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ABSTRACT

With the am of investigating the possibilities of
magnetotelluric methods and gravity for exploration of
potential EGS sites in the Upper Rhine valley, a 2-D
magnetotelluric and 3-D inversion of existing gravity data
on the basis of a 3-D geological model have been carried
out in the area of the geothermal power plant of Soultz-
sous-Foréts. A magnetotelluric survey was executed on a
12 km long profile across the thermal anomaly in the winter
2007/08. Despite strong artificial noise, processing using
remote referencing and Sutarno phase consistent smoothing
reveded significant results from 10 out of 16 sites.
Indication for 1-D structures were found in the shortest
periods, 2-D effects in the periods <40 s, and 3-D effectsin
the long period range. Since 3-D effects were found in the
longer periods, 2-D inversion was carried to periods <40 s.
The results of the 2-D MT inversion are consistent with the
geology of the geothermal site and distinguish well the
sediments from the granitic basement including the
structures given by the faults. A conductive anomaly with a
resistivity of about 3 Q m has been found at a depth down
to 2000 m in the area of the Soultz- and Kutzenhausen
faults, which is attributed to circulation of geothermal brine.
A corresponding density anomaly has been observed in the
3-D inversion of existing gravity datain combination with a
3-D geologica model. In the area of the two major faults, a
decrease of the mean density in the granitic basement of
about 250 kg/m® to 2500 kg/m® has been attributed to an
increase in porosity. A second density anomaly has been
found to the North of the geothermal reservoir. In this case,
an increase of the mean density has been observed, which
indicates an inhomogeneity in the basement.

1. INTRODUCTION

The Upper Rhine valley reveals favorable condition for
exploitation of geothermal energy. This is supported by
different local heat flow anomalies with a maximum of
140 mW m? at the geotherma site of Soultz-sous-Foréts
(Schellschmidt and Clauser, 1996) and temperature
anomalies at depth (Hurter and Schellschmidt, 2003). Local
heat flow and temperature maxima in the Upper Rhine
valley originate from a strong convectional heat transport
mainly in the granitic basement (Bé&chler, 2003). Such
systems may be exploited using Enchanced Geothermal
System (EGS) technology. By definition these systems are
characterized by appropriate temperature at depth and
natura permeability, which is improved by stimulation
techniques. The challenge of geothermal prospection is to
predict temperature, permeability and stress orientation in
the subsurface. In the case of the Soultz reservoir, besides
the heat flow anomaly, temperature condition with a local
geothermal gradient of 100 K km™ was known prior to the
first geothermal well: Furthermore, the orientation of faults

was known from the sedimentary cover (Genter, 1989). Y et
further information were gained after drilling GPK1 and
deepening of the EPS1 well to approximately 2000 m and
later drilling GPK 2-4 to 5000m. Here should be
mentioned, the investigation of a porosity of <3 % in the
unaltered granite and about 8% in the reservoir granite
using neutron porosity hydrogen index (Genter, 1989), the
hydraulic conductivity (6.6 10® to 2.3 10° m s™) evaluating
tracer tests (Aquilina et al., 2003) and the fracture
orientation (Genter, 1989, Dezayes and Genter, 2008),
which reveals a major change in orientation of the stress
field between the sedimentary cover and the granitic
basement. On the basis of the vertical temperature
distribution of the 5000 m wells, the natural permeability of
about up to 3-10°%* m? was inferred (Kohl et al., 2000).

The wide range of density in sedimentary rocksis primarily
due to variations in porosity. Although igneous rocks
generally are denser than sedimentary rocks, strong
fracturation may contribute to a significant reduction in
density (Telford et al., 1990). In the past, investigation of
gravity in the Upper Rhine graben aimed the understanding
of the deep structure of the graben, such as the shallow
MOHO (Gutscher, 1995) and the internal structure of the
graben (Rotstein et al., 2006). A detailed study on the
gravity in the area of the geotherma site of Soultz-sous-
Foréts in combination with magnetic analysis revealed
Variscian tectonic inheritance (Edel et al., 2007).

Since magnetotellurics is an electromagnetic method, it is
primarily used to detect conductivity differences in the
subsurface. It is in the nature of induction based methods
that they may provide significant response from structures
of high electric conductivity (Simpson and Bahr, 2005).
Geotherma brine in the Upper Rhine graben reveals
considerable high salinity of about 100 gl™ at the Soultz
site (Pauwels et al., 1992), which results in high mean
electric conductivities in the range of about 10Si m* at
reservoir temperature of about 200 °C. Furthermore,
electric conductivity itself is a temperature dependent
parameter, which may be of use for geothermal prospection
(Spichak et al., 2007). The relation between effective
porosity and electric conductivity described by Archie's
law (Archie, 1942) may also lead to further indication on
porosity changes in the subsurface.

First 1D magnetotelluric studies performed in the vicinity
of GPK1 at the Soultz geothermal site (Marquis and
Gilbert, 2002) have indicated the possibility of detection of
geotherma brine at Soultz. Two positive conductivity
anomalies were interpreted as the “ Couche rouge” layer at a
depth of approximately 500 m and a brine bearing fault at
approximately 1500 m depth, which is in agreement with
the results from 2-D seismic interpretation. Earlier
electromagnetic studies refer to the Rhine graben as
conductive regional structure (Teufel, 1986; Tezkan, 1994;
Babour and Mossier, 1980; Albouy and Fabriol, 1981).
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Figure 1: Residual Bouguer anomaly of the area of the geothermal site at Soultz-sous-Foréts (black rectangle) and the
larger area of investigation for boundary effects.

Figure 2: Regional geological 3D model of the geothermal area of Soultz-sous-Foréts including the formations Tertiary,
Jurassic, Keuper, Muschelkalk, Buntsandstein and granitic basement (from top to bottom) and the Main Boundary
Fault, the Soultz- Kutznhauesen- and Reimer swiler Faults (Schill et al., 2009).

Some of these studies focus on the deep structure of the Tezkan, 1994). Others account for the scale of induction
Rhine graben using long periods in respect to periods used space at defined period ranges and its implication on
for geothermal prospection (Babour and Mossier, 1980, interpretation in this area (Menvielle and Tarits, 1986). The



investigated period range of this study is considered to be
even sensitive to the local graben shape. Besides effects
based on resistivity changes, magnetotellurics is aso
suitable to detect changes in strike, which may provide
more insights to the stress distribution at depth.

The aim of the present study was to analyze the potential of
2D magnetotellurics and gravity for detection of geothermal
resources in the Upper Rhine graben in genera. Since the
Soultz site is the most well-known and investigated site, a
first E-W trending profile of an approximate length of
12km has been chosen across the Soultz horst
approximately on the latitude of the well end of GPK4 for
magnetotelluric studies. The analysis of gravity has been
performed on the existing database of the Leibniz Institute
for Applied Geosciences (LIAG, Hannover) and the BRGM
(Orleans).

2. ANALYSISOF GRAVITY DATA

Different gravity data in the area of Xmin: 375000 km,
Xmax: 500000 km, Ymin: 5385000 km, Ymax:
5485000 km (WGS 84/UTM Zone 32N) have been used for
the following analyses: 1) the data summarized in the FIS
Geophysik of the LIAG including data from
Geophysikalische Reichaufnahme (1943-45, 695 measuring
points), Wintershall (1952-53, 72), Rv. Saarland (1960, 1),
Pfalzer Wald (1961, 153), Baden-Baden (261), Pfézer
wald 11 (1986-99), Oberrheintal (1987, 42) and 2) data
summarized at Bureau Gravimétrique International: "Carte
gravimétrique de la France au 1/200000" and "Carte
gravimétrique de la France au 1/80000". All data are
reduced with a density of 2670 kg cm®. In order to avoid
boundary effects in the forward modeling and inversion
data evaluation has been carried out on a by about 4x 4
times larger area than the later area of investigation. In
order to obtain a regular distribution the Bouguer data were
interpolated using the gravity maps on a 200 x 200 m grid.
The constant offset of 7.7 mgal between the French and
German data were corrected by adding this value to the
French data. The well known MOHO anomaly in the Upper
Rhine valley (Wenzel et al., 1991) was estimated and
subtracted from the Bouguer data by a Butterworth filter
with a wave length of 70 km using Oasis Montg (Geosoft
in ccoperation with TerraSys, Hamburg, Germany). The
residua Bouguer anomalies (Figure 1) were used for
forward modeling and inversion in the 3D Geomodeller

(Intrepid).

The basis of the forward modeling and inversion is a
geological 3-D model (Figure 2) including the major
geothermally relevant faults and formation such asthe Main
Boundary Fault, Kutzenhausen- and Soultz-Faults and the
Reimerswiler Fault, the Muschelkalk, Buntsandstein and
the granitic basement, as well as the Tertiary, Jurassic and
Keuper (Schill et al., 2009). The following procedure has
been applied for analyzing the gravity data: 1) forward
modeling of the regional geological modeling, 2) inversion
of the residual Bouguer data, 3) 2™ forward modeling of a
geological model modified according to the results of the
inversion.

2.1 Forward Modeling of Bouguer Anomaly from a
Geological 3D Mode

The results of forward modeling the Bouguer anomaly
(Figure 3) on the basis of the geological 3D model (Figure
2) revea alarge misfit between -20 and 28 mgal (Figure 4)
when comparing to the residual Bouguer anomaly, which
varies between about -20 and 25 mgal in the investigation
area of Soultz-sous-Foréts (Figure 1).
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The differences in gravity resulting from forward modeling
are dominated by the density differences between the
Mesozoic sedimentary Voges and the Pfalzer Wald in the
NW and the younger sedimentary basin in the SE. Different
starting densities for the formations do not lead to
significant improvement of the misfit. In the following an
inversion of the residual Bouguer anomay has been
performed in order to investigate the reason for this strong
misfit.

rMaodel [-19.377 < v < B.377]

Figure 3: Results of the forward modeling of the
Bouguer anomaly from the geological 3D model
(Figure 2) of the geothermal area of Soultz-sous-
Foréts (v: Bouguer anomaly in mgal).

Misfit [-20.014 <y < 28.056]

Figure 4: Misfit between the forward modeled Bouguer
anomaly from the geological 3D model (Figure 2)
of the geothermal area of Soultz-sous-Foréts (v:
misfit of the Bouguer anomaly in mgal) and the
residual Bouguer anomaly (Figure 1).

2.2 Inversion of the Residual Bouguer Anomaly

The inversion of gravity has been carried out in the 3D
Geomodeller (Intrepid) using a voxel discretization of the
geological model in order to take into account the lithology.
The geological unit for each voxel isinitialy assigned from
the starting model. Density is then assigned according to the
geological unit. Both can be variable during the inversion
process. The inversion process is based on a Markov Chain
Monte Carlo formulation, which is solely used to
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accept/reject each candidate model, changing only one
voxel at each iteration. The single voxel to be adjusted is
selected randomly. The assigned geologic unit for the
selected voxel may be changed to match that of an adjacent
voxel on a random basis. The assignment of a density
difference value is by random selection according to the
probability function defined for the relevant geologic unit.
The agorithm explores a wide range of possible models, all
of which have a computed response which have a known
likelihood based on how well it matches the observed data;
thus, potentialy many millions of possible models are
examined, and the inversion results are presented in terms
of the probabilities (Guillen et al., 2004).

Variable geological units and density resulted in unrealistic
geologicd models, where the Mesozoic sediments
disappeared from the model. Therefore, in the presented
inversion procedure only density variation was allowed.
The results of inversion generally reveal an error of £0. The
larger deviation from the observed residua Bouguer
anomaly in the area of the Main Boundary Fault of about 4-
7 mgal are attributed to large variability in density. The
units at the graben shoulders incorporate leucogranites
(2550-2600 kg m™3), monozonitic granites and granodiorites
(2600-2650 kg m™) and gneisses and metavol canics (2650-
2850 kg m™®) (Rotstein et al., 2006).

The inversion result shown in Figure 5 represents the mean
density of the wide range of possible inversion models
along an E-W profile across the geothermal reservoir of
Soultz-sous-Foréts. It reveas significant density anomalies
in the basement. Mainly basement underneath the horst of
Soultz-sous-Foréts is characterized by a comparatively low
mean density of about 2500 kg m™. This may be attributed
to leucogranitic bodies in this structure, supported by
geologica observations in the wells EPS1 and GPK1
(Genter et al., 1995). An aternative explanation is a strong
fracturation in the horst structure.

A second magjor structure of relatively higher density has
been identified in the North of the investigation area, which
corresponds to the maximum gravity anomay of up to
25 mgd (Figure 1) in the residual Bouguer anomaly.

2.3 Second Forward Modeing of Bouguer Anomaly
Including the Results of Inversion

For the second forward modeling the geologica was
modified according to the findings in the inversion. The
basement was subdivided into three different types: 1)
normal granitic basement, 2) low-density basement

underneath the horst of Soultz-sous-Foréts, and 3) a high-
density body in the North of the investigation area (Figure
6). The geometry of the different bodies was estimated from
the 3D inversion.

The result of the second forward modeling was a reduction
of the misfit by half to v=-12 to 16 mgal.

3. ANALYSISOF MAGNETOTELLURIC DATA

A number of 16 sites have been investigated on an E-W
profile of approximately 12 km length across the horst
structure at the latitude of the geothermal site of Soutlz-
sous-Foréts extending about 6 km to the East and West
(Geiermann and Schill, subm.). The site spacing is 0.8 km
in average and varies between 0.5 and 2 km. Measurements
have been accomplished using the multichannel
geophysical measurement system GMS-06 (Metronix Inc.)
including three broadband induction coil magnetometers
MFS-06 (10000 Hz to 0.001 Hz) and four non-polarizable
PbPbCI-electrodes distributed at a distance of 200 min N-S
and E-W direction. The ADU-06 logger and magnetometers
are located in the centre, whereas the three induction coils
are oriented N-S, E-W and vertica at a distance of 10 m to
the datalogger and at least 1 m to electric field wires. Three
frequency bands have been measured at each site: The HF
band (sample frequency 40960 Hz, frequency range 500-
20000 Hz) runs 7 s by default; for the LF1 band (sample
frequency 4096 Hz, frequency range DC-1000Hz) a
recording time of 15min and for the LF2 (sample
frequency 64 Hz, frequency range DC-30 Hz) band of two
days has been chosen. A number of 7 stations have been
operated contemporaneously with a remote reference
station at Vogelsberg (Germany) registering the magnetic
field variation in N, E, and vertica direction. The distance
between the Vogelsberg and the area of investigation is of
approximately 200 km.

3.1 Processing of M agnetotelluric Data

A coherency analysis was conducted to investigate the
potential of remote reference processing. Further, data
processing includes filtering and re-sampling of the time
series and a notch filter to eliminate the influences of the 16
2/3 Hz railway power supply. Finaly the estimation of the
impedance tensor from the spectra was done by statistical
means. We used and compared two independent processing
softwares (Gelermann and Schill, subm.), Mapros
(Metronix Inc.) and WinGLink (Geosystems). Both allow
for remote referencing to reduce the influence of
uncorrel ated noise.

2.000

Figure 5: Mean density distribution resulting from inversion of gravity data for a representative E-W profile across the
geothermal reservoir of Soultz-sous-Foréts. (E-W extension 29 km, altitude a.sl.: -8000 to 250 m). Black lines

represent the geological starting model.
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Figure 6: Geometry of the granitic basement (transparent) and the two additional bodies in the basement (dark red: body
with relatively higher density, light red: body with relatively smaller density).

The first processing with Mapros has been carried out for
all frequencies, while the second processing with
WinGLink (Geosystem) was limited to the LF2 band since
information on the target depth is contained in this band and
processing of the whole spectrum revealed no significant
improvement in quality of the transfer functions compared
to Mapros processing. WingLink processing applies
cascade decimation (Wight and Bostick, 1980) to compute
power spectra. At each level windows of 32 points are
cosine tapered (von Hann-Window) and transformed into
frequency domain by computing the 6th and 8th Discrete
Fourier Transform (DFT). The estimation of transfer
functions is carried out using a modified jack-knife method
(Jones and Jodicke, 1984). Each site has been processed by
maximizing coherency. Single site processing results could
be improved by applying maximization of the multiple
coherencies between one of the outputs and both inputs.
Generally, remote referencing yields best results. A cross-
power editor was used for manual rejection of elements
from final stacking, in particular for the period range of 1 to
10s. This was a crucia step in data improvement and
resulted in more consistent apparent resistivity curve with
respect to the phase curve.

After processing with Mapros (Figure 7), three distinct
period ranges can be distinguished among all sites. Here
exemplarily Site EMM is given, where the data is
unrotated. In the first one, from 1.25-10“ t0 0.05 s, apparent
resistivity varies between a few hundred Qm at short
periods and 1 Qm at 0.05 s. The phase angle decreases from
90 to 60° in this range. This peculiar behavior could be
related to a specia processing setting in Mapros and was
avoided in the further proceeding. The second period range
reveals smooth and consistent values in the apparent
resistivity and in the phase between 0.05 and 1s. The
apparent resistivity decreases linearly from some tens to
1 Om and the phase angle varies between 60° and 45°. The
last range covers the longest periods. Between 1 and 10 s
the curves revea steep slopes and scatter, related to the
MT- dead band. Around 100 s most sites revea consistent

apparent resistivity and phase and the XY— and YX-
polarizations revea clearly different behavior. The apparent
resistivity shows differences of one to two decades. In the
following, we call this feature splitting. Splitting could not
be attributed to strong bias but interpreted as sign of higher
dimensiona inductive effects, if occurring in both apparent
resistivity and phase. The large errors at longest periods are
attributed to relatively short recording times. This goes
along with a strongly scattered phase, in particular of the
Y X-component. In summary, the curves are seriously
biased and scattered over a wide range of periods and
Hilbert transformation could not be applied successfully. In
particular, at frequencies from 1 to 1000 s, corresponding to
the target depth, transfer functions could not be analyzed in
terms of dimensionality nor interpreted otherwise.
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Figure 7: Transfer functions of site EMM after Mapros
processing (unrotated).
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Figure 8: Apparent resistivity, phase angle, swift angle (Z strike), and skew (Z skew) of the representative site EMM
reprocessed and rotated to 52° including " Sutarno Phase Consistent Smoothing” for the apparent resistivity and

phase.

A result of the reprocessed LF2 band using remote
reference and WinGLink processing is presented in Figure
8 (aready rotated to 52°). For al sites except one, the
scatter of the phase could be reduced significantly. Thus
smooth curves with phase angles decreasing from 60° at
about 0.06s to 15° at a few tens of seconds are obtained. It
revedls splitting aready at 1 s with a decrease in phase of
the XY -component to a 15°. In afew cases in the MT-dead
band also angles close to 0° are observed and attributed to
bias. Among the sites the XY-component appears to be
better estimated than the Y X-component, in particular at
periods longer than 200s. The bias in the apparent
resistivity could be reduced applying processing with
remote reference and manual selection of elements to stack.
The apparent resistivity is about 3 to 7 Qm at 0.06 s and
decreases to about 1 Qm at a few tens of seconds. Only at
sites exhibiting strong bias, for which remote reference is
not available, it decreases to <1 Qm. A splitting of the

apparent resistivity for XY- and YX-components is
consistent with the phase splitting. For long periods, values
in the XY -component are <12 Qm and >1 Omin the YX. In
summary, remote reference processing leads to significant
improvement in both, phase angle and apparent resistivity
for al sites except one. One site reveals consistent results
without remote referencing. The overall improvement in the
phase angle and apparent resistivity for biased or scattered
period ranges alows for interpretation in terms of
dimensionality and eventually static shift.

At short periods to a few seconds the phase angle and
apparent resistivity are congruent and rotationaly invariant
for the XY- and YX-components with a small offset,
indicating a small static shift. Except from one site, at short
periods the swift skew is generally 0 to <0.2. At the site
closest to the graben boundary nearly constant skew of
about 0.3 and small offset between the phases of the XY -



and Y X-components are observed, perhaps indicating a
near-surface 3D effect. However, in general it can be
assumed that, in the short period range a 1-D environment
is mapped by the sounding. In the period range between a
few to tens of seconds, the onset of the splitting in phase
angle and apparent resistivity, which is most prominent at a
rotation angle of 52°, is observed. Close to the boundary of
the graben it occurs a 3s. It is shifted to longer periods
along the profile towards the East. From periods larger than
10 s, the skew starts to increase dightly to about >0.25 at
40s. In summary, the maximization of the splitting at
rotation of 52° indicates a 2-D environment with a 52°
strike direction, which is aso indicated by calculation of
Swifts angle. The angle of 52° corresponds to the local
border shape of the graben structure. Thus, we have defined
TE and TM mode from the XY- and YX-component.
Increasing diagonal elements and the increasing trend in
skew for periods larger than 40s is an indication for
increasing influences of 3-D effects.

Dimensional analysis reveals transition from 1-D to 2-D to
3-D subsurface structures with increasing period. The
dominant feature is the 2-D response indicated by splitting
between 1 and 10 s attributed to the local graben border
striking N52°E (local scale). At larger periods presumably
the regiona N20°-30°E strike of the Rhine Graben
dominates (regiona scae). 2-D inversion is therefore only
constrained by the period rangeup to 40 s.

3.22-D Inversion of M agnetotelluric Data

Theinversion algorithm (Rodi and Mackie, 2001) computes
solutions to the inverse problem by minimizing an objective
function y. The solutions are regularized by incorporating
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smoothness constrain in y. This accounts for the
smoothness of a magnetotelluric sounding and its
insensitiveness to sharp, small scale contrasts, instead
favoring least-structure models. The regularization is
implemented by defining the objective function (Tikhonov
and Arsenin, 1977).

The inversion was carried out using the 10 sites projected
on a profile at N142°E (Geiermann and Schill, subm.). The
total mesh dimension is of about 240 x 120 km horizonta
and depth. The profile extends to about 8 km length in this
projection. The mesh extension and meshing of the profile
area follows the rules preventing the algorithm from
numerical instabilities (Rodi and Mackie, 2001). The active
mesh area was limited vertically to approximately one skin
depth of the lowest period and horizontally to an adjustment
length of approximately three skin depths. The 2-D
inversion agorithm was applied using Sutarno phase
consistent smoothed data after having masked outliners and
rotation by 52°. A regional a priori model accounting for
the geometry of the Rhine graben has been used. In the
inversion procedure regularization was switched to
smoothest variation away from starting model. TE and TM
mode as well as phase and apparent resistivity have been
inverted simultaneously with 100 iterations. The error
floors were initially set to 25%, then first the phase error
floor was reduced to force fitting of the model to the phase
angle (final values. 5%). The trade-off parameter was
reduced stepwise to alow for modeling of structures with
relatively small scale (fina value: t=1). The approximate
depth and thickness of the known Couche rouge structure
was labeled as tear zone to omit smoothing-out of this thin,
but electrically prominent structure.
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Figure 9: Interpreted section of 2D inversion of Sutarno phases consistent smoothed data on profile N142°E (rms = 2.28).
Gridding of the inversion result was performed using spline interpolation. Superimposed are the major faults and
formation boundaries of a 3D geologic model (Schill et al., 2009).
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The result of the inversion is presented in Figure 9. The
over-all rms error is 2.28 and the individua site-rms is
always below 3. Generaly, the Rheingraben model is well
represented. During all inversion steps the boundary
between the conducting half layers with resistivities
<10 Om at depth down to about 750 m and the resistive
underlying space with resigtivities of >1350 Qm was
preserved. A conductive zone between site SUM and site
ENT, however, extends vertically to more than 2000 m. The
conductive feature below about 200 m can be attributed to
the clay-rich Couche Rouge (red line). A thickness of 50m
to 100m would correspond to the thickness of the Couge
rouge (Cautru, 1987).

Box-2 shows a part of the profile, which is in good
agreement with the a priori model. The Triassic sediments
coincide with an area of increasing resistivity from some
tens to a few hundred Qm. The top of basement is marked
by a strong increase in resistivity to more than 1000 Qm.

The layering is disturbed by a conductive anomaly (see
Box-3). Its center with average resistivity of 3 Qm extends
over the Buntsandstein formation into the granitic
basement. It coincides partly with the Soultz- and
Kutzenhausen-Fault. These low resistivities in especially in
the granitic basement indicate a relatively high degree (still
below 1 % of total rock volume) of interconnected pore-
space (Geiermann and Schill, subm.). Deeper lying
structures could not be resolved in 2-D inversion, since 3-D
features areindicated at periods >40 s.

4. DISCUSSION AND CONCLUSION

Generally both geophysical methods reveal a significant
good reproduction of the major structures of the Upper
Rhine valley. In theinversion of gravity data on the basis of
the regional geological 3D model, the Tertiary graben fills
and Mesozoic sediments reveal the mean densities of about
2000 kg m™ and 2500 kg m® (Figure 5). These densities are
lower compared to earlier studies (Mesozoic sediments:
2650-2700 kg m® in the shoulders and 25502600 kg m®
in the graben; Tertiary sediments: 2350-2450 kg m®)
(Rotstein et al., 2006) and differences for the Mesozoic
sediments in the shoulder and the graben, however, were
not resolved. The mean density of the basement can be
variable as observed in the basement rocks outcropping on
the graben shoulder (Rotstein et al., 2006). Our inversion
results in major density differences in the basement. It
revedls a difference between the basements below the
shoulders with a mean density around 2500 kg m® and
below the graben with mean densities up to 3000 kg m®
(Figure 5). The basement underneath the horst of Soultz-
sous-Foréts is characterized by a comparatively low mean
density of about 2500 kg m™ indicating either leucogranitic
bodies in this structure, supported by geologica
observations in the wells EPS1 and GPK1 (Genter et al.,
1995) or a strong fracturation.

Elevated porosity and fracture density are found in magjor
fracture zones, extending lateraly on metric scae and
longitudinally on metric to hecto-metric scale (Genter,
1989) and they are considered to be interconnected
(Dezayes and Genter, 2008). In order to derive bulk
resistivity on hector-metric to kilometric scale, resolved by
magnetotellurics at relevant depth, a conceptua resistivity
model based on Archie's Law (Archie, 1942) and average
porosity was set up for the granitic basement. The bulk
resistivity py, is calculated using a paralel connection of
four possible rock facies (Equation 1).

1
=pF= M
AT A R R 0 FiraF)

where F; is the respective formation factor with a fluid
saturation S=1 and p; isthe resistivity of the fluid.
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Figure 10: Sketch of paralld connection of four facies
with  different properties composing an
equivalent bulk factor formation.

The volume fractions @, g ny, , Of the three alteration facies
are varied from 0% to max% in 0.5% steps for different
stages of total ateration (max = 5, 10, 20). The four
different rock facies are characterized by different
formation factors comprised of typical values for porosity
¢, cementation factor m and geometric factor a. Porosity
values are taken from the Soultz granite (Genter et al.,
1998). It should be mentioned that the “direct connection
facies’ corresponds to a formation factor of 1. The
electrically conducting phase is brine with a sainity of
100gI™? and a temperature of about 130°C (at the
boundary between the Buntsandstein and granitic
basement). According to our model, to an alteration stage of
20 % of total rock mass (upper limit of total alteration stage
in this parameter setting) at least 1% is represented by
“direct connection facies’ in order to obtain bulk resistivites
below 2Qm. These well conducting pathways can be
distributed irregularly over the rock volume which is
covered by the anomaly. Those small scale heterogeneities
are not resolved by the magnetotelluric method which
rather gives a volumetric average. Borehole logging, in
turn, is very sensitive to changes in the physical properties
on asmall scale, but samples a much smaller volume. This
difference in resolution may be an explanation for the
differences in the order of one to two magnitudes between
the results from logging and from magnetotelluric
measurements.

The comparison between gravity and magnetotelluric data
shows that the regional gravity inversion was able to detect
a density anomaly of the horst structure, which can be
related to either the occurrence of leucograntites or strong
fracturation in the deeper part of the granitic basement. The
2-D magnetotelluric inversion could be used in order to
investigate the upper part of the horst structure more in
detail. The ongoing study of 3-D magnetotelluric
measurements and refinement of the gravity inversion are
expected to provide the possibility of joint interpretation of
the two methods over the entire horst structure.
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