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ABSTRACT 

Understanding of induced seismicity during 

stimulation and production of geothermal reservoirs 

is a key aspect towards future large-scale application 

of deep geothermal energy. At the European research 

project at Soultz-sous-Forêts (Alsace, France) several 

well stimulation experiments have been conducted 

and a unique dataset has been assembled. In this 

study we analyze changes of Coulomb stress due to 

induced seismicity during stimulation. For this 

purpose we developed an efficient method to 

calculate coseismic stress changes from an elliptical 

slip distribution on a circular fracture using 

superposition of rectangular sources. This method is 

applied on a dataset of 715 focal mechanisms derived 

from seismic recordings of the GPK2 stimulation in 

the year 2000 to calculate temporal evolution of 

change of Coulomb stress. We find stress changes 

that align with the microseismic cloud but exhibit 

heterogeneously distributed stress changes in the 

order of ±1 MPa.  

INTRODUCTION 

The European deep geothermal research project at 

Soultz-sous-Forêts (Alsace, France) has been 

developed since 1987 (Baria et al., 1999). The 

geothermal reservoir is situated in a horst structure 

within the granite basement of the Upper Rhine 

Graben. The four production and injection wells 

reach to about 5 km depth into the crystalline 

basement which is covered by 1.4 km of Cenozoic 

and Mesozoic sediments. During the project for 

developing an Enhanced Geothermal System (EGS) 

several well stimulations have been conducted and 

induced several tens of thousands of microseismic 

events. For the prediction of future reservoir 

performance, knowledge of the thermohydro- 

mechanical response of the geothermal reservoir to 

hydraulic stimulation and production is a key issue. 

The well GPK2 was stimulated by massive fluid 

injection of 25 000 m
3
 of water with flow rates of 30 

to 50 Ls
–1

 over a duration of 6 days in June and July 

2000. During the stimulation several thousand 

microseismic events were recorded (Cuenot et al., 

2008). The maximum event recorded during 

stimulation reached magnitude 2.5. 

 

In the field of seismology of tectonic earthquakes, 

aftershock sequences produced by a large magnitude 

main shock have been successfully described by 

changes of Coulomb failure stress due to the 

dislocation (in the following denoted as CFS) by the 

main shock (e.g. King et al., 1994, Toda and Stein, 

2003). The basis for such modeling was laid by 

Okada (1992) who derived analytical expressions for 

the displacements in an elastic half space by 

dislocations on a fault plane. Based on these stress 

changes and a rate and state law for seismicity rates 

(Dieterich, 1994) aftershock sequences could be 

modeled successfully (Toda and Stein, 2003, Catalli 

et al., 2008).  

 

Orlecka-Sikora et al. (2009) analyze coseismic static 

stress changes and interaction of induced seismicity 

in a polish coal mine environment. They find that 

about 60 % of events observed are located in stress 

bright areas and 50 % in areas where the CFS 

perturbation surpassed 0.01MPa, a value which is a 



generally accepted threshold perturbation for 

triggering for natural earthquakes (Hardebeck et al., 

1998). Phillips et al. (2002) performed a multiplet 

analysis and relative relocation of events induced 

during a stimulation operation in 1993 at Soultz-sous-

Forêts and five other geothermal and hydrocarbon 

sites. From high precision relative locations they 

conclude that slip induced stress changes migrate 

seismicity along larger fault planes. Dorbath et al. 

(2008) studied CFS due to the microseismic events 

of the stimulation of GPK2 in the year 2000. For the 

sake of simplicity, they assumed that the stress 

perturbation due to the thousands of microseismic 

events was equal to that of one large event whose 

seismic moment was the sum of that of all the 

microseismic events. The orientation and size of that 

one hypothetical fault plane was chosen to coincide 

with the geometry of the observed microseismic 

activity. Using this approach, they found a shift in the 

azimuth of the faults optimally oriented for failure in 

two different depth zones of the reservoir. This result 

is in agreement with the observation of a change of 

the orientation of the microseismic cloud during 

stimulation. However, their hypothesis that the 

microseismic activity in the reservoir could be 

depicted by one single fault has to be validated.  

 

In this paper we present 3D computations of CFS 

by different geometries of the fault plane to find a 

computationally efficient way to approximate circular 

sources taking into account an appropriate slip 

distribution. We then compute transient CFS in the 

Soultz reservoir during the stimulation of GPK2. For 

this analysis we use an extensive database of over 

700 derived focal mechanisms (Dorbath et al., 2009). 

This allows us to conclude that the stress perturbation 

of all microseismic events induced during stimulation 

cannot be depicted by one single fault. Furthermore 

analysis of this dataset allows us to estimate the 

influence of CFS by dislocation over the total 

change of Coulomb failure stress by other processes 

like the increase of pore fluid pressure, thermal 

stresses, hydraulic response of the reservoir and 

coupling of these. 

METHOD 

The displacement field in a homogeneous elastic half 

space due to a dislocation on a rectangular fault has 

been analytically derived by Okada (1992). We 

developed the software dCFS to calculate the 

transient stress perturbation in the reservoir during 

the stimulation created by each microseismic event. It 

bases on the software EDCMP (Wang et al., 2003) 

which provides a convenient interface between the 

coordinate system of the reservoir to the routines by 

Okada (1992) which are in the fault plane coordinate 

system. Using the analytical solution for 

displacements, the calculation of Coulomb failure 

stress at more than 200,000 coordinate points per 

second per CPU core is possible. Due to the linear 

nature of theses stress changes, the process can easily 

be parallelized for even faster computation. Having 

obtained displacements and strains from Okada’s 

solution we assume a linear elastic medium by 

applying Hooke’s law to obtain the stress tensor. We 

then apply the Coulomb failure criterion, which is 

commonly used to describe failure of rocks. Failure 

occurs if the Coulomb stress cf exceeds a critical 

value given by 

              (1) 

where  is the shear stress on the plane in 

consideration,  is the corresponding normal stress,  

is the coefficient of static friction and p is pore fluid 

pressure. In this paper our focus is on stress changes 

due to dislocations, so we do not consider changes of 

pore fluid pressure. Finally we obtain for changes of 

Coulomb failure stress 

              (2) 

where  and  are the changes of shear and normal 

stresses, respectively. For a positive CFS 

perturbation a point considered is driven towards 

failure whereas for a negative CFS failure is 

hindered. For the computation of coseismic stress 

changes the tectonic stress field and its orientation is 

not to be considered and we may arbitrarily choose 

the stress field prior to stimulation to be zero. 

However to obtain the orientation of optimally 

oriented fault planes to compute CFS we need to 

consider orientation and magnitude of the principal 

stresses. The stress field at Soultz is at the transition 

from a strike slip regime to a normal faulting regime, 

with a slight tendency to normal faulting, depended 

on depth (Valley and Evans, 2007). A stress field in 

agreement with Cornet et al. (2007) has been used: 

                         
            
            

(3) 

while the orientation of SH is assumed to be N170°. 

The computation of CFS on fault planes optimally 

oriented for failure is described in detail in King et al. 

(1994). As noted above computations presented here 

neither consider changes of pore fluid pressure or 

thermal stresses nor that induced by aseismic slip 

(Bourouis and Bernard, 2007), for which no reliable 

data exists. 

PARTITIONING OF SOURCE ZONES 

Analytical solutions for computation of 

displacements due to dislocations by Okada (1992) 

are only available for point sources and rectangular 



sources with constant slip. However in geothermal 

reservoirs with microseismicity of magnitudes of up 

to MW = 3 fault planes with more of less circular 

shapes are expected. Furthermore the slip reduces to 

zero at the boundary of the source area to assure 

continuity. The kinematics and deduced slip 

distribution of such circular sources were described 

by the model by Madariaga (1976). Due to the linear 

nature of the stress perturbations, the perturbations by 

several sources can be added linearly to obtain the 

cumulative stress perturbation. A widely used 

approximation for vanishing displacement at the fault 

boundary is by tapering slip by the superposition of 

several slip rectangles of similar aspect ratio over 

another (e. g. in the software Coulomb (Toda, 2010)). 

As will be shown in the following, this method is not 

appropriate for modeling circular fault planes. To 

approximate the behavior of circular faults with 

vanishing displacement at their boundaries, the 

microseismicity sources were partitioned into 

superimposed rectangles of varying aspect ratio as in 

Figure 1(a). Each rectangle is given the same slip 

which, summed up over all rectangles, gives the 

seismic moment of the recorded event. The 

corresponding slip distribution compared to that with 

a square source of constant slip along with the slip 

distribution of the Madariaga Model is depicted in 

Figure 1(b). A slip distribution very similar to the 

elliptical one derived by Madariaga (1976) is 

obtained by this approximation scheme. 

 

The effect on the change of Coulomb Failure Stress 

using several superimposed rectangles instead of 

square sources is analyzed in Figure 2. Here we show 

the resulting 3D Coulomb Failure Stress change by 

one microseismic event implemented by different slip 

distributions. The event source is implemented as one 

square of constant slip, four squares of different sizes 

representing the tapering used in many studies, 3 

rectangles and 10 rectangles, respectively. For 

reference the stress change due to a slip distribution 

in the shape of the model by Madariaga (1976) it is 

implemented using a grid of 40×40 source tiles with 

their respective slip. To visualize the CFS 

perturbation in 3D space isosurfaces of –1 MPa are 

plotted in Figure 2 along with the slip distribution. 

For the one square source the isosurfaces occupy 

only a small volume concentrated on the tips of the 

shear displacement. For the case of four squares 

superimposed on the center of the fault we obtain a 

stress perturbation with tips of the isosurface on the 

very outer edge of the source. However, comparing 

with the Madariaga source shows that the stress tip is 

pointing to the outer edge at the middle of the fault 

plane. This behavior is much better approximated by 

three rectangles of different aspect ratios Figure 2(d). 

Going further to ten rectangles gives very smooth 

stress perturbations closely resembling that of the 

Madariaga source. By increasing the number of 

rectangles further to 30 only a marginal improvement 

of the approximation is achieved. However, a feature 

that cannot be obtained by the approximation by 

rectangles are the small lobes of opposite stress 

perturbation close to the fault plane. To sum up, 

using three rectangles to represent the stress 

perturbation by a circular Madariaga source yields a 

much better approximation to the Madariaga source 

than using four squares. Additionally it is faster to 

compute as the computational effort for calculating 

CFS increases linearly with the number of source 

rectangles used. At about ten rectangles a reasonable 

compromise between computational efficiency and 

accuracy is reached. Thus, in the following this 

source model is used. 

DATA DESCRIPTION 

Our input data consists of 715 focal mechanisms of 

events induced during and immediately after the 

stimulation of GPK2 with magnitudes > 1 (Dorbath 

et al., 2009). The stimulation of GPK2 was recorded 

by both a down hole and a surface network. From the 

down hole network data from three stations with 4-

component accelerometers at about 1500 m depth 

(i.e. at the top of the granitic basement) were used for 

analysis. The temporary surface network consisted of 

14 stations, 6 with 3-component velocimeters and 8 

with 1-component vertical velocimeters. For further 

 
(a) 

 
(b) 

Figure 1: (a) Partitioning of one square source (bold) into 10 rectangles (thin). (b) Slip distribution for one 

square source, approximation by 10 rectangles and the Madariaga source. 

 



details on the monitoring network we refer to 

Dorbath et al. (2009). The microseismic sequence 

used does not contain the magnitude 2.6 and 2.7 

events that occurred after shut-in in mid-July as the 

temporary monitoring network was already removed 

from the field. The hypocenter locations were 

obtained using a modified version of 

HYPOINVERSE (Klein, 1978), uncertainties are 

about 50 m in horizontal and 70 m in vertical 

directions. Event magnitudes were calculated from 

the duration of the coda. To calibrate this method the 

moment magnitude was additionally determined for 

some events with magnitudes in the range 0.7 - 2.9 

using waveforms with high enough signal-to-noise 

ratio (Charléty et al., 2007). The source sizes were 

calculated using the empirical relationship c = 125 

MW – 75, where MW is the moment magnitude and c 

is the side length of a hypothetical source square in 

meters. It yields source sizes of 50m for a magnitude 

1 earthquake, and 300m for a magnitude 3 

earthquake. Seismic moment was calculated from 

magnitude using Kanamori (1977): 

   
     

   
     (4) 

Slip could then be derived from  

         (5) 

where G is the shear modulus, S is the surface area of 

the fault plane and d is the displacement. Elastic rock 

properties have been assumed, in agreement with 

Dorbath et al. (2008), i. e. a shear modulus of 

G = 32 GPa and Poisson’s ratio  = 0:25, both 

yielding to a Young’s modulus of 80 GPa. To 

discriminate the two nodal planes given by the focal 

mechanism between the fault plane and the auxiliary 

plane we computed the pore fluid pressure needed to 

rupture the fault for both nodal planes according to a 

Coulomb criterion. That plane where necessary pore 

fluid pressure was lower is assumed to be the fault 

plane. A comparison of density of fracture normals in 

the three wells GPK2-4 obtained from UBI wellbore 

logging with those of the fracture planes from focal 

mechanisms is given in Figure 3. 

 

If not mentioned otherwise computations of CFS 

are for optimally oriented failure planes in a normal 

faulting regime King et al. (1994). The coefficient of 

friction is assumed to be 0.8. We compute stress 

changes by coseismic slip, those of aseismic slip and 

other processes, especially hydrothermal, are not 

   
(a) Madariaga reference (b) 1 Square (c) 4 Squares 

   
(d) 3 Rectangles (e) 10 Rectangles (f) 30 Rectangles 

Figure 2: CFS isosurfaces of ±1 MPa obtained from different slip distributions (red) with equal seismic moment 

corresponding to 1 mm slip on a 10×10 m square fault. 

 

 
Figure 3: Distribution of fracture plane normal density of focal mechanisms in comparison to fractures obtained 

from UBI logs of GPK2, GPK3 and GPK4 (after Meller et al., 2012). 

 



considered in this study, although they contribute 

strongly to the total state of stress. 

RESULTS 

To study the temporal evolution of CFS the dataset 

is split into 14 subsets analogous to Cuenot et al. 

(2008) and Calo’ et al. (2011). They are depicted 

along with injection rate and wellhead pressure and 

number of events per hour in Figure 5. Figure 7 

shows the temporal evolution of cumulative CFS on 

a map view at a depth of 4700 m, about in the vertical 

center of the stimulated volume, for each subset. 

During the first nine subsets the cloud of seismic 

events spreads continuously, the CFS perturbation 

is dominated by small events, which create a pseudo-

random pattern of areas with positive and negative 

CFS, respectively. Subset 10 includes the biggest 

event induced (magnitude 2.5) that dominates a large 

area with negative CFS. Following a number of 

relatively large occur in this depth section, producing 

mainly negative CFS areas. In the far field of the 

reservoir a negative CFS prevails over the whole 

monitored period.  

 

 
Figure 5: Injection rate, wellhead pressure and 

events per hour (M>1) for the stimulation 

of GPK2 (June/July 2000). 

 

In the first step, we compare the distribution of CFS 

obtained from one source according to Dorbath et al. 

(2008) with the computation of CFS taking into 

account 715 located events with MW > 1.0 (Figure 6). 

It is clearly visible that the approximation to use one 

single source to represent the stress perturbation due 

to dislocation is not valid. Both computations deliver 

fundamentally different results. In particular the 

central region of the stimulation is essentially free of 

stress perturbation whereas high stress perturbations 

and modulations result from the detailed computation 

in this region of the reservoir. 

 

 

 
Figure 6: 3D views of DCFS in the Soultz reservoir. 

The wells GPK2 (red), GPK3 (green) and 

GPK4 (blue) are displayed with bold open 

hole section. The microseismic events 

used for the computation are represented 

by sphere symbols which scale with the 

magnitude, not with the geometry. (a) for 

one source fault representative of all 

events and (b) for 715 source events. 

 

In figure 8, we compare CFS for different 

completeness of the catalog of the focal mechanisms 

varying from MW = 2.0 to MW = 1.0 at a depth of 

4700 m. To obtain a reliable image of the 

perturbation by CFS at the reservoir scale a 

completeness down to about MW = 1.6 seems to be  

(a) 

(b) 
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Figure 7: Temporal evolution of CFS during stimulation of well GPK2 after each subset. The Well GPK2 is in the 

center of each image. 

 



sufficient. Smaller events contribute to CFS 

perturbation only very locally, on a scale were errors 

in location dominate any possible conclusion. Table 1 

summarizes the number of events up to a given 

completeness magnitude and the cumulative seismic 

moment. At a completeness of MW = 1.6 about 60 % 

of the cumulative seismic moment is included in the 

perturbation of CFS. Remarkable is the CFS 

perturbation of the largest recorded event with 

magnitude 2.5 at the bottom in the images in figure 8, 

its contribution to CFS dominates a region of 

several hundred meters radius. 

 

In a second step, we analyzed the distribution of 

CFS on the hypocenters of the microseismic events 

to analyze if the occurrence of microseismicity is 

biased by CFS. For this purpose we computed 

CFS for the time just before the event at the located 

hypocenters. We analyze two scenarios: in the first 

we compute CFS for optimally oriented fault 

planes, as in the calculations before. In the second 

calculation we compute CFS at the hypocenter 

using the orientation of the fault plane to derive 

normal and shear stresses and finally the value of 

MW,limit Number M0 [Nm] M0/Mtotal 

2,0 26 4,36∙10
13

 26% 

1,8 76 7,49∙10
13

 45% 

1,6 159 9,87∙10
13

 59% 

1,4 312 1,22∙10
14

 73% 

1,2 438 1,31∙10
14

 78% 

1 715 1,41∙10
14

 85% 

detection >14000 1,67∙10
14

 100% 

 

Table 1: Cummulative seismic moment of the 

events for different magnitudes of 

completeness MW,limit. 

 

CFS (figure 9). For both fracture orientations we 

obtain almost a normal distribution centered on 

CFS = 0. CFS is almost the same when using the 

actual fracture orientation and for optimally oriented 

fractures, which is not a surprise, when looking at the 

distribution of fractures in the Mohr diagram (Figure 

10). Fractures that have failed are mostly close to 

optimal orientation.  

   
(a) MW = 2.0 (b) MW = 1.8 (c) MW = 1.6 

   
(d) MW = 1.4 (e) MW = 1.2 (f) MW = 1.0 

Figure 8: Map view of CFS at z = 4700 m for different completeness of the catalog given in each caption. Same 

color scale as in figure 7. 

 



 

 
Figure 9: Distribution of CFS at hypocenters before 

the actual event occurs. 

 

  
Figure 10: Distribution of fault planes along Mohr 

circles, crosses are scaled according to 

magnitude. 

 

However, a closer look on high CFS values reveals 

that about 5% of events have a CFS larger than 

1 MPa when assuming the actual fracture orientation, 

whereas for optimally oriented fractures this is true 

only at 1.5% of the hypocenters. For these events a 

triggering by previous events is likely. If the 

occurrence of microseismicity was strongly 

influenced by CFS we would expect 

microseismicity to occur predominantly in areas of 

positive CFS, which are more likely to rupture. It 

appears that CFS is only a minor contribution to the 

total stress perturbation by the stimulation, which is 

dominated by the change of pore pressure in the 

fractures. 

CONCLUSIONS 

We developed a computationally efficient method to 

analytically compute coseismic changes of Coulomb 

failure stress (CFS) due to dislocations in the 

volume of a reservoir. This method accounts for an 

elliptical slip distribution on a circular fracture. We 

applied this approach on a dataset of 715 focal 

mechanisms obtained from the stimulation of GPK2 

in Soultz. Changes of Coulomb Failure Stress in the 

order of –1 MPa were obtained. We showed that the 

stress perturbation by dislocations estimated from 

microseismicity induced by hydraulic stimulation 

cannot be depicted by one large source as proposed 

by Dorbath et al. (2008). On the contrary, our 

analysis shows a fundamentally different distribution 

of the stress perturbation and much more internal 

structure when analyzed in high detail. In addition the 

values of CFS at the event hypocenters just before 

the events show an almost normal distribution about 

0 MPa with about 5 % of events with CFS > 5 MPa. 

CFS by dislocation is thus only a minor 

contribution to the whole stress perturbation induced 

by stimulation, compared to e. g. an increase of pore 

fluid pressure. However, for fractures already close to 

failure triggering by neighboring induced events 

might occur. 
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