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Abstract

Background: This study aims on investigating the regional flow field of the Soultz
and adjacent geothermal fields located on the western side of the central Upper
Rhine Graben and thus to provide insight into the origin of the 70% of the
geothermal fluid coming from the regional inflow in the deep reservoir of the Soultz
site. In an integrative approach, we consolidate conceptual models on fluid flow in
the central Upper Rhine Graben.

Methods: Based on a 3D geological model and a new 3D temperature interpolation,
we tackle the relation between tectonic structures and the occurrence of advection/
convection along favourably oriented fault zones. Using sequential Butterworth filters,
we study the distribution of negative residual anomalies in a pseudo-tomography
down to a depth of about 6 to 8 km.

Results: We derived N-S-striking V-shaped negative anomalies that are consistent with
the orientation of fault zones revealing major temperature anomalies to their east.

Conclusions: Following the concept of negative anomalies revealing zones of
increased fracture porosity, and in agreement with fluid-chemistry, our findings suggest
infiltration of meteoric water through the graben boundary fault and along preferential
flow pathways that merge at intermediate depth. Up-flow of thermal water mixed most
likely with brine from the deeper eastern part of the graben occurs along W-dipping
typically rather steep structures.

Background

Enhanced geothermal system (EGS) technology is based on increasing the transmissivity
of naturally fluid-bearing fracture zones by engineering measures. Worldwide, the first
EGS has been developed at Soultz-sous-Foréts (Northern Alsace, France). The Soultz
geothermal field is part of a series of thermal anomalies located in the western part of the
central Upper Rhine Graben (URG) (Baillieux et al. 2013; Illies et al. 1981; Pribnow and
Schellschmidt 2000).

Connection of the Soultz reservoir to a natural flow regime is verified by different
tracer tests. About 70% of the geothermal fluid in the deep, 5-km reservoir, originates
from regional inflow (Sanjuan et al. 2006). Two major features are observed concerning
fluid transport in the URG geothermal fields:
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(1) Fluid-chemical analyses reveal equilibrium condition with a sedimentary environment
of high salinity at temperatures around 250°C (Aquilina et al. 1997; Sanjuan et al. 2010).
Geologically, such condition is observed on the eastern side of the URG, only.

(2) Fluid inclusions suggest a more local circulation involving down-flow of cold fluid
with sedimentary signature and up-flow from >5-km depth of high temperature and
low salinity fluids probably of meteoric origin and most likely from the adjacent Vosges
Mountains (Cathelineau and Boiron 2010; Dubois et al. 2000; Dubois et al. 1996).

Accordingly, in the western part of the URG, a fault-related discharge zone for the
basin-wide circulation system was assumed to account for about 50% increase of the
mean heat flux of about 80 + 10 mW m™? at the top crystalline basement (Clauser and
Villinger 1990).

The aim of this study is to investigate the possible pathways for fluid inflow into the
Soultz and adjacent geothermal fields (e.g. the Rittershoffen field). On a graben-wide
scale, Illies and Greiner (1979) stated that convective heat transport occurs along
N-S-striking fracture zones, because they are favourably oriented with respect to
the present-day stress field to be reactivated. On a local scale, Bichler et al. (2003)
have shown that these graben-parallel faults are capable of hosting hydrothermal
convection organized into cells. Additionally, on intermediate scale between Speyer
and Soultz, Schill et al. (2009) pointed out that major thermal anomalies are related
to horst structures. Internally in the Soultz horst, an electrical conductivity anomaly
indicating hydrothermal circulation is observed at the western horst boundary fault,
only (Geiermann and Schill 2010). Thus, it may be concluded that only part of the
faults is capable of hosting fluid circulation.

Here, we present the re-evaluation of gravity and magnetic data in terms of properties
of geological structures. To this end, a new 3D geological model of the Soultz area had
been established (Baillieux et al. 2011) based on the re-interpretation of seismic lines
(Dezayes et al. 2011). In this study, temperature anomalies were re-located using 3D
interpolation and compared to the structural pattern of the 3D geological model. After
reprocessing and reinterpretation of gravity and magnetic data and application of pseudo-
tomography, these results were compared to temperature distribution and analysed for
possible fracture porosity.

Geological setting

The interpretation of geophysical data in terms of basement structures and hydraulic
properties requires a sound knowledge on possible lithological changes (Abdelfettah
et al. 2014; Denlinger and Kovach 1981). In this respect, in the geological setting, we
will focus on both the basement lithology and the structural setting of the area of
investigation.

The Variscan crystalline basement of the URG (Figure 1) is characterized by import-
ant lithological changes that are mainly organised in a succession of NE-SW-trending
and SE-dipping subduction and underthrusting zones representing from north to south,
the Rhenohercynian, the Saxothuringian and the Moldanubian terranes. Geophysically,
they are represented by gravity and magnetic anomalies (Figure 1) as well as SE-dipping,
deep seismic reflectors (Brun et al. 1992). The northern Saxothuringian zone is mainly
composed of Precambrian gneisses and schists crossed by the 335- to 330-Ma calc-
alkaline plutonism composed of diorites, granodiorites and granites, whereas the southern
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Figure 1 Compilation of interpretations of magnetic and gravity data beneath the pre-Late
Carboniferous - Permian basin. Compilation of interpretations of magnetic and gravity data showing
the major units and tectonic features beneath the pre-Late Carboniferous - Permian basin (Baillieux et al. 2013).
Id, low density; md, medium density; hd, high density; mag, high magnetic susceptibility; E, early; L, late; RHZ,
Rhenohercynian zone; STZ, Saxothuringian zone; MZ, Moldanubian zone; VM, Vosges Mountains; NVM, northern
Vosges Mountains; BFM, Black Forest mountains; OM, Odenwald mountains; KV, Kaiserstuhl volcanic massif; SO,
Soultz; LE, Leopoldshaffen; SP, Speyer; LA, Landau. Lambert Il coordinates.

Moldanubian zone is dominated by high-pressure metamorphism, by syenitic magmatism
(340 Ma) and followed by crustal origin magmatism (330 to 325 Ma) (Altherr et al. 2000;
Boutin et al. 1995; Edel 2004; Edel et al. 1986). In the centre of the Saxothuringian zone, a
previous subduction system is supposed from by volcanic formations of Devonian age.
The Soultz EGS site is located at the rim of a magnetic zone of the Saxothuringian terrane
(Figure 1, inlet).

The late phase of the Variscan orogeny is characterized by large-scale extension
causing mainly NNE-SSW-trending graben structures such as the Kraichgau or
Schramberg troughs (Ziegler et al. 2004). The eroded massif provides depositional
environment to Mesozoic platform sediments of Triassic (Buntsandstein, Muschelkalk
and Keuper) and Jurassic (Lias and Dogger) times. The URG originates in Paleogene
times from the Alpine collision due to the build-up of far-field intraplate compres-
sional stresses (Ziegler 1992) and is described as a typical example of syn-orogenic,
intra-continental foreland rifting affected by Variscan crustal pre-discontinuities
(Cloetingh et al. 2006; Dézes et al. 2004; cf. discussions on the topic in Schumacher
2002).

3D structural model of the Soultz area

In the following, we will shortly describe the geological model (Baillieux et al. 2011;
Dezayes et al. 2011). The 3D structural model of 31 x 18.5 x 6 km around the Soultz
EGS site incorporates a network of 26 faults. Often, strike-slip features such as negative
flower structures are present as well (Beccaletto et al. 2010). The horst structure
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beneath the Soultz site is indicated in 3D geological models. Most of the major normal
faults cross-cut the Cenozoic and Mesozoic sediments into the top of the crystalline
basement, but can hardly be traced further in its deep part. For the geological model,
those faults have been extrapolated down to the main boundary fault or the bottom of
the model at —6,000 m below sea level. The orientation of the major faults is NNE-
SSW. Inside the different tectonic units, secondary faults trend NNW-SSE to N-S
predominantly dipping to the west. It should be mentioned that there is a remarkable
correlation between the orientation of secondary faults obtained from triangulated
fault surfaces and fracture orientation, the reservoir (Baillieux et al. 2011). This sug-
gests at least partial coupling of deformation between the sedimentary overburden
and the basement at Soultz. Additionally, most of these fractures are water-bearing
prior to stimulation and form the main flow channels after stimulation and during
circulation (Dezayes et al. 2010 and references therein). The orientation of these
fractures is consistent with the present-day stress field, for which measured and de-
rived orientations of Sy,.x determined down to 5,000 m vary between N125°E and
N185°E with a mean value of N175°E +10° (Cornet et al. 2007; Klee and Rummel
1993; Valley and Evans 2010).

Methods

Temperature interpolation

A detailed review on the data, its quality and the interpolation method are provided
(Baillieux et al. 2013). A number of 112 wells with temperature measurements were
available from the existing LIAG database (Agemar et al. 2012). They are classified
according to their quality in categories A to C indicating undisturbed data (category A),
disturbed logs or from bottom hole temperature (BHT) measurements (category B) and
BHT with insufficient further information (category C). The distribution and quality of
the data used in this study is provided in Figure 2. It becomes evident that category A
data are unevenly distributed and are mainly available around the Soultz EGS site as
well as towards the southeast of the area of investigation. In the northeastern part,
there are few category B and a large number of category C data. For this reason, data
in the northeastern corner have been completed by a number of measurements outside
the original study area. It should be mentioned that in the original data, temperature
values are indicated with an error of up to +8°C to 10°C depending on the depth range
(Agemar et al. 2012 and references therein). For example, at a depth of 2,000 m, mea-
surements from categories B and C tend to underestimate the formation temperature
by around 4°C to 6°C in the given database.

For interpolation, we have chosen 3D Delaunay triangulation since the vario-
grams of multi-Gaussian kriging reveals only limited fit with the Gaussian function
(Agemar et al. 2012) and thus, maintaining the exact temperature value for known
locations is in favour of this kind of interpolation. Following triangulation, we have
applied natural neighbour interpolation on a grid with 250-m sampling size in the
X (easting) and Y (northing) directions and 100 m in the Z (depth) direction. This
volumetric data is sliced at different depths using a tri-linear interpolation and rep-
resented at top basement. Finally, the minimum geothermal gradient is selected
and subtracted from the absolute temperature values in order to highlight local
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Figure 2 Distribution and quality of borehole temperature measurements in the area of the 3D
geological model. Categories of quality amongst the measurements come from the study by Agemar
et al. (2012). Fault system on surface topography.

effects. The resulting corrected temperature anomaly (or CTA) is calculated using
the following formula:
AT
CTAX,Y,Z)=TX,Y,Z)-—=Z
AZ
where T is temperature and Z the depth below sea-level, and AT/AZ is the minimum
observed geothermal gradient.

Geophysical data processing

Apart from the interpreted seismic lines incorporated into the 3D geological model, in
this study, we have investigated existing magnetic and gravity data for physical proper-
ties of the seismically identified fault zones. Therefore, existing data were analysed with
reference to the local structural setting. In the area of investigation, a number of 837
homogenously distributed, ground magnetic data (Edel et al. 1982; Papillon 1995) were
reduced to pole. Gravity data were taken from (Rotstein et al. 2006) database. To avoid
physical inconsistency in the gravity data, redundant datasets with offsets were removed
and a total of 1,011 measurements were selected. The dataset provides a complete Bou-
guer anomaly with a reference density of 2,670 kg m™ and a terrain correction using a
digital elevation model with a grid spacing of 75 m, to a maximum radius of 22 km.

In order to investigate the contribution of structures at different depth to the Bouguer
anomaly, a pseudo-tomography has been obtained using a number of low-pass Butter-
worth filter wavelengths between 20 and 150 km (Butterworth 1930), on an extended area
of investigation of 150 x 150 km using the entire graben gravity database outside (Rotstein
et al. 2006) and the selected data inside the area of investigation. The presented study area
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is centred in the extended area. A detailed sensitivity study on the potential of preferential fil-
tering is presented (Abdelfettah et al. 2014). Gravity forward modelling was carried out using
Pohanka’s algorithm (Pohanka 1988) applied to a finite element model. The applied densities
are obtained by comparing measurements in Soultz boreholes (Genter 1990; Grecksch et al.
2003; Rummel and Konig 1991) with average regional densities (Campos-Enriquez et al.
1992; Edel and Weber 1995; Papillon 1995; Rotstein et al. 2006) and listed in Table 1.

Results and discussion

In the following, we are discussing the distribution of thermal anomalies with respect
to structural and mechanical aspects. The geophysical results are discussed with respect
to the observed link between thermal, magnetic and gravity anomalies on a graben-wide
scale (Baillieux et al. 2013).

Temperature distribution at top basement
Before analysing the temperature data, we have determined overall maximum and

minimum linear temperature gradients of >110 and 39.2°C km™'

that envelops all
temperature measurements from the 112 available boreholes. The comparatively high
upper limit represents the conduction in the sedimentary layer above convection cells
(Kohl et al. 2000), whereas the lower limit indicates temperature increase with depth
originating from heat conduction from the underlying part of the respective depth,
only. In order to highlight the temperature anomalies, the latter is subtracted from the
resulting temperature interpolation. In the following, we refer to this as corrected
temperature anomaly (CTA). In agreement with earlier regional studies, the original
interpolation shows a general trend of increasing temperature with depth with major increase
in the central part of the investigation area. The intersection of CTA with the eastward deep-
ening top basement reveals a more detailed pattern of three temperature anomalies (Figure 3).
The quality of the interpolation is indicated by the number of measurements in the basement
or with different distances to it. Both anomalies at Soultz and Rittershoffen reach CTA values
of >85°C and are constrained by temperature logs into the basement (Agemar et al. 2012).
The latter reference from Villadangos (pers. comm.) is not included in the database and thus,
does not appear in Figure 3. The third anomaly close to Rohrlach is only little constrained by
one measurement at approximately 500 m above the top basement.

Comparing the location of the thermal anomalies to the structural setting obtained
from the 3D geological model, we find that all three anomalies are located directly east of
N-S-striking and W-dipping faults that in the case of Soultz and Rittershoffen represents

Table 1 Densities used for the gravity forward modelling obtained by comparing
measurements in Soultz boreholes (Genter 1990; Grecksch et al. 2003; Rummel and
Konig 1991) with average regional densities (Campos-Enriquez et al. 1992; Edel and
Weber 1995; Papillon 1995; Rotstein et al. 2006)

Series Constituting rocks Density (kg m7)
Tertiary Limestone/marls/sandstone 2,350
Jurassic Jurassic limestone/marls 2,550
Keuper Marls/dolomite/limestone/sandstone 2,700
Muschelkalk Marls/dolomite/sandstone/limestone 2,700
Buntsandstein Sandstone/conglomerate 2,500

Basement Porphyric monzogranite/two-mica granite 2,600




Baillieux et al. Geothermal Energy 2014, 2:16 Page 7 of 14
www.geothermal-energy-journal.com/content/2/1/16

24550004

2450000+

24450004

2440000+

995000 1000000 1005000 1010000 1015000 1020000
Lambert Il coordinates (m)
A boreholes reaching the basement
Temperature anomaly at top basement (°C) Fault A <250m from the basement
PR PR P PSP AD P P 4 <500m from the basement
» >500m from the basement
Figure 3 Temperature anomaly and measurements and fault traces and dip directions. Temperature
anomaly at top basement, distribution of temperature measurements and their distance to top basement,
and fault traces and dip directions at top basement in the area of the 3D geological model. A temperature
gradient of 39.2°C per km, corresponding to the lowest observed temperature gradient in the area, is
subtracted from the temperature field at the top basement to obtain this temperature anomaly map at top
basement. Temperature database from Pribnow and Schellschmidt (2000) and Agemar et al. (2012).

the western limit of a horst structure (Figure 3). Interestingly, the observation of a relation
to horst structures holds also for the thermal anomalies of Landau, Speyer (Schill et al.
2009) and Leopoldshafen (Illies 1965). Further indication for the relation between
west-dipping faults and thermal anomalies is provided by the analysis of fracture
families in the deep part of the wells (4 to 5 km) in Soultz, where the largest number
of fractures with natural or enhanced transmissivity are dipping to the west (Baillieux
et al. 2011; Dezayes et al. 2010; Sausse et al. 2010). As mentioned above, the main
hydrothermal alteration interpreted from magnetotelluric data is observed across the
W-dipping Soultz and Kutzenhausen faults (Geiermann and Schill 2010). Analysing
fluid inclusions, Cathelineau and Boiron (2010) have found indication for a paleo cir-
culation characterized by upward flow of thermal water with meteoric signature and
interpreted this as deep circulation originating from the Vosges Mountains.

Results from potential field methods

Magnetic anomalies reduced to pole are presented and compared to the CTA from the
top basement in Figure 4. The maximum CTAs of Soultz and Rittershoffen coincide
with a positive magnetic anomaly of >70 nT, whereas the little constrained CTA at
Rohrlach is located at the rim of a negative anomaly with minima of < -80 nT and
around -50 to —40 nT in the area of the thermal anomaly. A link between positive
magnetic anomalies ranging in the order of few tens of nT and originating in Carbon-
iferous gabbros, diorites and granodiorites (Figure 1) and their increased heat produc-
tion rate contributing to the CTAs at Soultz and Rittershoffen has been discussed in an
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Figure 4 Magnetic anomaly reduced to pole taken from different databases (Edel et al. 1982;
Papillon 1995). The contours of faults from the 3D geological model and temperature anomaly from
Figure 3 are plotted for the top basement.

-

earlier study (Baillieux et al. 2013). A contribution of 15% to 25% of the temperature
anomalies in the URG could be attributed to radiogenic heat production in this type of
basement. This is consistent with the observed temperature.

The measured Bouguer anomaly is negative throughout the area of investigation and
ranges between -39 and -23 mgal (Figure 5). Important negative anomalies are
observed in the central part of the investigation area. In analogy to the regional
observation revealing a general link between gravity lows < =30 mgal and positive
temperature anomalies >100°C at 2,000 m depth (Baillieux et al. 2013), we have com-
pared our results to the CTAs.

It should be mentioned here that a direct correlation between the thickness of the
Quaternary deposits (Bartz 1974) and negative gravity anomalies was not observed.
Furthermore, Bouguer anomaly obtained from forward modelling (Baillieux et al. 2012)
using a homogenous basement density reveals gradually decreasing gravity from
about —44 mgal at the western boundary fault to about —55 mgal in the southeast of
the study area (not shown).This is not compatible with the important negative anom-
alies observed in the centre of the investigation area. Stripping was carried out on
the measured data based on the 3D geological model obtained from seismic data
(Baillieux et al. 2012) to investigate the influence of the sedimentary cover on this
prominent anomaly. No significant changes with respect to this anomaly were ob-
served. This is in line with earlier results from gravity inversion that have shown that
introducing a basement inhomogeneity of 250 kg m™> density variation reduces the
misfit between the forward modelled and the measured Bouguer anomaly (Schill
et al. 2010). These findings confirm earlier interpretations of gravity in terms of



Baillieux et al. Geothermal Energy 2014, 2:16 Page 9 of 14
www.geothermal-energy-journal.com/content/2/1/16

995000 1000000 1005000 1010000 1015000 1020000
Lambert Il coordinates (m)

Bouguer anomaly (mgals) A boreholes reaching the basement
s
<250m from the basement
DR D LIPS DS PR PP

2 <500m from the basement
>500m from the basement
- = » Fault o L
DPPSOS —Model limits
Figure 5 Bouguer anomaly. Bouguer anomaly with reference density 2,670 kg m > (database from

Rotstein et al. (2006), fault system and contours of temperature anomaly at top basement.
. J

Temperature anomaly at top basement (°C)

basement lithology (Rotstein et al. 2006). However, an alternative possibility may be
variation in bulk density due to fracture porosity as suggested in other fractured res-
ervoirs (Denlinger and Kovach 1981).

In this study, we focus on the evaluation of a series of Butterworth filters using variable
wavelength in order to investigate the variation of density with depth in a pseudo-
tomography. We have analysed Butterworth filtering using cut-off wavelengths between
20 and 120 km, representing superficial and deep density variations, respectively (Figure 6).
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Figure 6 Gravity residuals after Butterworth cut-off wavelength filtering. Gravity residuals after Butterworth
low-pass (a) 20, (b) 30-, (c) 50-, (d) 80-, (€) 100- and (f) 120-km cut-off wavelength filtering of the Bouguer
anomaly with reference density 2,670 kg m ™. Gravity database from Rotstein et al. (2006) is used.
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According to a recent sensitivity study in a similar geological environment (Abdelfettah
et al. 2014), we may estimate the deep structures appearing at the applied long-
wavelength filters to be located in about 6- to 8-km depth; the 10- to 20-km filter typically
indicates superficial often Quaternary deposits by negative anomalies. The negative
residual anomalies with typical minima up to -2 mgal and locally up to < -3.5 mgal
are located in the northwest, in the Buntsandstein formation of the Pfilzer Wald, directly
to the east of the western Main Boundary fault (AN1a), to the east of the westernmost
W-dipping fault (AN1b) within the URG and in the central part of the study area (AN2 to
AN4; Figure 6a). The anomaly observed to the west of the Main Boundary fault becomes
more prominent with increasing low cut-off wavelength <80 km in terms of extension
and gravity (up to < —14.5 mgal in the 80-km filter, Figure 6b-d). At wavelengths >80 km,
no further variation is observed in this area (Figure 6e-f). More important variations in
terms of gravity are observed within the URG. With increasing low cut-off wavelength, we
observe the anomalies AN1a and AN1b to join at greater depth to AN1 (A >50 km). This
goes along with a decrease in minimum gravity from about —4.5 mgal in the 30-km filter
(ANTla) to < -18 mgal in the 120-km filter (AN1) and an extension of the entire anomaly
towards the east. The characteristics of the anomalies AN2 to AN4 develop differently.
Anomaly AN2 shows continuous increase in extension developing towards the south with
increasing low cut-off wavelength and increase in minimum gravity from about -1.5 mgal
in the 20-km filter to about —-17 mgal in the 120-km filter. In contrast, anomaly AN4
increases in gravity from about -1.4 mgal in the 20-km filter to about —0.5 mgal in the
30-km filter (Figure 6a,b) and appears less prominent in the >50-km filters with respect to
AN2 and ANS3 (Figure 6¢-f). It even disappears at depth. Finally, in the Bouguer anomaly,
we observe that the anomalies AN2 and AN3 are the most important and it appears that
AN1 and AN3 connect to each other at depth, i.e. AN1 extends towards east and AN3
towards west (Figure 5).

A final conclusion on the contribution of lithology and fracture porosity on gravity
anomalies cannot be drawn from the potential field methods only. Taking the litho-
logical observations in the 5,000 m wells at Soultz as a reference, we may develop a
scenario for a strong lithological contribution. There is the positive magnetic anomaly
coinciding with the AN1-AN3 gravity anomalies indicating a granitic intrusion of the
so-called magnetite series (Ishihara 1977) with about 1 wt.% of primary magnetite as
the main carrier of susceptibility (Just et al. 2004) and a mean density of about
2,660 kg m™> (Rummel 1991). It may be speculated that the increasing extension of
ANS3 with increasing low cut-off wavelengths might be related to an increasing contribu-
tion of the underlying two-mica granite revealing typically lower susceptibility (Meller
et al. 2014), but differences between the two in susceptibility are not very high (between
about 1-107% and 7-10~> m® kg). Density measurements in the two granites show that
there is no significant change between them throughout the well lengths in Soultz
(Grecksch et al. 2003). Cuttings from the geothermal well in Rittershoffen suggest that the
petrography of the top crystalline in the centre of the anomaly is comparable to Soultz
(Genter, pers. comm.).

There are two observations that assist the interpretation : (1) the geometry of the
zones of low density in the sequential filters that is seen along W-E direction indicates
a V-type structure joining at about 6- to 8-km depth following the orientation of major
fault zones (Figures 6 and 7); and (2) the fact that no direct link between the magnetic
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Figure 7 Sections of gravity residuals across the V-type structure. Sections of gravity residuals across the V-type
structure after Butterworth low-pass (a) 20-, (b) 30-, (c) 50+, (d) 80- and (e) 120-km cut-off wavelength filtering of the
Bouguer anomaly with reference density 2,670 kg m™>. Profile AB (A: 992000/2458000; B: 1023000/2444000; see Figure 6).

and gravity anomalies is observed (Figures 4 to 6) that favours the conclusion that
the negative gravity anomalies probably do not just originate from simple lithology
differences. Comparing the geometry of the sequential gravity residual anomalies to
the fault zones of the 3D geological model based on 2D seismic profile observations
(Dezayes et al. 2011), we may find similar V-type geometries. Earlier inversion results
suggested a bulk density variation of about 250 kg m™2 (Schill et al. 2010). Interpret-
ing this variation between bulk and matrix density in terms of fracture porosity along
the seismically observed fault zones, we may suggest fracture porosity in the order of
10%. This is in the range of natural fracture porosity observed in the reservoir zone
in Soultz (Genter 1990; Géraud et al. 2010; Surma and Geraud 2003). It should be
noted also that at the Soultz geothermal field, there is no major negative gravity
anomaly observed at shallow depth.

Following the latter interpretation of the gravity pseudo-tomography in terms of
enhanced fracture porosity indicated by negative anomalies combined with inde-
pendent observations from temperature compilation, fluid chemistry and additional
geophysical results, we propose an integrative conceptual model for the regional flow
field for the geothermal fields in Northern Alsace (Figure 8). Regional infiltration at
depth can occur from east to west (Pribnow and Schellschmidt 2000; Pribnow and
Clauser 2000). Local meteoric water infiltration from west to east has been proposed
earlier by the same authors. Following the distribution of negative anomalies with
depth, it may occur along structures dipping at comparably shallow angle towards
the east. Possible preferential pathways at shallow depth are indicated by AN1a and
AN1b, which merge at intermediate depth. Up-flow may occur along relatively steep
zones indicated by anomalies (AN2 and AN3) that behave in a relatively stable manner
with changing low cut-off wavelength.

Conclusion
This study has shown that there is a strong link between structural features observed
typically at the top of the crystalline basement and extrapolated to depth on the basis
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of the Soultz wells and the localisation of temperature anomalies east of W-dipping
fault zone within horst structures. Furthermore, Butterworth filtering of Bouguer
anomalies has revealed fault parallel negative anomalies in a pseudo-tomography. These
anomalies show a relatively shallow eastward and steep westward dip in the west and east,
respectively, and they join at a depth of about 6 to 8 km forming a V-shape structure.

Although gravity anomalies in the URG may originate from both lithological changes
and fracture porosity, the interpretation of negative anomalies in terms of possible fluid
pathways is supported by different independent methods such as fluid chemistry and
magnetotellurics. Our comprehensive approach may be generally applied to visualise
flow pathways in deep basins. The occurrence and asymmetric connection of faults in
the basement is investigated more in details using mechanical and geodynamic modelling
in a forthcoming paper.
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