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1 OVERVIEW 

AP4000 is one of seven work packages of the SERIANEX seismic risk analysis for the Basel 

geothermal system. The focus of AP4000 is on triggered seismicity, which comprises seismic 

events triggered on existing faults outside the geothermal reservoir.  

A structural model of (potentially) seismogenic faults in the Basel region is provided by 

AP2000. For these faults we investigate to what extend perturbation forces introduced by the 

geothermal reservoir might trigger larger magnitude earthquakes. The perturbation forces 

under consideration are caused by: 

• (cumulative) shear deformation occurring in the geothermal reservoir, 

• thermal contraction of the reservoir, 

• hydraulic overpressures. 

 

The impact of these perturbation forces is expressed in terms of Coulomb stress changes 

(∆CS) on those faults which are closest to the geothermal reservoir. By relating ∆CS to the 

natural deformation rate, we estimate relative acceleration/deceleration of the seismic cycle 

which provides the input for the probabilistic seismic hazard analysis performed in AP5000. 
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2 METHODOLOGY 

2.1 Acceleration of the seismic cycle 

The output parameter of AP4000 is an estimate of the acceleration/deceleration of the seis-

mic cycle δtcycl of characteristic earthquakes. In the characteristic earthquake model, faults 

are assumed to rupture in a series of (characteristic) earthquakes, each identical, with the 

same slip distribution and length (Scholz, 2002). The seismic cycle describes the repetitive 

process of strain accumulation and release on a fault with recurrence time T. Figure 1 sche-

matically depicts the variation of the cycle caused by a geothermal perturbation. Shear stress 

attributed to natural deformation accumulates on the fault which is locked due to friction. 

Criticality is exceeded when frictional resistance is overcome, resulting in relative movement 

between both sides of the fault (Lay and Wallace, 1995). This is associated with a reduction 

of stress (stress drop ∆σ) and another cycle of stress accumulation on the fault is initiated. 

Deformation processes in the geothermal reservoir cause variations of the stress field at the 

fault (geothermal perturbation). This either shifts the recurrence curve farther away or closer 

to criticality, hence modifying recurrence time T by δtcycl. Based on the results of AP2000, 

δtcycl is estimated for those eight faults, which are nearest to the geothermal reservoir (Figure 

2). 

 

 

 

Figure 1: Schematic display of the perturbation of the earthquake recurrence time T caused 
by processes within the geothermal reservoir (see text for details). 

time 

criticality 

T T-δtcycl 

geothermal perturbation 
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Figure 2: Fault model as determined in AP2000. The location of the Basel1 well is indicated 
in red, directions of the maximum and minimum local stress fields as blue arrows. 

 

2.2 Quantifying acceleration of the seismic cycle 

To quantify the variation of the recurrence time δtcycl, we consider the Coulomb stress change 

∆CS on a fault caused by a perturbation of the local stress field (e.g. King et al., 1994). The 

tendency of a fault to slip within a given stress regime is determined by the shear stress (in 

slip direction) and the normal effective stress resolved on the fault. Coulomb stress change 

comprises the variation of both quantities and is defined as (Scholz, 2002): 

∆CS = ∆ τ – µ ∆σeff = ∆ τ – µ (∆σn – ∆Pfl),  

where ∆ τ denotes shear stress changes, µ is the coefficient of friction and ∆σeff denotes 

changes of the effective normal stresses  (i.e. normal stress minus fluid pressure Pfl). Posi-

tive Coulomb stress changes promote failure (fault plane loaded), negative Coulomb stress 

changes impede failure (fault plane relaxed). The corresponding variations δtcycl therefore 

reduce (∆CS>0) or increase (∆CS<0) recurrence time T, respectively (see Figure 1). Relat-

ing ∆CS to the natural, long term stressing rate T/σ∆=τ& (characteristic earthquake with 

recurrence time T and associated stress drop ∆σ)  results in quantifying δtcycl as (Harris, 

2000): 

T
CS

t cycl ⋅
σ∆

∆
=δ . 
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Hence, δtcycl for a characteristic earthquake on a seismogenic fault with a given seismic activ-

ity (strike-slip/normal-reverse faulting) can be directly determined from the Coulomb stress 

change ∆CS. A similar approach has been applied previously, e.g. by King et al. (1994). 

To quantify ∆CS on the fault, we proceed as demonstrated in Figure 3. For characteristic 

earthquakes with magnitudes1 Mw=4.5, Mw=5.5 and Mw=6.5, the associated slip area (as de-

termined in AP2000) is systematically moved across the observation faults to determine the 

most critical position in terms of a maximum ∆CS averaged over the slip area. Averaging 

stress values is based on the assumption that the complete patch needs to be shifted closer 

to criticality for promoting slip over the entire area. This assumption closely follows the block-

spring model developed in AP3000, where large magnitude events require adjacent blocks 

(patches) to be at a similar criticality level. It is also consistent with previous findings from 

cellular automaton models, where large events require highly correlated fault stresses and 

strength, so that initial rupture is not stopped (e.g. Steacy and McCloskey, 1998). 

 

 

Figure 3: Scanning of a seismogenic fault for the computation of the maximum Coulomb 
stress change value ∆CSmax. Colours on the seismogenic fault denote levels of Coulomb 
stress change (warm colours correspond to positive, cold colours to negative stress 
changes). The size of the quadratic patch in the lower left corner (red) is determined by the 
magnitude of the characteristic earthquake. The patch is shifted over the entire fault (50% 
overlap between adjacent patches) and the average Coulomb stress changes are computed 
at each position in order to find a maximum value, which is finally assigned to the seis-
mogenic fault (green). 

 

                                                           
1
 In the context of seismic hazard, the moment magnitude Mw is used instead of the local magnitude ML. In this 

study, the strength of seismic events will therefore by quantified by Mw whenever possible. Note that for the mag-
nitude range considered here, Mw is slightly smaller than ML. 
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Following the discussion of Steacy and McCloskey (1998) concerning the potential role of an 

earthquake nucleation zone, we note that our approach does neither require nor exclude the 

existence of an earthquake nucleation zone. Here, we only assume that stress conditions 

need to be sufficiently close to criticality on the entire fault patch in order to promote slip over 

the entire patch.      

We assume a quadratic slip area to avoid additional complexity in our model. Coulomb stress 

changes are determined for all potential fault orientations (uncertainty of the dip) providing a 

distribution of ∆CSmax as a function of fault orientation. 

 

2.3 Perturbation Forces 

Three mechanisms that result in perturbations of the recurrence times of characteristic 

earthquakes on the seismogenic faults are considered: 

• cumulative (shear) deformation during the stimulation of the geothermal reservoir, 

• contraction of the rock matrix around the reservoir due to temperature decay while 

operating the geothermal power plant, 

• hydraulic overpressures related to circulation of fluid between wells. 

The cumulative deformation associated with shear stimulation can be estimated from seismic 

observations. Thermal contraction of the rock matrix is estimated by computing an average 

temperature decay of an assumed rock volume for a constant power output while operating 

the power plant. Finally, the hydraulic overpressures in the vicinity of the reservoir during 

circulation are estimated by numerical simulations. 
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3 NUMERICAL IMPLEMENTATION 

3.1 Computation of Coulomb stress change 

For the computation of the Coulomb stress changes we utilize the analytic solutions given by 

Okada (1992). These analytic expressions yield the static strain and associated stress fields 

for different source types resolved on an observation fault at a given location and orientation. 

This enables us to compute shear and normal stress changes on seismogenic faults intro-

duced by the deformations caused by the geothermal system. The Okada solutions are 

commonly used for modelling earthquake triggering phenomena and an implementation of 

the analytic expressions (software package COULOMB) is provided by the US Geological 

Survey. We use a more flexible in-house implementation of the Okada solutions that has 

been benchmarked to produce the same results compared to the COULOMB software pack-

age. 

To demonstrate the principle method, we consider a strike slip, which represents shearing on 

a source fault, simulating the effect of geothermal reservoir stimulation (Figure 4, grey).  The 

resulting Coulomb stress change pattern on an observation (seismogenic) fault is depicted in 

colours on the right. We can distinguish areas of positive Coulomb stress change (warm col-

ours) promoting failure for the natural deformation mechanism on this fault (green arrow). In 

contrast, cold colours denote areas where failure is impeded. Similarly, Figure 5 demon-

strates the resulting Coulomb stress change pattern for a contraction source, simulating the 

mechanical effect of a temperature decline of the rock matrix. 
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Figure 4: Schematic display for the change of Coulomb stress on an “observation fault” (OF) 
caused by a sinistral strike-slip in the geothermal reservoir (SF). Warm colours denote posi-
tive Coulomb stress changes (i.e. promoting failure) determined by analytical solutions 
(Okada, 1992). Green arrow denotes direction of natural deformation on the “observation 
fault”. 

 

Figure 5: Schematic display for the change of Coulomb stress on an “observation fault” (OF) 
caused by thermal contraction of the geothermal reservoir (SF). Warm colours denote posi-
tive Coulomb stress changes (i.e. promoting failure). Green arrow denotes direction of natu-
ral deformation on the “observation fault”. 
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3.2 Computation of hydraulic overpressures 

To compute hydraulic overpressures, we have implemented a simple numerical model repre-

senting the geothermal reservoir and the surrounding rock matrix. The model was set up with 

Q-con’s in-house software, based on the commercially distributed finite element software 

package COMSOL MULTIPHYSICS®. The parameters were chosen according to the results 

from hydraulic well test analysis (Jung and Ortiz, 2007). The purpose of this model is to ana-

lyse magnitude and range of pressure variations into the surrounding rock matrix when simu-

lating a continuous circulation between injection and production well. From these results we 

can estimate, whether a significant pressure increase on a seismogenic fault influencing re-

currence times might occur. 



Triggered Seismicity AP 4000 
 

 
 

SERIANEX AP 4000 - 15/36

 

4 NUMERICAL SIMULATIONS 

4.1 Magnitude of perturbations  

4.1.1 Shearing 

During stimulation of the geothermal reservoir in 2006, shear deformation has been induced 

on the “reservoir fault”.  The cumulative shear slip in the reservoir is shown in Figure 6 with a 

total reservoir extension of approximately A=0.7 km2. Cumulative shear slip was estimated 

from seismic magnitudes by mapping individual events onto a best fitting plane and assum-

ing a constant stress drop of 3 MPa (for details of the method we refer to Baisch et. al, 2009). 

When averaged over the reservoir area, cumulative shear slip is d=16 mm (d=21 mm) as-

suming a shear modulus of 37 GPa (28 GPa) as determined by Braun (2007).  For the simu-

lations in the following section, a rectangular reservoir with A=0.7 km2 and d=16 mm (d=21 

mm) is assumed. 

 

Figure 6: Cumulative shear slip of Basel reservoir events determined by mapping the slip 
contribution of individual events onto the best fitting plane (strike 158°, dip 83°). Cumulative 
slip is denoted in mm according to the colour map and is saturated at 30 mm. Maximum slip 
of 78 mm occurred near the Basel1 wellbore (star). 

From the results of AP3000 we note that seismic activity also occurs during reservoir circula-

tion, thus increasing the reservoir size (A) and the cumulative shear slip. As the impact of 
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thermal cooling is an order of magnitude larger than the impact of shear deformation (see the 

following sections), circulation induced seismicity is not taken into account henceforth. 

4.1.2 Thermal contraction 

To derive a conservative estimate of the geothermal perturbation due to reservoir cooling, we 

assume a homogeneous temperature decay of a given volume of rock matrix. We consider a 

time period of 30 years for the operation of the geothermal power plant with a constant power 

output of 20 MW. A rock volume of 0.2 km3 (i.e. a cuboid with base area of 1 km2) of the res-

ervoir, from which heat is extracted, is homogeneously cooled down by ∆T = 45K (ρ=2650 

kg/m3, c=800 J/(kg·K)). For the computation of the corresponding contraction (as indicated in 

Figure 5) a value for the (linear) thermal expansion coefficient α is required. The uncertain-

ties for this parameter have been taken into account by varying the value between 3·10-6 1/K 

and 8·10-6 1/K, covering the range usually specified for granite rock. The resulting cumulative 

displacement at the boundaries of the cuboid varies between 8 cm and 22 cm.  

4.1.3 Fluid overpressures 

The reservoir model derived in AP3000 indicates that the geothermal reservoir is dominated 

by a single fault with the surrounding rock matrix being hydraulically almost tight (matrix per-

meability 1-10 micro Darcy). No major, highly conductive fault is connected to the existing 

reservoir (compare AP3000 results). In this scenario, fluid pressure increase further away 

from the geothermal system is controlled by pressure diffusion through the rock matrix. We 

have simulated a constant circulation over 30 years at 50 l/s and find that hydraulic over-

pressures further away from the reservoir are not significantly elevated since the amount of 

fluid migration over larger distances through the rock matrix is negligible. Compared to the 

mechanisms discussed in the previous sections, the impact of fluid pressure elevation on 

∆CS (on the regional faults, distance in the kilometre range) is of secondary order and there-

fore will not be considered in the following simulations. 

4.2 Results 

We simulate the perturbation of recurrence times for characteristic earthquakes of magnitude 

4.5, 5.5 and 6.5 (Mw) by computing ∆CS on all regional faults determined in AP2000. Cou-

lomb stress changes depend on a number of parameters that are subjected to uncertainties. 

Within our model, these parameters have been systematically varied as listed in Table 1.  

Earthquake magnitude and assumed stress drop determine the size of the slip area on the 

fault and thus ∆CSmax according to the approach as described in section 2. Table 2 lists the 

recurrence times of the characteristic earthquakes for the calculation of δtcycl. The recurrence 

times are assumed to be identical for all faults (compare AP2000 report), i.e. the likelihood of 

a given magnitude earthquake to occur on a particular fault is the same for all faults. In 

AP2000, recurrence times have been determined from observed regional seismicity without 

assigning earthquakes to particular faults. Therefore, the recurrence time on a particular fault 

is the overall recurrence time (as determined in AP2000) multiplied by the number of faults in 

the model. Note that uncertainties of the recurrence time are considered in AP5000.  



Triggered Seismicity AP 4000 
 

 
 

SERIANEX AP 4000 - 17/36

Coulomb stress changes are shown in the Appendix. Associated changes of the earthquake 

recurrence times (δtcycl) are summarized in Table 3. 

 

Parameter Symbol Unit Range Increment Source 

dip variation ∆dip ° (fault de-
pendent) 

1 AP2000 

stress drop ∆σ MPa 1-3 1 e.g. Beeler et al. 
(2003); Lay & 
Wallace (1995) 

shear modulus G GPa 28 - 37 - Braun (2007) 

thermal expansion coeffi-
cient 

α 1/K (3-8)·10-6 1·10-6 Kuchling (1991) 

magnitude Mw - 4.5-6.5 1 SERIANEX 

 

Table 1: Parameter variations for computing Coulomb stress changes on regional faults. Dip 
range vary between faults according to the values given in AP2000. Differing to AP2000, the 
values for the Weil am Rhein fault dip is varied between -8° and 20° only, as smaller values 
result in an intersection of the fault with the geothermal reservoir. There are no indications for 
such an intersection from the results of the well test analysis (compare AP3000 report). Note: 
The assumption of stress drop in the range of 1-3 MPa closely follows the models derived in 
AP2000 (based on a 1 MPa stress drop). Assuming larger stress drops (e.g. up to 10 MPa, 
Kanamori & Anderson, 1975) would lead to smaller acceleration/deceleration values of the 
seismic cycle. The assumption of a small stress drop corresponds to a conservative assump-
tion regarding the seismic risk. 

 

 

Magnitude (Mw) Recurrence Time [yrs] Number of Faults 

4.5 448 8 

5.5 3574 8 

6.5 20100 6 

 

Table 2: Recurrence times for characteristic earthquakes (compare AP2000 report). Last 
column denotes the number of faults which may host an earthquake of  the given magnitude. 
Note that the recurrence time determined for the regional seismic activity (i.e. values stated 
in AP2000 report) inversely scales with the number of faults.  
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Mw 4.5 Mw 5.5 Mw 6.5 

Fault 
δtcycl 
[yrs] 

sd 
[yrs] 

T  
[yrs] 

δtcycl 
[yrs] 

sd 
[yrs] 

T  
[yrs] 

δtcycl 
[yrs] 

sd 
[yrs] 

T  
[yrs] 

Alschwill 7.6 5.7 448 35.7 22.2 3574 20.5 10.6 20100 

BaselReinach -0.0133 0.0087 448 -0.14 0.01 3574 -4.9 5.3 20100 

Rhine Valley 
Flexure 

35.0 32.6 448 89.3 51.3 3574 44.6 18.2 20100 

Sierentz 0.052 0.011 448 -0.18 0.24 3574 - - - 

Weil am Rhein 76.2 68.0 448 32.8 16.1 3574 - - - 

Aspenrain 0.169 0.092 448 0.091 0.055 3574 -0.9 0.4 20100 

PC Border 0.156 0.095 448 0.90 0.53 3574 0.5 9.5 20100 

Rheinfelden -0.038 0.025 448 -0.51 0.35 3574 -5.2 2.3 20100 

 

Table 3: Average perturbation δtcycl of recurrence times T for the seismogenic faults. The 
average perturbations and their respective standard deviations (sd) have been computed 
from the results of simulating parameter variations according to Table 1. Positive values cor-
respond to acceleration, negative values to deceleration of the seismic cycle. Note that the 
size of the Sierentz and the Weil am Rhein fault are not sufficient to host a 6.5 (Mw) event. 
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5 TRIGGERED SEISMICITY 

In the context of the current study it is of primary importance to compare the magnitude of 

the perturbation forces introduced by the geothermal system to the magnitude of other, natu-

ral or man-made, perturbation forces associated with earthquake triggering. Stress magni-

tudes for different deformation phenomena are summarized in the following sections. 

5.1 Solid earthtides 

The earth is subjected to continuous (periodic) deformations caused by gravitational forces, 

predominantly introduced by the sun and the moon (so called solid earth tides). Peak to peak 

strain of the solid earth tides are in the order of 5 ·10-8 (e.g. Knopoff, 1964).  

Different authors have investigated the hypothesis that the solid earth tides might trigger 

earthquakes. Heaton (1975) finds a positive correlation between the occurrence time of lar-

ger magnitude events and the periodicity of the solid earth tides. For the associated fault 

planes he estimates stress changes in the order of 10-2 MPa caused by solid earth tides. 

However, for a larger data catalogue, Knopoff (1964) could not confirm a correlation with 

earthtides. In a later study, Heaton (1982) withdraws his previous conclusion, and more re-

cent studies consistently claim that there is no correlation between earthtides and earth-

quakes (e.g. Vidale et al., 1998; Hartzell and Heaton, 1989). 

As a potential explanation for the lacking of such a correlation, Knopoff (1964) discusses the 

effect of earthquake nucleation time. Based on laboratory experiments, Beeler & Lockner 

(2003) estimate that triggering due to the small perturbations induced by earthtides would 

require a significant exposure time (“static fatigue model”), much larger than the periodicity of 

the earthtides. In light of this interpretation, the solid earthtides might not be a suitable “test-

signal” to compare with the static deformations associated with the geothermal system (as 

described in section 2).  

5.2 Stress transfer by natural earthquakes 

A large number of studies have investigated earthquakes triggered by static Coulomb stress 

changes. A comprehensive overview about the associated literature is provided by Harris 

(2000). Almost all of these studies find a positive correlation between earthquake occurrence 

and regions with positive Coulomb stress changes. Following major earthquakes, it appears 

that static stress changes as low as 0.01 MPa can affect the location where aftershocks oc-

cur (Harris, 2000). 

Static stress changes attenuate approximately with 1/r3 (with r denoting hypocentral distance) 

and at larger distances, the magnitude of dynamic stress changes caused by seismic waves 

dominates (Steacy et al., 2005). Observations clearly confirm the occurrence of dynamic 

stress triggering with peak stresses being in the order of 0.01 -1 MPa; however, the underly-

ing physical mechanisms remain a matter of continuing research (Hill, 2008).  
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Using strain load experiments, Johnson et al. (2008) study dynamic triggering processes in 

the laboratory. They find indications that dynamic triggering occurs at the level of several 

microstrains and requires the system to be very close to criticality with relatively low effective 

normal stresses. These authors also note that the underlying physics are not well understood 

yet. 

5.3 Reservoir impoundment 

Seismicity associated with the impoundment of water reservoirs has been observed since the 

1940s (compare Talwani, 1997 and references therein). Talwani and Acree (1985) explain 

this type of reservoir induced seismicity by poro-elastic effects, i.e. by mechanical loading as 

well as by pressure diffusion and the associated reduction of effective normal stresses. Addi-

tionally, they discuss chemical effects which may lower the frictional coefficient on existing 

fractures. Stress changes as small as 0.01 MPa have been associated with reservoir induced 

seismicity (Talwani, 2000). 

5.4 Rainfall 

An increase of seismic activity rates has been observed following extremely heavy rainfalls in 

Karst areas (e.g. Husen et al., 2007). This type of seismicity has been attributed to poro-

elastic stress changes associated with mechanical loading as well as with pressure diffusion. 

Based on simple models, Miller (2008) estimates an in situ fluid pressure increase at seis-

mogenic depth in the order of 10-1 MPa to 100 MPa.  

5.5 EGS activities  

A critical question is whether or not triggered earthquakes have already been observed in the 

context of EGS activities. In the current study, triggered seismicity is defined as those earth-

quakes occurring outside the geothermal reservoir (in contrast to induced seismicity being 

located within the reservoir). Distinguishing between the two event types reflects that some 

earthquakes might be part of the controlled process of reservoir creation (“managed” earth-

quakes), and other (large magnitude) earthquakes might occur in an uncontrolled manner. In 

the latter case, larger deformation processes may be “triggered” by relatively small perturba-

tion forces. 

In the current context, indications for an uncontrolled process may be found by comparing 

the energy added to the system by hydraulic pumping to the energy released seismically. 

Although no direct relationship between these two parameters exists, we nevertheless note 

that this type of comparison may serve as an indicator for the occurrence of an uncontrolled 

process in the sense that the energy input does not constrain the energy output. 

We note, however, that exact energy balances between hydraulic energy and seismic energy 

cannot be determined for two reasons: Firstly, the hydraulic energy acting in situ cannot be 

measured. Compared to the pumping energy (which can be almost exactly determined), the 

hydraulic energy in the reservoir is much smaller due to friction losses associated with hy-
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draulic flow. And secondly, the energy radiated seismically is only a fraction of the total en-

ergy associated with the deformation process (McGarr, 1999).  

An upper bound estimate of the total hydraulic energy added to the system is provided by the 

pumping energy. If compared to the seismically released energy (as a lower bound estimate 

of the actual deformation energy), then the line of argument discussed above remains con-

clusive: Indications for an uncontrolled process exist if the seismic energy exceeds the 

pumping energy. If, however, the seismic energy release is smaller than the pumping energy, 

then the occurrence of an uncontrolled process cannot be ruled out. 

Figure 7 shows seismic energy versus pumping energy for the fluid injection experiments 

discussed in AP3000 (Appendix 2 in AP3000 report). Except for the case of the Denver injec-

tions, the energy ratio is remarkably similar for most experiments and seismic energy usually 

does not exceed 5% of the pumping energy. For all EGS projects there is no indication for an 

uncontrolled process.  

Only for the Denver earthquakes there are indications for an uncontrolled process. McGarr 

(1976), however, assumes that the sequence of M=5 Denver earthquakes occurring ap-

proximately one year post injection was not triggered by the injection. By excluding these 

earthquakes, he estimates the seismic energy to be a fraction of 0.3-3% of the hydraulic en-

ergy.  

A similar energy balance can be observed throughout an injection experiment. Figure 8 

shows the ratio between seismic and pumping energy as a function of time for those injection 

experiments where digital data is available to us. Although this data has to be interpreted 

with care due to incompleteness of the underlying catalogues, we nevertheless note that 

(measured) seismic energy release is only a small fraction of the pumping energy at any time 

throughout the injection experiments. 

When comparing seismic to hydraulic energy, a fundamental question is how these two types 

of energy are physically related to each other. Induced seismicity is driven by energy stored 

tectonically, and during an earthquake there is no direct conversion of hydraulic into seismic 

energy. With our physical understanding of the mechanisms involved, however, induced 

seismicity is triggered by an increase of the in situ fluid pressure which also marks an in-

crease of the (local) hydraulic energy (defined as the product between volume and pressure). 

The existence of such a relationship is also supported by observations of an almost constant 

ratio between seismic and pumping energy (Figure 7 and Figure 8). Therefore, pumping en-

ergy may serve as a proxy for estimating upper bound limits for seismic energy release. 
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Figure 7: Total seismic energy as a function of the total pumping energy for the injection ex-
periments discussed in AP3000 (Appendix 2). The Basel project is indicated by a square. 
Vertical lines indicate confidence range for the seismic energy assuming complete data cata-
logues with b=0.6 and b=1, respectively. Seismic energy has been determined from seismic 
magnitudes using the relation log10(Es)=4.8+1.5·M (Gutenberg and Richter, 1956). 
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Figure 8: Ratio between seismic energy and pumping energy as a function of time during 
different fluid injection experiments according to the legend. Details of the fluid injection ex-
periments are given in the AP3000 report (Appendix 2). Note that seismic data catalogues of 
the slz00 and gdy03 experiments exhibit larger gaps due to network downtimes. 



Triggered Seismicity AP 4000 
 

 
 

SERIANEX AP 4000 - 24/36

 

6 CONCLUSIONS 

The numerical simulations indicate that  

• acceleration of the seismic cycle is predominantly caused by thermal contraction of 

the geothermal reservoir (after 30 years of operation), 

• the effect of cumulative shear deformation in the reservoir due to induced seismicity 

is of lower order, 

• and the impact of hydraulic pressure diffusion through the rock matrix is negligible. 

 

It should be noted that these results are based on our understanding of the reservoir in its 

current state. A characteristic feature of the current reservoir is the lacking of hydraulic con-

nection to a larger storage capacity (e.g. a major fault, compare AP3000 report). For this 

reason, the impact of fluid pressure increase on neighbouring faults is found to be minor. If, 

in the course of re-stimulation, a larger fault gets connected to the reservoir, these considera-

tions are not valid anymore and fluid pressure increase on a larger fault may have a dominat-

ing impact. To avoid this scenario, the hydraulic response of the reservoir needs to be 

closely monitored during any future stimulation/circulation activities (compare recommenda-

tions in the AP7000 report). 

The results of the simulation runs, which serve as an input for the AP5000 work package, are 

summarized in Table 3. Due to its proximity to the reservoir, the maximum acceleration of the 

seismic cycle for an M4.5 event is obtained for the Weil-am-Rhein Fault (17.0% accelera-

tion). The Rhine Valley Flexure fault exhibits the largest acceleration for an M5.5 (2.5% ac-

celeration) and M6.5 (0.2% acceleration) earthquake, respectively.  

These results are critically depending on the geometrical fault model derived in AP2000. An 

important question is to what extend the results may change if an additional, unrecognized 

fault exists in close proximity to the reservoir. From hydraulic observations there are two con-

ceivable scenarios for such a fault: (i) the fault may exhibit large hydraulic transmissivity but 

is not connected to the reservoir, or (ii) the fault is connected to the reservoir, but exhibits a 

low transmissivity only. The first scenario is already modelled for the Weil am Rhein Fault 

which (almost) extends into the reservoir for the lowest dip angles assumed during parame-

ter variations. The second scenario assumes that a larger fault (e.g. the extended Sierentz 

fault) has been directly stimulated. This is the scenario modelled in AP3000, where maximum 

magnitudes have been numerically simulated for an unconstrained (i.e. infinite) fault. There-

fore we conclude that the existence of an unrecognized fault would not dramatically change 

the results of our analysis. It should be noted, however, that the numerical simulations in 

AP3000 do not account for cooling effects which can be in the order of 0.5 MPa/C° (Murphy, 

1978). However, reservoir cooling starts at the injection well and - from a conceptual point of 

view - is a localized process similar to hydraulic pressure diffusion in the reservoir. Therefore 

it may be speculated that seismicity induced by reservoir cooling exhibits similar characteris-
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tics as seismicity induced by hydraulic overpressures in terms of a gradual increase of event 

magnitudes with time. This scenario is addressed by the recommendations on seismic moni-

toring in AP7000. 

 

Modelled Coulomb stress changes are typically in the order of 10-3 MPa to 10-2 MPa, with 

peak stresses locally exceeding 0.5 MPa on the Weil-am-Rhein Fault. These values are in 

the same range as other stress perturbation signals for which earthquake triggering phe-

nomena are observed, such as static and dynamic stress transfer following major earth-

quakes (10-2-100 MPa), and filling of water reservoirs (10-2 MPa).  

In the context of EGS we find no indications that triggered earthquakes have ever occurred. 

But it should be noted that thermal contraction has the largest impact on earthquake trigger-

ing and none of the EGS reservoirs has been significantly cooled down yet. 
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8 APPENDIX: COULOMB STRESS CHANGES 

8.1 Alschwill Fault 

 

Figure 9: Coulomb stress changes resolved on the Alschwill fault for the nominal dip. 

 

Figure 10: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5/6.5 earth-
quakes. N denotes the number of the models within the range of δt-values of the respective 
bars. The annotation of the x-axis denotes absolute (black) and relative perturbation times 
(blue). 
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8.2 Basel Reinach Fault 

 

 

Figure 11: Coulomb stress changes resolved on the Basel-Reinach fault for the nominal dip. 

 

 

Figure 12: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5/6.5 earth-
quakes. N denotes the number of the models within the range of δt-values of the respective 
bars. The annotation of the x-axis denotes absolute (black) and relative perturbation times 
(blue). 
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8.3 Rhine Valley Flexure 

 

 

Figure 13: Coulomb stress changes resolved on the Rhine-Valley-Flexure for the nominal 
dip. 

 

 

Figure 14: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5/6.5 earth-
quakes. N denotes the number of the models within the range of δt-values of the respective 
bars. The annotation of the x-axis denotes absolute (black) and relative perturbation times 
(blue). 
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8.4 Sierentz Fault 

 

 

Figure 15: Coulomb stress changes resolved on the Sierentz fault for the nominal dip. 

 

 

Figure 16: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5 earthquakes. 
The size of the fault is not sufficient for an Mw=6.5 event. N denotes the number of the mod-
els within the range of δt-values of the respective bars. The annotation of the x-axis denotes 
absolute (black) and relative perturbation times (blue). Note: The area of this fault is not suf-
ficient to host a Mw=6.5 earthquake. 
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8.5 Weil am Rhein Fault 

 

 

Figure 17: Coulomb stress changes resolved on the Weil-am-Rhein fault for the nominal dip. 

 

Figure 18: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5 earthquakes. 
The size of the fault is not sufficient for an Mw=6.5 event. N denotes the number of the mod-
els within the range of δt-values of the respective bars. The annotation of the x-axis denotes 
absolute (black) and relative perturbation times (blue). Note: The area of this fault is not suf-
ficient to host a Mw=6.5 earthquake.  
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8.6 Aspenrain Fault 

 

 

Figure 19: Coulomb stress changes resolved on the Aspenrain fault for the nominal dip. 

 

 

Figure 20: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5/6.5 earth-
quakes. N denotes the number of the models within the range of δt-values of the respective 
bars. The annotation of the x-axis denotes absolute (black) and relative perturbation times 
(blue). 
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8.7 Permo-Carboniferous Border Fault 

 

 

Figure 21: Coulomb stress changes resolved on the Permo-Carboniferous-Border fault for 
the nominal dip. 

 

Figure 22: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5/6.5 earth-
quakes. N denotes the number of the models within the range of δt-values of the respective 
bars. The annotation of the x-axis denotes absolute (black) and relative perturbation times 
(blue). 
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8.8 Rheinfelden Fault 

 

 

Figure 23: Coulomb stress changes resolved on the Rheinfelden fault for the nominal dip. 

 

 

Figure 24: Acceleration/deceleration of the seismic cycle (δtcylc) for Mw =4.5/5.5/6.5 earth-
quakes. N denotes the number of the models within the range of δt-values of the respective 
bars. The annotation of the x-axis denotes absolute (black) and relative perturbation times 
(blue). 


