1.1 20
Middle  Grés médioliasique Im3a+b  Moderate to low? 10%t0107 10" t0 10" 10*t0 10 +/- 35 80 18 13 20
Couches a Amaltheus margaritatus  Im2 Low to very low? 10°t010% 10"%t0107'® 10°t0o 107" - 80 1507 19 12 21
Calcaire ocreux Im1 Low? 10°t0107 10"°t0 10" 10°t0 10 - 4 15 16 14 21
Lower  Marne pauvre en fossiles li4 Low? 10°t0107° 102t 10" 10°t010 - 30 45 9 17 23
Marnes et calcaires de Strassen li3 Low to very low 10°t010° 10"t 107'® 10°t0o 107" - 8 40 6 16 18
Grés de Luxembourg li2 Moderate to low 10%t0107 10" t0 10" 10°t0 10  + 0 100 17 23 36
Marnes d'Elvange li1 Low to very low 10°t010° 10"t 107'° 10°t0 107" - 0 35 8 15 18
Triassic ~ Keuper Upper  Argiles de Levallois ko2 Moderate to very low  10*t010° 107" t0 107" 10°t0 107" +/- 0 17 9 16 21
Gres de Mortinsart ko1
Middle  Steinmergelkeuper km3 Low to very low 10°t010° 10"t 107'® 10°t0 107" - 20 75 8 20 24
Rote Gipsmergel km?2 Low to very low 10°t010° 10t 107'® 10°t0o 107" - 15 30 9 18 23
Schilfsandstein km2S  Moderate to low 10%t0107 10"t 10" 10°t0 10 +/- 0 50 282 10 19
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Table 1 Hydraulic and thermal properties of the Mesozoic units (Continued)

Pseudomorphosenkeuper km?1 Low to very low 10°t010° 10?10 107'° 10°to 10" - 20 100 11 16 22
Lower  Grenzdolomit ku Low to very low 10°t010° 10710107 10°to 10" - 10 25 12 15 20
Bunte Mergel

Basisschichten

Muschelkalk ~ Upper  Ceratitenschichten mo2 Average to moderate  103t0 10°  10°t0 107'? 10°to 10°  + 10 55 2 38 38
Trochitenschichten mo'
Middle  Linguladolomit mm2  Average to moderate 102 t0 10°  107%t0 107" 10°t0 10° + 0 7 4 30 33
Gipsmergel mm Very low 107t010° 10t0107'° 10t0 10" - 30 100 5 24 27
Lower  Orbicularisschichten mu2 Moderate to low 0%t 107 10" tw107" 10't010  + 10 50 0 18 24
Muschelsandstein mul
Buntsandstein  Upper  Voltziensandstein 502 Moderate to low 10%t0107 10" t010™ 10*t010 + 50 150 17 17 28
Zwischenschichten sol
Middle ~Vogesensandstein sm Moderate to low 10%t0107 10""t0 10" 10*t0 10  + 0 >150 21 19 30
Lower su Moderate to low 0%t 107 10"t 10 10*t010 +

k¢ - hydraulic conductivity by LGB and LUWG (2010), ®Indication of hydraulic conductivity estimated according to bulk lithological composition; K - permeability for a temperature of 20°C, ‘+; -, and ‘+/-" indicate whether
a unit is known, not known, or partly known to have aquifer quality, respectively; H - common thickness range; ¢ - total porosity; A - thermal conductivity in dry (Dry) and water-saturated (Sat.) conditions measured
perpendicular to bedding. Thickness, porosity, and thermal conductivity values by Schintgen et al. (2015).
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Figure 7 Simplified geometry of the Buntsandstein aquifer.(a) Top and (b) base. Depth (m) relative to
mean sea level. Only major faults are shown.

Rhin-Meuse 2002; Celle-Jeanton et al. 2009; Weidenfeller et al. 2004; Weiler 1991). A
narrow zone along the northern margin of the TLE is intensively used as a drinking
water resource (Lucius 1953; Bintz 2003). Figure 8 shows a large zone of low
permeability of the Buntsandstein aquifer related to a clay-rich and well-cemented
margin facies in most of the northwestern part of the TLE. According to borehole
reports available at the Geological Survey of Luxembourg, low permeabilities of the
Buntsandstein (productivity <10 m*® h™') have been measured in the Rebierg (Rb), SES
Koerich (Ko), Mersch (M), and Reisdorf (Rd) boreholes. Similarly, low permeabilities
are known in France in the Longwy (Lw) and Audun-le-Roman (Ad) boreholes (BRGM
2015). The available data suggest that the Buntsandstein below the Miillerthal region
in Luxembourg also has a low permeability. In the South Eifel region, low permeabil-
ities are described by Kremb-Wagner (1996) and Weiler (1991). The W-E-oriented
zone of low permeability forms a major barrier for groundwater flow (Weiler 1991).
To the south, in the 460-m-deep Echternacherbriick (Eb) borehole located close to the
German-Luxembourgish border (Figure 8), the Buntsandstein productivity is signifi-
cantly higher (40 to 50 m® h™'). The Buntsandstein aquifer is drained beneath the
southeastern part of the TLE towards the Moselle, Saar, and Sauer valleys (Figure 8).
Evidence for drainage of the Buntsandstein is known in the Lower Sauer and Moselle
valleys by ascending mineralized springs through faults even where the Buntsandstein is
not directly exposed (Lucius 1953). A well productivity of 30 to 150 m*> h™! is observed in
Lorraine (Agence de l'eau Rhin—Meuse 2002) and in the Saargau (Weidenfeller et al.
2004). Average hydraulic conductivity in the South Eifel and Lorraine regions is prac-
tically the same and amounts to about 107 to 5 x 10™°> m s~ (permeability of 1 to 5 D)
(Celle-Jeanton et al. 2009; LGB and LUWG 2010). High permeabilities and productivities
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Figure 8 Schematic hydrogeological map of the Buntsandstein aquifer. Isopiezes in m above mean sea level.
Boreholes are mentioned in the text. Location of the Permian SE-Luxembourg Graben (SELG) according to
Schintgen and Forster (2013) is shown. Diagonally hatched and cross-hatched zones indicate areas of low
permeability in the Buntsandstein aquifer known from boreholes as well as from Kremb-Wagner (1996)
and Weiler (1991).

in those regions as well as in the southeastern part of the TLE are probably due to a high
thickness of the Buntsandstein aquifer and a complex fault/fracture network (Dittrich
2014; and references therein) that is hydraulically conductive. Effective porosities in
Luxembourg are unknown, but effective porosities of the basin facies in the northeastern
part of Lorraine are 2% to 5% according to Agence de 'eau Rhin—Meuse (2002) and rela-
tively high, in the range of 10% to 15 % according to Celle—Jeanton et al. (2009). However,
as porosity decreases due to compaction with depth, porosity is subordinate at greater
depth and the presence of faults, fractures, and joints is crucial for permeability (Ledru
and Guillou-Frottier 2010). The only location in Luxembourg where reliable hydraulic
properties in the basin facies were determined using different techniques (Theis and
Papadopoulos-Cooper) is the Mondorf Lucius borehole (Mf in Figure 8). According to
Leichtle (1980), the average hydraulic conductivity & is about 10°° m s, ie., 10 to 50
times lower than in areas where the Buntsandstein is exposed (10° to 5x10° m s7).
This might be related to lower effective porosities due to a more fine-grained facies, a
higher compaction, a lower fault density, as well as a higher mineralized fluid and higher
rock cementation. The resulting average permeability (at 20°C) amounts to 100 mD. The
measured productivity varies from 6.3 to 14.2 1 s™' (Leichtle 1980). The productivity of
the Lucius and Bois-chaté boreholes (about 36 m® h™') thereby is in the lower zone of
productivity of wells in the Buntsandstein (30 to 150 m® h™'). Mineralization in the cen-
tral and deeper parts of the TLE known from boreholes and springs is in the range 12 to
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16 g I"" (Lucius 1948) with a maximum of about 23 g ™! in the Bois-chaté borehole
(Nickles 1914).

Hydrogeology of the Rotliegend Schintgen and Forster (2013) infer the existence of
a 5- to 10-km-wide Rotliegend graben, designated by SELG. It is located in direct
southwestern prolongation of the Wittlicher Senke and buried below the TLE. By
parallelization with the about 1,000-m-thick succession of Rotliegend in the Trier
area (Stets 2004), a set of yet unknown deep aquifers may exist in the southeastern
part of Luxembourg. Hydraulic properties of the Rotliegend formations according to
LGB and LUWG (2010) for the Wittlicher Senke are summarized in Table 2. The
hydrogeological conditions in the Rotliegend are essentially known from the Wittlicher
Senke. The small-scale lithological contrasts are responsible for a relatively heterogeneous
fracture (joint, fissure) aquifer characterized by a moderate to very low permeability
(107" to 107" m?* LGB and LUWG 2010). According to Stets (2004), the depositional
environment in the Rotliegend consisted in a changeful fluviatile system and the silici-
clastic infill of the graben structure is heterogeneous. It is therefore difficult to con-
strain permeable reservoirs. In contrast to the overlying Buntsandstein aquifer, the
groundwater in the Rotliegend sediments is highly mineralized and the permeability is
predominantly lower (LGB and LUWG 2010). Due to the lack of exploration boreholes
in situ, porosity and permeability in these siliciclastic deposits of fluvial origin cannot
be ascertained.

Lower Devonian of the Ardennes, Eifel, and Hunsriick Lower Devonian formations
of the Eifel region including the South Eifel area were analyzed for their hydraulic prop-
erties by LGB and LUWG (2010). The resulting ranges of hydraulic conductivity (or
conductivity classes) are summarized in Table 2. To the remaining Siegenian and Loch-
kovian formations for which hydraulic data is unavailable, estimates of hydraulic con-
ductivity are assigned depending on their individual lithological composition. The
shale-dominated Lower Devonian formations generally have permeabilities (or rather
hydraulic conductivities) lower by several orders of magnitude with respect to those of
the Buntsandstein in the TLE (Table 1). The Lower Devonian basement therefore forms
the impermeable base of the Buntsandstein aquifer where the Rotliegend is absent
(LGB and LUWG 2010; Lucius 1948). Compact sedimentary rock can be used to create
artificial heat exchangers using EGS technology (Breede et al. 2013; Schulte et al. 2010;
Tester et al. 2006; Zimmermann et al. 2011). Lower Devonian lithologies best suited for
geothermal exploitation are deep-lying, thick, and laterally persistent layers with a high
proportion of sandstone and/or quartzite with a possible fracture porosity/permeability.
Most of the Lower Devonian formations contain a certain proportion of sandstone,
frequently between 15% and 30%. However, the Saint-Hubert and Fépin formations of
Lochkovian age at the base of the Devonian in the Ardennes contain large and rela-
tively thick packages of sandstone/quartzite (Dejonghe 2008) and therefore are
described in more detail below. Figure 9 shows a schematic map of the top and base of
the Lochkovian succession based on the conceptual geological cross sections presented
by Schintgen et al. (2015). Major thrust faults shown are located at their inferred posi-
tions. The nature and throw of the thrust fault to the southeast of the city of



Table 2 Hydraulic and thermal properties of the Paleozoic formations
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Stratigraphy Geological unit/formation Hydraulic k¢ K Aquifer H Ot A

conductivity Min. Max. Dry Sat.

ms™ [m?] [mD] [m] [m] % Wm'K']

Permian  Rotliegend Altrich-Formation rA Moderate to very low ~ 107-10° 107107 10*-107"  +/- 300 400 15 16 27
Kinderbeuern-Formation 1K Moderate to low 10%107  107"-10"* 1010 + 350 450 18 20 32

Urzig-Formation rU Low to very low 10°-10° 10?10 10°-10" - 200 350 12 21 29

Devonian  Emsian Upper  Wiltz Fm. E3 Low to very low 10°-10° 107?107 10°-107" - 250 >1200 - 2.1 25
Berlé Fm. q Moderate to low 10107 10710 10%10 +/- 0 15 - 45 6.2

Middle  Clervaux Fm. E2 Low to very low 10°-10° 107?107 10°-107" - 200 660 - 29 33

Lower  Schuttbourg Fm. Elb Low to very low 107°-10° 107?107 10°-107" - 750 1200 - 29 35

Stolzembourg Fm. Ela Low to very low 10°-107 1072107 10-107" - 700 900 - 27 32

Siegenian Upper  La Roche Fm. Sg3/LAR  Low to very low 10°-10°  1072-107"°  10*-107" - >1400 1500 - 25 29

Sg3a/LAR  Low to very low® 10°-10%  107'2-107'°  10°-107" - 400 - 26 32

Middle  Villé Fm. Sg2/MVIL Low to very low® 10°-10% 1072107 10*-107" - 250 550 - 30 35

Lower  Mirwart Fm. SgI/MR  Low to very low? 10°-10%  1072-107"°  10*-107" - 700 1050 - 28 34

Lochkovian ~ Upper  Saint-Hubert Fm. STH Low? 107°-107% 1072107 10°-10 4/ 550 700 - 33 39

Oignies Fm. 0IG Low to very low® 107°-10% 107?10 10%-107" - 700 1200 - 26 30

Lower  Fépin Fm. FEP Low? 10°-107% 107%-107""  10°-10 +/- 20 >300 - 37 43

ks - hydraulic conductivity by LGB and LUWG (2010); ®Indication of hydraulic conductivity estimated according to bulk lithological composition; K - permeability calculated for a temperature of 20°C, ‘+, -, and ‘+/- indi-
cate whether a unit is known, not known, or partly known to have aquifer quality, respectively; H - common thickness range, ¢ - total porosity, A - thermal conductivity in dry (Dry) and water-saturated (Sat.) condi-
tions. Thickness, porosity, and thermal conductivity values by Schintgen et al. (2015). For the Rotliegend formation, thickness and thermal conductivity are based on data by Hafner et al. (2007).
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Figure 9 Geometry of the Lochkovian succession. (a) Top and (b) base. Depth in meters below mean sea
level. Gray and light gray zones indicate the Hunsriick and Ardennes-Eifel blocks, respectively.

Luxembourg (i.e., the Luxembourg Fault and its prolongation at depth) is particularly
uncertain. In the Hunsriick region in Germany, the Taunusquarzit of Middle to Upper
Siegenian (Praguian) age consists mainly of highly fractured quarzitic sandstone and
hosts, together with the overlying Dhrontal-Schichten, the waterhead of numerous
streams (Wildberger 1992). It has a minimum thickness of about 1,000 m (Wildberger
1992; Stets and Schéfer 2011). Due to complex tectonics and apparent facies changes
(Meyer and Stets 1996; Stets and Schifer 2002, 2011) the possible northwestern exten-
sion of the Taunusquarzit into the Eifel region remains unknown (e.g., Wierich 1999;
Wildberger 1992; Zitzmann et al. 1987).

Hydrogeology of the Lochkovian in the Ardennes The depth position of the
Lochkovian sediments in the geological and structural context is presented in
Figure 10 with a twofold exaggeration. The Fépin Formation at the base of the
Lochkovian unconformably overlies the Caledonian basement (Cambrian-Ordovician).
It is dominated by coarse to gravelly sandstones and conglomerates (Bultynck and
Dejonghe 2001; Dejonghe 2008). To the south of the Stavelot Massif, a transitional
facies predominantly containing shales and siltstones and subordinate gravelly to con-
glomeratic sandstone prevails. Due to its transgressional character, the thickness pre-
sents a wide range of tens of meters to several hundreds of meters (Dejonghe 2008). If
a correlation with the similar Bunte Schiefer at the southern border of the Hunsriick
(LGB 2005; Stets and Schifer 2002) is considered, the Fépin Formation may reach an
even greater thickness. As an evidence of local aquifer quality at the southern border
of the Stavelot Massif, springs occur in the Lower Devonian quartzitic sandstone and
conglomerate at the contact with the underlying impermeable Caledonian rocks. The
overlying Oignies Formation also contains sandstone beds. The Saint-Hubert Formation
at the top of the Lochkovian locally contains massive lenses of quartzitic sandstone which
is mined in large quarries (Dejonghe 2008). However, the lack of deep boreholes in the
Lower Devonian in the centre of the Rhenohercynian basin precludes further knowledge
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on the distribution of lithologies, thicknesses, and extent of surface formations at depth
(Stets and Schifer 2002, 2011). However, parallelization with the Belgian Ardennes sug-
gests that the known Lower Devonian formations and their lateral equivalents extend
southeastwards in the subsurface of Luxembourg and the western margin of the Eifel
region. The total thickness of Lochkovian formations is in the range of 1,300 to 2,500 m
(Table 2).

Measured porosity of the Lower Devonian rock samples generally is very low (1% to
4%; average about 3%; Schintgen et al. 2015), but fracture porosity/permeability of
sandstone/quartzite formations is known from exposure (Wildberger 1992). According
to Lorenz (2003, 2007), hard rocks in the Eifel region are transected by joints and faults
which frequently are hydraulically conductive. Further evidence that migration of fluids
is generally possible in the Ardennes and the Eifel is the occurrence of numerous vein-
type ore deposits (Dejonghe 1998; Meyer 1994; Philippo 2007). Permeability of the Lower
Devonian derived from LGB and LUWG (2010) is in the range of 107 to 107 m?%
Under those conditions and the size of the hydraulic system, convection is generally
possible (Manning and Ingebritsen 1999), thus theoretically enabling the possibility of ad-
vective coupled fluid and heat flow. Consequently, convection-driven heat advection may
be more efficient then heat conduction (Clauser 2009; Deming et al. 1992; Deming 1994;
Manning and Ingebritsen 1999; Smith and Chapman 1983). This may challenge the purely
conductive thermal model presented by Schintgen et al. (2015). Furthermore, in situ
permeability depends on the amount and type of dissolved solids, pressure, gas content,
and temperature (Stober et al. 2009). Strong CO, degassing occurs at the intersection of
the WEVF and ED (Figure 10; Griesshaber et al. 1992; Schmincke 2007). In Figure 10,
sources of CO, in the South Eifel and West Eifel regions are schematically shown as verti-
cal magmatic dikes. Arrows indicate ascent of CO,-rich water to the mineral springs at
the surface. According to Schmincke (2007), the ED represents a lithosphere-scale weak-
ness zone which apparently increased the volcano density, and influenced the distribution
(fissure direction) and composition (xenolith types) of volcanism in the WEVF. In particu-
lar, more than 50 sites of mineral springs associated with CO, degassing are found in the
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South Eifel region, the West Eifel, and the Moselle valley (Langguth and Plum 1984;
Lucius 1959; Wagner et al. 2012; Werle 2009). The springs are often located at the inter-
section of valleys and deep-reaching faults. Natural productivity of tapped springs is about
10 1 s, The highest measured spring temperatures are known in the Moselle valley to
the south of the WEVF (>30°C; Langguth and Plum 1984). In general, however, mineral
waters known at the surface are relatively cool, no particularly high heat flow due to the
young volcanism in the WEVF was observed (Langguth and Plum 1984; Griesshaber et al.
1992; LGB and LUWG 2010). Groundwater from surface manifestations in the Lower
Devonian is poorly mineralized (up to 4 g 1™!) but aggressive due to its content in carbonic
acid (up to 3 g 1™") (Griesshaber et al. 1992; Lucius 1953, 1959). Mineralization of deeper
reservoirs might be higher but so far remains unknown. The origin of CO, is local and
bound to the presence of groundwater (Lucius 1959; Meyer and Stets 1996). This suggests
that large-scale groundwater circulation is possible underneath the South Eifel area and
that the CO, is related to the cooling magma due to unsuccessful attempts of small-
volume magma batches to erupt on the surface (Figure 10; Brauer et al. 2013; Langguth
and Plum 1984; Lucius 1959; Schmincke 2007). Furthermore, recent tectonic mobility
(see ‘Cenozoic structural evolution of the Miillerthal-Stideifel Depression’ subsection),
deep magma emplacement and CO, degassing are related to the fact that the South Eifel
area is located above the western margin of the Eifel plume (Brauer et al. 2013; Keyser
et al. 2002; Seiberlich et al. 2013; Walker et al. 2005). The fact that the adjoining
Miillerthal region in Luxembourg, which also lies within the ED, does not have any min-
eral springs may be related to the relatively thick and impermeable sedimentary cover and
a lower number of faults.

Geothermal reservoirs

Hydrothermal reservoirs

Buntsandstein The temperature distribution at the base of the Buntsandstein based
on the thermal data by Schintgen et al. (2015) is shown in Figure 11. If the possibility
of convection and advective heat transport by fluid flow in the Buntsandstein aquifer is
excluded, temperatures are related to depth, thus thickness of the sedimentary cover,
and the thermal gradient. The latter depends on the thermal conductivities of the over-
lying formations (Table 1) and the regional surface heat flow. The lowest temperature
of about 10°C (mean annual surface temperature) is encountered along the margins of
the TLE where the Buntsandstein aquifer is exposed. The highest temperatures of about
50°C are expected in the most southern part of Luxembourg in the Luxembourgish-
French border region. The Bois-chaté borehole in northern Lorraine provided about
50°C warm water, while temperatures in the range of 36°C to 42°C were recorded in
Amnéville (Am in Figure 8) (C. Dezayes, personal communication). A ‘top down’ ap-
proach can be used to calculate temperatures in the subsurface up to several kilometers
depth by applying the Fourier equation of heat conduction:

daT
=)= 1
q Adz (1)

where ¢ is the surface heat flow (in mW m™>), 1 is the TC of a geological unit (in W
m ™' K™), and d7/dz is the thermal gradient within each geological unit (in K km™).
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Figure 11 Different temperature zones at the base of the Buntsandstein hydrothermal reservoir. Full circles
indicate towns of at least several thousand inhabitants. White hatched zone characterized by low
permeability. Question marks indicate a possible low permeability zone.

The thermal gradient corresponds to the temperature difference d7 (in °C = K-273) at
the top and base of each unit divided by the thickness dz (in m) of the unit. Tempera-
tures of about 36°C to 42°C at the top and base of the Buntsandstein aquifer, respect-
ively, were calculated in the southern part of the Alzette valley where the
Buntsandstein reaches a maximum depth of about 850 m (top) and 1,100 m (base)
below surface. Just to the south of the city of Luxembourg, in the northern part of the
upper Alzette valley, where the top and base are located in about 600 and 850 m depth,
respectively, inferred temperatures amount to about 27°C to 33°C. As a result, the
warmest part of the Buntsandstein aquifer coincides with the region where it lies below
the Liassic cover, more specifically the part of the SE-Luxembourg Graben beneath the
upper Alzette valley. The warm zone extends further to the south below the Dogger
limestone plateau in the southernmost part of Luxembourg and the northernmost part
of Lorraine (Figure 11). In consideration of the local elevation of the upper Alzette val-
ley, the water table of the Buntsandstein aquifer is probably located 40 to 50 m below
terrain level. The key information to the selected reservoirs is presented in Table 3.
Geothermal heat for district heating is of particular interest in the highly populated
southwestern part of Luxembourg and the capital of Luxembourg (Figure 11), making
up 60% of the total population in 2014 (canton of Esch: 161,000; canton of
Luxembourg: 167,000; STATEC 2014). However, since the temperatures are <60°C in
the Buntsandstein aquifer, heat pumps have to be used to allow space and district heat-
ing (Bujakowski and Barbacki 2004; Lindal 1973). In the warmest and most permeable
zones in the southeastern part of the TLE, minimum k; values of 5 x 107° m s are

attained for successful exploitation of hydrothermal reservoirs according to Stober
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Table 3 Major hydrothermal and petrothermal reservoirs

Stratigraphy Mesozoic Permian Devonian Devonian

Buntsandstein Rotliegend Upper+Middle  Lochkovian
Siegenian

Region Trier-Luxembourg SE-Luxembourg Graben Hunsriick (+Mosel  Ardennes (+NW Eifel?)
Embayment + Wittlicher Senke region?)

Formations Voltziensandstein Altrich+Kinderbeuern  Taunusquarzit Saint-Hubert+Oignies
+Zwischenschichten +Urzig +Fépin
+Vogesensandstein

Reservoir Sandstone+ Sandstone+breccia/ Quartzite Sandstone+quartzite

lithotype conglomerate conglomerate

Reservoir type  Hydrothermal Hydrothermal/ Petrothermal Petrothermal

petrothermal

Depth [m] 0 to 1,200 0 to 2,500 0 to 4,000 3,500 to 6,000

Thickness [m] 150 to 300 >1,000 >1,000 1,300 to 2,500

T 10 to 50 10 to 75 10 to 90 90 to 140

ke [m s 1010107 10 t0 107° 10°t0 107 10° 10107

T - temperature, k¢ - hydraulic conductivity.

et al. (2009). In Mondorf, hydraulic conductivities measured (Leichtle 1980) are 10 to
50 times lower, but the corresponding average transmissibility with an about 240-m-
thick Buntsandstein amounts to 24 Dm. According to Van Wees et al. (2012), transmis-
sibilities >30 Dm are an excellent property of natural aquifers for geothermal energy
use. Total mineralization also is comparatively low (12 to 23 g 1I"!) and suitable for
hydrothermal energy use.

Rotliegend In the considered zone of the SELG beneath the upper Alzette valley, the
inferred Rotliegend graben below the Buntsandstein aquifer may reach a maximum
depth of about 2,000 m in the northeast in the vicinity of the city of Luxembourg and
2,500 m in the southwest in the Luxembourgish-French border region associated with
calculated temperatures of about 63°C and 75°C at the base of the graben, respectively.
A summary of relevant information is listed in Table 3. Geological and geophysical ex-
ploration is clearly needed to assess subsurface conditions (geology, structure, perme-
ability, mineralization, temperature) in the inferred Rotliegend graben. Exploration data
would shed light on the possibilities of direct use for space heating and cooling.

Petrothermal reservoirs

Lower Devonian In the subsurface of Luxembourg and the surrounding areas, temper-
atures >120°C and appropriate for efficient use in binary power plants are reached at
depths >5,000 m (below mean sea level; see Figure 4; Schintgen et al. 2015). Figure 12
shows the temperatures expected at the top of the Lochkovian, i.e., the Saint-Hubert
Formation. The top of the sandstone-/quartzite-rich, approximately 1,000 to 2,000-m-
thick Lochkovian formations is reached at depths >3,000 m in the west and >5,000 m
in the east (see Figure 9a). As the thermal gradient within the Lower Devonian

amounts to about 20°C km™!

, the temperature pattern shown in Figure 12 is directly
related to the depth of the Lochkovian. In the Hunsriick region, another possible pet-
rothermal reservoir with a thickness >1,000 m is the Taunusquarzit. However, the

northwestward extension of the Taunusquarzit beyond the Hunsriick region where
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Figure 12 Expected temperature zones at the top of the Lochkovian petrothermal reservoir. Full circles
indicate towns of at least several thousand inhabitants. Hatched and cross-hatched areas mark possible and
inferred deep hydrothermal reservoirs (HR), respectively. Contour of Eifel plume according to Keyser et al.
(2002). In the white hatched zone temperatures are particularly uncertain due to missing thermal data or an
unreliable geology.

temperatures are best suited for EGS (>120°C at 5,000 m) remains unknown. Table 3
summarizes key information including ranges of depth, thickness, temperature, and hy-
draulic conductivity for different petrothermal reservoirs.

A crucial factor in the production of geothermal energy is related to the large uncer-
tainty of effective porosity/permeability and transmissivity/transmissibility values, which
directly influence the achievable flow rates and thus doublet power in petrothermal sys-
tems (e.g., Schulte et al. 2010). Actively deforming areas characterized by extensional
and strike-slip settings are favorable for EGS (Cloetingh et al. 2010). Furthermore,
Garnish (2002) points out that the natural fracture system largely dominates induced
fractures. Although the tectonic regime in the TLE is compressional at the surface
(Dittrich 2014), it most likely evolves towards a strike-slip regime with increasing depth
under the weight of a sufficient overburden. As a positive aspect of the region of
Luxembourg and the South Eifel, it may be considered that historical seismicity and
present-day microearthquake activity related to the geodynamical processes in the RM
is low (Ahorner 1983; Cloetingh et al. 2009; Ziegler and Dézes 2007). The MSD, which
corresponds to a zone of relatively high temperature (>120°C at 5,000 m), is likely char-
acterized by a tectonically enhanced transmissibility and may therefore represent a deep
hydrothermal reservoir. Deep fluid downflow preferentially along fault zones in the
Eifel region (Lorenz 2003, 2007) is a requirement to explain the origin of the hot
springs in Aachen (Bayer et al. 1996; Langguth and Plum 1984; Pommerening 1993).
The entire zone of mineral springs in and around the South Eifel region might be the
clearest indication of a hydrothermal reservoir at depth. If permeability of the
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Lochkovian formations is assumed to be low (ranging to 10> to 10 mD according to
LGB and LUWG 2010), and an effective thickness of 500 m is adopted, i.e., 50% to 25%
of the total thickness of the Lochkovian rock, the resulting transmissibility is in the
range of 500 to 5 Dm. In contrast to petrothermal systems, this span in transmissibility
would characterize a hydrothermal system (>5 Dm) according to Stober et al. (2009).
However, the highest permeabilities are expected in tectonically active regions.
Therefore, the zone of the ED and the MSD probably yield a higher productivity.

Conclusions

This paper aimed at combining different types of information necessary for a first
rather qualitative assessment of deep geothermal reservoirs in Luxembourg and the
adjoining regions in the surrounding countries of Belgium, France, and Germany.
Hydrothermal and petrothermal reservoirs were considered. Hydrothermal resources
with temperatures up to 50°C for use by means of heat pumps or direct use are found
in the Buntsandstein aquifer. The most promising area is the part of the SE-
Luxembourg Graben located below the Liassic cover, more specifically under the upper
Alzette River valley. At the base of an inferred Rotliegend graben in the same zone,
temperatures up to 75°C are expected. However, geological and hydraulic conditions
are largely unknown. Expected sandstone-/quartzite-rich formations in the Lochkovian
towards the base of the Lower Devonian in the Ardennes-Eifel block offer the possibil-
ity of widespread use of EGS technology, despite a moderate temperature gradient of
about 20°C in the Paleozoic basement. Based on recent data on the structure of the
Trier-Luxembourg Basin, the new concept of the Miillerthal-Siideifel Depression is pre-
sented as a Cenozoic tectonic structure which is still mobile and potentially hydraulic-
ally conductive. The Miillerthal-Stideifel Depression therefore represents a particular
target region for future geothermal exploration and implementation of EGS. In
addition, numerous mineral springs with high CO, content in the WEVF and the South
Eifel region suggest the existence of a large hydrothermal reservoir at a depth of several
kilometers. Expected temperatures are at least 120°C to 125°C at 5 km depth. In the
most permeable zones, both in the Buntsandstein and the Lochkovian, the span of hy-
draulic conductivities varies approximately within a factor 100. Hydraulic conductivity
therefore is a crucial parameter for determining flow rates and thus power output of a
geothermal plant. The current lack of deep exploration boreholes and geophysical data
emphasizes the need for substantially more research, development, and demonstration
funding (RD&D) for geothermal exploration, resource assessment, and potential ex-
ploitation of geothermal energy for base-load electricity generation and provision of
heating and/or cooling.
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