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basement rocks in the Northern VVosges (France).

e The organization in vertical bands with an ENE-WNW direction of the magmatic and
metamorphic units is supported by the magnetic anomalies.

e Modelling indicates a high level of compartmentalization of the basin faults by the
secondary fault network.
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Abstract

In many grabens of the West European Rift System, several drilling projects are targeting fluid
conductive faults to produce electricity with geothermal energy. In order to reach the adequate
temperatures, the targeted faults are located in the basement rocks or at the basement/cover
interface. Unfortunately, the basement rock facies and structural data useful for reservoir
modelling are often poorly constrained because of the lack of boreholes deeper than 2000 m
and seismic information on the deep subsurface. With the aim to outline the basement structure
in the Upper Rhine Graben, two aeromagnetic surveys were conducted where the basement
outcrops in the Northern VVosges, with different flight parameters and types of magnetometers.
An interpolator using equivalent sources for gridding these two surveys is described by Gavazzi
et al. (this issue). Here, we describe the geological interpretation of these surveys. We
demonstrate the consistency between the total magnetic field intensity and the outcropping
lithological units organized in ENE-WSW subvertical bands. In detail, three main blocks were
delineated, separated by N-S faults linked to the graben formation and ENE-WSW inherited
Hercynian faults. The latter faults, together with more local NE-SW and NW-SE faults
compartmentalize the N-S oriented basement rocks. This is relevant for geothermal prospection
where the N-S faults are the main targets because fluid flow through other fault systems is
deemed restricted. With a focus on the interface between the Northern VVosges and the Upper
Rhine Graben, we also demonstrate considerable segmentation on the main graben boundary
faults.

1 Introduction

The West European Rift System is composed of several grabens in Western Europe
from the late Eocene to the Miocene Epochs (Figure 1a). Theses grabens, especially the Upper
Rhine Graben (URG), are the targets of several drilling projects for geothermal high
temperature energy production (Boissavy et al., 2016). In fact, the thinned upper crust and/or
associated volcanism create a favourable thermal gradient and the structural features of the
grabens allow natural hot fluid flow (Bailleux, 2012; Brun et al., 1992; Freymark et al., 2017;
Genter et al., 2004; Jung, 1999). However, temperatures adequate for electricity production
(>150°C) are reached at more than 3000 m depth and therefore in the basement rocks of the
grabens. Thus, the structural features and the reservoir properties of these rocks are key
information for the evaluation of the suitability of each drilling project. Unfortunately, these
are almost unknown due to the lack of deep boreholes and to the poor information given by
classical seismic investigations in magmatic or metamorphic rocks (Khair et al., 2015).

One way to obtain valuable data for resource exploitation is to study outcrop analogues
of the basement rocks at the shoulders of the rift and to extrapolate their properties in the
adjacent basin (McCaffrey et al., 2003). However, this method is based on the assumption of
the continuity of rock facies and the structural settings from outcrop to depth. In the central
part of the URG, previous gravimetric and magnetic data have highlighted the continuity of
basement facies from the shoulder to the basin (Edel & Schulmann, 2009; Edel et al., 2013)
(Figure 1b). However, these data show only first order faults and main basement units. They
cannot be used to assess potential variations in rock facies. Data on the second order faults,
with typically few kilometres length and few hundred metres of throw, targeted in the
geothermal drilling projects, are also missing. Therefore, two different aeromagnetic surveys
were conducted in the Northern Vosges and the URG at the proximity of the western graben
boundary where the basement rocks outcrop. The two surveys have different acquisition
parameters: survey 1 is at a fixed altitude of 900 m conducted by Institut de Physique du Globe
de Strasbourg (IPGS) with a three-component fluxgate magnetometer system mounted on a



plane. Survey 2 is draping at constant height above the ground and conducted by Geophysics
GPR International Inc. with a scalar cesium magnetometer system mounted on a helicopter. A
specific method based on an equivalent source interpolator for merging and gridding the data
from the two surveys was developed and is detailed in Gavazzi et al. (this issue).

The aim of this paper is to use these surveys in the Northern VVosges to compare the
magnetic anomalies with the geological outcropping data, in order to give new constraints on
the subsurface geology of the Northern Vosges. New considerations on the extent of the
basement lithologies from the outcropping area under the URG sedimentary cover and the
structure of the first order faults will be shown. It will also allow to discuss the distribution of
the second order faults at the outcrop, which can be a proxy for the deep structures targeted by
the geothermal drilling projects.

2 The Northern Vosges geological and magnetic background

The basement rocks of the URG are composed of different units that correspond to
different lithotectonic domains from the Hercynian orogeny that occurred between 360 and 300
Ma (Skrzypek et al., 2014). In the Northern Vosges, different units outcrop in E-W to ENE-
WSW trending bands partly covered by Permian and Triassic sediments (Figure 2). Bounded
to the South by the Lalaye-Lubine Fault Zone (LLFZ) that separates the Northern VVosges from
the Central VVosges, they are composed of: 1) The Steige-Villé schists, 2) the « Champ-du-
Feu » (CdF) magmatic massif and 3) the metamorphosed volcano-sedimentary Bruche and
Rabodeau-Schirmeck (RS) units. The different rock facies are detailed below and the mean
magnetic susceptibilities (K) measured on samples are summarized in Table 1.

2.1 The Steige and Villé schists

The Steige and Villé schists are Cambrian to Silurian pelitic sediments with tuff
intercalations metamorphosed in greenschist-facies conditions (Reitz and Wickert, 1989;
Skrzypek et al., 2014). At the contact with the CdF massif, the Steige schists have suffered
contact metamorphism that can locally lead to K values around 10 t0100-107 SI, whereas the
whole formation has lower values around 0.1-1073 SI (Edel et al., 1986).

2.2 The Champ-du-Feu magmatic massif

The first intrusion of the magmatic massif is the so-called Southern unit with various
facies of diorites and granodiorites emplaced at 334 £ 5 Ma in ENE-WSW trending bands
(Cocherie, 2007; Elsass et al., 2008). Except for some local quartz-diorite facies, the total
magnetic Susceptibility K measured on cored outcrop samples of these facies show high K
values exceeding 1 to 10-103 SI (Edel et al., 1986; Taktak & Lauer, 1972). The Northern
granites are the Fouday, Waldersbach and Belmont granites, emplaced after the Southern unit,
at 319 = 3 Ma (Cocherie, 2007; Hess et al., 1995). These granites have K values lower than
1-103 Sl (Edel et al., 2013). Two magmatic events occurred later and crosscut the ENE-WSW
« band-type » intrusions: the sub-circular shaped Senones, Natzwiller and Andlau granites, and
the peraluminous fault related intrusions of the Kreuzweg and Kagenfels granites. The
peraluminous intrusions, dated at 299 + 7 Ma, mark the end of the plutonic activity (Boutin et
al., 1995) and shows K values around 0.1-107 SI (Edel et al., 1986). Through a study of Curie
temperatures of samples, Edel et al. (2013) show that the magnetic susceptibility in the whole
massif is mostly carried by magnetite, with a small contribution from hematite in the northern
and the younger granites.



2.3 The Bruche and Rabodeau-Schirmeck units

The Bruche unit is a volcano-sedimentary unit composed of various detrital sediments
and sparse carbonate lenses intruded by bimodal volcanism. In outcrop, the main volcanic
intrusion is recognized as the RS unit (Elsass et al., 2008; Skrzypek et al., 2014). These units
have both suffered Barrovian type metamorphism during the Hercynian compression and
outcrop at the North of the CdF massif and in the western part around the Senones granite
(Figure 2). The magnetic susceptibilities of these units can reach 10-107 SI for the volcanic
facies whereas the sedimentary facies have weaker magnetic susceptibilities at about 0.1-1073
Sl (Edel et al., 2013).

2.4 Structural settings

After the Hercynian orogeny tectonics, the basement rocks and their structural features
were reactivated by several tectonic events. From the Pennsylvanian Epoch to Permian Period,
the orogenic collapse led to the formation of the Villé, Saint-Dié, Champenay and Nideck
basins, mainly composed of clastic sediments intercalated with rhyolites especially in the
Nideck basin (Boutin et al., 1995; Schumacher, 2002; Ziegler et al., 2006) (Figure 2). During
the Triassic and Jurassic periods, the sedimentation area progressively enlarges in this part of
Europe (Bourquin et al., 2006; Guillocheau et al., 2000; Sissingh, 2001). The West European
Rifting began at the end of the Eocene Epoch in response to the Alpine collision, with a main
E-W extension phase during the Oligocene Epoch followed by NW-SE transtension during the
Miocene Epoch (Bourgeois et al., 2007; Dézes et al., 2004; Ford et al., 2007; Vergés et al.,
2002).

While the relative influence of these different tectonic events on the fault network is
not precisely constrained in the basement rocks, four sets of fault directions are recognized: N-
S, NE-SW, ENE-WSW and NW-SE (Figure 2). These sets, with their current spatial
arrangement (density, length, orientation distributions) separate the Northern Vosges in three
first-order structural blocks: Western, Northern and Central blocks (Bertrand et al., 2018).
Whether the Western block is clearly separated from the others by the Saales fault, the structure
that separates the Central and the Northern blocks, remains unclear.

3 Aeromagnetic data interpretation

The area was covered by two surveys with different parameters. The first survey was
conducted in 2008 by IPGS with a fluxgate vector magnetometer system mounted on a Maule
MX7 airplane. The survey covers an area of 600 km? with N-S profiles set every 500 m and E-
W tie lines set every 2000 to 3000 m at a fixed altitude of 900 m above sea level. The second
survey was conducted in 2015 by Geophysics GPR International Inc as a commercial survey
for Fonroche Géothermie. The survey is conducted with a cesium magnetometer mounted on
an AS 350 Ecureuil helicopter over an area of 924 km?with profiles set every 400 m and tie
lines set every 4000 m at a level draping the topography at a distance of 300 m. The
combination of the two aeromagnetic surveys and the application of potential field transforms
are computed using an equivalent source method described in Gavazzi et al. (this issue). It
permits to take into account the different parameters of both surveys, especially the variations
of altitude and distance to the ground and to combine datasets with different position settings
or navigation errors. In comparison to classical merging methods, more accurate potential field
transforms of non-fixed-level datasets are calculated (Gavazzi et al. (this issue)). Figure 3
shows the two magnetic grids computed at 1400 m above mean sea level, which corresponds
to 300 m above the highest topographic point and is aimed to assess the deeper features:



anomalies of the total magnetic field intensity (TMI), reduction to the pole (RTP), horizontal
and vertical derivatives of the RTP (HD - VD). TMI shows the raw magnetic anomaly, i.e. the
magnetic signal after all basic corrections (magnetic compensation, time dependent variation,
IGRF12 (Thébault et al., 2015)). Strictly speaking, magnetization cannot be inferred from TMI
measurements only, because it is a vector with three independent directions and a norm. As the
Koenigsberger ratio has been measured to be under 0.5 for most of the studied units (Edel et
al., 2018), all the materials' magnetization is considered as induced with no remanent
component. This means the direction of the magnetization is known (in the direction of the
regional magnetic field in this area) and the norm of the magnetization is only proportional to
the susceptibility of each lithological unit. For a few units however, this hypothesis might be
debatable: such cases are discussed in the models. The magnetic susceptibility anisotropy is
also neglected because it is generally low. Edel et al. (2013) give anisotropy values < 1.1 or in
a few cases < 1.2. With these assumptions, TMI does inform on the presence of variations of
magnetization that can be interpreted as lithological or structural contacts or units but does not
give direct information on the precise position or depth of such sources. We define in this paper
the magnetic anomalies either as Magnetic Lineament when interpreted as structural contacts
that have a main linear component or as Magnetic Lithology when interpreted as lithological
contacts when the geometry is more diffuse or irregular. Maxima of RTP give the horizontal
position of the sources of which the remanent magnetization can be considered negligible
compared to its induced magnetization (Baranov, 1957). HD and VD highlight vertical and
horizontal gradients of RTP and enhance respectively smaller and/or shallower sources and
horizontal limits of sources. Because they highlight small wavelength variations of the signal,
HD and VD also reduce the signal/noise ratio. This effect is usually stronger for VD of
aeromagnetic data. Depending on the study, fractional order derivatives can be chosen to find
a compromise between enhancement of features and reduction of signal/noise ratio (Cooper
and Cowan, 2003). In this study, a fractional VD is applied at the order of 0.5.

The RTP map shows a clear distinction between the CdF massif (K values 1 to 10-10°
%) and both the Steige-Villé schists (K values 0.1-10 but locally higher) and Moldanubian
domain (K values unknown) (Table 1). The contact is well marked by a large wavelength
anomaly with local maximal values over 400 nT (Figure 3). The Moldanubian domain
corresponds roughly to negative values below -50 nT in the whole outcropping area and below
the Saint-Dié and Villé basins. Such a large wavelength can only be explained by deep a
structure or contact. In the northern part, the lithological ENE-WSW bands are recognizable
with positive values corresponding to the Southern unit of the CdF (K values 1 to 10-107),
negative values corresponding to the Northern granites (K values 0.1 to 1-10®) and positive
values where the Bruche (K values 0.1-107%) and RS unit (K values 10-10%) outcrop.

3.1 The Western block

As shown on the general map, the Southern delimitation of the Western block is the
most prominent anomaly linked to the fault that constitutes the boundary between the Steige-
Villé schists and CdF. This anomaly follows the limit between the basement and the Saint-Dié
Basin in the area (Figure 4). Thus, it highlights the link between the basin structure and the
underlying basement contact. The Saales fault that delimits the Western block from the others
is highlighted in the data by another magnetic lineament that fits the fault trace on the
geological map (Figure 4). In this block, the Senones granite can easily be identified on the
RTP map by a local minimum (negative values) surrounded by two maxima (positive values)
linked to the outcropping Granodiorite and RS unit. Finally, the northwestern part of the map



with the Permo-Triassic sediments shows negative values, with a small positive value that fits
well with the outcrop of basalts attached to the Bruche unit (Elsass et al., 2008).

3.2 The Central block

The Central block is roughly composed of the Southern unit corresponding to positive
values over 200 nT on the RTP map and the Northern granites showing lower values (Figure
5). At the south of the block, the limit marked by the horizontal gradient is clearly in accordance
with the Granodiorite and Steige-Villé schists interface. However, at the eastern side of the
Kreuzweg Fault Zone (KFZ), this magnetic limit is progressively shifted to the South in
comparison to the outcrop. This supports a tectonic decoupling on this fault zone with a strike
slip mode and a subvertical contact at the west and a thrust at the east with a dip to the South,
as mentioned by Elsass et al. (2008).

The boundary between the Southern unit and the Northern granites is marked by local
maxima on the HD map that fit the outcrop. The limit between the two lithologies is highly
segmented by N-S, NE-SW and ENE-WSW lineaments that also fit with identified faults on
the geological map even when the lateral offset is mainly controlled by NW-SE faults rather
than by N-S and NE-SW faults.

In the northern part of the block, the magnetic contact with the Northern block is shifted
to the northwest in comparison to the outcrops of the Northern granites and the Bruche unit
(Figure 5b & d). This contact is almost straight and not segmented by the NW-SE and N-S
faults. These observations are in favor of a NW-dipping tectonic contact of these units that
bounds the N-S and NW-SE second order faults from the Central block.

In the Central block, the boundary between the Kagenfels and the other granites can be
identified on the HD map (Figure 5a, b & c). It is not the case between the Kagenfels and
Southern unit (Figure 5d). In fact, this is in agreement with the rock facies showing shallower
crystallization conditions for the Kagenfels granite in the South than in the North (Elsass et al.,
2008). On the HD map, some N-S and NW-SE lineaments can be observed in the granites.
They correspond to strike-slip faults at the outcrops in a similar way to the KFZ in the Southern
unit.

3.3 The Northern block

At the North of the ENE-WSW magnetic interface with the Central block, the RS unit
corresponds on the RTP map to positive values with a maximum about 400 nT, surrounded by
negative values corresponding likely to the Bruche unit. The magnetic contrasts interpreted as
the limits of the RS unit give a surface larger than the surface given by the outcropping
geological limits. This suggests that the extent of this eruptive area decreases with depth. At
the northern corner of the map, a second unit corresponding to positive values is observed under
the Triassic cover but is difficult to interpret because it is not entirely covered by the survey.

4 Discussion

The aeromagnetic data and geological map show a good general correlation and allow
the comparison between the outcropping units and their in-depth continuity. The superposition
of magnetic lineaments and outcrop data can be interpreted as the evidence of almost vertical
structural or lithological contacts, namely between the Steige-Ville schists and the CdF massif,
while the shift between both types of lineaments at the contact between the CdF massif and the



Northern unit provides information about its dip-direction. In addition, the interpretation is
focused on: 1) the large-scale units and the LLFZ and 2) the structural limit between the
northern Vosges and the URG.

In order to understand the sources of the main anomalies linked to these features four
magnetic profiles are extracted from the grid. Then a magnetization model is set using the
geological map and magnetic susceptibility values given by the literature (Edel et al., 1986,
2013; Taktak & Lauer, 1972) (Table 1). The obtained magnetic anomaly generally does not fit
the data because of the unknowns linked to in-depth susceptibility variations. Therefore, in the
forward modelling the shape of the magnetized bodies is varied iteratively to explain the data
best. The goal is not to match exactly the magnetic data because the perfect fit is beyond the
resolution of the study and of the dataset. Moreover, magnetic modelling is very under-
determined and various models can explain the same set of data. Hence, the modelled profiles
are not exact representations of the considered geological sections at depth; however, they do
give general estimations of the structural trends like burial direction or the presence of faults,
so the results are integrated in the structural interpretation.

Due to the ENE-WSW orientation of the lithological bands, a simple block per unit can
be used in the N-S cross section whereas only one unit corresponding to a single lithological
band can be considered in the E-W sections.

4.1 Large-scale geology

The tectono-metamorphic reconstitution of the Northern VVosges shows that the Steige-
Villé schists are the western termination of the Tepla-Barrandian domain jammed between the
CdF magmatic arc and the Moldanubian domain (Figure 6) (Skrzypek et al., 2014). In this
model, the LLFZ is a vertical strike slip fault that separates the highly metamorphic orogenic
root (Moldanubian domain) and the less metamorphosed external units (Bruche & RS units and
Steige-Ville schists). It is therefore a main orogenic contact, also commonly associated with
the prolongation of the Vittel fault in the Paris basin (e.g. Baptiste, 2016) and the Baden-Baden
Shear Zone in the Black Forest on the eastern shoulder of the URG (Edel & Schulmann, 2009)
(Figure 1).

However, the LLFZ does not appear clearly in the new aeromagnetic data (black line,
figure 6). This means that there is no strong magnetization contrast where the LLFZ is expected
in the conceptual geological model. This could mean either that this contact is not a major
contact or that the susceptibility contrast between the Steige-Villé schists and the Moldanubian
domain is weak. In any case, the large wavelength anomaly in the southern part of the map
corresponding to the contact between the Steige-Villé schists and the CdF massif (red line,
figure 6) shows the presence of a main boundary, north of the position of the LLFZ in the
conceptual model, as suggested by Skrzypek et al. (2014) (Figure 6b). These authors also
propose that the fault stated as the LLFZ corresponds to a minor shallow deformation. This
interpretation is consistent with the magnetic data.

In the northern part of the map, the contact between the CdF granites and the Northern
units is also marked by a straight magnetic lineament suggesting a fault-type contact (green
line, figure 6). To the West, this fault could continue toward the Saales fault but it is hidden by
the Senones granites (Figure 4). To the East, it is prolongated through the URG despite the
bordering fault of the graben (see also next section). No outcropping fault is documented in the
area; the presence of a rather prominent fault between these units was also suggested by the



organization of minor faults and fractures observed in the field (Bertrand et al., 2018).
Comparing the outcropping contact and the magnetic lineament location on the HD map, this
fault zone is likely to be NW-dipping.

To go further, a first N-S profile is extracted in the central area of the map (Figure 7).
This profile shows different anomalies with two distinct wavelengths: a large wavelength in
the North marked by strong negative values lower than -100 nT) and short wavelength
anomalies further South (Figure 7a). For the latter, modelling results using the published
magnetic susceptibilities of the outcropping units fit with the data. The unit showing the highest
values is the Steige-Villé schists with a K value of 2-107 SI. As explained previously, the CdF
massif has a varying range of susceptibilities. Since the diverse granites have K values typically
<1-107 Sl and the peraluminous intrusions are marked by a lower susceptibility around 0.1-10°
3l (see section 2.2), a mean K value of 0.5-102 Sl is set for the whole unit. Similarly, the
Northern unit shows volcanic and sedimentary facies with highly varying magnetic
susceptibilities, however this unit should have a slightly lower mean K value than the CdF
massif (Edel et al., 2013, 2018), which is here set at 0.1-107 SI.

The geological cross-section mostly explains the magnetic data, except in its Northern
part. The slight differences between the measurements and the model might be due to local
facies variations and shift between the measured susceptibilities and large-scale magnetic
properties of the rocks that are not taken into consideration at the scale of the cross-section. In
this particular case, a small influence of the remanent magnetization and K anisotropy could
explain part of the misfit in the model, in particular in the Southern unit of the CdF massif
(Biedermann & McEnroe, 2017; Edel et al., 1986 ; Edel et al., 2013). Indeed, Edel et al. (1986)
consider the Koenigsberger ratio in this area to be generally scattered around 0.3 except for a
few samples with a ratio superior to 1 from the Steige-Villé schists, Kagenfels granites and a
few dioritic samples (part of the Southern unit). The higher values of K anisotropy (still <1.2)
are found in the Andlau granite, diorites and BM in the Southern unit. In the South,
susceptibility values of the Moldanubian domain and unit geometries at depth are both badly
constrained and the modelling cannot bring meaningful information. Susceptibility and
geometry are chosen so that the overall fit of the model is acceptable. Even so, the contact
between the CdF massif and the Steige-Villé schists is well marked in the magnetic profile (red
line, figure 6 & 7). In contrast, there is no major variation at the contact between Steige-Villé
schists and the Moldanubian domain, in accordance with a LLFZ that is believed to be restricted
to shallow deformation (black line, figures 6 & 7) as stated by Skrzypek et al. (2014).

The main observation resulting from the model is the large wavelength anomaly in the
North that cannot be explained with a shallow geological contact as observed on the field. The
thickness of the Permian cover is constrained here by the outcrop of the Northern unit in the
bottom of the Nideck Valley near the profile. Considering that and the wavelength of the
anomaly, the latter is associated with a deep structural contact that cannot be properly modelled
with the available constraints. It could be explained by the presence of a NW-dipping fault
zone that does not outcrop as discussed in the section 3.1 (green line, Figures 6 & 7).

4.2 The URG — Northern Vosges limit

At the eastern side of the Northern VVosges, the limit with the URG is usually divided
into two parts: 1) a fault zone called the Rhenish fault with the main offset of the basement
rocks under the Cenozoic sediments, and 2) a transitional zone called the “Saverne Fractured
Field” between the Rhenish and Vosgian faults. Here, rift-related faults occur in a highly



fractured area and Mesozoic pre-rift sediments are outcropping (Eisbacher & Fielitz, 2010)
(Figure 8a).

In the studied area, the Rhenish fault trace fits well with the end of the outcropping
basement rocks at the South of Saint-Nabor and is marked by a large wavelength anomaly on
the RTP map (Figures 8b & c). Making the hypothesis on the continuity of the lithological
bands toward the URG, this anomaly is probably due to an increase of distance (i.e. of burial)
of the Southern unit east of the Rhenish fault. Further to the North the trace of the Rhenish fault
in the aeromagnetic data disappears and a deepening of the granites is well known at the
Vosgian fault trace where there is 300 m thickness of the Triassic sediments (Blanalt et al.,
1972; Theobald et al., 1975).

Three profiles are extracted to extend the interpretation of the outcropping
basement/sediments interface. The first profile is E-W oriented through the Southern unit and
the Andlau granite and crosscuts the Rhenish fault at roughly the center of the positive anomaly
with the aim to limit the 3D effects due to the lithological bands (Figure 9). With a simple
hypothesis of unit burial assuming a constant magnetic susceptibility, the measured data and
the model fit perfectly (Figure 9a). The K value for the Southern unit is set at 2-103 to be
consistent with susceptibility measurements (Edel et al., 2013), while the magnetization of the
sediments is estimated around 0.01-107 Sl in literature (Edel et al., 2013, 2018). Modelling
tests have proven this value to be low enough compared with other formations to be considered
as null: the presence of this formation has no effect on the resulting magnetic curve. In the
model, the burial is mainly accommodated by the Rhenish fault trace, expressed with a single
main throw within a general deepening (1 on Figure 9b, ¢ & d). On the western side, the Andlau
granite outcrops and there is no deepening. This difference with the model is explained by
susceptibility variations due to the presence of the granite that is not taken into account in this
model. The Andlau granite is not modelled due to lack of constraints (K values and depth).
Nonetheless, this does not influence the main conclusions of the model. Two effects could
explain the progressive burial of the model on its eastern side. First, at this scale successive
normal faults create several steps that can produce a mean slope when modelled. This can be
combined with variations of susceptibility that are not taken into consideration in this model.

In the third profile, the best fit between data and model is obtained with two faults that
bury the basement rocks in the graben (Figure 10a & b). This model is obtained through step
by step forward modelling to fit the overall geometry of the magnetic profile. The anomaly of
magnetic intensity can be divided into three separate effects. Each of these three effects can be
considered a modelling step. 1-The mean decrease of the magnetic curve is obtained with a
large-scale deepening of the basement material eastward. 2-Then, the first inflexion point can
be obtained with a first fault and its associated throw corresponding to the Vosgian fault (I on
figure 10). 3-Finally, the eastern part of the profile is explained with a second fault in the East.
This last fault is shifted to the East in comparison to the outcropping Renish fault trace (11 on
figure 10) and cannot be moved to the West if the data is to be explained. Also, it can be
noticed that the modelled basement surface must be shifted upward to fit with the outcropping
areas because of susceptibility variations, as on the first E-W profile. The approximate throws
are in agreement with the 300 m thick Triassic sediments outcropping between the Saint-Nabor
and the CdF basement outcrops. The model only deals with general values of susceptibilities
and dip and subtleties concerning those values are beyond the resolution of the modelling
effort. Indeed, the model shows only the burial of a unit with a susceptibility of 0.5-107 Sl,
which in this case could correspond to the susceptibility of the Northern granites (as explained
in section 4.1), whereas the lithological map shows that the Southern unit may appear under



the sediments in the east. The general conclusion of burial through two faults will however not
change because the susceptibility of the Southern unit (1.5-10° Sl in the previous model of
Figure 7 and according to Edel et al., 2013) is higher than the Northern granites.

The last profile is not strictly E-W in order to limit the effects of the anomaly appearing
at the border of the map North of Nideck (Figure 11). The Bruche unit magnetic susceptibility
is set to be consistent with published mean values at 1-10° SI. However, this volcano-
sedimentary unit has substantial rock facies changes from the lower part to the summit
(Skrzypek et al., 2014), that may cause large variation of the magnetic susceptibility. By
applying a mean susceptibility to the whole unit without more constraints, the general geometry
of the modelled data will stay the same whatever the chosen susceptibility value. Indeed,
doubling or halving the susceptibility value in this case will respectively increase or decrease
the westward burial. The absence of a break in slope in the magnetic profile infers that the
model cannot display a fault throw consistent with surface lithologies. The thickness of the
Permian & Triassic cover could be constrained by the basement outcrop in the Nideck Valley,
but its deepening further to the West is unkown. With no further constraints on the
susceptibilities or on the deep geometry of the units, it is not possible to propose an alternative
model that would both fit the geological observations and geophysical data. However, while
the gently westward deepening of the basement surface is consistent below the Permian
sediments in the Nideck valley, the exhumation of the basement toward the East where Triassic
and younger sediments outcrop has no sense from a geological point of view. Indeed, the
basement is necessarily buried at the East of the VVosgian fault that marks the URG limit. This
misfit between magnetic and geological data is probably due to a main change in the basement
lithologies at the East of the outcropping Bruche unit.

In summary, the comparison between the three profiles shows a clear
compartmentalization of the main rift-related fault-throw and the basement/sediment interface.
In the northern part of the map, the Vosgian fault is less visible in the aeromagnetic surveys.
This could be explained by a change in the lithological units of the basement rocks, and
therefore a change of magnetization contrast. The Rhenish fault is also segmented between the
southern and the central profile. The decoupling of these structures occurs likely on the faults
between the ENE-WSW units, inherited from the Hercynian orogeny. Examples include the
Bruche unit/granites interface in the North and the granites/Southern unit boundary in the CdF.
The faults targeted by the geothermal projects in the URG are second order faults (i.e. with less
throw and length) compared to the N-S faults like the VVosgian and the Rhenish faults. These
may also be segmented by the inherited basement structures as shown by the forward modelling
of the profiles. The presence of these ENE-WSW faults, and also of the NE-SW and NW-SE
faults documented in outcropping basement in the Central block (section 3.2), therefore serves
as a guide for interpreting the deeply buried basement in the URG where the data are not precise
enough to map these second order faults. These directions crosscut the targeted N-S faults and
could act as impermeable barriers or create fluid conduits; an important aspect for the
understanding of the fluid flows that are expected in the deepest part of the URG.

5 Synthesis and conclusions

Two recent magnetic surveys were conducted in the Northern VVosges to explore the
structures of the deep basement rocks on the URG shoulders in the Northern Vosges. They
were merged with a new interpolation method described in Gavazzi et al. (this issue), developed
for producing interpretative maps while taking into consideration the complex topographyand



the difference in data acquisition parameters of the two surveys. It appears that outcropping
rock units and maxima of the RTP can be directly compared which enables new constraints on
the structural network of this area.

At a regional scale, the basement rocks of the Hercynian orogeny and the magnetic
anomalies show a direct correlation as known from literature data (Edel & Schulmann, 2009).
Thus, the magnetic anomalies associated to granites as well as other magmatic and
metamorphic units are clearly distinguished, and the organization in ENE-WNW almost
vertical lithological units is confirmed. Despite some small differences, this agrees with the
recent reviews on the geological data (Elsass et al., 2008; Skrzypek et al., 2014), including the
expression of the LLFZ whose extent and significance in the Hercynian orogeny is still largely
debated.

In detail, the aeromagnetic data show new constraints on the structural features of the
main rift-related faults in the area (i.e. Rhenish and Vosgian faults) and the basement
structuration. The inherited structures from the Hercynian orogeny, i.e. the ENE-WSW faults,
are shown as the main features that partitioned the basement in first order structural blocks and
compartmentalized the N-S rift-related faults. In these blocks, secondary N-S and NE-SW or
NE-SW faults are also delineated by the aeromagnetic data; moreover, they are recognized in
a recent field study into the fault and fracture network (Bertrand et al., 2018). These faults with
N-S direction are typically the target of the current geothermal prospects (Vidal & Genter,
2018). Our study highlights the importance of the other fault directions, especially considering
the geothermal fluid flows. The partitioning of the basement by the ENE-WNW inherited
structures can likely act as fluid barrier or create preferential conduits between the structural
blocks, as the NE-SW or NW-SE faults can do at a more local scale. For the geophysical
prospections through the graben and the pre-drilling resource estimations in the basement
rocks, these structures have to be considered as important as the rift-related fault system.

In the near future, more detailed surveys (i.e. conducted closer to the ground using a
drone) are planned to highlight more detailed geological features. This additional exploration
should help to delineate the importance of the whole secondary fault network, that currently is
still incomplete due to the smaller dimensions and vertical throw.
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Table 1. Table of magnetic susceptibility used in the profile modelling for the different
lithologies and comparison with published data measured on core samples (Edel et al., 1986,

2013).

Rock Unit Nég?)e I_Ileg_3K I\/I(eSaSu.rlegaK Samples
Sediments 0.01 - -
Eg\r/r‘?rlan & Triassic 0.01 i i
Northern unit: 0.1
- Bruche unit 1 0.1
- RS unit 10
Granites:

- Northern 16
-Shoshonitic 0> <1 14
-Peraluminous 8
Southern unit 1.5 1-10 25
Steige-Villé schists 2 0110 I_o:gl(;y 11
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topography and model of the main magnetic contrasts. The ordinate is the distance from the
measurement plane (1400 m AMSL), in meters. c) Profile position shown on the VD map at
the order 0.5 of the RTP, d) profile position shown on the geological map. Black arrows on the
cross section in panel b are also indicated on the maps in panels ¢ and d.
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Figure 8. a) General map of the URG with the main structural features: VVosgian and Rhenish
faults, Saverne FF: Saverne Fractured Field, LLFZ: Lalaye-Lubine Fault Zone, BBFZ: Baden-
Baden Fault Zone (modified after Bossennec et al., 2018), zoom-in on the boundary zone
between the Northern VVosges and the URG on b) the RTP map and c) the geological map.
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Figure 9. Profile 2: a) magnetic profiles extracted from the grid and calculated from model, b)
topography and model of the main magnetic contrasts. The ordinate is the distance from the
measurement plane (1400 m AMSL), in meters. c) Profile position shown on the VD map at
the order 0.5 of the RTP, d) profile position shown on the geological map. Black arrows on the
cross section in panel b are also indicated on the maps in panels ¢ and d.
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Figure 10. Profile 3: a) magnetic profiles extracted from the grid and calculated from model,
b) topography and model of the main magnetic contrasts. The ordinate is the distance from the
measurement plane (1400 m AMSL), in meters. c) Profile position shown on the VD map at
the order 0.5 of the RTP, d) profile position shown on the geological map. Black arrows on the
cross section in panel b are also indicated on the maps in panels ¢ and d.
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Figure 11. Profile 4: a) magnetic profiles extracted from the grid and calculated from model,
b) topography and model of the main magnetic contrasts. The ordinate is the distance from the
measurement plane (1400 m AMSL), in meters. c) Profile position shown on the VD map at
the order 0.5 of the RTP, d) profile position shown on the geological map. Black arrow on the
cross section in panel b is also indicated on the maps in panels ¢ and d.



