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1. Introduction 

In KEM-15 we used three complementary approaches to model cooling-induced seismicity, all of 

which were implemented in the finite element method-based application GOLEM [1, 2]. The 

governing thermal, hydraulic and mechanical (THM) processes were the same in all models and 

are described in Appendix A5 and A6. To highlight the differences between the three approaches, 

the same Slochteren Base case model (Scenario S1) was used with the same geometry and input 

parameters except for model-specific values. 

In the slip tendency (ST) model, stresses in the rock matrix are projected onto the 2D fault plane. 

The resulting shear stress and effective normal stress are then divided to calculate the slip tendency. 

If this ST value reaches the static friction coefficient of the fault, the respective 2D fault plane 

element is considered to have failed. In this model, the friction coefficient is static and the “failure” 

of an element does not influence any other modeling result. It rather is a postprocessing value 

resulting from changes in the effective stress field at individual elements on a distinct, arbitrarily 

shaped, two-dimensional planar fault. While a larger fault area with slip tendency above friction 

coefficient would qualitatively indicate more and larger induced seismic events, no seismic 

response is derived from this model. We therefore use this model to estimate the fault failure 

potential of a distinct fault. The advantage is that it is easy to use and does not require any 

additional constitutive laws or parameters. The mathematical formulation of the ST model is 

provided in Appendix A5 and A6. 

In the rate-and-state friction (RSF) model, dynamic fault slip is simulated. As opposed to the 

constant friction coefficient in the ST model, the friction coefficient and slip velocity in the RSF 

model is dynamically changing during fault slip. This information can be used to calculate the 

cumulative seismic moment. However, allocation of this seismic moment to individual seismic 

events is challenging and the required input parameters are difficult to assess when no data is 

available for validation. Therefore, we use this model only to showcase how a dynamic fault slip 

behavior could look like. The mathematical formulation of the RSF model is provided in 
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Appendix A6 and A7. 

The coulomb failure stress (CFS) model is a hybrid model with elements of a statistical model and 

a physics-based model. In this model, we assume the entire reservoir model to be intersected by a 

statistical distribution of faults and fractures, which is based on the recorded natural seismicity of 

the area and which is described by the Seismogenic Index and the Gutenberg-Richter b-value. A 

change in the Coulomb stress would then lead to failure of the more critically oriented fractures 

once stress changes, e.g., induced by cold water injection, are higher than naturally occurring stress 

changes, e.g., earth tides. This increases the naturally occurring a-value of the background 

seismicity by additional seismic events that are induced by the geothermal operation. Different 

from the other two models, here we do not consider an individual fault, but the entire reservoir. 

This relatively easy-to-use workflow can be implemented in any THM reservoir simulator. We use 

this model to calculate the induced seismicity that is later used to calculate the seismic intensity at 

a specific site. The mathematical formulation of the CFS model is described in Appendix A8 and 

A9. 

Here, we describe the governing equations of the THM model and the three modelling approaches 

outlined above. Then we describe the model setup and show and discuss the results of these three 

models for the base case Slochteren model. 
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2. Slochteren base case model setup 

2.1. Slip tendency analysis 

The Slip Tendency Slochteren Base Case model setup is described in Appendix A6.  

2.2. Rate and state friction 

The Rate- and state friction Slochteren Base Case model is the same as the Slip Tendency model 

except for the additional constitutive fault slip behavior described in Appendix A6 

(supplementary material). The additional model parameters are summarized in Table 1. The 

dynamic fault slip behavior requires a higher time step resolution. Therefore, a different time 

stepping algorithm was used as compared to the ST model. 

Table 1: Rate- and state friction parameters for the Slochteren Base Case model. 

RSF a-value 0.005 (Hunfeld et al., 2017, 2020) 

RSF b-value 0.0025 (Hunfeld et al., 2017, 2020) 

RSF (a-b)-value 0.0025 (Hunfeld et al., 2017, 2020) 

RSF critical slip distance dc 1e-5 mm (Hunfeld et al., 2017, 2020) 

 

2.3. Coulomb failure stress 

The Coulomb failure stress model is postprocessing the data of the Slip Tendency model. To 

calculate the seismic response of the induced coulomb stress changes we use a Seismogenic Index 

of -7 and a Gutenberg-Richter b-value of 1, both representative for the Slochteren formation. 
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3. Slochteren base case model results 

3.1. Primary model results 

In all models the injection- and production induced pressure and temperature changes and the 

resulting stress changes are simulated. Cold water injection leads to a temperature reduction and 

pressure increase around the injection well. This results in contraction (effective stress reduction) 

due to cooling and effective stress reduction by pore pressure increase. The pore pressure increase 

occurs early on during operation of a geothermal doublet and a new equilibrium is reached after 

less than 1 year, when no significant pressure changes occur anymore. The temperature plume 

instead is growing over time around the injection well cooling a larger and larger reservoir volume. 

In Figure 1, the initial and final (after 30 years of fluid circulation) temperature, pressure and stress 

distribution in the Slochteren base case reservoir model is displayed. In the reservoir, the 

temperature reduction by >50°C results in a reduction of the three effective principal stresses by 

<10 MPa. This effect is more pronounced in the bottom layer, which is stiffer than the reservoir 

layer. Pore pressure increase by <2 MPa results in an insignificant additional effective stress 

reduction, which is most pronounced directly around the injection well. 

 

Figure 1: Temperature, pore-pressure and mechanical stresses across the injection well along x-

axis (a) and z-axis (b) after 30 year of cold-water injection (see Appendix 6 for details). 

 

3.2. Slip tendency analysis 

In the slip tendency analysis model, these stresses are mapped onto the fault plane to calculate the 

effective normal and shear stresses and the resulting slip tendency. As shown in Figure 2 the 

induced stress changes lead to a significant reduction in effective normal stress from a couple of 

MPa to more than 15 MPa and a shear stress variation of <1 MPa, both depending on the location 

on the fault plane. In the Zechstein group, the resulting slip tendency is uncritical while the slip 

tendency in the reservoir layer reaches values above the critical value of 0.6 and even higher values 

are reached in the Limburg formation. This is primarily due to the different elastic properties of 
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these three layers. Thus, the slip tendency model shows that the investigated fault becomes critical 

after ~11.45 years of fluid circulation with a maximum critical fault area of 0.077 km² and a 

maximum slip tendency on the fault in the reservoir of 0.85 after 30 years due to a maximum 

pressure change of 0.7 MPa (minor effect) and a maximum temperature change of ~53.6°C (major 

effect) after 30 years of cold-water injection (Table 2). 
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Figure 2: Slip tendency, shear stress and normal stress at points A, B, and C for the ST model. 

Table 2: Base case key results on fault surface within reservoir unit 

Max ST on fault (in reservoir unit) 0.85 

Max temperature change on fault (°C) 53.6 

Max pressure change on fault (MPa) 0.7 

Area of fault with ST > μ (km2) 0.077 

Time until ST > μ (Years) 11.45 

 

3.3. Rate and state friction 

In the rate- and state friction model the dynamic fault slip behavior is additionally considered. That 

means that the slip velocity (Figure 3), friction coefficient (Figure 4), cumulative seismic moment 

(Figure 5) and cumulative slip (Figure 5and Figure 6) can be evaluated. The RSF parameters 
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determined by Hunfeld et al. (2017, 2020) for Slochteren faults mainly show velocity neutral to 

velocity strengthening behavior. The resulting maximum slip velocities are thus extremely low and 

indicate aseismic creep-like behavior. That means, while the slip tendency model may indicates 

that the fault becomes critically stressed and may slip after ~13 years, this slip is likely to be 

aseismic as a result of the RSF model. Velocity weakening RSF parameters may show a decisively 

different behavior. If the cumulative seismic moment after 30 years shown in Figure 5 would be 

released in a single seismic event, this event would have a moment magnitude of 3.6. 

When directly comparing the slip tendency resulting from slip tendency model (Figure 2) with the 

slip tendency calculated for the RSF fault (Figure 7) one can see that the relatively low slip 

tendency at point A, the relatively high slip tendency at point C and the intermediate slip tendency 

at point B is similar in both models. Also, the reduction in effective normal stress is similar. One 

difference is the shear stress evolution resulting from the RSF formulation. The evolution of the 

slip tendency and the effective normal stress is identical for both models. The shear stress at point 

A is also the same in both models, as this point is a stable point on the fault in both models, as can 

be seen from the slip tendency, which never reaches the critical value (0.6). However, at points B 

and C of the RSF model, the shear stress starts to decrease around 13-15 years of operation when 

slip starts, while in the ST model it continues to increase until the end of fluid circulation. The 

reason for this is that the dynamic slip of the fault is not simulated in the ST model, only the 

reactivation potential of the fault, which is why the model cannot provide information on the 

evolution of the shear stress after the reactivation of the fault. 

 

 

Figure 3: Maximum slip velocity on the fault in the base case Slochtern model during 30 years of 

fluid circulation. 
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Figure 4: Maximum friction coefficient on the fault in the base case Slochteren model during 30 

years of fluid circulation. 

 

Figure 5: Cumulative seismic moment and average cumulative slip resulting from the RSF base 

case Slochteren model during 30 years of fluid circulation using the area of the fault where the 

slip tendency is above the friction coefficient of 0.6. Slip starts after 10 years. If the cumulative 

seismic moment would be released in a single event, this would equal to a Mw 3.6 event. 
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Figure 6: Maximum cumulative slip resulting from the RSF base case Slochteren model during 30 

years of fluid circulation. Slip starts after 10 years and increases after ~14 years when the part of 

the fault intersecting the bottom layer experiences higher temperature changes and resulting 

thermal stresses. 
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Figure 7: Slip tendency, shear stress and normal stress at points A, B, and C for the RSF model. 
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3.4. Coulomb failure stress 

In the Coulomb failure stress model we calculate the seismic response of the entire reservoir (not 

only the specific fault) due to induced stress changes resulting from temperature and pressure 

changes. The Seismogenic Index of -7 for this study indicates a relatively low natural seismic 

hazard. The induced Coulomb stress changes indicate that after 30 years of fluid circulation there 

is a 10% chance that a Mw 1.1 event would be induced and there is a 90% chance that a Mw -0.2 

event would be induced (Figure 8). Only the CFS results are later used for seismic intensity 

calculations. An example output of a CFS model, which is used as input for the seismic intensity 

calculation is shown in Figure 9. 

 

Figure 8: Gutenberg-Richter plot (left) and probability density function (right) resulting from the 

Slochteren Base case CFS model with a Seismogenic Index of -7 for different points in time during 

continuous fluid circulation. 
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Figure 9: Example output of the CFS Slochteren base case model that is used as input for later 

seismic intensity calculation. 
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4. Discussion of modelling results 

As a result of the relatively high stiffness of 15 GPa (Slochteren formation) to 40 GPa (Limburg 

formation), the relatively high temperature changes of >50°C and the relatively high bulk thermal 

expansion coefficient of 3e-5 1/°C, modelled thermal stresses (tensile) reach values between ~10 

MPa in the Slochteren formation and ~30 MPa in the Limburg formation while pore pressure 

changes remain below 2 MPa everywhere in the model. The resulting effective stress changes are 

thus primarily a result of temperature changes. Pressure equilibrates early during the lifetime of a 

geothermal doublet and the cold-water plume continues to grow until cold water injection is 

stopped.  

The slip tendency model indicates that the induced stress changes lead to fault slip after 11.45 

years of injection. 

The rate-and state friction model highlights that the induced slip of the fault may likely be aseismic, 

depending on the friction parameters of the fault. 

The Coulomb failure stress model considers no specific fault, but a statistical distribution of 

unknown faults. The Coulomb failure stress model indicates a relatively high induced seismic 

hazard resulting from these stress changes. It also shows that the seismic hazard increases slowly 

with time due to the slow progression of the thermal front. Therefore, monitoring induced 

seismicity during the lifetime (decades) of a conventional geothermal project seems imperative. If 

induced seismic events are recorded and the magnitude of these events is slowly increasing with 

time one may try to extrapolate this behavior based on a calibrated model. When critical situations 

are identified a stop of injection would stop the extension of the thermal front, which would reduce 

the seismic hazard according to the numerical models presented here. 


