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ABSTRACT 

Two different approaches have been employed to 
investigate the localization of fault zones and natural 
permeability at regional and local levels in 
extensional tectonic settings with potential for EGS 
technology.  
 
Regional distribution of potential permeable fault 
zones has been analyzed dynamically using a new 2D 
geodynamic model. Numerical simulation of 
instability of a viscoelastic-plastic lithosphere require 
a lower crustal viscosity in the order of 5·1021 to 
1022 Pa s to match the deformation pattern of the 
Upper Rhine Graben (URG). Models clearly show a 
localization of deformation at regional level, but do 
not explain the internal fault distribution on the horst 
level as it can be seen at the Soultz. This has been 
investigated further using geophysical means.  
 
The high-resolution 3D structural regional model of 
the Soultz area is used as a basis for new geophysical 
interpretation and inversion of gravimetric and 
magnetic data. Several gravimetric and magnetic 
anomalies can be linked to thermal anomalies, which 
in general the Upper Rhine Graben are known to be 
linked to free convection and thus, linked to porosity 
and permeability changes. 

INTRODUCTION  

The URG reveals several heat flow anomalies in the 
order of up to > 160 mW m-2. One of those at Soultz-

sous-Forêts has been selected to develop the Hot Dry 
Rock technology in 1987. Given the occurrence of 
natural fractures and hydrothermal fluid in the 
subsurface, the project has been developed using 
Enhanced Geothermal System (EGS) technology and 
is today the only EGS project under exploitation 
world-wide. The enhanced surface heat flux in the 
Upper Rhine valley has been related to the circulation  
of thermal water along fault zones (Illies 1965). 
Numerical simulation of the neighboring geothermal 
site of Landau have confirmed this hypothesis 
(Bachler et al. 2003).  
 
Localization of geothermal highs in the URG can be 
observed at two different levels. At a region scale for 
example, these are found in the North Western part of 
the graben (Fig. 1), in the part which is opposed to 
the major deformation accommodated by the Eastern 
master fault (Mauthe et al. 1993). At a local scale, the 
example of the Enhanced Geothermal System (EGS) 
site Soultz is found to be located in the northern part 
of a horst structure. Within this horst, the thermal 
anomaly localizes between the Soultz and 
Kutzenhausen faults only at its western edge 
(Baillieux et al. 2011).  
 
Other recent studies highlighted the link between 
temperature anomaly and its state of fracturing at 
Soultz: a thermo-hydraulic simulation around the 
geothermal wells predicts fluid convection with 
permeability up to 3x10-14 m2 in these strongly 
fractured zones (Kohl et al. 2000). The low resistivity 
anomaly at the western part of the horst in the 



magnetotelluric inversion is interpreted to be the 
presence of clay minerals, due to hydrothermal 
alteration of granite or by the presence of the saline 
brine by itself  (Geiermann and Schill 2010). A 
density anomaly of about 250 kg.m-3 has been 
observed in the granitic basement below the Soultz 
site on the 3D inversion of existing gravity data in 
combination with a previous geological model (Schill 
et al. 2010). It has been attributed to an increase in 
porosity due to strong fracturation and the presence 
of leucogranitic bodies in this structure, supported by 
geological observations in the wells EPS1 and GPK1 
(Genter et al. 1995). 
 
In this study, we aim at understanding the formation 
and localization of fracturing in graben systems using 
an integrated approach: 
 
First, we use graben-wide seismic sections (Brun et 
al. 1992) (see Fig.2 and their location in Fig.1) and 
geological knowledge of the well-studied URG as an 
ideal database for benchmarking geodynamic models 
of crustal extension at a regional level, allowing the 
visualization of formation of faulted zones through 
time. 
 
Secondly, our high-resolution 3D structural regional 
model (Baillieux et al. 2011) (location in Fig. 1 ) is 
used as a basis for new geophysical interpretation and 
inversion of gravimetric and magnetic data. These are 
used for re-interpretation of the geophysical 
anomalies. 

KEY TECTONIC INFORMA TION ON THE 
UPPER RHINE GRABEN 

The Upper Rhine Graben (URG) is a central segment 
of the European Cenozoic Rift System (ECRIS) and 
originates from the Alpine and Pyrenean collisions 
(Ziegler 1992). It represents a typical example of syn-
orogenic, intra-continental foreland rifting 
(Schumacher 2002; Dèzes et al. 2004; Cloetingh et 
al. 2010). This rifting is related to foreland indenter 
effects and ensuing escape tectonics: lithospheric 
over-thickening in orogenic belts, resulting in uplift 
and extension of their axial part. The main rifting 
stage of the URG formation was an E-W extension 
taking place from the end of the Oligocene to that of 
the Eocene (Villemin and Bergerat 1987). Inherited 
Variscan tectonic structures have a strong impact on 
the localization of deformation up to recent times 
(Schumacher 2002; Edel et al. 2006). 
 

 
Figure 1:  Structural interpretation of the Upper 

Rhine Graben. Red lines denote the 
spatial distribution of the graben master 
faults. Blue dashed lines show the 
location of the ECORS-DEKORP seismic 
lines. Red stars show the main geothermal 
anomalies of the upper Rhine 
Graben.Green rectangle shows the 
geological model location. Modified after 
Derer et al. (2005). 

 

 



Figure 2 (previous page):  Interpreted cross-sections 
of the Rhine Graben from the ECORS-
DEKORP seismic investigation of the 
crustal structure of the Upper Rhine 
Graben. a) Northern profile. b) Southern 
profile. Red lines denote the interpreted 
master fault accommodating the maximum 
offset. Modified after Brun et al. (1992). 

 
Recent thermo-tectono-stratigraphic forward 
modeling of the URG (Hinsken et al. 2010) suggests 
plane strain deformation perpendicular to the graben 
during the Middle Eocene to Early Miocene, Late 
Miocene post-rift stage and renewed rifting during 
the Pliocene to recent  Rifting occurred at very low 
strain rate of about 1.7x10-16 s-1 involving brittle-
elastic deformation of the crust and ductile 
deformation of the highly viscous, high strength 
�X�S�S�H�U���P�D�Q�W�O�H���D�Q�G���D���µ�S�U�H-�U�L�I�W�¶���Q�H�F�N�L�Q�J���G�H�S�W�K���R�I��29 km 
coinciding with the Moho. This is in agreement with 
previous results indicating a factor of extension of on 
average 1.15-1.2 for the whole rift and a total amount 
of E-W extension of 6-7 km during approximately 
40 Ma (Villemin et al. 1986; Brun et al. 1992). 
 
Today the URG boundary faults are thought to 
operate in a left lateral strike slip sense under the 
NW�±SE oriented compression (Illies and Greiner 
1979; Plenefisch and Bonjer 1997; Lopes Cardozo 
and Behrmann 2006) observed over much of Western 
Europe. 
 
The URG is characterized by different asymmetries 
in the distribution of deformation (Fig. 1 and Fig. 2):  
1. In the southern part, the sediment deposition center 
is located on the western side of the Graben (Brun et 
al. 1991), where the vertical motion (around 3 km) 
was accommodated by the western border fault (Brun 
et al. 1991; Cornu and Bertrand 2005) 
2. In the northern part, the sediment deposition center 
is located on the eastern side of the graben where the 
vertical motion is maximum along the eastern border 
fault (Wenzel et al. 1991). 
3. The master fault is interpreted to switch side in the 
southern transfert zone located at in the central part 
of the URG (Mauthe et al. 1993) (Fig. 1).  
 
Graben wide seismic sections reveal fault zones 
down to a depth of 10-15 km (Fig. 2). 

SHORT REVIEW OF GEODYNAMIC  
MODELING OF CONTINEN TAL E XTENSION 

Recent geodynamic modeling aims at predicting 
observations in rifting environments such as the 
geometry and modes of crustal extension (Huismans 
and Beaumont 2003; Huismans et al. 2005; Wijns et 
al. 2005; Buiter et al. 2008), the fault and strain 

distribution (Lavier et al. 2000; Regenauer-Lieb et al. 
2008) and the distribution of continental strength in 
general. Major interests with respect to our study are: 
 
1. What are the effects of extension and compression, 
and phenomena such as structural inheritance, basin 
inversion, and far-field stresses on the formation and 
evolution of sedimentary basins in extensional, 
compressional, and strike-slip settings?  
2. How can we define the structural styles of faulting 
in the shallow brittle part of the lithosphere, the 
brittle�±ductile transition, and the shear zone in the 
ductile part of the lithosphere?  
 
On a global geological point of view rifting is firstly 
controlled by forces controlling the movement and 
interaction of lithospheric plates such as boundary 
stresses, slab pull, ridge push, collisional resistance, 
frictional forces caused mainly by the influence of 
the convecting mantle on the base of the lithosphere 
(Cloetingh et al. 2007). Cloetingh et al. (2007) argue, 
by looking at the best documented sedimentary basin 
systems in Europe (including the Upper Rhine 
graben), that the thermal and mechanical structure of 
the lithosphere is the main control on the 
development of sedimentary basins. 
 
By considering direct evidence for fault strength,  
Scholz & Gerald (2007) conclude that stress in the  
lithosphere is limited by faulting and is determined, 
to first-order, by �%�\�H�U�O�H�H�¶�V�� �O�D�Z�� �Z�L�W�K�� �K�\�G�U�R�V�W�D�W�L�F��
pressure (Watts and Gerald 2007). B�\�H�U�O�H�H�¶�V��law 
describes the stress state in the Earth's upper crust at 
which fracturing along a geological fault takes place 
by solving the Mohr-Coulomb criterion:  
 

�2��� ���&�R �����������1n �í��Pf)  
 
�,�Q���Z�K�L�F�K���2���L�V���W�K�H���V�K�H�D�U���V�W�U�H�V�V���D�Q�G���1n the normal stress. 
Co is the cohesion or internal strength of the material 
and the value Pf is the pore fluid pressure inside the 
rock. The fact that pore pressure is hydrostatic in the 
crystalline rocks of the crust is a consequence of the 
high permeability of the crust resulting from the 
presence of faults (Townend and Zoback 2000; 
Scholz and Gerald 2007). 
 
The geometry of rifts and sedimentary basins and 
their mode of extension are found to be linked to the 
amount of strain softening (the relation which 
describes the decrease of strength of a rock when 
subject to faulting) in the brittle upper crust, the 
thickness of the upper crust, the viscosity and 
strength of the lower crust, the extension rate and 
other processes linked with the extension such as 
gravitationally driven deformation, isostasy, 
magmatism and necking (Buiter et al. 2008) (and 



references therein). They also analyzed the 
dependence of modes of crustal extension of a brittle 
crust on the strength of a ductile lower crust, its 
effective viscosity, the extension rate, and the layer 
thicknesses. They showed that an asymmetric basin is 
more likely to develop for a strong brittle layer which 
has a high amount of strain softening, a weak viscous 
layer (lower crust) and slow extension. 

I - 2D CRUSTAL EXTENSION OF THE UPPER 
RHINE GRABEN  AND IMPLICATION FOR 
GEOTHERMAL PROSPECTI ON 

The aim of the study is to model the crustal extension 
of the Upper Rhine Graben satisfying the geophysical 
and geological observations in Fig. 2 and Fig. 3 with 
a localization of strain at one side of the Graben, in 
form of concentration of fault zones. 
We use the geodynamic platform Underworld. It uses 
a Lagrangian particle-in-cell finite element scheme 
(Moresi et al. 2007) that enables the accurate tracking 
of stress and strain-rate history in simulations 
involving large-scale deformation. This platform 
includes a toolkit for studying the geodynamics of a 
viscoelastic-plastic lithosphere in 3D. This 
methodogy has proven to be successful in simulating 
plausible scenarios for the creation of rifting 
environments such as the distributed faulting mode at 
the North Sea or metamorphic core complexes of the 
western U.S.A. and the Aegean (Wijns et al. 2005). 

Sensitivity Study 
We tested the effect of the initial settings on the 
faulting style during the extension, adapting input 
parameters from the model of Buiter et al. (2008) to 
values recorded in the URG (Figure 3 and Table 1). 
We used a 2D two-layer model with an upper and a 
lower crust layer with the same uniform density. The 
upper crust deforms in a rigid-plastic manner using a 
Drucker-Prager frictional-plastic pressure dependent 
law which is an attempt to produce a smooth yield 
surface with otherwise similar characteristics to the 
Mohr�±Coulomb yield surface (Moresi et al. 2007). 
There is an air layer above the solid material to 
approximate a free surface and allow the formation of 
topography. The sidewall boundary condition is free-
slip vertically, with velocity conditions applied to the 
left and right to drive extension. An initial 100% 
damaged singularity was set at the boundary between 
the lower and upper crust to have control on the 
localization of the deformation. 

Effect of a variation in viscosity 
For this exercise, three models were stretched to 
reach 10% of deformation (5km on each side). The 
initial 100% damaged singularity was chosen to be 
2x2  km. The lower crust viscosity values are 1021, 

5x1021 and 1022 Pa s are chosen in order to model the 
strength of an intermediately strong to a strong lower 
crust (Wijns et al. 2005). 
 

 
Figure 3: Model setup with plastic upper crust 

(Drucker-Prager frictional plastic 
pressure dependent law) and with viscous 
lower crust and an initial singularity 

 
Table 1: Rheological and modeling parameters 

used during the presented crustal 
extension modeling. 

Parameter Natural Value Unit 
Thicknesses 
Crust 35 km 
Brittle crust 
Viscous crust 

17.5 
17.5 

km 
km 

Width of the model 100 km 
Extension velocity (per 
side) 

2,19x10-2*  cm.a-1 

Density 
Crust 

 
2800 

 
kg.m-3 

Angle of internal friction 
Cohesion 

30 -> 4 
20 -> 2 

° 
MPa 

Strain softening range 0-1 - 
Linear viscosity ������ 1021 to 1022 Pa.s 

* The chosen value of extension velocity corresponds 
to a total amount 7km of graben extension over a 
100km model during 40Ma (Villemin et al. 1986; 
Brun et al. 1992). This corresponds to a slow 
extension process (Hinsken et al. 2010). 

 
The results are shown in Figure 4, represented in the 
final Lagrangian particle swarm distribution and 
cumulative strain rate distribution after 10 km of 
extension when using a lower crust viscosity of 1021 
Pa s. As expected the singularity leads the 
deformation. A single fault crossing the entire upper 
crust appears during the first kilometers of extension 
when the lower crust strength is intermediate (Figure 
4A) to intermediately high (Figure 4B). The 
deformation then starts to be distributed along a 
generation of normal and conjugate faults which 
forms the landscape of an asymmetric basin. The 
modeling of continental extension with an 
intermediately strong lower crust (Figure 4B) shows 
the apparition of an extra border fault on the other 
side of the graben and a relatively equal distribution 
of conjugate normal faults between the two border  



 
 

 
 

 
Figure 4(left):  Final Lagrangian particle swarm 

distribution (in km) (upper picture) and 
cumulative strain rate distribution (s-1) 
(lower picture) after 10 km of extension 
using a lower crust viscosity of A) 
1021 Pa s, B) 5·1021 Pa s, C) 1022 Pa s 

faults. The presence of such faults are suggested in 
the crustal-scale seismic exploration of the Rhine 
Graben (Brun et al. 1992) but not yet clearly 
observed. Here, the effect of an initial singularity is 
probably too strong to see how th�H�� �I�D�X�O�W�V���³�Q�D�W�X�U�D�O�O�\�´��
develop. In the case where the lower crust is strong 
(Figure 4C), a symmetric basin tends to develop. 

Effect of the initial geometry 
In this part, the initial singularity was removed and 
replaced by a random distribution of damage within 
the envelope function �3� �V�L�Q2 (k1. x1), where k1=1/L1 
and L1 is the length of the model, allowing the 
damage to be kept away from the boundaries (Figure 
5). 

 
Figure 5:  Model setup. Grey dots represent the 

distribution (5%) of initially damaged 
material. 

 
Three models were stretched to reach 15% of 
deformation as observed in the Upper Rhine graben 
(7.5 km on each side).  
 
In the case of the low value of viscosity for the lower 
crust (i.e. intermediately strong lower crust), 
numerous faults develop in the early stages of the 
deformation in all model but they no longer 
accumulate slip after around 5% of extension and 
only one main fault take control over the 
deformation, stretching from the lower crust to the 
upper crust (Figure 6A). In the case of a stronger 
lower crust (i.e. viscosity values of 5x1021 and 
1022 Pa s), in the two other models, this main fault is 
followed by the generation of conjugate faults at the 
surface. One of them (after 10% of extension) 
eventually grows and connects to the first main fault 
at the border between the two crusts, forming the 
second border fault of the basin (Figure 6B and C) 
Faults that are outside the basin tend to no longer 
accumulate slip, whereas the one that are inside the 
basin keep their shape and form the landscape of a 
graben and horst system mainly located on the side of 
the second border fault.  
 
Another model with a lower crust viscosity value of 
1023 Pa s was run: the resulting model shows the 
formation of multiple basins as we could expect for 
this high value (Buiter et al. 2008). This result is not 
comparable to what we observe in the URG. 
 

A 

��� ����21 Pa.s 

B 

��� 5x1021 Pa.s 

C 

��� ����22 Pa.s 



 
 

 
 

 
 
Figure 6:  Final Lagrangian particle swarm 

distribution (in km) (upper picture) and 
cumulative strain rate distribution (s-1) 
(lower picture) after 15 km of extension 
using a lower crust viscosity of A) 
1021 Pa s, B) 5·1021 Pa s, C) 1022 Pa s. 

Comparison with independent geophysical data 
The results of our geodynamic modeling find 
similarities with both the ECORS-DEKORP crustal-
scale seismic exploration of the URG and the recent 
3D geological model of the Soultz area, located at the 
western side in the central part of the URG:  
 
For an intermediately strong to a strong lower crust, 
we find that after development of symmetrically 
conjugated faults, a preferential orientation develops 
into one main fault crossing the entire upper crust, 
which accommodates the deformation in this phase of 
graben formation. The presence of such a fault is 
suggested in the crustal-scale seismic exploration of 
the Rhine Graben (Brun et al. 1992). In the following 
phase a second boundary fault appears and the minor 
fault density is increasing in the area next to that 
boundary fault. This second boundary fault is also 
observed in the seismic results and provides 
indication for an asymmetric distribution of fault 
zones within a larger tectonic unit. This may explain 
also the fault density and temperature distribution in 
the area of Soultz. 

Discussion and implication for geothermal 
exploration 
Although we used simple assumptions (constant 
extension rate, no isostatic compensation, no shear 
heating, no temperature profile, no sediment 
deposition, no elasticity) to model the crustal 
extension, we find first order results that can be 
compared to geophysical data. For lower crust 
viscosity values of 5·1021 to 1022 Pa s, we approached 
the patterns of deformation observed in the Upper 
Rhine Graben.  
 
These first order results have an implication for the 
geothermal prospection of the Cenozoic Europen Rift 
System. For example the supposed masterfaults could 
be potential for highly hydraulically conductive rocks 
as well as the region of horst and graben such as the 
Soultz area on the other side because of their long 
period of activity and renewed activity of the URG 
up to Recent. 

II -GEOPHYSICAL RE -INTERPRETATION OF 
THE AREA OF SOULTZ  

As temperature distributions, also other geophysical 
parameters reveal a number of anomalies throughout 
the investigation area. The focus of this study is the 
distribution of different anomalies with relation to the 
crystalline basement. To analyze the contribution of 
the basement to the temperature distribution, 
temperature data from the local 110 boreholes 
(Pribnow and Schellschmidt 2000) were interpolated 
in 3D and plotted on the basement top (Fig. 7). 

A 

B 

C 

��� ����21 Pa.s 

��� 5x1021 Pa.s 

��� ����22 Pa.s 



Temperature highs are found to be not only located at 
the north-western part of the horst of Soultz but also 
about 7 km away in a south-east direction. In this 
area the top of the basement occurs at significant 
depth compared to Soultz. The distribution of faults 
however, shows a similar pattern. 
 

 
Figure 7: Temperature distribution on basement 

top. Fault and horizons traces are located 
on surface. Coordinates are in decimal 
degrees (UTM32N). 

 
In order to investigate this apparent link between the 
structural pattern and the temperature distribution we 
used the high-resolution 3D structural regional model 
of the Soultz area (30x20x6km) (Fig. 8 and location 
in Fig. 1) as a basis for new geophysical 
reinterpretation and inversion of gravimetric and 
magnetic data anomalies. 
 

 
Figure 8: 3D structural model of the Soultz area 

including the basement (grey), the 
Triassic-Jurassic layers (pink, purple, 
light and dark blue) and the fault planes 
(red). After (Baillieux et al. 2011). 

 
To avoid physical inconsistency only a selection of 
the existing data from Rotstein et al. (2006) has been 
used in this study. The Bouguer anomaly (Fig. 9) 
shows an important gravity low in the region of 
Soultz, which has been attributed to a low density 
granitic and granodioritic basement of Lower 
Carboniferous age (Edel 2004). It occurs as several 
types of granite and sub-facies in the geothermal 
wells (Genter 1990; Hooijkaas et al. 2006) and 
reveals a characteristic density of 2630 kg m-3 
(Rotstein et al. 2006) with local minima of down to 
2460 kg m-3 in the hydrothermally altered zones with 

a high clay content and a porosity of up to 20% 
(Genter 1990). Measurement on rock samples from 
the deeper levels resulted in a density of 2520 kg m-3 

for the two-micagranite at 4909-4973 m and 
2530 kg m-3 at 5018-5036 m for the biotite-rich 
granite in GPK3 borehole (Grecksch et al. 2003). 
 

 
Figure 9: Bouguer Anomalies (in mgal) in the Soultz 

area. Coordinates are in decimal degrees 
(UTM32N). 

 
In the central URG, the magnetic anomalies are 
attributed to pre-Permian basement bodies with 
different magnetic susceptibilities (Lauer and Taktak 
1971; Edel et al. 1986; Edel and Fluck 1989). In the 
area of Soultz (Fig. 10), at the south-eastern side of 
the geothermal wells the 15 km-large magnetic 
structure has been estimated from surface magnetic 
measurements to be between 1.2 km and 2 km depth 
using half-slope methods (Papillon 1995), which 
corresponds to the depth of the top basement and to 
the measurements in the Soultz well. For example, in 
EPS1 borehole, the large increase in magnetic 
susceptibility in the granite was measured at 1550 km 
bsl (Rummel and König 1991) on granitic samples, 
below the Variscan paleo-surface. In other parts of 
the graben magnetic structures globally coincide as 
well with the lower Triassic depth, i.e. the top of the 
basement (Papillon 1995). Magnetic data of the URG 
and rock susceptibility measurements from the same 
areas showed generally that the magnetic bodies in 
the URG mostly correspond to Carboniferous 
gabbros, diorites and granodiorites, and their volcanic 
equivalents (Edel et al. 2006). 
 
In the following, we compared the magnetic 
anomalies reduced to the pole (Fig. 10) with the 
tectonic features of our 3D geological model. In the 
central part of the model, it can be observed that the 
fault system follows the 15 km-large magnetic 
structure. Thus, this magnetic structure seems to have 
generated the localization of deformation during the 
graben opening. 
 



 
Figure 10:  Magnetic anomalies reduced to the pole 

in the Soultz area (in mgal). Coordinates 
are in decimal degrees (UTM32N). 

Inversion of the gravity data 
Two 3D forward models with varying densities for 
the basement were calculated using GraviFor3D 
(Abdelfettah and Schill subm.) to investigate the 
gravimetric response of the geological model. 
Densities were chosen using values estimated in the 
URG (Plaumann 1967; Rousset et al. 1993; Rotstein 
et al. 2006) and measurements in the Soultz 
boreholes (Genter 1990) as well as from core samples 
(Rummel and König 1991). 
 
Table 2: Densities of formations chosen for a 

forward modeling of the Bouguer 
anomaly at Soultz area. 

 
Formations Density (kg m-3) 

Tertiary 2350 
Jurassic 2550 
Keuper 2700 

Muschelkalk 2700 
Buntsandstein 2500 

Basement 2500 (Fig. 11) 
2600 (Fig. 12) 

 

 
Figure 11: Forward modeling of the Bouguer 

anomaly at Soultz area with a uniform 
basement density of 2600 kg m-3. 
Coordinates are in decimal degrees 
(UTM32N). 

 

 
Figure 12: Forward modeling of the Bouguer 

anomaly at Soultz area with a uniform 
basement density of 2500 kg m-3. 
Coordinates are in decimal degrees 
(UTM32N). 

 
The first forward model with a basement density of 
2600 kg m-3 fit s the dynamic of the measurements 
(22 mgal in the forward model compared to 20 mgal 
in the Bouguer), but it is not in line with the observed 
anomalies (Fig. 11). The second forward model with 
a basement density of 2500 kg m-3 shows a dynamic 
by 12 mgal lower than the measured Bouguer 
anomalies (Fig. 12).  
 
To match the dynamic of the forward modeling, we 
have applied a Butterworth 30 km high-pass filter to 
the measured Bouguer anomaly (Fig. 13). It results in 
a good fit in dynamic and density distribution with 
the results from the forward modeling with a uniform 
basement density of 2500 kg m-3.  
 
 

 
Figure 13: Residuals of the Bouguer Anomalies after 

Butterworth 30 km high-pass filter (in 
mgal) in the Soultz area. Coordinates are 
in decimal degrees (UTM32N). 

 
Following this results we used the residual anomaly 
in Fig. 13 for inversion to determine densities that 
would fit the measurements. Gravity inversion can be 
considered as a linear or nonlinear approach. In the 



first case, the objective is to find (invert) only the 
density values and geometries are considered as 
known. In the second case, the geometries and the 
densities are simultaneously inverted. The challenge 
of the inversion, especially for the potential method, 
is the non-uniqueness of the solution caused by the 
fact that the data number is always less than the 
parameters number used in the inversion run. For all 
these considerations, we chose to use the constrained 
3D inversion in which the 3D geological model is 
fixed. 
 
The minimization algorithm used is the routine 
developed by Beiner (1970). Principle of the 
inversion process is to minimize the misfit between 
the observed gravity data and the gravity response of 
the geological model. At each iteration, the forward 
modeling is achieved and its response is compared 
with real data and the discrepancy is minimized. As 
long as the misfit is great, the inversion parameters, 
the density values, are modified until that the 
minimization conditions are satisfied. This approach 
can be assimilated to a topographical surface in 
which we search the lowest elevation point (Fischer 
and Lequang 1981). The misfit function F is defined 
by 
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where d is the density or density contrast values, �1 is 
the standard deviation of the observed data, gobs and 
gcom are the observed and computed gravity 
anomalies, respectively. M is the total gravity 
measurements. The smoothness term of form 
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can be added to the minimization defined in (1). This 
smoothness term is used to avoid a huge density 
contrast which may not be natural. 
 
The results of the inversion are the densities 
determined in Table 3. The density values match the 
ones found in the literature. The basement density is 
found to be lower than expected. The gravimetric 
response of the model computed after inversion (Fig. 
14) shows strong similarities with the residual 
anomaly, but also areas with important differences of 
up to 7 mgal (Fig. 15). 
 
 
 

Table 3: Densities determined by inversion. 
 

Formations Initial density 
(g.cm-3) 

After inversion  
(g.cm-3) 

Tertiary 2.35 2.43 (+3.4%) 
Jurassic 2.55 2.61 (+2.35%) 
Keuper 2.7 2.58 (-4.4%) 

Muschelkalk 2.7 2.64 (-2.2%) 
Buntsandstein 2.5 2.66 (+6.4%) 

Basement 2.5 2.41 (-3.6%) 
 

 
Figure 14:  Gravimetric response of the model 

computed after inversion (in mgal) in the 
Soultz area. Coordinates are in decimal 
degrees (UTM32N). 

 

 
Figure 15: Difference between the gravimetric 

response of the model computed after 
inversion and the residuals (in mgal). 
Coordinates are in decimal degrees 
(UTM32N). 

Interpretation  
 
We find that the 3D geological model can explain 
most of the residual anomalies, if we use a low 
density value for the basement. The low density for 
the basement could be explained by a strong natural 
fracturing or/and the low density of the two-mica and 
biotite-rich granites that are found at depth in Soultz 
boreholes. The residuals also show zones of density 
lows that cannot be explained by the 3D model as 
demonstrated by the misfit. Interesting to note is that 



about 1 mgal of misfit is observed in the area where 
the temperature distribution reveals a positive 
anomaly. As observed in Soultz such temperature 
anomalies go along with porosity anomalies. For 
example, for the reservoir zones of Soultz, we 
observe a mean porosity of about 8%.  
 
Within the horst structure of the Soultz site, a density 
difference can be observed between the eastern and 
the western part. In the West, the residual anomaly is 
slightly smaller compared to the East. This, combined 
with the magnetic anomaly present at that location 
gives us interesting information: the Kutzenhausen-
Soultz fault zone is a major structure in the region 
and has probably a large influence on the state of 
fracturing at Soultz. 

CONCLUSION 

The geodynamic approach we used provides insights 
in the localization of permeable structures at a 
regional level, at a first order comparable to the 
patterns of deformation observed in the Upper Rhine 
Graben.  
 
The processing and inversion of gravity, the magnetic 
and temperature measurements and the 3D geological 
model reveal certain correlations at a local level, such 
as distribution of low density areas correlated to 
geothermal positive anomalies. The basement was 
found to be of a lower density than expected. This is 
in favor of a naturally porosity or low density 
basement lithology. 
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