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1 Executive summary 

The Dutch National Climate Agreement sets the goal to adapt before 2030 1.5 million homes which 
are now heated by natural gas, into buildings heated by sustainable heat. To this end, a growth of 
the use of sustainable heat sources needs to be realized. Geothermal energy is considered an 
important future heat source, with an expected supply of 15 - 50 PJ in 2030 of sustainable heat to 
district heat networks and greenhouses (Stichting Plaftorm Geothermie et al., 2018, PBL et al., 2020). 
Theme 4 in the WarmingUp (MMIP4) project aims to accelerate and upscale geothermal 
development for sustainable heating in the built environment.  
 
For safe and effective application of geothermal energy, it is important to assess the effects of 
geothermal operations on fault stability and induced seismicity. Work package 4B specifically focuses 
on the quantification and management of risks related to induced seismicity as a result of geothermal 
operations. Understanding the mechanisms of stress changes around geothermal doublets, the 
conditions under which faults could be reactivated and what controls the magnitudes of induced 
events, is crucial for site-specific hazard assessment and the development of mitigation measures.  
The use of geomechanical models helps understand and evaluate the (relative role) of important 
processes, key geological properties, and operational settings affecting fault reactivation and seismic 
hazard. The main objective of this study is to develop practical methods and modelling workflows for 
seismic hazard assessment in conventional geothermal projects in the Netherlands, where fluids are 
circulated through porous sandstone formations. We test and demonstrate the workflows for 
generic geological and operational settings representative for geothermal operations in the 
Netherlands. The methods and workflows can be used as a base for guidelines and criteria for field 
development. Note that the models as presented here always employ (simplifying) assumptions, and 
capture processes and subsurface complexities only to a limited extent, leading to substantial 
(epistemic) uncertainties. Though general trends may well be captured and models help understand 
the general response to cold water injection, for further (field-specific) applications, the models 
should be informed with available subsurface data, and importantly, be validated through the 
integration with field data and monitoring data.  
 
Most conventional geothermal systems in the Netherlands produce heat from hot sedimentary 
aquifers of Tertiary, Cretaceous/Jurassic, Triassic or Permian (Rotliegend) age (e.g. Buijze et al., 
2019a). Geothermal energy extraction is generally executed using a geothermal doublet, consisting 
of an injector and producer in combination with a surface heat exchange facility. As produced fluids 
are reinjected in the reservoir at temperatures between 20-45°C, long-term injection over the 
lifetime of a geothermal installation will lead to a progressive cooling of the reservoir rocks. Pressure 
changes related to production and injection and thermal stresses related to long-term cooling cause 
stress changes which may affect the reactivation and seismicity potential of faults near the 
geothermal doublet.  
 
In this report we present three modelling tools for analysis of fault reactivation potential near 
geothermal doublets, i.e. SRIMA, PANTHER2D and DIANA-OPM. Each of these tools has its own 
merits and limitations, and each can be used for different purposes. SRIMA and PANTHER2D are 
(semi-)analytical tools which can give a first order assessment of fault reactivation, and in case of 
PANTHER2D, induced event magnitudes. The speed of these tools allows for incorporation of 
uncertainties in stochastic and sensitivity analyses, providing insights into the key factors that drive 
the potential of fault reactivation and seismicity. As they are based on simplified geometries, they 
are generally less well suited to capture the effects of geological complexity, heterogeneity and the 
spatio-temporal evolution of the cooling front. The FE numerical tool of OPM-DIANA analysis is 
complementary to the fast analyses of SRIMA and PANTHER2D, incorporating less parameter 
uncertainty but a higher degree of subsurface complexity. 
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We compare and benchmark results of SRIMA, PANTHER2D and the 3D analysis in OPM-DIANA to 
assess their specific application and limitations for use. We then use the tools to further our 
understanding of the hazard of fault reactivation and induced seismicity related to geothermal 
doublet operations, with specific focus on the following questions: 
 
- What are the key factors that drive fault reactivation and induced seismicity in geothermal 

doublet operations?: 
o Which parameters affect (the likelihood of) fault reactivation? 
o Which parameters affect the extent of fault rupture? 

- What is the extent of the cooling front and the critically perturbed zone around the geothermal 
doublets? 

- What are the differences between seismicity induced by cooling (geothermal doublet 
operations) and by depletion (gas production)? This comparison of cooling-induced seismicity 
and depletion-induced seismicity is specifically interesting as there is a long history of gas 
production from onshore gas fields in the Netherlands, with multiple fields that have shown 
induced seismicity. 

 
We demonstrate the use of SRIMA (Seal and Reservoir Integrity Mechanical Analysis) for the analysis 
of the potential of fault reactivation during injection operations. For a simplified scenario of constant 
injection into a single vertical well in a reservoir with homogeneous flow and temperature properties, 
SRIMA allows to map the reactivation risk associated to different injection and subsurface scenarios. 
Based on an extensive benchmark study, we consider the tool appropriate for a first screening of the 
extent of the cooled volume and the fault reactivation potential perpendicular to the doublet 
orientation. Due to its radial-symmetry SRIMA cannot capture the asymmetry of the cooling front 
during the later stages of injection, as it preferentially grows to the production well with increasing 
injection time. The use of SRIMA should be limited to reservoirs where advective heat transfer is 
dominant in the reservoir, where fault offset remains limited (less than the reservoir height), and 
faults are fully open and in cases where the elasticity ratio between seal and aquifer is larger than a 
factor 0.5. The assumption of a simplified radial-symmetrical geometry implies some limitations for 
use, e.g. for strongly deviated wells or when interaction between multiple wells is expected, and in 
case geothermal doublet operations occur in heterogeneous reservoirs with high-permeability 
streaks, or in presence of permeable fault systems. 
 
Sensitivity analysis in SRIMA shows that stress changes for geothermal doublet operations in porous 
sandstone formations derive almost exclusively from temperature decreases around the injection 
well. The temperature decrease can be up to several 10’s of degrees over hundreds of meters from 
the injection well, whereas pressure changes are often small (<1 MPa) and limited to the vicinity of 
the injection well. Normal faults that lie within the cooled volume around the injection well 
experience destabilization – i.e. the Coulomb stress on the fault increases and moves to less stable 
conditions. Destabilization occurs at the reservoir depth level, as well as just above in the seal and 
below in the base, as these also experience some degree of cooling. Destabilization can also occur 
outside the cooled reservoir volume due to stress transfer, although the stress changes decay rapidly 
beyond the cooled reservoir volume. The fault area that experiences positive Coulomb stress 
changes is elliptical and increases in size as the cooled volume around the injection well increases 
with operation time. Simultaneously, the Coulomb stress changes increase with the radius of the 
cooled volume. The magnitude of Coulomb stress changes depends predominantly on the difference 
between reinjection and reservoir temperature and the thermo-elastic properties of the reservoir 
formation. Whether faults are reactivated or not depends on the Coulomb stress change in 
combination with the pre-existing, tectonic state of stress in and around the geothermal reservoir. 
Initial stress criticality, temperature difference between injected fluids and reservoir, thermal 
expansion coefficient and elastic modulus are thus key parameters that increase the potential for 
fault reactivation. Additionally, the modulus contrast between seal and aquifer is important. A stiff 
seal and base formation results in larger Coulomb stress changes above and below the reservoir, and 
a larger fault area that experiences destabilization. This is because the seal and base also cool down, 
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and the thermo-elastic stress in the seal and base are larger than those in the reservoir because of 
the higher Young’s modulus. Even tensile stresses may develop, increasing the risk of inducing 
hydraulic fractures in the seal. Regarding radius of criticality, we find that when the initial criticality 
of the stress regime is moderate or low, fault reactivation is not expected for distances from the 
injection well of more than 1.3 times the radius of the cold front. Only in case of (close to) critical 
initial stress conditions, radii of criticality can be much larger than the radius of cooling. Radii of 
criticality can be particularly large (exceeding 500m) in case of an initial stress regime that is critical, 
or in case of small reservoir thickness. This is an important finding when designing geothermal 
operations in a reservoir with pre-existing faults or fault structures. 
 
We used Panther2D to compare reactivation and rupture characteristics for both a depleting and for 
a cooling reservoir. Panther2D is a fast, semi-analytical 2D model approach which allows for a rapid 
stochastic investigation of pressures or temperatures required for fault reactivation and rupture 
length (i.e. the along-dip fault that slipped during the seismic event), taking into account reservoir 
offset and rupture dynamics. Panther2D incorporates fault weakening behavior which is a 
fundamental aspect of seismic instability on faults and crucial for the assessment of magnitudes of 
seismic events. In our model, we assume the fault is open and lies within the depleted or cooled 
volume. The assumption of equal cooling of reservoir blocks on both sides of the fault is conservative 
for cooling and results in a conservative estimate of rupture lengths (simulating e.g. an undetected 
fault near the injection well).  
 
Using Panther2D, we show that mechanisms of cooling-induced and depletion-induced fault 
reactivation are distinctly different. The direction of the stress path for cooling is on average more 
destabilizing than for depletion, which is reflected in a higher fault reactivation potential for cooling. 
This is because the effective normal stress decreases during cooling but increases during depletion. 
Note that this conclusion holds for faults that lie within the cooled or depleted area. Complementary 
to SRIMA, the model configuration in Panther2D allows for the analysis of the effect of fault throw 
on fault reactivation. Fault throw offsetting cooling and depleting reservoir formations tends to 
concentrate fault stresses and hence promotes reactivation for steep normal faults. The more abrupt 
variations in temperature or pressure changes between formations, the larger the stress 
concentrations, in particular near the edges of formations. The more diffuse the pressure and/or 
temperature profile, the smoother the stress changes and the smaller the stress concentrations. 
Sensitivity analysis in Panther2D indicates fault reactivation for depleting reservoirs is strongly 
controlled by fault throw, the poro-elastic stress parameters Poisson’s ratio ν and Biot coefficient, 
and the initial tectonic stress. On the other hand,  Panther2D confirms the observation from SRIMA 
that fault reactivation potential for cooling reservoirs depends predominantly on the reinjection 
temperature and thermo-elastic properties (Young’s modulus and linear thermal expansion 
coefficient) of the reservoir formation and initial stress, and to a lesser extent on fault throw. Key 
factors determining the along-dip rupture length for cooling and depletion are similar, with rupture 
length mostly controlled by the initial tectonic stress ratio, fault dip and frictional weakening 
parameters. In addition, reservoir thickness and fault throw influenced rupture length, with thicker 
reservoirs causing larger events. Computed rupture lengths are larger for cooling than for depletion, 
because cooling of the seal and base results in a longer fault length that experiences stress changes 
compared to depletion. However, even though computed along-dip rupture lengths are larger, the 
along-strike dimensions and stress drops are typically smaller for cooling. Estimates of along-dip 
rupture length, along-strike dimensions and stress drop can be used to obtain a first-order estimate 
of maximum magnitudes of events. When assuming the events span the entire cooled volume, 
maximum event magnitude estimates for cooling are in the same range as those estimated for the 
small gas fields in the Netherlands. The assumption of an along-strike dimension of the rupture over 
entire cooled area is however a very conservative one. In the more likely scenario that only part of 
the cooled volume affects the fault, maximum magnitude estimates for cooling are smaller than for 
the small gas fields. Moreover, while for depletion the pressure change occurs relatively uniformly 
along the strike of the fault, for cooling around an injection well the fault area affected by the 
temperature change will grow with time. This may lead to a different evolution of seismicity (and 
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maximum magnitude) and potentially a more gradual release of seismic energy with time than for 
gas depletion.  
 
We used OPM-DIANA to model fault reactivation in 3D, taking into account the asymmetrical spatio-
temporal evolution of the cooling front between the injection and production well, realistic fault and 
reservoir geometries and heterogeneities, such as stiffness contrasts between reservoir, base and 
seal. In contrast to the other tools, it can be used to assess the effects of doublet configuration on 
fault reactivation potential (e.g. doublet orientation with respect to the fault and distance between 
injection and production well). As modelling in OPM-DIANA is computer-intensive, fully stochastic 
analysis with 10,000s simulations is not feasible. We consider OPM-DIANA a valuable tool for the 
understanding of stressing mechanisms around doublets and assessment of fault reactivation 
potential, when geometry, flow and mechanical parameters are more constrained based on location-
specific data and results are validated against monitoring data. 
 
Results from the 3D analysis in OPM-DIANA confirms the observation in SRIMA that higher stiffness 
of seal and base formations promotes fault reactivation and results in larger stress changes over a 
larger fault length. The 3D model in OPM-DIANA enables modelling the effect of the increasingly 
asymmetric cooling front with increasing operation time, growing preferentially in the direction of 
the production well. Results show that a significantly larger fault area experiences cooling and 
stressing when wells are oriented perpendicular to the fault and located on either side of the fault, 
then for a doublet oriented parallel to the fault (which in practice is the default doublet design). 
 
Even though the stress changes computed in the three model approaches are significant and could 
well lead to fault reactivation, this does not necessarily mean fault reactivation leads to felt events 
or even seismic events at all. Fault rock properties can be such that faults are reactivated 
aseismically, which is typical for clay-rich or non-cohesive sedimentary fault rock materials. Also the 
interaction of the cooling front with the fault may cause fault reactivation to occur progressively, in 
smaller events, as more and more of the fault area gets cooled. Such a gradual increase of perturbed 
fault area and gradual release of seismic energy with time could be favorable for mitigation of felt 
seismic events, as it increases the chance of detecting seismicity (and potentially unmapped faults) 
by seismic monitoring networks well before large fault segments are perturbed by the cooling front. 
Furthermore, irregular fault geometry and the layered sedimentary stratigraphy may cause both the 
initial stress and the induced stresses to vary significantly, which is also expected to lead to smaller, 
more localized events, instead of larger events.     
 
We recommend future research should focus on the thermo-mechanical characterization of 
reservoir rocks and seal and base rocks (Young’s modulus, thermal expansion coefficient), the fault 
properties (cohesion, dynamic weakening, geometrical variations) and the in-situ stress field, as 
these are fundamental for constraining the amount of stress change, the potential of fault 
reactivation and seismic rupture. Both the experimental and in-situ stress characterization of the 
reservoir rocks is part of the WarmingUp project and will be reported in a separate document. 
However, additional data based on newly available samples and field studies will be needed to 
update our knowledge of the mechanical and stress conditions at the geothermal sites. We here 
emphasize the added value of seismicity monitoring networks, both for mitigation of felt seismic 
events and to validate tools developed here against field data, enabling testing and improvement of 
the main model assumptions.  
 
 



 

 

Quantification of induced seismicity potential of geothermal operations – FINAL  REPORT 9/112 

2 Introduction 

The Dutch National Climate Agreement sets the goal to adapt before 2030 1.5 million homes which 
are now heated by natural gas, into buildings heated by sustainable heat. To this end, a growth of 
the use of sustainable heat sources needs to be realized. Geothermal energy is considered an 
important future heat source, with an expected supply of 15 - 50 PJ in 2030 of sustainable heat to 
district heat networks and greenhouses (Stichting Platform Geothermie et al., 2018, PBL et al., 2020). 
Theme 4 in the WarmingUp project aims to accelerate and upscale geothermal development for 
sustainable heating in the built environment.  
 
For safe and effective application of geothermal energy, it is important to assess the effects of 
geothermal operations on the potential of induced seismicity. Work package 4B specifically focusses 
on the quantification and management of risks related to induced seismicity and other 
environmental effects. The activities in this work package comprise: 
 

• Development of methods, tools and workflows for analysis of stress changes and assessment 
of induced seismicity during geothermal doublet operations 

• Development of practical, cost-effective monitoring techniques for monitoring and 
mitigation of seismicity and other environmental effects, such as loss of reservoir seal 
integrity and leakage to groundwater.  

 
In the present report we address the topic of induced seismicity modelling; the main objective is to 
develop practical methods and modelling workflows for fault reactivation potential and seismic 
hazard assessment in conventional geothermal systems (as part of WP 4B1 Induced seismicity - 
Processes and model chain and WP 4B2 Induced seismicity – PSHA workflow). We test and 
demonstrate the workflows for representative geological and operational settings in the 
Netherlands. The methods and workflows can be used as a base for guidelines and criteria for field 
development, in combination with field data and monitoring data to validate the models. Results on 
monitoring techniques (WP 4B3 Monitoring and control) will be reported in a separate document.   
 
Geothermal heat in the Netherlands is commonly extracted from brine, which is produced from hot 
porous sedimentary aquifers, whereas only a limited number of geothermal systems directly target 
fault zones in fractured (Dinantian) carbonate systems. Current and planned geothermal doublets 
(will) mostly produce from aquifer rocks of Tertiary, Cretaceous/Jurassic, Triassic and Permian age 
(Buijze et al., 2019). Geothermal energy production is generally executed using a geothermal doublet 
system, which consists of an injector and producer in combination with a surface heat exchange 
facility. Production temperatures of the conventional doublets vary with depth and region, but are 
commonly between 65-100°C, whereas fluids are re-injected at temperatures between 20 – 45 °C.  
As the volumes of fluids produced and re-injected is balanced, reservoir pressure changes are 
expected to be limited and to occur in the near-well area. The long-term re-injection of cold fluids 
over the lifetime of a geothermal installation will however lead to a gradual, but progressive and 
significant cooling of the reservoir rocks and (more limited cooling) of burden. This cooling of 
reservoir and burden causes thermal contraction of the rocks and associated thermal stresses. 
Particularly doublets drilled in competent rocks and marked by large temperature contrasts (both 
increasing with depth) are prone to a high likelihood for the buildup of significant thermal stresses 
over time. These thermal stress changes, superimposed on the pressure-induced stress changes, may 
affect and jeopardize fault stability within reach of, and close by the thermal front and potentially 
induce seismicity.  
 
We present three modelling workflows for the assessment of pressure and temperature and stress 
fields and related fault reactivation and seismicity: 
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• A stochastic fast model for the assessment of the transient evolution of pressures, 
temperatures, associated stress changes and fault reactivation around an injection well 
(SRIMA) 

• A stochastic fast model for the assessment of cooling-induced fault rupture (PANTHER2D) 

• A dynamic reservoir model coupled to a 3D finite element model for the assessment of 
pressures, temperatures, associated stress changes and fault reactivation near a geothermal 
doublet (OPM-DIANA FEA) 

 
The first two are (semi-)analytical 'fast’ models, which provide first-order estimates of fault stability 
and fault rupture. SRIMA provides first-order estimates of the pressure and temperature field around 
an injection well for varying flow and thermal parameters. It enables analysis of the extent and shape 
of the pressure and temperature front and its impact on fault loading and reactivation. PANTHER2D 
particularly assesses the process of fault reactivation, nucleation of seismicity and fault rupture. Both 
models are fast and allow for stochastic analysis and can be used to provide insights into the key 
factors that drive the potential of fault reactivation and seismicity during geothermal operations. 
However, in order to be fast and allow for the analytical calculations both models have also made 
several simplifying assumptions that could affect fault reactivation. As both fast models are based 
on stringent conditions for the geometry of the model domain, they are less well suited for cases 
where geological complexity, heterogeneities and spatially varying pressure and temperatures are 
expected to be important. To understand the impact of such heterogeneities with respect to more 
simplified conditions OPM-DIANA FEA can be used. In the current study a number of these 
heterogeneities are evaluated in a generic model, which gives insight in the potential importance of 
including these aspects, with respect to more simplified input. For site-specific research the model 
could be informed with field-based data such as fault geometries, stiffness contrasts, a 
heterogeneous permeability field etc. Note however that OPM-DIANA FEA will be too computer-
intensive to evaluate a large number of scenarios and thus capture the large uncertainties that are 
inevitably present. It is therefore complementary to faster, simpler tools, as PANTHER and SRIMA, 
but also MACRIS which does capture 3D effects and heterogeneous fault geometries (Candela et al., 
2019, van Wees, 2020). In all cases, model validation against field data is key.  
 
In this study, we compare results between SRIMA, PANTHER2D and OPM-DIANA FEA. We 
investigate for which specific cases we can use the software tools for fault reactivation and seismicity 
assessment during geothermal doublet operations, and what the limitations for use are.  In addition, 
we used the above three modelling workflows to address the following questions:  
  

• What are the key factors that drive fault reactivation in geothermal doublet operations in 
porous sedimentary formations as targeted in the Netherlands?  
• What is the extent of the cooling front and the critically perturbed zone, and what does that 
mean for the safe distance of the injection well to faults?  
• What are the differences between cooling-induced and depletion-induced fault reactivation 
and seismicity?  What mechanisms are driving fault reactivation and seismicity due to cooling 
(geothermal) and depletion (e.g. gas production) and what are the consequences for fault 
reactivation and induced seismicity?   

 

2.1 Geothermal target formations in the Netherlands 

In all three model approaches relatively simple generic reservoir and fault geometries are used to 
study the basic mechanics of fault reactivation around geothermal doublets. The reservoir depth and 
input parameters are based on those relevant to geothermal doublet operations in the Netherlands 
and similar settings. Geothermal energy in the Netherlands is produced from relatively shallow (0.8 
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- 3.5 km), permeable sedimentary formations. Most of the geothermal targets are situated in 
tectonically inactive rift basins, with a normal geothermal gradient with an average of 31 °C per km. 
As mentioned above, geothermal energy is produced from geothermal doublets, where water is 
injected into an injection well and produced from a production well, using a balanced injection 
scheme. Currently, more than 20 doublets are operational in the Netherlands, mainly in the south-
west and center of the Netherlands (Figure 2-1). Due to the relatively low temperature (< 100°C) the 
heat that is produced is for direct-use purposes such as agriculture and district heating; no electricity 
is currently produced in the Netherlands.  
 
 

 

Figure 2-1 Geothermal licenses and doublets in the Netherlands. Licenses and locations drilled wells from www.nlog.nl. 

 
 
These existing doublets target a number of sedimentary formations, which are briefly summarized 
here (see Mijnlieff, 2020, Willems et al., 2020  for more elaborate descriptions) 

• Tertiary sandstones. These are present nearly everywhere in the Netherlands, and are 
mostly located at shallow depth (0 – 1.3 km) and poorly consolidated. Because of their 
shallow depth the reservoir temperatures are low (<40°C). One doublet is currently 
operating in the Tertiary (Zevenbergen).  

• Lower Cretaceous: The main formation targeted for geothermal operations is the Vlieland 
Sandstone Formation of the Rijnland Group, which contains the productive Berkel and 
Rijswijk sandstone members. Both of these are marine sandstones These geothermal target 
formations have favorable depths and temperature in the southwest (West Netherlands 
Basin) and potentially other regions of the Netherlands, with temperatures between 40 – 
100 °C and depths 1.5 – 3 km. Just a few of the earlier doublets target these formations as 
the underlying Upper Jurassic formations turned out to have better permeability.  

• Upper Jurassic: the main formation targeted for geothermal production is the Nieuwerkerk 
Formation of the Schieland Group. Its main productive member is the Delft Sandstone 
Member. This member is characterized by fluvial sandstones with a high net-to-gross (30 – 
60 %) ratio (Willems et al., 2020). The Delft Sandstone Member is underlain by the 

http://www.nlog.nl/
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Alblasserdam Member, which consists of fluvial sandstones interbedded with clay layers, 
with a much lower net-to-gross ratio. Most of the doublets in the West Netherlands Basin 
target the Delft Sandstone Member, which is located at 1.5 – 3 km depth, has a temperature 
of 50 – 100 °C, porosities between 15 – 20% and permeabilities 50 – 4000 mD.  

• Triassic: Another geothermal target is found in the Main & Lower Buntsandstein Sub-Groups 
of the Lower Germanic Trias Group, with the Nederweert sandstone and Volpriehausen, 
Dethlingen, and Hardegsen Formations, a succession of clays and terrestrial sands. Favorable 
conditions are encountered at the margins of the West Netherlands Basin. However, the 
potential is much lower than that of the Jurassic/Cretaceous formations as the transmissivity 
is much lower. One doublet is currently producing from these formations.     

• Permian: Another major geothermal target formation is the Slochteren Formation of the 
Rotliegend Group. The Slochteren Formation is comprised of terrestrial sandstones up to 
200 m thick. Favorable conditions are found in the central Netherlands area around the 
Texel-IJsselmeer High; here the Slochteren Formation lies at depths 1.5 – 3 km, with 
temperatures of 60 to over 100 °C. Permeabilities are generally lower than those of the 
Jurassic/Cretaceous formations (50 – 500 mD), but thicknesses are a bit larger (up to 230 m).  

• Lower Carboniferous: fractured carbonate formations located in the Ruhr Valley Graben in 
the southeast of the Netherlands (e.g. ter Heege, 2020). Two doublets were operational in 
this formation but have been suspended due to problems with the injection well and the 
potential risks of seismicity.   
 

Note that for none of the doublets operation in these formations felt induced seismic (~M > 2) events 
have been recorded to date. Microseismic events with magnitudes up to M 1.7 were recorded near 
the doublets targeting the Upper Carboniferous where a microseismic monitoring array was present 
(see e.g. ter Heege, 2020). No recorded events have been published for the doublets in the sandstone 
formations, though only recently the seismic network was improved in the southwest of the 
Netherlands.  
 
In this report we focus on the potential for fault reactivation and fault slip due to geothermal 
operations in the sandstone formations. An overview of the characteristics of the currently active 
doublets targeting these different geothermal formations is shown in Figure 2-2. Temperatures fall 
between 60 and 100 °C for depths of 1.7 – 2.6 km, which corresponds to thermal gradients of 24 – 
38 °C/km (assuming 10°C surface temperature). Permeabilities range from several 10’s of mD to over 
1000 mD. The thickness of the geothermal target formations is 80 – 220 m. Note however that the 
more permeable streaks in these formations may dominate the flow behavior.  
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Figure 2-2 Properties of existing geothermal doublets in the Netherlands. Apart from the projects in the Carboniferous, all projects 

target various sandstone formations (geological age indicated in the legend). Temperature, permeabilities, depth and thickness 

were taken from well reports on www.nlog.nl or ThermoGIS, average flowrate is the annual average (data from www.nlog.nl). 
Thickness for the Jurassic targets is that of the Delft Sandstone only (excluding the Alblasserdam Member). In a) the range of 
thermal gradients (24 – 38 °C/km) is shown, and in e) transmissivity values (thickness x permeability) are shown.  

 

 
 
 

http://www.nlog.nl/
http://www.nlog.nl/
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3 Stress changes and fault reactivation 
around an injection well: a fast model 

3.1 Abstract 

Fault reactivation, which is at the cause of induced seismicity, is driven by stress changes induced by 
changes in temperature and pressure. Large unknowns are usually associated with the chain of 
physical processes. Therefore, it is important to be able to map the bandwidth of unknown process 
parameters to reactivation risks. A fast model that can be run with probabilistically distributed 
parameters is extremely useful when such a task prevails. This Chapter describes SRIMA (Seal and 
Reservoir Integrity Mechanical Analysis), a fast semi-analytical tool that helps the user perform this 
task. For a simplified geometry (radially symmetric) and injection scenario, it allows to map the 
reactivation risk associated to different injection scenarios and different values of the possible 
characterizing subsurface scenarios. We demonstrate how to target safe operations with a typical 
example. Furthermore, based on stochastic analysis, we derive key factors that drive the potential 
of fault reactivation. Summary of main results: 

• For the case that we evaluate in this report, the most critical input is related to the initial 
stress situation. If the stress is already critical or close to it, injection of cold water will quickly 
induce exceedance of the criticality measures in a large part of the reservoir. The initial shear 
failure capacity is determined by an interplay between the initial stresses, the overpressure 
of the reservoir, and the failure parameters. 

• When the initial shear failure capacity of the system is moderate or low, the expected radius 
of criticality mostly does not extend more than 30% beyond the thermal front 

• The second largest effect is related to the magnitude of the thermoelastic stress 
perturbations. These are mainly related to the temperature difference between injected 
fluid and the virgin reservoir, the thermal expansion coefficient, and the elastic modulus. 
Additionally, the modulus contrast between seal and aquifer is important, in particular in 
the case of a stronger seal. In that case, stress concentration develop in the bounding layers 
due to their larger resistance against thermo-elastic deformation. Even tensile stresses may 
develop, with the risk of inducing hydraulic fractures in the seal.   

• We consider SRIMA a valuable tool for the evaluation of induced stresses and associated 
fault reactivation risk measures. Sensitivities can be identified quickly and the key 
parameters determined.  

3.2 Introduction 

The safety of geothermal operations in matrix-type reservoirs requires that injected water remains 
in the target aquifer to which it was injected and that seismicity is minimized. This implies first of all 
that the integrity of the seal must be safeguarded. Hydraulic fracturing is a phenomenon that can 
breach this integrity, and it must thus be prevented. Furthermore, fault reactivation or shear 
fracturing should be prevented as it may induce seismicity and promote flow due to dilatancy. Both 
hydraulic fracturing and fault reactivation depend directly on the in-situ stresses and the pore 
pressures. The assessment of the risk of integrity and seismicity issues therefore requires knowledge 
of the pressure and stress development in the reservoir, the seal and the base.  
The pressure and stress in the reservoir and in adjacent layers change upon the injection of water. 
Two main phenomena must be incorporated. In the first place, injecting the water requires elevated 
pressures. These alter the total stresses through the poro-elastic effect, and the effective stresses 
through the pressure change itself. In the second place, injected water of a temperature different 
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from the in-situ temperature cools or heats the reservoir and its surroundings (heating takes place 
when heat storage is employed). The temperature change induces a change of the total stress. As 
long as the stresses remain below the yield envelope of the material these changes are poro-elastic 
and thermoelastic. An assessment of the stresses due to the injection of non-isothermal water 
therefore requires a calculation that consists of the temperature and pressure distribution in, above 
and below the reservoir, and the effect of those fields on the in-situ stresses. 
Knowledge of subsurface processes and rock, fault, and stress parameters is commonly marked by 
large uncertainties. Additionally, many different operational decisions can be envisaged in specific 
circumstances. Therefore, there is a need for estimation methods which are fast and flexible. Such 
methods are provided by analytical or semi-analytical means. The present chapter targets such 
solutions. We have devised semi-analytical correlations for the ingredients of a stress assessment as 
described in the previous paragraph. The correlations have been benchmarked using comprehensive 
numerical modelling software. This validation and benchmark exercise is briefly described in the 
Appendix; a publication that fully describes the details is in preparation. 
In the following we will first describe the semi-analytical approach that we developed and their 
validation. Then we present an example of fracturing and reactivation risk assessment and the 
sensitivity to different parameters and operational choices. We constrain ourselves to normal 
faulting regimes (as prevalent in the Netherlands) and strike-slip faulting regimes. The minimum in-
situ stress is then horizontal and hydraulic fractures will develop vertically. We close this chapter 
with a discussion of the work in the present state and an outlook to the future. 

3.3 Method 

In this section we briefly describe the semi-analytical tool SRIMA (Seal and Reservoir Integrity 
Mechanical Analysis). For the background of the equations we refer to Appendix A. A benchmark of 
the pressure and temperature calculation, as well as the poro-thermo-elastic stress calculation, is 
presented in the same Appendix. 
SRIMA is a fast semi-analytical tool that helps the user perform quick mechanical calculations and 
based on that assess the possibility of fault reactivation and hydraulic fracturing. The tool has been 
developed for a radially-symmetric reservoir where fluid is injected in the well in its center (Figure 
3-1). Three layers are present: the permeable layer in which the injection takes place, and the 
overlying and underlying, low-permeability layers. As a consequence, pressure and temperature 
fields are also radially symmetric. Injection is supposed to take place evenly over the complete height 
of the aquifer, and to result in pressure and temperature fields independent of the vertical position 
in the aquifer. In the aquifer, flow is modelled under steady-state conditions and heat transport is 
assumed to take place by convection only. In the bounding layers both pressure and temperature 
are supposed to be controlled by diffusion. The temperature solution has been published earlier; we 
use the formulation by Candela et al (2018). The steady-state solutions for the pressure in the aquifer 
are standard reservoir engineering knowledge (see, e.g. Dake, 1978) and have been complemented 
by an approximate solution to the diffusivity equation in the bounding layers. The solutions have 
been formulated for a single period of injection at a constant rate. 
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Figure 3-1 Radially-symmetric geometry used in SRIMA for analysis of thermo- and poroelastic stresses in a reservoir caused by 

injection of cold fluids. Injection is assumed to take place over the entire reservoir height. Stresses are computed on a polar 
coordinate system and then transferred to a Cartesian coordinate system. The stress tensor is then used to compute stress 

changes, e.g. on a single fault (presented in red). 

 
SRIMA does not consider wellbore stability. The mere presence of the well already changes the stress 
distribution around it (Busch et al., 2010). Since we focus on hydraulic fracturing and fault 
reactivation in the reservoir and seal we discard the stress concentrations at the wellbore. Therefore 
we consider cylindrically shaped regions with elevated or decreased pressures and temperatures. 
Analytical solutions are available for those (Myklestad, 1942, Perkins & Gonzalez, 1985). These 
solutions have been developed for single cylinder with uniform pressure or temperature change, and 
a step change at the interface. We discretize the pressure and temperature fields using 10 cylinders, 
each with a temperature or pressure change 0.1 of the total pressure and temperature change, with 
radii corresponding to the location where the pressure or temperature changes is 0.1, 0.2, etc. of the 
total pressure change. The stress solutions of the 10 cylinders are superimposed to yield the full 
stress field.   
The goal of the calculation is to assess the possibility of fault reactivation or hydraulic fracturing. The 
stresses must be evaluated in the light of failure criteria. There are different possibilities to define a 
measure for the reactivation risk. A first one is exceedance of the Mohr-Coulomb failure criterion on 
an existing fault. The criterion is formulated as a shear stress 𝜏 causing failure when it exceeds the 
failure envelope, which is defined as a linear function for the effective normal stress 𝜎𝑛′ at the fault: 

𝜏 =  𝐶 + 𝑓𝑠𝜎𝑛′ 3-1 

with static friction coefficient fs and cohesion C. The activation risk measure has been quantified as 
the shear capacity utilization (SCU) for that fault, defined as the ratio between actual shear stress 𝜏 
and the shear stress at failure for the actual effective normal stress at the fault:  

𝑆𝐶𝑈 = |
𝜏

𝐶 + 𝑓𝑠𝜎𝑛′
| 3-2 

Faults with a SCU larger than unity will be reactivated.  
A second measure is the exceedance of the failure criterion for the fault orientation that is most 
critically oriented. The SCU then is calculated for the fault orientation that is most prone to failure. 
The calculation does not require stresses for all possible orientations; it suffices to determine the 
principal stresses and the associated shear capacity of the rock, which is a measure for the proximity 
of the Mohr circle to the failure envelope. Failure will occur if the value for the SCU is larger than 
unity. The measure is defined locally. 
A third measure is the radius up to which failure on optimally oriented faults occurs. It can be 
calculated by defining the maximum distance from the wellbore at which the shear capacity 
utilization exceeds unity. The measure can be employed as a standalone measure or in conjunction 
with the position of the cooled front. 
Finally, a fourth measure can be formulated as the percentage of possible fault orientations which 
are critical (Levandowski, 2018). The method to calculate this number is to calculate the criticality 
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for a large number of evenly distributed fault orientations. This measure is a local measure. It can 
therefore be used to map the spatial distribution or in conjunction with the position of the cooling 
front. 
Our knowledge of many subsurface properties is subject to large uncertainty. Examples are the virgin 
stress field and the elastic properties of the reservoir and the bounding layers. Further, different 
choices can be made for operational parameters. A prime example is the injection temperature. All 
these parameters have a profound influence on the reactivation potential. The measures defined in 
the previous paragraphs therefore commonly need to be defined for a range of parameter values.  
The approach that we take is that we first define the parameters subject to considerable uncertainty 
or variability and their uncertainty or variability range. Within these ranges, 𝑁𝐼 values are chosen 
randomly – simultaneously for all parameter ranges identified. This creates an ensemble of 𝑁𝐼 
realizations of parameter value combinations. For every realization, the temperatures, pressures, 
induced stresses and reactivation measures are calculated.  
An assessment starts with identifying the most influential parameters. This is done by determining 
the correlation between the scaled input parameter and the scaled reactivation measure. For every 
measure, then, these are sorted and plotted in order of magnitude. The correlations with the largest 
absolute values are the most influential ones.  
Secondly, for every variable input parameter, the ensemble members are divided into a number of 
subranges, or input range bins. Clearly, different input parameters result in different subranges for 
these bins. For every input range bin, then, every output measure is also divided in bins. These 
combinations can then be plotted in a bar graph to gain insight into the effect of the parameter input 
value on the output measure for reactivation.  

3.4 Results 

3.4.1 Representative case 
We have formulated a representative case to show the capabilities of the setup presented above, 
with basically the same input as used in the other Chapters of this report and in the Appendix. The 
parameters are summarized in Table 3-1. Differences with the other Chapters are that (i) a throw 
cannot be modeled in SRIMA as it assumes fixed depth and reservoir thickness, (ii) only a single value 
for the dip is used as the activation of a specific fault is not part of the probabilistic evaluation, (iii) 
dynamic friction and critical slip-weakening distance are no input in SRIMA; (iv) only a single mass 
injection rate is modeled because of current limitations of the SRIMA code.  
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Table 3-1 SRIMA input values – range and default values 

Parameter Symbol Unit Range (and default) 

Mid depth ymid m 1500 – 3500 (2300) 

Reservoir thickness  h m 30 – 220 (100) 

Dip θ ° 70 

Vertical stress gradient Δσv/Δy MPa/km 21 – 23 (22) 

Stress ratio σh / σv K0 - 0.65 – 0.85 (0.75) 

Horizontal stress ratio σH / σv   σH / σh - 1.0 – 1.2 (1.1) 

Strike with respect to σH φ deg 0 – 90 (0) 

Pressure gradient ΔP/Δy MPa/km 10 – 11.5 (10.7) 

Overpressure in the reservoir 

(overpressure not due to saline water 

gradient) 

Pexc MPa -2 – 4 (0) 

Temperature gradient Δ𝑇𝑟𝑒𝑠/Δ𝑦 °C/km 24 – 38 (31) 

Temperature at surface T0 °C 10 

Biot coefficient α - 0.7 – 1 (1)  

Poisson’s ratio  𝜈 - 
0.05 – 0.35 (0.2) (for aquifer) 

0.2 (for seal) 

Young’s modulus E GPa 
5 – 25 (15) (for aquifer),  

3 – 60 (20) (for seal and base) 

Linear thermal expansion coefficient η °C -1 0.5 · 10-5 – 2.5 · 10-5
 (1 ·10-5) 

Static friction fs - 0.50 – 0.70 (0.60) 

Fault cohesion C MPa 0 – 4 (0) 

Permeability k mD 50-1500 (500) 

Overburden permeability kseal mD 3.0 · 10-5 

Mass injection rate q kg/s 20 – 125 (70) 

Injection Temperature  Tinj °C 20 

thermal conductivity Krock W/m.K 1 – 5 (3) 

Injection water density ρw kg/m3 1052 

Specific heat capacity water  cfluid  J/kgK 

3771 (for a salinity of 10%, Batzle & 

Wang, 1992) 

Specific heat capacity rock crock  J/kgK 850 

    

Seal density ρrock kg/m3 2200 

Injection water viscosity μc Pa.s 1.2 · 10-3 

Water viscosity at reservoir T μh Pa.s 0.50 · 10-3 

Seal porosity Φs - 0.1 

    

Total Reservoir compressibility cres 1/Pa 4.0 · 10-10 

    

 
Our tool in the first place facilitates the calculation of the total and effective stresses, and the 
associated failure risk measures, as a function of time at different positions in the reservoir. Defining 
a grid in the x-z plane, Figure 3-2 gives pressure increase and temperatures after injection times of 2 
month, and 1, 5, and 30 years. Figure 3-3 presents the associated effective stresses. 
Figure 3-4 presents, for these times and positions, two risk measures defined above: the shear 
capacity utilization and the share of fault orientations that would be critically stressed at a certain 
position. This share can only be non-zero if the shear capacity utilization exceeds unity.  
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Figure 3-2 Distribution of pressure increase and temperature for the base case (BC). Pressures in the reservoir decrease 

logarithmically with distance from the injection well, but increase with time due to the growing thermal radius and the associated 

larger volume with water of larger viscosity. Diffusion of temperature cools the seal and the base with time evolving.  
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Figure 3-3 Effective stresses associated with the pressure and stress fields of Figure 3-2. The values are given in the x-z plane, so 

𝜎𝑥 = 𝜎𝑟  (with σr  radial effective stress); 𝜎𝑦 = 𝜎𝜃  (with σθ tangential effective stress). Negative normal stresses are compressive. 
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Figure 3-4 Risk measures for the stresses represented in Figure 3-3. The shear capacity indicates how close the most failure-prone 

fault orientation is to failure; if it is larger than unity, the fraction of critical orientations is larger than zero.  

  
In particular cases the location and orientation of faults is known. In such cases it may be useful to 
assess the stress development on that fault. This is also possible with the current setup. For 
demonstration purposes we defined a normal fault 200 m away (at mid reservoir depth) from the 
injection well, at an angle of 70°. 
Figure 3-5 presents the temperature development on the fault between 2 and 7 years after start of 
the injection. We observe that cooling of the reservoir at the position of the fault starts from the 
bottom, since the bottom is closer to the wellbore due to the fault inclination. The stresses develop 
along with the cooling. For a specific fault, the stresses allow direct determination of the normal 
stresses and shear stresses on it and the associated shear capacity (Figure 3-6). 
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Figure 3-5 Temperature development on normal fault 200 m from injection well 
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Figure 3-6 Normal stresses, shear stresses and shear capacity on the predefined fault. The size of the critically stressed area allows 

to make an indication of the maximum size of the reactivation area. 
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3.4.2 Variable input 
Many input parameters in the stress determination are subject to uncertainty. Within the context of 
thermally induced stresses and failure risk, the most important operational parameters are the 
injection rate and the temperature of the injected fluid; the most important subsurface parameters 
are the original in-situ stress and the elastic parameters. The in-situ stresses determine the original 
criticality of the system: if the horizontal and vertical stresses differ more, the Mohr circle is bigger 
and the system will enter criticality quicker. The elastic modulus immediately affects the induced 
stresses; therefore larger moduli will tend to produce reactivation earlier. An additional effect of the 
elasticity is the possibility of different moduli for the reservoir and the seal and base. The sharp 
contrast in elasticity across formations induces stress concentrations since the displacements on the 
interface between these formations must be continuous. 
While the effect of injection temperature, stress anisotropy and elastic modulus of the complete 
system is linear, the effect of an elasticity contrast is more complicated. The base case, with an 
elasticity ratio of Eseal/Eaq of 1.3, already induced some stress concentration just across the interface 
in the bounding layers. We here provide results for a system with a Young’s modulus of the seal and 
base which is larger and which is smaller than the modulus of the reservoir. We apply a factor of 2.0 
and 0.67 to the base case parameters presented in the previous Section. The temperature and 
pressure fields are identical, so we here provide the stress fields and the failure risk measures only.  
The stress fields (Figure 3-7) show that the larger modulus in the bounding layers induces much larger 
stress changes in the bounding layers. This results in increased risks, as is also indicated in Figure 3-8, 
where the Shear Capacity Utilization has been drawn. Note that from the benchmark exercise (see 
Bijlage A) it was concluded that stresses calculated for the situation with weaker seal and base were 
not conservative with regard to reactivation risk, and should therefore be assessed with caution. The 
severity of the Shear Capacity Utilization can further be indicated by the fraction of critical fault 
orientations, see Figure 3-9. From Figure 3-7 we further see that the resulting stress concentration 
at the interface even results in positive (tensile) stresses in the bounding layers due to the continued 
conductive cooling for long times. Hydraulic fracturing of the seal and the base then becomes a risk. 
The occurrence of tensile stresses have been drawn in Figure 3-10.  
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Figure 3-7 Effective horizontal and vertical stresses for an elastic contrast between seal/base and injection layer: modulus ratio of 

0.67 (left) and 2 (right). Note the differences in color scale: the larger seal and base elastic moduli result in much larger stress 

changes. In addition, the larger stresses in seal and base cause stress localization at the interface. 
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Figure 3-8 Shear capacity for the two scenarios with stress contrast;  modulus ratio of 0.67 (left) and 2 (right). 

 

Figure 3-9 Fraction of possible fault orientations that are critical for the two scenarios with stress contrast; modulus ratio of 0.67 

(left) and 2 (right). 
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Figure 3-10 Positions where stresses are tensile (red zones) for the two scenarios with stress contrast; modulus ratio of 0.67 (left) 

and 2 (right).  

 

3.4.3 Probabilistic input  
We have also performed a probabilistic study on the uncertain parameters as identified in Table 3-1.  
The effect of these parameters evolves primarily in the injection layer and just outside it. We have 
therefore calculated the induced stresses on two horizontal lines: one in the middle of the reservoir, 
ranging from the wellbore to the reservoir edge, and one at 10% of the height outside the reservoir 
in the seal. The latter one was chosen because of the sensitivity to the elasticity ratio and the 
associated stress concentration at the interface that was identified in the previous Section.  
An identification of the influence of the uncertain input is provided in Figure 3-11 and Figure 3-12. 
The first major parameter is the initial stress ratio, K0. It determines the initial proximity to criticality 
and as such how fast criticality is reached upon injection and how far it reaches. Further, the initial 
pressure (determined by ΔP/Δy and Pexc) and the failure parameters (C and fs) also directly affect the 
initial criticality. Important parameters for the effect of cooling are the elastic moduli and the thermal 
expansion coefficient. The effect of the moduli in aquifer and in seal / base are largest in the layer 
where they apply. In other words, an elasticity contrast due to a stiff seal will mostly affect criticality 
in the seal. 
As an example of the output, Figure 3-13 gives the distribution of the radius of criticality in the aquifer 
for the different uncertain input parameters. Large effects are associated with, e.g., the elastic 
modulus in the aquifer and the thermal expansion coefficient, the initial stress ratio, the reservoir 
overpressure  and the cohesion. The elastic modulus in the seal hardly affects the critical behavior in 
the aquifer. Radii of criticality that are much larger than the radius of cooling only occur for large 
anisotropy in the stress – i.e. small values of the horizontal / vertical initial in-situ stress and 
consequently a reservoir that is initially already close to be critically stressed. 
As for the criticality in the seal, the sensitivity to the elastic modulus in the seal is striking (Figure 
3-14). This is related to the stress concentration in seal and base at the interface, when larger 
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elasticity contrasts are present. A small elasticity ratio between seal and reservoir alleviates the 
criticality in the seal.  
Figure 3-15 shows the non-scaled radius of criticality in the aquifer, which can, as an example, be an 
important measure when one needs to determine the minimum distance between an intended well 
and an existing fault.  Some of the values are very large; the share of critical radii larger than 500 m 
is around 25%. Half of these instances, however, are related to an initial stress regime that is already 
critical, due to the stress ratio and the initial pore pressure. The remaining instances relate to the 
cases with small reservoir thickness in which the radius of the thermal front is also considerable: the 
same volume of injected water must be distributed over a smaller height interval.  
The same phenomena are demonstrated with the alternative risk measures. For example, Figure 3-16 
presents the distribution of the share of critically stressed fault orientations at the position where 
the reservoir has cooled to 85% of the temperature difference. The effects are less pronounced than 
for the radius of criticality.   
What is striking in a number of these figures is the absence of certain intermediate color scales. It 
means that critical radii are either smaller than the thermal-front radius or much larger. The latter is 
commonly the case for situations where the stress is already critical or almost critical at virgin 
circumstances. This stresses the need for a thorough data-finding exercise before doing any 
operations. The current probabilistic analysis can help steer the direction of this exercise since it 
enables identification of the most influential parameters. 

  

Figure 3-11 Correlation of activation risk measure at a line in the reservoir with the input parameters. For the meaning of the symbols 

see Table 3-1. 
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Figure 3-12 Correlation of activation risk measure at a line in the seal with the input parameters. The role of the seal elastic modulus 

is striking here. See Figure 3-11 for explanation of symbols. 
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Figure 3-13 Distribution of the Radius of criticality with respect to the cooling radius in the reservoir. Symbols above the subplots 

refer to the uncertain parameters listed in Table 3-1. The effect of the different parameters is demonstrated by the variability of the 
distribution over the various bins. Large effects are associated with, e.g., the elastic modulus in the aquifer and the thermal 

expansion coefficient, the initial stress ratio, the reservoir overpressure and the cohesion. The elastic modulus in the seal hardly 
affects the critical behavior in the aquifer. Note that the simulations where rcrit/rcooled > 1.7 reflect simulations that are already at 
failure at the start of operations.  
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Figure 3-14 Distribution of the Radius of criticality in the seal, with respect to the cooling radius in the reservoir. In comparison with 

Figure 3-13, the sensitivity to the elastic modulus in the seal is striking. This is related to the stress concentration in seal and base at 
the interface, when larger elasticity contrasts are present. See Table 3-1 for explanation of symbols used. Note that the simulations 

where rcrit/rcooled > 1.7 reflect simulations that are already at failure at the start of operations. 
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Figure 3-15 Distribution of the Radius of criticality in the aquifer. In comparison with Figure 3-13, the sensitivity to the reservoir 

thickness is striking. The scaling with the cooled radius in Figure 3-13 has removed most of the effect because  the radius of criticality 
and the radius of cooling depend similarly on the reservoir thickness. See Table 3-1 for explanation of symbols used. 
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Figure 3-16 Distribution of the share of critically stressed fault orientations at the position where the reservoir has cooled to 85% of 

the temperature difference, in the reservoir. The distribution resembles Figure 3-13. See Table 3-1 for explanation of symbols used. 

 

3.5 Discussion & Conclusion  

We have demonstrated the potential of SRIMA for performing fast analyses, assessing sensitivities, 
and executing probability studies. The speed of calculation naturally implies some limitations. The 
first one is the assumption of radial symmetry of the pressure and temperature fields. This limits the 
application window to injection into a single vertical well in a reservoir with homogeneous flow and 
temperature properties. The single-vertical-well approximation is acceptable when one is interested 
in the response in the vicinity of the well and other wells are not very close, and when the well 
inclination is not severe. The effect of the well inclination can be assessed on the basis of the 
horizontal deviation in the reservoir with respect to the dimensions of the region where the effect 
of induced stresses are important. The homogeneity approximation may break down if, for instance, 
the reservoir exhibits high-permeability streaks or permeable fault systems. The radial-symmetry 
approximation further implies that the effect of fault offset cannot be investigated. This is an 
important limitation because such offsets can introduce stress concentrations that promote earlier 
activation, see also the following chapter. 
The radial symmetry is imposed for the pressure and temperature solutions. As a consequence, the 
induced stresses are also radially symmetric. The original, virgin in-situ stresses, however, are not 
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bound to this constraint. Indeed, the induced contributions can be added to the non-symmetric virgin 
stresses; this can consequently lead to reactivation risks that are different for different positions at 
the same distance from the well. The effect of the original horizontal stress anisotropy propagates 
into an anisotropy of the risk measures. 
A second limitation is that the tool, in the shape it has been presented here, can only handle a single 
injection rate. This is related to the method by which the heat and flow equations are solved. Solving 
for multiple injection rate steps is complicated due to the nature of the solution, which combines 
convection and conduction. The limitation can be alleviated, however, with the newest development 
that is currently being implemented: the use of pressure and temperature fields that are calculated 
externally. When such fields are properly digitized into a superposition of cylinders with constant 
pressure and temperatures, SRIMA can be used to evaluate the induced stresses. 
The approximations introduced for calculating the effect of elastic contrasts have introduced 
inaccuracies; especially for cases with large elasticity contrasts the discrepancy may be considerable. 
In the Appendix we have shown that the approximations are usually conservative, apart from the 
reservoir locations just outside the cooled volume. Only for cases where the elastic modulus of the 
bounding layers is considerably smaller than the modulus of the injection layer the method is not 
conservative, and care must be taken while interpreting the results. For elastic contrasts up to a 
factor of 2, however, the differences remain acceptable. Consequently, we consider the tool 
appropriate for screening purposes as long as the ratio of elasticity  between seal and aquifer is larger 
than a factor 0.5.  
For the case that we evaluated in this report, the most critical input is related to the initial stress 
situation. If the stress is already critical or close to it, injection of cold water will quickly induce 
exceedance of the criticality measures in a large part of the reservoir.  The initial criticality is 
determined by an interplay between the initial stresses, the overpressure of the reservoir, and the 
failure parameters. 
When the initial criticality of the system is moderate or low, the expected radius of criticality mostly 
does not extend more than 30% beyond the thermal front.  
The second largest effect is related to the magnitude of the thermoelastic stress perturbations. These 
are mainly related to the temperature difference between injected fluid and the virgin reservoir, the 
thermal expansion coefficient, and the elastic modulus. Additionally, the modulus contrast between 
seal and aquifer is important, in particular in the case of a stronger seal. In that case, stress 
concentration develop in the bounding layers due to their larger resistance against thermo-elastic 
deformation. Even tensile stresses may develop, with the risk of inducing hydraulic fractures in the 
seal.   
In summary, we consider SRIMA a valuable tool for the evaluation of induced stresses and associated 
fault reactivation risk measures. Sensitivities can be identified quickly and the key parameters  
determined. Clearly, to narrow the uncertainties present in current applications, better knowledge 
of subsurface data is required. In addition, it is crucial models are validated against field data and 
monitoring data. Does the evolution of the cooling front roughly follows what is predicted by SRIMA? 
Do we see signs of fault reactivation (seismic events) at locations where we know the cooling front 
has reached a known fault? Without this step, the predictive power of the models are limited. We 
recommend this validation step in future site-specific studies, and evaluation of the model 
performance for an actual case study.  
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4 Cooling- and depletion-induced rupture 
in a faulted reservoir 
 

4.1 Abstract 

As the number of geothermal doublets in the Netherlands increases, it is important to mitigate felt 
induced seismic events. To do so it is crucial to understand the mechanics of fault reactivation and 
key parameters controlling induced events magnitude. Geomechanical modeling can be used to gain 
a first-order understanding of induced stress changes due to doublet operations, assuming the 
dominant processes and mechanisms are captured. However, such models should be able to address 
the substantial uncertainties in subsurface input parameters, and they should be validated to 
monitoring data. In addition, to model event magnitudes it is essential to incorporate fault 
weakening behavior which is a fundamental aspect of seismic instability on faults. Here we present 
a fast, semi-analytical 2D model approach PANTHER2D (Physics-based semi-Analytical Tool for 
Human-induced Earthquake Rupture). This approach allows for rapid stochastic investigation of fault 
reactivation and rupture length (i.e. the along-dip fault section that slipped during the seismic event), 
taking into account reservoir offset and rupture dynamics. We compared reactivation and rupture 
characteristics for both a depleting and for a cooling reservoir (uniform pressure or temperature 
change in the reservoir + diffusion to the seal and base). Note that we assume the fault is not sealing, 
and lies within the depleted or cooled volume, which is a conservative assumption for cooling (e.g. 
an undetected fault near the injection well). The main results are summarized here, for steeply 
dipping normal faults:  

• The stress path was more destabilizing for cooling than for depletion. This was because the 
effective normal stress decreases during cooling but increases during depletion.  

• Fault reactivation for depleting reservoirs was strongly controlled by fault throw, the poro-
elastic rock parameters, and the initial tectonic stress state. 

• Fault reactivation for cooling reservoirs was mostly influenced by the thermo-elastic rock 
parameters as well as fault throw and the initial tectonic stress state.   

• For both depletion and cooling, reverse faults were less likely to be reactivated than normal 
faults.  

• The finite width of the cooled volume reduced the stress changes and the potential for fault 
reactivation, but mostly so when the width is small compared to the reservoir height – e.g. 
during initial stages of injection, or for very thick reservoirs.  

• Along-dip seismic rupture length was mostly controlled by the initial tectonic stress, fault 
dip and the frictional weakening parameters, as well as reservoir thickness and fault throw. 
The latter two influence the fault length over which stress changes occur, with thicker 
reservoirs causing a larger perturbed fault length and hence larger rupture lengths.  

• Along-dip rupture lengths were larger for cooling but the stress drop was smaller, as the 
effective normal stress decreases during cooling but increases during depletion.  

4.2 Introduction 

The number of geothermal doublets in the Netherlands is expected to increase significantly over the 
coming decades, as the geothermal energy production will contribute increasingly to the national 
heat supply (Stichting Platform Geothermie et al., 2018, PBL, et al., 2020). To facilitate the growth of 
geothermal energy it is important to mitigate undesirable side-effects, one of which is the potential 



 

 

Quantification of induced seismicity potential of geothermal operations – FINAL  REPORT 36/112 

occurrence of induced seismicity resulting from geothermal operations in the subsurface. 
Understanding the mechanics of these events and the conditions under which such events can occur 
is crucial for site-specific hazard assessment and the development of mitigation measures.    
Induced seismicity is not a new phenomenon in the Netherlands. Over the past decades more than 
1,000 induced events with magnitudes up the M 3.6 were linked to gas production. The majority of 
events were observed in the Groningen gas field, the largest gas field in the Netherlands, but over 
20 smaller gas fields have also been associated with induced seismicity. Most gas reservoirs are 
composed of porous sandstone formations located at 2 – 3 kilometer depth. Similar shallow 
sandstone formations are also targeted by the majority of geothermal projects (Buijze et al., 2019a; 
Willems, 2017; Mijnlieff, 2020, TNO-AGE, 2020). However, even though the lithology is the same, the 
mechanisms leading to stress changes in the subsurface are very different. Whereas stress changes 
during gas production are the result of a pore pressure decrease and poro-elastic stress changes 
causing a reduction in total horizontal stress, stress changes in a geothermal doublet are dominated 
by cooling of the formation around and away from the injection well and, to a smaller extent, by 
pressure increases near the injection well. The conditions under which faults can be reactivated will 
be affected by this difference in stressing mechanism.  
Here, we evaluate the effect of the stressing mechanism – i.e. pressure decrease vs. cooling - on fault 
reactivation and subsequent fault rupture, using a semi-analytical 2D model of a faulted reservoir 
formation experiencing depletion or cooling. Previous studies on production-induced seismicity have 
shown the importance of the reservoir offset on stress changes (Buijze, van den Bogert et al., 2019; 
Mulders, 2003; Orlic & Wassing, 2013; Roest & Kuilman, 1994); hence fault offset is taken into 
account in the current model. Also, the effect of frictional weakening, a fundamental requirement 
for seismic instability and earthquake rupture, is incorporated and the length of the fault that slipped 
during the induced seismic event is computed. The simplified model setup allows for fast calculation 
of stress changes, reactivation and fault rupture, allowing for stochastic analysis to address the 
substantial uncertainty in input parameters and a comparison between depletion- and cooling-
induced seismicity.  

4.3 Methods 

4.3.1 Model setup 
 

 

Figure 4-1 Model setup and fault friction model. a) Model setup. Reservoir with width w and thickness h, with the center located 

at a depth of ymid. The reservoir is offset by a fault with dip θ and throw (vertical offset) t. σv : vertical stress, σh : horizontal stress, 
compressive stresses are positive. b) Linear slip-weakening friction governing fault behavior, with fs: static friction, fd: dynamic 
friction, Dc critical slip distance, and Gc: fracture energy.    

 
We use a generic plane-strain 2D model geometry based on that of faulted porous sandstone 
reservoirs in a normal faulting environment, which is considered representative for most of the 
Netherlands. The model geometry consists of two reservoir compartments with a finite width w, and 
with vertical thickness h. The compartments are offset by a fault with a vertical offset or throw t and 



 

 

Quantification of induced seismicity potential of geothermal operations – FINAL  REPORT 37/112 

a fault dip angle θ (Figure 4-1a). Depth is taken positive, and the depth of the reservoir is defined by 
the center depth of the reservoir interval ymid at -0.5(h + t) from the top of the footwall.  
The total initial (tectonic) maximum and minimum stress are oriented vertically (σv) and horizontally 
(σh), with σv > σh  (normal faulting environment) and compressive stresses taken positive. The total 
vertical stress σv is prescribed via a vertical stress gradient Δσv/dy, and the total minimum horizontal 
stress is prescribed through the stress ratio K0 as σh = K0σv. A difference between the strike of the 
fault and the direction of the maximum total horizontal stress σH is also considered, and is defined 
by strike deviation angle φ. For φ ≠ 0, the total horizontal stress is recomputed to the apparent 
minimum horizontal stress σha in the model plane from φ and the horizontal stress ratio σH / σh. 
Similar to the vertical stress gradient a pore pressure gradient ΔP/dy is set to describe the initial 
pressure distribution. Additionally, an initial under- or overpressure Pexc can be specified in the 
reservoir formation, which is defined with respect to the pressure computed at the base of the 
footwall using the pressure gradient. Initial reservoir pressure P0 is defined as the total pressure at 
the base of the footwall – i.e. the sum of the pressure resulting from the pressure gradient and the 
under- or overpressure Pexc. The principal stresses are converted to initial shear stress τ0 and effective 
normal stress σn0’ on the fault.  
Linear elasticity is assumed for the formations, with uniform elastic properties (Young’s modulus, 
Poisson’s ratio, and Biot coefficient) throughout the model space. Fault strength τs is governed by 
the Mohr Coulomb failure criterion  

𝜏𝑠 =  𝐶 + 𝑓𝑠𝜎𝑛′ 4-1 

with static friction coefficient fs, cohesion C, and effective normal stress σn’. During the depletion or 
cooling phase no frictional weakening is assumed, but for the rupture phase linear slip-weakening is 
assumed on the fault, where friction decays linearly from fs to dynamic friction coefficient fd over the 
critical slip distance Dc (Figure 4-1b). The dynamic shear strength τd is defined similar to the failure 
strength as C + fdσn’, here assuming cohesion does not change during rupture.  
 

4.3.2 Pressure and temperature changes 
 
Depletion is modeled in a simplified manner through prescribing a uniform ΔP throughout the 
reservoir compartments. Equation 8-5 is used to model pressure diffusion to the seal and base.  The 
fault segments flanking one or both of the reservoir compartments are assigned the same ΔP as the 
reservoir formations. A finite width w is prescribed for the depleting compartments.  
For the cooling scenario it is assumed the fault lies close to the well at x = 0 (i.e. representative of an 
undetected fault, and cooling occurs on both sides of the fault. A uniform temperature change ΔT is 
prescribed in the reservoir compartments flanking the fault, over a width w that is based on the 
radius of the cooled volume that can be calculated using the convective heat balance equation. This 
equation assumes lateral convective flow (as in SRIMA, section A.3) and a uniform temperature 
distribution within the cooled volume, and no conduction to the seal and base. The radius of the 
cooled volume rc is given by (e.g. Koning & Niko, 1985, Koning, 1988) 

𝑟𝑐𝑜𝑜𝑙𝑒𝑑 = (
𝑐𝑓𝑙𝑢𝑖𝑑𝜌𝑓𝑙𝑢𝑖𝑑  𝑞𝑡𝑖𝑛𝑗

𝑐𝑟𝑜𝑐𝑘𝜌𝑟𝑜𝑐𝑘ℎ𝜋
)
0.5

 4-2 

Where cfluid and ρfluid are the specific heat capacity (Jkg-1K-1) and density (kgm-3) of the injection water, 
crock and ρrock the specific heat capacity and density of the rock formation, q the flow rate (m3s-1), tinj 
the injection time (s), and h the reservoir height.  Whereas pressure changes due to gas production 
are mostly limited to the reservoir formation, for geothermal doublets cooling propagates into the 
seal and base formations through conduction (e.g. Saeid & Barends, 2009, Candela et al., 2018). The 
calculations in SRIMA show that in fact a substantial part of the seal and base can experience cooling 
(e.g. Figure 3-2, Figure A-3), which in turn causes substantial thermo-elastic stress changes above 
and below the reservoir (Figure 3-3). Here the same equations for vertical conduction (see section 
A.1) are used to compute the temperature distribution above and below the reservoir, assuming an 
injection time of 30 years (see Figure 4-2a and b for example of the temperature field).  
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Figure 4-2 Illustration of pressure and temperature functions used in the model. A) temperature field around a well at x – 0 

computed assuming axisymmetry and lateral convective flow and vertical conduction as in SRIMA, section A.3, for the default 

input parameters (Table 3-1), b) temperature distributions at various distances from the well. C and d show the implementation of 
pressure (c) and temperature fields (d) in PANTHER2D.    

 

4.3.3 Pressure- or temperature-induced stress changes 
 
To compute the stress changes resulting from pressure and temperature changes in the reservoir 
compartments in 2D the closed-form solutions published by Jansen et al. (2019) are used. These 
solutions are based on inclusion theory (Eshelby, 1957) where the reservoir compartments are 
treated as inclusions in an infinite medium. These inclusions undergo a certain pressure- or 
temperature- induced strain, which is resisted by the presence of the medium around the inclusion. 
This causes stress changes within and outside of the inclusion. Closed-form solutions of the stress 
changes can be obtained for certain geometries, such as ellipsoidal and rectangular inclusions (e.g. 
Eshelby, 1957; Soltanzadeh & Hawkes, 2008), or square and triangular inclusions as used to represent 
the reservoir compartments in the model of Jansen et al. (2019) and the model geometry used here. 
The equations in Jansen et al. (2019) were derived for pressure changes; to model uniform cooling 
of the reservoir formations the poro-elastic stress path parameter s changed from  

 
(1 − 2𝜈)αΔP

(1 − 𝜈)
 4-3 

 
for pressure changes ΔP (depletion negative), to the thermo-elastic stress path parameter  

𝐸𝜂ΔT

(1 − 𝜈)
 4-4 

for temperature ΔT (cooling negative), where ν is Poisson’s ratio, α is Biot’s coefficient, E is Young’s 
modulus, and μ is the shear modulus.  
To compute the stress changes resulting from depletion or cooling of the seal and base formations 
the temperature field in those formations is discretized into depth slices of 4 m in height, and a 
uniform temperature change equal to the maximum temperature change in that depth slice (see 
schematic example in Figure 4-2d). The width of each depth slice is equal to the reservoir width (for 
depletion) or, for cooling, equal to the values of x where the temperature change is > 2% of that of 
the reservoir For each of the depth slices stress changes are computed, which are then summed for 
all slices and superimposed on the stress changes computed for the reservoir compartments. Note 
that near the fault the assumption of vertical conduction may not be correct, as here lateral 
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conduction may also occur along the seal-reservoir and base-reservoir juxtapositions. However, 
results are in agreement with 2D Finite Element simulations assuming a similar pressure or 
temperature profile. Also note that the model assumes plane-strain conditions, whereas the 
temperature field is axisymmetric; this assumption will be addressed in the discussion. Note also that 
the total amount of cooling is overestimated in this approach, as towards the radius of the cooled 
front the temperature change will decrease gradually instead of remain uniform (see e.g. Figure 6-2). 
In future studies a discretization of the temperature front in the reservoir could be implemented 
such as is done for SRIMA (section A.3) to better model the temperature change in the reservoir.  
 

4.3.4 Modeling of fault reactivation and onset of seismic fault slip 
 
The net effect of the computed shear and effective normal stress changes on the fault can be 
expressed using the Coulomb Failure Stress changes (ΔCFF)  

∆𝐶𝐹𝐹 =  ∆𝜏 − (𝐶 + 𝑓𝑠∆𝜎𝑛
′ ) 4-5 

where positive values indicating fault stresses are closer to failure and negative values indicating 
fault stresses become more stable. Similarly the total Coulomb Failure stress on the fault (i.e. the 
sum of the initial shear and normal stress and the stress changes) indicates the proximity to failure 
on the fault 

𝐶𝐹𝐹 = 𝜏 − (𝐶 + 𝑓𝑠𝜎𝑛
′ ) 4-6 

with reactivation occurring for CFF = 0. For fault reactivation assessment and seismic hazard studies 
it is of interest to model the amount of ΔP or ΔT that is required to bring a fault to failure (CFF ≥ 0). 
However, the uniform depletion of a square- or triangular-shaped reservoir formation leads to shear 
stress singularities developing at the reservoir corners; this is inherent to the closed-form solution 
for rectangular inclusions (Jansen et al., 2019). The presence of the singularities implies that only an 
infinitesimal amount of ΔP is required for the fault to be reactivated – i.e. for the first location on the 
fault to attain its failure strength τs (e.g. Jansen et al., 2019). The singularity is artificial and expected 
to be flattened by e.g. fault slip or plastic deformation. Taking the reactivation pressure to be equal 
to the pressure or temperature change required for τ to exceed τs at any location along the fault 
would thus be erroneous. In addition, frictional weakening requires a finite fault length to be sliding 
(i.e. to be reactivated) in order for seismic instability to develop and for rupture to self-propagate 
along the fault without any further induced stress changes. This critical nucleation length depends 
on the elastic properties of the medium around the fault and the amount of frictional weakening; for 
the linear slip-weakening friction used here (Figure 4-1b) the nucleation length is defined as (Uenishi 
& Rice, 2003) 

𝐿𝑐 =  1.158
𝜇∗𝐷𝑐

(𝑓𝑠 − 𝑓𝑑)𝜎𝑛′
 4-7 

where μ* is the mode II shear modulus μ/(1-ν). Previous numerical studies showed that this 
theoretical nucleation length matched well with the observed slipping fault length at the numerically 
determined onset of seismic instability (Buijze et al., 2019b; Buijze, 2020; Buijze et al., 2017). Here 
we define the onset of fault reactivation as the ΔP or ΔT that is required to raise the stress to τ >= τs 
over a fault length Lc. The pressure or temperature change at which this occurs is indicated as ΔPc or 
ΔTc, and similarly the fault stresses at the onset of reactivation are termed τc and σnc’  
Note that critical length-scales for reactivation are often present explicitly or implicitly in other 
numerical modeling approaches for induced fault reactivation. In numerical modeling studies, the 
magnitude of the stress concentration depends on the cell size used in the numerical model; the 
smaller the element size the more resolved the stress singularity. In Vöros and Baisch (2018) the 
stress distribution along the fault is actually smoothed with a minimum lengthscale of 10 m. The Lc 
in our simulations, using the input parameters in Table 4, covers a similar range, from ~1 – 10s of 
meters. The stress concentrations could also be smoothed by allowing aseismic slip on the fault (e.g. 
Buijze, 2020, van Wees, 2018). This is possible in PANTHER2D but has not been included in the 
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current work for the sake of computation speed. Uncertainties in the nucleation process are 
substantial and multiple approaches may be reasonable, as long as clearly stated what is the 
reactivation criterion, in terms of the assumed critical length scale, element size, smoothing length-
scale and/or aseismic slip.    

4.3.5 Rupture length 
Once the nucleation criterion is reached, no further pressure and temperature changes are modelled 
and fault slip will self-propagate beyond the reactivated fault length L1. It is interesting to compute 
the final rupture length (i.e. the fault length that will have slipped during the seismic rupture, L2) as 
this length is directly related to the event magnitude. The along-dip rupture length L2 is approximated 
using linear elastic fracture mechanics (LEFM), rather than using computer-intensive dynamic 
simulations. Previous modeling studies showed that fracture mechanics theory for crack growth 
works well to approximate the arrest of rupture on a slip-weakening fault (Ampuero & Ben-Zion, 
2008; Galis et al., 2015; Ripperger et al., 2007), and fracture mechanics has also been shown to 
quantitatively describe rupture arrest in experiments (Bayart et al., 2016; Kammer et al., 2015; 
Kammer & McLaskey, 2019; Svetlizky & Fineberg, 2014). LEFM has been applied to compute induced 
rupture lengths in a 2D Finite Element model of a depleting faulted reservoir (Buijze, 2020). Following 
the same methodology, we compute the along-dip rupture length for the current 2D model.  

4.3.6 Input parameters and stochastic analysis  
 
There are a substantial number of input parameters in the model which often have a large 
uncertainty, for example the initial stress ratio which is poorly known. Therefore, stochastic analysis 
was performed to investigate the impact of various geometrical, elastic, and frictional parameters 
and their uncertainties on reactivation (ΔPc and ΔTc) and rupture length (Ls). For each input 
parameter a range was defined, and for each model realization the input parameters are sampled 
randomly from these given ranges, yielding a ΔPc and ΔTc and rupture length for each realization.  
Input parameter ranges were based on those for geothermal plays in porous sandstone formations 
in the Netherlands. For the current analyses we have used uniform distributions specified by an lower 
and upper bound, listed in Table 4-1.  
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Table 4-1 Overview of default input parameters and ranges of the uniform distributions used for the stochastic analysis.  

 

Parameter Symbol Unit Range (default)  

Mid depth ymid m 1500 – 3500 (2300)  

Reservoir thickness  h m 30 – 220 (100)  

Throw t m -0.5 h – 1.5h (0.5h)  

Dip θ ° 50 – 90 (70)  

Vertical stress gradient Δσv/Δy Mpa/km 21 – 23 (22)  

Stress ratio σh / σv K0  - 0.65 – 0.85 (0.75)  

Horizontal stress ratio σH / σh  σH / σh - 1.0 -1.2 (1.1)  

Pressure gradient Δσv/Δy Mpa/km 10 – 11.5 (10.7)  

Strike with respect to σH φ deg 0 – 90 (0)  

Overpressure in the reservoir Pexc Mpa -2 – +4 (0)  

Biot coefficient α - 0.7 – 1 (1)  

Poisson’s ratio  ν - 0.05 – 0.35 (0.2)  

Young’s modulus E Gpa 5 – 25 (15)  

Linear thermal expansion coefficient η °C -1 0.5·10 -5 – 2.5·10-5 (1 · 10 -5)  

Static friction fs - 0.5 – 0.7 (0.6)  

Dynamic friction fd - 0.15 – 0.45  

Critical slip-weakening distance Dc mm 0.6 – 100  

Cohesion C Mpa 0 – 4  

Width (gas fields) 

Width (geothermal = rcooled) 

w m 1000 – 7000 

Follows from Eq. 4-2 

 

 
 
Most geothermal target formations in the Netherlands are situated at depths between 1500 and 
3000 m and have a thickness h between 50 and 220 m (Figure 2-2). These ranges are similar for 
hydrocarbon fields, although they are thinner and some of these fields can be deeper. The total width 
of most hydrocarbon fields is in the order of 1000 – 7000 m (www.nlog.nl). Note that in the current 
model the formations on either side of the fault have the same width, so that w for hydrocarbon 
fields is 500 – 3500 m. The width of the reservoir compartments for the cooling scenario is based on 
the cooled radius computed using the heat balance equation (Equation 4-2). Assuming a salinity of 
10% the specific heat capacity of the injected water is cfluid = 3771 Jkg-1K-1 (ref, e.g. Sun et al., 2008) 
and a density is 1052 kgm-3 (Batzle & Wang, 1992), and the specific heat capacity of the reservoir 
formation is taken as crock = 850 Jkg-1K-1 with a rock density of 2200 kgm-3 (see also Table 3-1 and 
Table 5-1). The injection time is set at 30 years, the typical lifetime for which geothermal doublets 
are developed. Lower and upper bounds of rcooled computed from the given range of reservoir 
thicknesses h (30 – 300 m), the range of flow rates (0.02 – 0.125 m3s-1 ) are 190 m and 1290 m, with 
the largest rcooled for thin reservoirs with high flowrates (Figure 4-3). For each simulation a value is 
sampled for the reservoir thickness and the width w of the modeled reservoir is set equal to this 
radius rc.  To compute the vertical heat or pressure diffusion the same parameters are used for the 
seal and base as in Chapter 3 and Chapter 5, e.g. Table 3-1.  
 

http://www.nlog.nl/


 

 

Quantification of induced seismicity potential of geothermal operations – FINAL  REPORT 42/112 

 

Figure 4-3 Radius of the thermal front computed based on heat balance (Equation 4-2). This radius is used to set model width w 

for cooling reservoir formations.   

 
The maximum pressure decrease in a hydrocarbon field is taken as 95% of the initial reservoir 
pressure (and will thus be dependent on depth). Similarly, the maximum amount of cooling depends 
on the initial temperature in the reservoir, which is also a function of depth. An injection temperature 
of 20°C is assumed, which gives a minimum ΔT of -30°C and a maximum ΔT of -110°C, for the range 
of ΔT/Δy and depths evaluated.  

4.4 Results 

4.4.1 A different stress path for depletion and cooling 
Depletion and cooling lead to a different stress response on the fault. A first order comparison of the 
stress paths can be made assuming uniaxial strain conditions (representative for a laterally extensive 
reservoir without offsets or other geometric complexities). For a give pressure and temperature 
change, uniaxial strain conditions the total vertical stress change is zero, and the total horizontal 
stress change due a pressure change is given by (e.g. Soltanzadeh & Hawkes, 2009) 

Δσℎ = 
αΔP(1 − 2𝜈)

(1 − 𝜈)
 4-8 

and for a temperature change is given by  

Δσℎ = 
𝐸𝜂ΔT

(1 − 𝜈)
 4-9 

where E is Young’s modulus, η is the linear thermal expansion coefficient, and ν is Poisson’s ratio. 
The corresponding stress paths for depletion and cooling are shown  in Figure 4-4. Several differences 
are apparent.  First of all, the slope and direction of the stress path (Δτ/ Δσn’) is different; for 
depletion an increase in both shear and effective normal stress is observed, whereas for cooling the 
shear stress increases but the effective normal stress decreases. This difference is related to the 
pressure changes in the fault during depletion. For both depletion and cooling a volumetric strain of 
the reservoir occurs – the reservoir shrinks. For laterally extensive reservoirs as used for the example 
in Figure 4-4, this volumetric reduction can be accommodated vertically in the form of reservoir 
compaction and subsidence of the overburden, and the total vertical stress change is thus zero. Strain 
in the horizontal direction is prevented as the reservoir is elastically coupled to formations to the 
side, which leads to reduction of total horizontal stress σh. Since the total vertical stress remains 
constant, a decrease in total horizontal stress causes an increase in differential stress, σv – σh for a 
normal faulting regime, and a stress path where Δτ is positive and Δσn’ is negative, as seen for cooling. 
For depletion however, the effective normal stress is also affected by the reduction of pore pressure 
in the fault. The net result of the reduction in total horizontal stress and the pressure change in the 
fault is an increase in effective normal stress for depletion. If we were to assume that the fault 
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pressure does not change during depletion the effective normal stress would decrease with 
depletion and the slope of the stress path would have a similar direction as for cooling.   
A second difference is that the slope of the stress path (Δτ/ Δσn’) for depletion under uniaxial 
conditions (laterally extensive reservoir) depends on the elastic parameters, whereas for cooling the 
slope does not change, only the magnitude of the stress changes. This is again due to the combined 
effect of the total horizontal stress decrease and the fault pressure change on the effective normal 
stress change for the depletion scenario. If no pressure change would be assumed in the fault the 
slope of the stress path would solely be a function of fault dip, for laterally extensive reservoirs. Note 
that for other geometries and aspect ratios the slope of the stress path will depend on the elastic 
parameters both for cooling and for depletion.   
 
 
 

 

Figure 4-4 Examples of stress paths for depletion and cooling, for a normal fault with a dip of 70 degrees without offset. The stress 

paths were computed using the default parameters shown in Table 4-1, for default and upper and lower values of  Poisson’s ratio 
and Biot coefficient or Young’s modulus and linear expansion coefficient.  

 

4.4.2 Fault offset locally concentrates fault shear stress 
The stress changes above were calculated for a laterally extensive reservoir. However, reservoirs are 
often intersected by faults that offset the reservoir formation. A number of previous studies have 
shown that depletion of offset reservoir formations causes the fault stresses to concentrate in the 
reservoir and in particular near the top and bottom of the reservoir interval, promoting fault 
reactivation with respect to a reservoir formation that is not offset (Buijze et al., 2019b; Mulders, 
2003; Orlic & Wassing, 2013; Roest & Kuilman, 1994). This is inherent to the discontinuity in the 
assumed pressure change at the reservoir’s top and bottom, in combination with the angular shape 
of the reservoir; in the equations derived by Jansen et al. (2019) it can be seen that shear stress 
concentrations (singularities in fact) develop at the corners of angular inclusions. Here pressure or 
temperature diffusion to the seal and base are accounted for. This more gradual P or T profile 
strongly reduces these stress concentrations, and a smoother stress profile is observed along the 
fault (Figure 4-5a-d)). Also, the sharp normal and shear stress decreases above and below the 
reservoir that are typically present for uniform depletion of the reservoir only (e.g. Mulders et al., 
2003, Buijze et al., 2019) have largely disappeared due to pressure diffusion. However, a CFF 
decrease is observed for several 100 m from the reservoir (Figure 4-5c) 
With respect to the stress change computed for a fault without offset in a laterally extensive reservoir 
(i.e. uniaxial conditions, as used for the stress paths in Figure 4-4 and indicated with the black markers 
in Figure 4-5), the shear stress change for the offset reservoir is significantly enhanced along the 
entire reservoir-reservoir interval. The effective normal stress change in the reservoir similar to the 
uniaxial strain conditions, but the net effect is an enhancement of the Coulomb Failure stress change 
with respect to uniaxial conditions (Figure 4-5c). Hence, for the depletion scenario reservoir offset 
concentrates the fault failure stresses along the reservoir interval and promotes fault reactivation 
along this interval.  
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This is reflected in the available stress drop at the onset of fault reactivation (Figure 4-5d), which is 
the difference between the shear stress at the onset of reactivation τc and the dynamic stress 
strength τd. A positive stress drop allows for fault slip and rupture to occur, but a negative stress drop 
will arrest a propagating rupture. Whereas the conditions in the reservoir area favorable for the 
propagation of rupture, those further away from the reservoir are less favorable.   
The fault stress changes for cooling shows some differences compared to those for depletion.  
Firstly, it can be observed how the effective normal stress for cooling decreases instead of increases 
(see also 4.4.1). Secondly, the stress perturbation extends further into the seal and base. This is due 
to the different length scale of pressure diffusion versus temperature diffusion. Whereas for 
depletion the shear stress and Coulomb failure stress were significantly enhanced with respect to 
those for uniaxial conditions, for cooling the stress changes in the reservoir-reservoir interval are 
only slightly larger than for uniaxial conditions; the role of reservoir offset appears less than for 
depletion, likely due to the smoother temperature profile. A positive stress drop is observed over a 
larger fault length than for depletion which leads to a larger seismic slip length Ls(Figure 4-5h). 
However, the average stress drop over the ruptured area is larger for depletion (2.2 MPa) than for 
cooling (1.1 MPa), because the aforementioned decreased normal stress for cooling.  
 

 

Figure 4-5 Stress changes on the fault for depletion (a-d) and cooling (e-h) for the default scenario. Grey lines: initial stress, colored 

lines: stress at the onset of fault reactivation. Fault reactivation occurs at ΔPc = -24 MPa for depletion and ΔTc = - 28 °C for cooling. 
Reservoir footwall and hanging wall depth ranges are indicated with the lightblue and orange patches respectively.  A, e) effective 

normal stress. B, f) shear stress (green line) and static and dynamic fault shear strength τs = σn’fs (dashed-dotted line) and τd =  σn’fd 
(dotted line). C, g) Coulomb Failure Stress. D, h) available stress drop at the onset of rupture, defined as the difference between 
shear stress at reactivation τc and dynamic shear strength τd. Positive values allow rupture propagation. Dots in a-c and e-g 

indicate the stress change at ΔPc and ΔTc for the same input parameters but obtained for a laterally extensive reservoir (uniaxial 
strain conditions) on a fault without offset. Ls in d and h is the rupture length (fault length experiencing unstable fault slip) 
computed using LEFM after fault reactivation occurs.  

 
 

4.4.3 Reactivation for depletion and cooling 
 
In the first model ensemble the depletion of a laterally extensive reservoir was modeled, sampling  
from the uniformly distributed input parameters summarized in Table 4-1. The bar charts depicted 
in Figure 4-6 show the fraction of simulations where reactivation occurred within a certain range of 
ΔP plotted against the different input parameters. Grey bars indicate reactivation did not occur at all 
within the maximum pressure change. Note that for relatively critical initial stress (K0 < 0.7) a number 
of simulations were discarded because the initial state of stress was already at failure.  
Reactivation occurred in 20% of the model runs simulating depletion (Figure 4-6), and the probability 
of reactivation depended on many of the input parameters. The poro-elastic parameters Poisson’s 
ratio ν and Biot coefficient α (Figure 4-6p and q) clearly had large effect on ΔPc as may be expected, 
with a higher probability of reactivation for lower ν and higher α; see also the stress path dependence 
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on these parameters in Figure 4-4. For the lowest ν of 0.05 reactivation was observed for 50% of the 
simulations, whereas for ν > 0.3 fault reactivation is barely observed. The important role of α and ν 
on fault reactivation is also reflected in the higher regression coefficients (Figure 4-7a and c), with ν 
having a slightly stronger effect than α.  
However, the strongest effect on fault reactivation was observed for fault throw t, exceeding that of 
the poro-elastic parameters (Figure 4-6c, d Figure 4-7a, c). For reverse offsets or offsets close to zero 
the reactivation was much lower than for normal offsets, increasing to over 30% at normal offsets 
equal to the reservoir height. This emphasizes the role the shear stress enhancement that results 
from the offset reservoir geometry on fault reactivation. In addition, poro-elastic stress parameters 
Poisson’s ratio ν Biot coefficient α also had a significant influence on reactivation, as well the 
proximity of the initial (pre-depletion) stress to failure, notably the stress ratio K0 (Figure 4-6i). 
Furthermore overpressure promoted fault reactivation, but the vertical stress and pressure gradients 
had little effect on reactivation. Also σH/σh and strike angle with respect to σH (ϕ) had minor effect 
on ΔPc, likely due to the limited range in σH/σh. The dip played a bigger role, with the probability for 
reactivation increasing significantly towards 65 degree dip.  
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Figure 4-6 Effect of input parameters on the depletion pressure required for the onset ΔPc. Bar charts were made by binning each 

input parameter into 10 bins, and dividing ΔPc (MPa) into 8 categories, with ’no inst’ indicating that instability did not occur for full 
reservoir depletion. The normalized fraction of events falling into each category is presented in the above figure; since sampling is 

done from uniform distributions, each bin represents ~1,000 simulations. 

 
 
The friction parameters had a smaller effect on reactivation compared to the poro-elastic 
parameters, with the probability of reactivation decreasing mildly towards higher fs and C (stronger 
faults) (Figure 4-6 r & u). Also Dc affected the reactivation pressure, with higher ΔPc required for 
higher values of Dc (Figure 4-6t). This is because Dc, as well as fd, E, and ν determine the critical 
nucleation length Lc which must be reactivated before failure occurs (Equation 4-7), with Lc increasing 
from a few m to ~20 m. The critical nucleation length-scale also resulted in an effect of reservoir 
thickness. Whereas the magnitude of depletion-induced stress change was actually the same for the 
same normalized reservoir throw (t/h), thicker reservoirs result in broader stress peaks which reach 
the nucleation length at lower ΔPc compared to thinner reservoirs. These observations underline the 
importance of the nucleation length-scale in relation to the reservoir length-scale, and the nucleation 
criterion that is used to pinpoint fault reactivation.  Note however that the nucleation process is 
subject to large uncertainties; in the discussion we address potential effects that this may have.  
 

 

Figure 4-7 Regression coefficients for depletion- and cooling-induced fault reactivation. Logistic regression coefficients are shown 

for probability of failure (no instability vs reactivation) during depletion (a) and cooling (b), and linear regression coefficients are 

shown for the reactivation pressure change (c) and reactivation temperature change (d).   

 
 
In the second model ensemble the effect of cooling was investigated. For the cooling scenario overall 
the percentage of failure occurring was much larger than for depletion, with 52% of the simulations 
reaching failure (Figure 4-8). The two most important parameters promoting reactivation were the 
thermo-elastic parameters Young’s modulus E and linear thermal expansion coefficient η (Figure 4-8 
o and q), both exhibiting a strong negative correlation with ΔTc (Figure 4-7). Their effect is stronger 
than that of ν and α for depletion. Throw had a strong effect, but less than for depletion, likely due 
to the difference in the diffusion length-scale (pressure changes decay more rapidly for the current 
set of input parameters than temperature changes). As for the depletion scenario, the parameters 
affecting initial stress played an important role for the temperature change required for the onset of 
failure ΔTc. The relative strengths and signs of the regression coefficients of the initial stress 
parameters were similar, with K0 again the most significant (Figure 4-8i), followed by the 
overpressure, vertical stress gradient, and horizontal stress ratio (Figure 4-7b). Also the correlation 
with depth was strong, as depth determined the maximum ΔT (i.e. the difference between initial 
reservoir temperature, which is dependent on depth and the temperature gradient, and the injection 
temperature).  
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To conclude, the poro-elastic or thermo-elastic rock parameters as well as fault throw, in-situ stress 
ratio K0 remain  crucial for reactivation for both cooling and depletion. The main difference between 
cooling- and depletion-induced reactivation was the dominance of Young’s modulus and thermal 
expansion coefficient for ΔTc compared to a relatively strong influence of throw on ΔPc.  

  

 

Figure 4-8 Effect of input parameters on the temperature change required for the onset of reactivation ΔTc. Bar charts were made 

by binning each input parameter into 10 bins, and dividing ΔTc (MPa) into 8 categories, with ’no inst’ indicating that instability did 

not occur for full reservoir depletion. The normalized fraction of events falling into each category is presented in the above figure; 
since sampling is done from uniform distributions, each bin represents ~1,000 simulations. 

 

4.4.4 Along-dip rupture length  
 
After reactivation, the along-dip rupture length (i.e. length of the fault that slips during the seismic 
event) was computed semi-analytically using Linear Elastic Fracture Mechanics (LEFM). The along-
dip rupture length is important, as together with the along-strike dimension and amount of fault slip 
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or the stress drop, it will determine the induced event magnitude. Whether rupture remains confined 
to the reservoir interval or not is thus an important issue for assessing e.g. the maximum magnitude 
that could be induced. Rupture lengths are shown for depletion and cooling in Figure 4-9, and relative 
importance of input parameters is shown in Figure 4-10.  
Rupture lengths ranged from several 10’s to 100’s m (Figure 4-9), and rupture lengths were larger 
for the cooling reservoir than for the depleting reservoir. For both depletion and cooling the rupture 
lengths increased with a more critical tectonic state of stress and/or more frictional weakening . A 
convenient measure to combine both these two factors is the ratio between the available stress drop 
at the onset of reactivation and the strength drop (τc – τd) / (τs – τd). This is a measure of both the 
criticality of the initial stress τ0 (which is a function of K0, dip, Δσv/Δy etc.) and the frictional weakening 
parameters. The numerator τ0 – τd controls the energy available for rupture, and τs – τd is a measure 
of the fault strength. Large ruptures propagating far beyond the reservoir interval require a positive 
τ0 – τd (energy is supplied from the medium around the fault), whereas a negative τ0 – τd will lead to 
rupture arrest (energy is consumed as rupture propagates) (Buijze, 2020; Galis et al., 2019; Galis et 
al., 2017). Indeed this can be observed in Figure 4-9, where the largest rupture lengths occur as (τ0 – 
τd) / (τs – τd) approaches or exceeds 0. Some rupture at these higher stress/strength drop ratios could 
even propagate far outside the reservoir interval (run-away). On the other hand, for lower 
stress/strength drop ratios most seismic events remained confined to the reservoir interval – i.e. 
fault slip only occurred within or close to the reservoir, which is best seen using the normalized 
rupture length Ls / (h + t) in Figure 4-9 c and d. Both initial stress and dynamic weakening parameters 
are thus crucial in determining whether rupture can propagate beyond the reservoir interval and 
grow into a larger event. Here a large range of in-situ stress was evaluated; if this range can be better 
constrained from data the range of computed rupture lengths will be narrowed.  
 
 

 

Figure 4-9 Along-dip rupture lengths for depletion (blue) and cooling (red) as a function of initial stress state and frictional 

weakening parameters. Rupture lengths (Ls) were computed after reactivation occurred, using Linear Elastic Fracture Mechanics 
(see 4.3.5), and are plotted against the ratio of stress drop (τ0 – τd) and strength drop (τs – τd) of the background tectonic stress. 
Ruptures that propagate indefinitely (run-away) have been truncated at 1000 m (a,b) or 5 (c, d).  Absolute rupture lengths along 

the fault dip are shown for a) depletion and b) cooling, and rupture lengths normalized for reservoir height + throw are shown for 
c) depletion and d) cooling. The dashed line indicates a normalized rupture length equal to the height of the reservoir interval 
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Figure 4-10 Linear regression coefficients for input parameters in relation to the seismic slip length along the fault (Ls). Scenario’s 

without reactivation have been omitted from the regression, as well as scenario’s where run-away rupture occurred (i.e. rupture 
growing indefinitely).    

 
The effect of initial stress and dynamic weakening are also manifest in the regression coefficients 
(Figure 4-10). For both depletion and cooling-induced events, the three most important parameters 
for rupture size were initial stress ratio K0 and fault dip Φ (which determine τo and σn0’) and the 
dynamic friction coefficient fs. The lower these three parameters, the larger the seismic slip event. 
Furthermore the reservoir height h played an important role as it control the length-scale of the 
reservoir formation and the length of the depletion- or cooling-induced stress perturbation, and 
hence the length-scale of ruptures confined to the reservoir interval. Note that although ruptures 
were slightly larger for cooling-induced events, the relative importance of input parameters is the 
same for depletion and cooling. This is contrary to what was observed for fault reactivation, where 
different input parameters played a role (Figure 4-7). So even if the mechanisms for reactivation are 
different, once the fault is reactivated, the (maximum) along-dip rupture size will be determined 
largely by reservoir dimensions, dynamic weakening parameters, and the initial, tectonic + induced 
shear stress on the fault.  

4.5 Discussion & Conclusions 

The onset of induced rupture (fault reactivation) and rupture lengths were compared for a depleting 
and a cooling formation, using a simplified, 2D plane-strain, stochastic geomechanical model. 
Although the geometry was simplified, the model does capture the effect of fault offset on the 
induced stresses as well as frictional weakening behavior controlling the seismic slip length along the 
fault dip. Here we discuss the main observations in relation to other works, the assumptions, and the 
implications.  
 

4.5.1 Depletion-induced fault reactivation: comparison with previous works  
The mechanisms of depletion-induced seismicity have been investigated quite extensively in a 
number of other geomechanical studies, ranging from 2D models similar to the current model 
geometry (e.g. Buijze et al., 2017, 2019; Jansen et al., 2019; van den Bogert, 2015, 2018; van den 
Bogert et al., 2020; Wassing et al., 2017;  Zbinden et al., 2017), disk-shaped models (Mulders, 2003; 
Orlic et al., 2013) to 3D field-scale models with realistic fault geometries (van Wees et al., 2019; 
Candela et al., 2019). The added value of the approach presented here is the stochastic component 
in which large uncertainty in input parameters is accounted for, the inclusion of pressure diffusion, 
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and the coupling of the stress changes to a physics-based calculation of rupture length (using LEFM) 
and stress drop. The advantage of using LEFM over fully dynamic simulations as performed in Buijze 
et al. 2017, 2019 is the computation speed which allows stochastic analysis, whilst the accuracy of 
the computed rupture sizes is within 10% of the fully dynamic results (Buijze, 2020). Even though the 
model geometry is relatively simple compared to some of the 3D simulations, the stochastic analysis 
reveals which parameters are of key importance. This gives important guidelines and constraints for 
more complex modeling approaches as in e.g. Chapter 5. For depletion the pressure change required 
for the onset was governed mostly by the poro-elastic rock parameters, fault throw, stress ratio K0, 
dip, and reservoir depth. Note that the effect of reservoir depth will largely disappear when 
considering the normalized pressure change (ΔP/P0) rather than the absolute pressure change 
because the maximum reservoir pressure and hence the maximum pressure decrease increased with 
depth. These findings are in line with the aforementioned works on depletion-induced stress changes 
where e.g. the effect of fault throw on fault reactivation was recognized, or rather the fault throw 
normalized by the reservoir thickness, with the most stable configuration found for zero offset, and 
the most unstable configuration found for fault throws equal to the reservoir thickness (Buijze et al., 
2019; Jansen et al., 2019; Mulders, 2003; Orlic & Wassing, 2013; van den Bogert, 2018; Zbinden et 
al., 2017). Reverse throw configurations are more stable than normal fault configurations. The 
quantitative comparison in our study indeed shows fault throw to be the most important parameter 
for the reactivation pressure. Note that the importance of throw will depend on model resolution , 
and/or the critical fault length for reactivation, and the hydraulic diffusivity of the seal and the base; 
the more the stress concentrations are smoothed because of e.g. element size, the less dominant 
throw will become. The poro-elastic rock parameters were also important as may be expected. 
However, in the current study the rock properties were assumed linear elastic, and uniform 
throughout the model space. In reality stiffness contrasts may exist between the seal and base 
formation with respect to the reservoir, see e.g. Section 5.4.5 Section A.3. These could lead to 
additional stress concentrations that are not considered here, as shown in Figure 5-12.  

4.5.2 Cooling-induced fault reactivation  
Whilst many studies have been dedicated to depletion-induced fault reactivation, less work has been 
targeting fault reactivation for doublet operations in sandstone reservoirs, in particular using offset 
reservoir compartments. One difference between the doublet operations modeled here and e.g. an 
Enhanced Geothermal System in fractured rock is the very small pressure increase around the 
injection well in such a porous sandstone formation. Stress changes will thus be dominated by 
cooling. A simple comparison of poro-elastic and thermo-elastic stress path parameters already 
reveals thermo-elastic stresses can be significant (Soltanzadeh & Hawkes, 2009, Figure 4-4). Our 
stochastic analysis shows thermo-elastic stresses due to cooling of sandstone reservoirs are equal to 
or larger than depletion-induced stresses in the same reservoirs, and lead to a higher probability of 
reactivation. Note that the difference between the cooling and depletion stress is dependent on the 
difference between the minimum injection temperature that is allowed (here: 20°) and in-situ 
temperature, versus the maximum depletion pressure that is limited by the initial pressure for 
depletion. In addition the model is plane-strain, which overestimates stress changes with respect to 
the more applicable axisymmetric case (Soltanzadeh & Hawkes, 2009, Section 6.1). Note also that 
uniform cooling was assumed in the reservoir formation and that it is assumed the fault lies within 
the depleted or cooled volume, which tends to overestimate the stress changes. Whereas this 
assumption is realistic for intra-reservoir faults in depleting gas fields, cooling is more local than gas 
depletion, typically occurring within a radius of several hundreds of meters from the injection well 
(e.g. van Wees et al., 2020, Section 3.4.1, Figure 4-3). Stress changes are largest within the cooled 
zone and decay rapidly outside of it (Section 3.4.1). The current model assumption could be seen as 
a worst-case scenario where an undetected fault lies close to the injection well. If the location of 
faults is well known, other tools could be used to estimate a safe distance from known faults, such 
as SRIMA (Chapter 3) or a FE analysis such as presented in the next chapter. Note that even though 
the model geometry may represent a worst-case scenario, still in 48% of simulations reactivation did 
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not occur. The current study aids in defining under which conditions reactivation could or could not 
occur; when more data is available for a specific location the reactivation potential could be refined.   
For cooling the temperature change required for onset of fault reactivation was controlled by the 
Young’s modulus E, thermal expansion coefficient η, and stress ratio K0, with smaller  dependence on 
fault throw than for depletion. Compared to depletion, thermal diffusion extended further into the 
seal and base leading to a smaller shear stress increase in the reservoir itself. In reality, the 
temperature field around the fault will be smoother than in the current model setup because thermal 
conduction to all directions will occur, also fault perpendicular which further reduces the 
temperature contrast across the fault which in turn may lead to even lower shear stress changes, 
closer to those of uniaxial cooling. The role of fault throw may thus be even smaller when considering 
more realistic temperature fields. This may imply that tools as SRIMA, which do not incorporate fault 
offset, could present a satisfactory (first-order) approach for fault reactivation (see Section 6.1 for a 
comparison).  Note that for depletion also pressure diffusion occurs, which smoothens the stress 
profile concentrations. Hydraulic and thermal diffusivities were not varied in this study; it is 
recommended to evaluate these parameters to asses relative length scales of pressure and 
temperature diffusion in future models. The smoother the PT distribution along the fault, the 
smoother the stress changes.  
This relative importance of the input parameters also underlines the importance of characterization 
of different geothermal reservoirs, not only in terms of pre-existing faults but also in terms of rock 
mechanical parameters, as for example stiffer reservoirs may be more prone to large stress changes 
and hence fault reactivation. On the other hand, weaker rock types, such as unconsolidated 
sandstone formations, may generate smaller stress changes and present a lower risk of fault 
reactivation and seismicity. In such rocks, inelastic deformation may also play a large role. The effect 
of inelastic behavior on thermo-elastic stress needs to be investigated. The elastic parameters are 
also important for the risk of fracturing;  the normal stress decrease may be large enough to create 
new tensile fractures, such as in volcanic geothermal fields where temperature differences are much 
larger, or in very stiff rock types. Tensile fracture is not considered here, but when seal and reservoir 
integrity are investigated we recommend to incorporate an analysis of tensile fracturing potential. 
For induced seismic risk tensile fracturing is not considered important, as seismic events resulting 
from tensile fracturing are typically small. In addition to the elastic properties of the formations, also 
the static fault friction and cohesion along the fault is expected to vary across different formations 
cut by faults. It is recommended to evaluate this heterogeneity in future studies (see also next 
section).  

4.5.3 Rupture lengths and potential for rupture to propagate outside of the 
reservoir interval 

 
Using Panther2D the along-dip rupture length can be computed based on the energy available for 
rupture (LEFM approach), taking into account frictional weakening of the fault following reactivation. 
This rupture length is important, as together with the along-strike dimension of rupture it will 
determine the total fault area experiencing seismic slip. This area, together with the stress drop 
resulting from fault weakening, determines the event magnitude. Important here is whether the 
rupture can grow far beyond the volume perturbed by the cooling; if it does not the maximum 
earthquake size will be largely controlled by the perturbed fault area. For cooling, several 10s of m 
of seal and base rocks may also cool down due to diffusion, extending the perturbed area above and 
below the aquifer. This promoted rupture propagation into those cooled parts of the seal and base. 
Temperature and pressure diffusion are thus important to take into account when estimating event 
sizes. In previous studies investigating depletion the hydraulic diffusion effect was not taken into 
account (e.g. Buijze et al., 2019); however, here it is shown that inclusion of pressure diffusion 
reduces the stress concentrations in the reservoir but will increase the fault area affected by the 
pressure perturbation.  
In Section 4.4.4 it was also observed that rupture only extended far beyond the reservoir interval for 
low values of in-situ stress ratio K0 and/or low dynamic friction. In the current model setup, uniform 
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distribution of in-situ stress rate and friction were assigned to the formations and fault. However, 
geothermal operations in the Netherlands target layered sedimentary sequences in which stresses 
and friction may vary per lithology. In the West Netherlands Basin for example, geothermal target 
formations are comprised of sandstone members, overlain by or interbedded with claystones or 
siltstones (Willems, 2020). In these sequences the in-situ stress may vary depending on the lithology. 
For example,  minimum stress measurements in a tectonically quiet sedimentary basin in the USA at 
depths 1 – 2 km show that σh in mudstone formations was close to the lithostatic values, whereas 
the σh in the sandstones was significantly lower, down to 10 MPa lower (see schematic illustration in 
Figure 4-11. In absence of high tectonic loading, the creep behavior of the mudstones relaxes the 
differential stresses in these formations. Near-isotropic stresses are also seen in other creep-prone 
lithologies such as argillite (Wileveau et al., 2007) and within or close to salt formations (Rioseco et 
al., 2013, Farsimadan et al., 2020). These near-isotropic stresses mean the in-situ shear stresses on 
the fault are low, which is very unfavorable for rupture propagation. Hence if clay-rich seal and base 
formations are present above and below the targeted aquifer, rupture propagation outside of the 
aquifer may be unlikely. In-situ stress data is needed to check whether higher or near-isotropic 
stresses are indeed observed in clay-rich formations. As part of WarmingUp 4B, leak-off test and 
minifrac data are being analyzed, looking at distinct trends per region and/or lithology in the 
Netherlands. Results from this analysis will be reported at a later stage, with implications for the 
rupture potential in Dutch lithologies. 
Rupture length is heavily dependent on the amount of frictional weakening that can occur on faults. 
Of all the input parameters, this is likely the most uncertain factor. Knowledge of the dynamic 
weakening behavior of fault rocks can be obtained in the laboratory, or from seismological 
observations. In the laboratory, it is challenging to reproduce the rapid accelerations and high, 
seismic velocities (0.1 – 1 ms-1) at the in-situ conditions (σn’ > 20 MPa, T 100°C), including e.g. in the 
presence of pore fluids. Low-velocity experiments indicate that sedimentary rock types are in fact 
more prone to stable behavior than unstable, seismic behavior.  Recent high-velocity experiments 
on sedimentary fault gouges however show frictional weakening down to fd of ~0.3, at slip rates and 
slip distances relevant for ‘smaller’ sized induced earthquakes (M3-4) (Hunfeld, 2020). However, 
other experiments also showed significant cohesion could develop on inactive faults in sandstone 
and evaporites, e.g. on faults in the Netherlands (Hunfeld, 2020). This could lead to an extra stress 
drop, and an additional mechanism for fault weakening and seismicity. Cohesion and cementation 
are therefore important factors to determine per target formation.  
In addition, fault properties vary per lithology as, in particular for relatively small-displacement faults, 
the fault rock materials may be largely derived from the wall rock. Clay-rich fault rock have a lower 
static friction, and do not exhibit healing and thus are unlikely to build up significant cohesion 
(Hunfeld et al., 2020). They are also more prone to aseismic slip. Sandstone fault gouges are stronger, 
and may develop cohesion. Also, the amount of weakening and the fracture energy will vary with 
fault lithology (Hunfeld, 2020). This affects the rupture propagation as well (e.g. Buijze, 2020). It is 
recommended to include frictional variability in future studies. Also, under the conditions of interest 
it is possible that fault slip occurs aseismically and via slow slip transients. Such non-seismic behaviors 
are also observed along plate boundaries (e.g. Ito et al., 2007) and are the results of heterogeneous 
stress or heterogeneous fault properties with brittle asperities within creep-prone fault materials. It 
is important to investigate whether this is likely to happen in Dutch geothermal doublets targeting 
shallow sedimentary formations; if a substantial part of the deformation is accommodated 
aseismically seismic hazard could be low even if faults are reactivated. This needs to be confirmed 
by laboratory experiments and field data – e.g. monitoring of seismicity and deformation using 
tiltmeters, fiber optics, geophones measuring low frequencies.  
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Figure 4-11 Schematic illustration of model assumptions that will affect rupture propagation along the fault dip. A) uniform 

properties, b) effect of ignoring pressure or temperature diffusion into the seal and base, c) heterogeneous, lithology-dependent  
horizontal stresses, d) heterogeneous, lithology-dependent fault properties (e.g. cohesion, friction).  

4.5.4 Implications for induced seismicity in geothermal doublets 
Our study shows that cooling-induced stress changes are significant and could lead to fault 
reactivation if a fault is present within the cooled volume. To avoid fault reactivation, it is thus 
important to stay away from known faults. The safe distance from known faults could be determined 
to a first order using e.g. Equation 4-2, or better using SRIMA (Chapter 3), which better captures the 
temperature field and also allows for stochastic variability to be taken into account 
In our study we have taken a generic set of input parameters relevant for upper crustal conditions in 
sandstone reservoirs in the Netherlands. This helps to understand the relative importance of the 
different input parameters, but to apply the model better constraints on the input and a validation 
to field data is essential. The input distributions could be populated with location-specific 
parameters, to e.g. differentiate between regions in terms of reactivation potential. If for example 
one region would have thinner formations of higher porosity and hence a lower stiffness, the 
reactivation potential would differ from a region with thicker formations and a higher stiffness. The 
model could also be linked to spatial data available in the public domain, such as ThermoGIS where 
thicknesses, permeabilities, depths, etc. are available, to generate a region-based reactivation 
potential. This could be improved with laboratory data on samples from different geothermal 
targets, as planned in WarmingUp 4B. Note that in addition to the frictional weakening parameters, 
in all cases information on the initial tectonic stress remains one of the key (unknown) input 
parameters; it is important that this stress is better quantified in a region-specific and lithology-
specific analysis. Such an analysis is also foreseen in WarmingUp4B.   

4.6 Conclusions & Recommendations 

Chapter 4 presents a fast model approach to compute stress changes, reactivation, and rupture for 
uniform depletion or cooling in a faulted reservoir. The model assumptions are: 2D plane-strain 
model, seal-reservoir-base stratigraphy with uniform linear elastic properties, fault flanked by two 
reservoir compartments of width w, uniform cooling occurs within these compartments, and 
reservoir compartments are offset by the fault. Such a tool can be used for e.g. quick assessment of 
fault reactivation, identification of key parameters for reactivation and rupture sizes. In this chapter 
stochastic analysis was performed to compute the fault reactivation potential and rupture sizes, and 
to rank the input parameters. The main conclusions are as follows: 
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• Cooling-induced stress changes are larger than for depletion, which is reflected in a higher 
fault reactivation potential for cooling. This is because the effective normal stress decreases 
during cooling but increases during depletion. Note that this conclusion holds for faults that 
lie within the cooled or depleted area.  

• Fault reactivation for depleting reservoirs was strongly controlled by fault throw, the poro-
elastic stress parameters Poisson’s ratio ν and Biot coefficient, and the initial stress ratio K0.  

• Fault reactivation for cooling reservoirs was mostly influenced by the thermo-elastic 
parameters Young’s modulus E and linear thermal expansion coefficient η as well as the fault 
throw initial stress K0.  

• For both depletion and cooling, reverse faults are less likely to be reactivated than normal 
faults.  

• Taking into account the finite width of the cooled zone reduces the potential for fault 
reactivation, but mostly so when the width is small compared to the reservoir height. This 
could e.g. be during initial stages of injection, and/or for very thick reservoirs.   

• Along-dip rupture length was mostly controlled by the initial stress ratio K0, fault dip and the 
frictional weakening parameters, for both cooling and depletion.  

• In addition, reservoir thickness and fault throw influenced rupture length, with thicker 
reservoirs causing larger events.  

• Rupture lengths are larger for cooling but the stress drop is smaller, as the normal stress has 
been reduced during cooling.  
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5 Fault reactivation potential near  a 
geothermal doublet: a 3D model 

5.1 Abstract 

Understanding the mechanics of fault reactivation is crucial to understand and potentially mitigate 
felt seismic events in geothermal doublets. Geomechanical models can shed light on important 
processes, key geological properties, and operational settings affecting fault reactivation, though for 
predictive power such models should always be validated against field and/or monitoring data. The 
previous two chapters have focused on fast model approaches to give a first order assessment of 
fault reactivation, and in case of PANTHER2D, rupture lengths. The advantage of these methods is 
their speed which allows for stochastic analyses and incorporation of uncertainties. The draw-back 
of these fast approaches is the lack of the third dimension and subsurface heterogeneity like stiffness 
contrasts. 3D Finite Element analysis can be used to model fault reactivation in 3D, taking into 
account the spatio-temporal evolution of the cooling front, offset fault geometries, stiffness 
contrasts, etc. Such an analysis is complementary to the analyses in the previous 2 chapters, 
incorporating less parameter uncertainty but a higher degree of subsurface complexity. In this 
Chapter we present such a 3D model workflow of reactivation in and around a geothermal doublet. 
The 3D models geometry consists of a seal, reservoir, and base stratigraphy that is offset by a 2D 
fault. Pressure and temperature fields in these formations were computed in Open Porous Media 
(OPM), and imported into DIANA FEA to compute poro-thermo-elastic stress changes. Fault stress 
changes for various doublet configurations are evaluated. Additionally, the results are compared to 
the two fast models SRIMA and PANTHER2D presented in the previous two sections, to define when 
and where the fast models could be employed, and where a 3D approach is warranted. The results 
are summarized as follows: 

• Stress changes are almost solely determined by cooling; the pressure changes around the 
injection and production well remain limited.  

• Circa 50 – 100 m of the seal and base formation are also cooled for the current thermal 
parameters. 

• The cooling front becomes increasingly asymmetric with increasing operation time, growing 
preferentially in the direction of the production well. 

• The extent of the cooling front perpendicular to the doublet orientation matches relatively 
well with SRIMA and the cooling front predicted by the heat balance equation. The largest 
differences occur in the doublet-parallel orientation because of the asymmetry mentioned 
above.  

• Cooling of parts of the fault results in a decrease in effective normal stress and increase in 
shear stress, with the net effect a positive Coulomb stress change (destabilizing) 

• When the cooling front has reached the fault a spherical (doublet fault-perpendicular) or 
elliptical (doublet fault-parallel) area of higher Coulomb stress develops. 

• The cooling-induced Coulomb stress reaches its maximum at depths where reservoir is 
juxtaposed against reservoir, and decreases gradually towards the seal and the base.  

• For stiffer seal and base the Coulomb stress changes in the seal and base exceed those of 
the reservoir. Stiffer seal and base hence promote reactivation and lead to a larger depth 
interval that is affected by the stress changes.  
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5.2 Introduction 

Understanding the mechanisms of stress changes around geothermal doublets, and the conditions 
under which faults could be reactivated and the magnitudes of induced events, is crucial for site-
specific hazard assessment and the development of mitigation measures. In the previous two 
chapters fast, semi-analytical tools for fault reactivation near geothermal doublets were presented; 
SRIMA and PANTHER2D. SRIMA calculates poro-thermo-elastic stress development around an 
injection well, and the resulting fault criticality with distance from the well, without explicitly 
modeling the fault itself. PANTHER2D focuses on the effects of fault geometry and fault weakening 
on reactivation and rupture: a simpler, uniform pressure or temperature field is prescribed within 
the reservoir and the resulting poro- and or thermo-elastic stress changes are computed on and 
around a fault that offsets the reservoir. Fault reactivation is modeled, as well as the along-dip 
rupture length with the incorporation of fault weakening behavior. Both models are fast and allow 
for stochastic analysis. However, in order to be fast and allow for the analytical calculations both 
models have also made several simplifying assumptions that could affect fault reactivation. For 
SRIMA these include the assumption of radial symmetry and lack of a production well, the limited 
incorporation of stiffness contrasts between formations and the lack of realistic fault geometries 
(e.g. fault offset). For PANTHER2D these include the lack of the third dimension, the very simple PT-
field of uniform temperature and/or pressure changes in the reservoir and the absence of stiffness 
contrasts between formations. In this chapter we present a third approach, namely a 3D Finite 
Element modeling workflow which models the full 3D stress development around an injection well 
and can incorporate subsurface complexities as stiffness contrasts and faults offsetting the reservoir. 
Pressures and temperatures are computed in Open Porous Media flow simulator and one-way 
coupled to stress changes in DIANA FEA. This is similar to the approach of Wees et al. 2020 using 
MACRIS, but through the use of Finite Elements a higher degree of complexity could be incorporated, 
e.g. the aforementioned stiffness contrasts, but also reservoir elastoplasticity etc. (Buijze, 2020).  

5.3 Methods 

Poro-thermo-elastic stress changes are computed in a coupled workflow consisting of reservoir 
simulator Open Porous Media Flow (OPM Flow) (Rasmussen et al., 2021) and DIANA Finite Element 
Analysis. OPM is run within the RoSim reservoir simulation workflow developed by TNO. A one-way 
coupling is assumed between the pressure and temperature changes and the stress changes and 
deformation (Figure 5-1) – i.e. deformation of the porous medium is assumed not to affect the 
pressure and temperature evolution. The same model geometry is assumed in OPM and DIANA FEA. 
In the following section the model geometry, pressure and temperature modeling, the stress 
modeling, and input parameters are introduced . 
 

 

Figure 5-1 3D model workflow. Pressure and temperature are computed in OPM Flow and one-way coupled to DIANA FEA 

 

5.3.1 Model geometry 
 



 

 

Quantification of induced seismicity potential of geothermal operations – FINAL  REPORT 57/112 

The model geometry consists of a generic seal – reservoir – base stratigraphy, with a fault offsetting 
the three formations with a throw t – i.e. vertical offset (Figure 5-2). The reservoir thickness h has a 
default value of 100 m, with a default throw of 0.5 h (50 m). The thickness of the seal and base are 
set to 150 m. The center depth zmid of the reservoir is defined similar to ymid of PANTHER2D (halfway 
between the top of the footwall and base of the hanging-wall, and has a default depth of -2300 m. 
The width of the model is 5000 m in both dimensions.  
An injection and a production well are placed in the model in various configurations (Figure 5-3). 
Both fault-perpendicular and fault-parallel scenarios are evaluated. The doublet spacing is 1400 m. 
In two of the scenarios the wells are located 750 m from the fault, in the other two scenarios the 
injection well was placed 100 m from the fault. The 100 m scenario represents a worst-case scenario 
where e.g. an undetected fault is present near the well, as in PANTHER2D.  
 

 

Figure 5-2 Model geometry consisting of a seal – reservoir – base stratigraphy. A fault offsetting all three formations with vertical 

offset t is present in the center of the model.  

 
 

 

Figure 5-3 Well configuration scenario’s shown in map view at a depth of zmid.  Blue: injection well, red: production well.  
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Table 5-1 Overview of default input parameters used for the OPM-DIANA workflow. 

Parameter Symbol Unit Default parameter 

Mid depth zmid m 2300 

Reservoir thickness  h m 100 

Dip θ ° 70 

Vertical stress gradient Δσv/Δy MPa/km 22 

Stress ratio σh / σv K0 - 0.75 

Horizontal stress ratio σh / σH  σH / σh - 1.0 

Strike with respect to σH φ deg 0  

Pressure gradient ΔP/Δy MPa/km 10.5 

Overpressure in the reservoir  Pexc MPa 0 

Temperature gradient ΔT/Δy °C/km 31 

Subsurface temperature at surface T0 °C 10 

Biot coefficient α - 1 

Poisson’s ratio  𝜈 - 0.2 

Young’s modulus E GPa 15 

Linear thermal expansion coefficient η °C -1 1 ·10-5 

Static friction fs - 0.60 

Cohesion C MPa 0 

Permeability k mD 500 

Overburden permeability kseal mD 3.0 · 10-5 

Mass injection rate q kg/s 70 

Injection Temperature  Tinj °C 20 

Rock thermal conductivity Krock W/m.K 3 

Injection water density ρw kg/m3 1052 

Specific heat capacity water  cfluid J/kgK 3774 

Specific heat capacity rock crock J/kgK 850 

Rock density ρr kg/m3 2200 

Water viscosity at 80°C μc Pa.s 0.5 · 10-3 

 
   

5.3.2 Pressure and temperature calculation 
 

The pressure and temperature fields resulting from fluid circulation in the geothermal doublet were 

computed using Open Porous Media (OPM) Flow reservoir simulator (Rasmussen et al., 2021), using 

single-phase flow (water). OPM was run within the TNO in-house RoSim reservoir simulation 

workflow. A static flow model with geometry and well placement as described in Figure 5-2 was 

generated, with a cell size of 50 m in the horizontal plane and 10 m in the vertical direction, similar 

to van Wees et al., 2020. The open hole section of either well is limited to the reservoir thickness h. 

Reservoir permeability is set to 500 mD both vertically and horizontally, whereas the seal and base 

are assumed impermeable 3x10-5 mD; the same as the input properties used in SRIMA (Chapter 3, 

Table 5-1). The same parameters are also assumed for the rock heat capacity (3 W/kg/K) and thermal 

conductivities (Table 5-1). The fault is assumed to have the same properties as the adjacent reservoir 

section; in this report we do not consider (partly) sealing faults. A constant flow rate with a default 

of +-70 l/s (250 m3/hr) is imposed at the injection and production well – i.e. balanced circulation. The 

initial fluid density, viscosity, and fluid heat capacity depend on temperature, pressure, and salinity, 
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and is computed using Batzle & Wang 1992 (see Table 5-1 for values at 80 degrees, ambient reservoir 

pressure, and 100000 ppm salinity). Density, viscosity, and fluid heat capacity are however kept 

constant during the flow simulation.  

5.3.3 Poro-thermo-elastic stress calculation 
 
The FE model was built using the same geometry as specified in Figure 5-2.  Displacement boundaries 
were imposed at the base and sides of the model space to prevent motion perpendicular to the base 
or sides. Linear elasticity is assumed for the formations, with default values as presented in Table 
5-1. Linear wedge (TP18L) and brick (HX24L) elements are used for the mesh of the formations, and 
planar interface elements are used to model the fault. The element size at the fault in the reservoir 
is 10 m, increasing to a maximum element size of 25 m in the reservoir and 100 m in the seal and 
base formations, yielding a total element number of ~250,000 elements. Smaller element sizes are 
not feasible in terms of memory and calculation time.  
The vertical stress is initialized by application of gravity to the formations and an added overburden 
load to simulate the weight of the formations at depth shallower than 1900 m. The total horizontal 
stress is set using the K0 stress ratio, with its default value of 0.75. The initial pore pressures are set 
using a constant pressure gradient function. The pressure and temperature fields computed in OPM 
are mapped onto the DIANA FEA mesh using the LInearNDInterpolator function in Scipy. The stress 
changes resulting from the changes in pressure and temperature over time can then be computed. 
Stress changes on the fault are expressed in shear and normal stress changes, as well as the Coulomb 
Failure Stress (CFF) 

𝐶𝐹𝐹 = 𝜏 − (𝐶 + 𝑓𝑠𝜎𝑛
′ ) 5-1 

Here shear stress τ is the along-dip shear stress, with positive values promoting normal faulting, σn’ 
is the effective normal stress, fs is the static friction (default 0.6), and C is cohesion (default 0 MPa).   

5.4 Results 

5.4.1 Doublet parallel to fault – injection well at 750 m 
 
The first scenario considers injection at 750 m from the fault in the footwall block. Pressure and 
temperature distributions at zmid are shown in Figure 5-4 and Figure 5-5. Pressure changes remain 
limited, mostly below 0.5 MPa except in the direct vicinity of the injection well (Figure 5-5). 
Temperature changes on the other hand are significant, with several hundreds of meters being 
cooled down to the injection temperature of 20 degrees. The radius of the cooled volume increases 
from 300 m after 5 years of injection to over 800 m after 50 years. The temperature front also 
becomes increasingly asymmetric with injection time, with a preferential direction to the production 
well. Vertically, the largest temperature decrease occurs within the reservoir interval, though also 
part of the seal and base formations cool down. After ~30 years cooling starts to affect the fault, 
amounting to 10 degrees of cooling after 50 years of operations  (Figure 5-5). The pressure changes 
at the fault are negligible.  
The stress response on the fault is dominated by the evolution of the cooling front. Initially no stress 
changes are observed (Figure 5-6). As the cooling front approaches the fault after 30 years the normal 
stress decreases on the fault within and above the reservoir (Figure 5-6c), and the shear stress 
increases on the fault segments within and above the reservoir; the net effect is an increase in 
Coulomb stress change on the fault in and around the reservoir formation. Hence, the fault becomes 
more unstable, but note that the magnitude of the stress changes is still relatively small. The fault 
stress changes increase significantly when the cooling front has passed the fault and parts of the 
reservoir around the fault have cooled down, with a decrease in normal stress and an increase in 
shear stress, as was also observed in the previous Chapters. A circular area of high Coulomb stress 
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develops on the fault at the reservoir depth interval (Figure 5-6l). Even though after 50 years only 10 
degrees of cooling  is observed at the fault location the maximum magnitude of the Coulomb stress 
change is already 2 MPa. Larger stress changes will occur when the fault is located closer to the 
injection well – such a scenario is evaluated in the next section.  
 

 

Figure 5-4 Pressure and temperature with injection time for a fault-parallel doublet 750 m from the fault. Pressure at a reservoir 

depth of -2300 m (zmid). The position of the fault at reservoir depth is indicated with the red dotted line. a – d) pressure change at a 
reservoir depth of -2300 m (zmid), e – h) temperature at a reservoir depth of -2300 m,  I – l) temperature in vertical cross-section at 

y = 1750 m. Footwall and hanging wall depths are indicated by the horizontal lines. Note the exaggeration of the vertical scale in 
the final four plots.  

 

 

Figure 5-5 Temperature evolution and pressure change at -2300 m with distance from the injection well. The position of the fault 

at reservoir depth is indicated with the black line.  
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Figure 5-6 Fault stress with injection time for a doublet oriented parallel to the fault at 750 m distance in the footwall. The position 

of the footwall and hanging wall depths are indicated with the solid and dotted line. a – d) normal stress change, e – h)  shear 
stress change, I – l) Coulomb Stress change. The cooling front reaches the fault after ~30 years.  

 
 

5.4.2 Doublet parallel to fault – injection well at 100 m 
 
In the second scenario the injection well is located close to the fault. The pressure and temperature 
evolution in the horizontal plane are similar as those for the doublet far away from the fault. Due to 
the proximity of the doublet to the fault the cooling front reaches the fault in the first years of the 
injection, and eventually several hundreds of m along the fault’s strike are affected by the cooling 
front. In the vertical cross-sections the offset of the cooled volume following the offset of the 
reservoir formation can be clearly seen.  
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Figure 5-7 Pressure and temperature with injection time for a doublet parallel to the fault at 100 m from the fault. Pressure at a 

reservoir depth of -2300 m (zmid). The position of the fault at reservoir depth is indicated with the red dotted line. a – d) pressure 
change at a reservoir depth of -2300 m (zmid), e – h) temperature at a reservoir depth of -2300 m,  I – l) temperature in vertical 

cross-section at y = 1775 m (i.e. the well y-coordinate). Footwall and hanging wall depths are indicated by the horizontal lines. 
Note the exaggeration of the vertical scale in the final four plots. 

 
The cooling of the rock volume around the fault results in significant stress changes on the fault, with 
a decrease in effective normal stress and an increase in shear stress (promoting normal faulting). The 
net effect is an increase in the Coulomb stress (CFF) of over 10 MPa. On parts of the fault CFF > 0 
indicating reactivation occurred. Note however that in the current example fault slip was not 
modeled. The maximum of the stress changes coincides with the center depth of the reservoir zmid, 
at -2300 m. Stress changes decrease gradually up- or down-dip along the fault, decaying to the in-
situ stresses at ~100 m below or above the base or top of the reservoir (e.g. Figure 4-5, Chapter 4).  
The stressed area along the strike of the fault is elliptical with a maximum axis of ~1000 m.   
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Figure 5-8 Stress changes on the fault after 30 years of injection, for a doublet oriented parallel to the fault at a distance of 100 m. 

a) Normal stress change, b) Shear stress change, c) Coulomb stress change (ΔCFF), d) Total Coulomb stress (CFF), e) stress changes 

on the fault at the location closest to the injection well (1900 m). Note the exaggeration in the vertical direction in a-d. Horizontal 
lines indicate the top and bottom boundaries of the reservoir footwall (solid lines) and hanging wall (dotted lines).  

 

5.4.3 Effect of doublet orientation with respect to fault orientation 
 
The temperature distribution around the injection well is asymmetric, in particular after several 
decades of operations, as mentioned in Section 5.4.1 and as can be seen in Figure 5-4. The cooled 
volume grows preferentially towards the production well. Since cooling dominates the stress 
changes experienced by the fault, the orientation of the doublet with respect to the fault orientation 
can influence the stress changes. In Figure 5-9  the growth of the cooled volume with operation time 
is shown for a doublet parallel and perpendicular to the fault. Although in both cases the injection 
well is located at the same distance to the fault (750 m), the fault area affected by cooling is much 
larger in case of a doublet perpendicular to the fault, because of the aforementioned asymmetric 
growth of the cooled volume. This is reflected by the Coulomb stress changes on the fault. After 30 
years only small stress changes (<0.8 MPa) occur on the fault for the fault-parallel doublet, whereas 
a >2 MPa Coulomb stress increase occurs on the fault for the fault-perpendicular doublet (Figure 
5-10). Doublet orientation with respect to the predominant fault orientation in an area can thus 
affect the reactivation potential, with doublets perpendicular to the fault orientation generating the 
largest Coulomb stress change. Note that in the current study it is assumed the fault is open; if faults 
are sealing stress changes are expected to be different from those presented here, see e.g. van Wees 
et al., 2020.  
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Figure 5-9  Effect of doublet orientation on evolution of temperature field. Temperature distribution is shown in map view, at a 

depth of -2300 m. In both cases the injection well is located 750 m from the fault (red dotted line). a-d) doublet parallel to fault 
orientation, e-h) doublet perpendicular to fault orientation.   

 

 

Figure 5-10 Effect of doublet orientation on fault stress. In both cases the injection well is located 750 m from the fault. a) 

Coulomb stress change after 30 years for a doublet parallel to fault orientation, b) Coulomb stress change after 30 years for a 
doublet perpendicular to fault orientation, c) Coulomb stress change along fault for fault-parallel doublet (at y = 1850 m) and a 
fault-perpendicular doublet (at y = 2525 m). 

 

5.4.4 Effect of reservoir offset on stress changes 
 
Previous studies showed that for depletion fault offset plays an important role as the offset reservoir 
configurations concentrates the shear stresses on the fault and hence promotes reactivation (e.g. 
Buijze, van den Bogert et al., 2019; Mulders, 2003; Orlic & Wassing, 2013; Roest & Kuilman, 
1994). This was also apparent in the results generated by PANTHER2D, e.g. Figure 4-5b, where clearly 
the offset focuses the shear stresses and CFF along the reservoir-reservoir juxtaposition. For cooling 
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the effect was less pronounced, though still present. However, in PANTHER2D a relatively simple 
temperature function was imposed, whereas the temperature function used in DIANA3D is 
generated by reservoir simulator OPM. In +Figure 5-11 the effect of reservoir offset on fault stresses 
is shown for OPM-DIANA. Similar to previous modeling studies, reservoir offset concentrates the 
shear stress in the reservoir interval, whereas the normal stress changes is less than for a 0 m offset 
case. The resultant CFF is slightly larger for the offset scenarios compared to the 0 m offset scenario, 
though not by much. Note that differences may be larger for other fault dips. The elevated shear 
stress and CFF found at the reservoir top and bottom in PANTHER2D (Figure 4-5f, h) are however 
absent in the OPM-DIANA results. This may be due to differences in the temperature distribution 
around the fault and/or the larger element size used in OPM-DIANA which tends to smoothen stress 
concentrations.  
 

 

+Figure 5-11 Effect of reservoir offset on fault stress changes, for a fault-parallel doublet at 100 m from the fault. A) effective 

normal stress, b) shear stress, and c) Coulomb failure stress.   

5.4.5 Stiffer seal and base formation 
 
In the previous sections all formations had the same elastic material properties. However, significant 
variations in stiffness are expected between formations in the subsurface, with for example weaker 
clay and unconsolidated sand formations and stiffer anhydrite and carbonate formations. These 
stiffness contrasts can affect the stress changes that develop on faults during operations, in particular 
since the seal and base formation also experience cooling through thermal diffusion, see e.g. Figure 
5-4. In Figure 5-12 the fault stresses of the default scenario with the doublet close to the well are 
compared to the same scenario where the seal and base formation were assigned a higher Young’s 
modulus of 30 GPa, twice that of the reservoir. The higher stiffness of the seal and base results in a 
larger decrease of normal stress and larger increase of shear stress on the fault in the seal-reservoir 
and reservoir-base juxtapositions, as well as directly above and below the seal and base (Figure 
5-12b). The net effect is a larger Coulomb Stress over a larger part of the fault compared to the 
uniform elasticity case (Figure 5-12c). In the center of the reservoir (z = -2300 m) Coulomb stresses 
were the same, but in the upper and lower parts of the reservoir interval Coulomb stress changes for 
the stiffer seal and base are several MPa larger than for the default scenario. A stiffer seal and base 
can thus lead to an increased potential for fault reactivation. Note that at the boundaries between 
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formations the stresses may be more concentrated than shown here as the element size of 10 m will 
smooth these concentrations.   

 

Figure 5-12 Effect of stiffness contrast between reservoir and seal and base formations on fault stress. Fault stresses are shown for 

the scenario where the doublet is located in the footwall and is oriented parallel to the fault at 100 m from the fault, after 50 years 
of operations. Solid lines indicate footwall depth, dotted lines the hanging wall depth. a) Default scenario with uniform elasticity. 

b) Heterogeneous elasticity, where the seal and base formation have a Young’s modulus of 30 GPa (2 x that of the reservoir 
formation). c) Coulomb Stress for both the default and the stiff seal/base scenario’s.  

 

5.5 Discussion & Conclusion 

The OPM-DIANA workflow presented in this chapter provides the pressure-temperature history and 
the stress changes in and around a doublet operating in a faulted reservoir, in full 3D. The results 
presented in this chapter show that fault stress changes are largest within the cooled volume, and 
depend strongly on the proximity of the injection well to the fault, as well as the doublet orientation 
with respect to the fault, fault offset, and stiffness contrasts. The results are in agreement with an 
earlier study by van Wees et al. (2020), who presented a similar 3D workflow using OPM for the 
pressure temperature fields, but MACRIS (Mechanical Analysis of Complex Reservoir for Induced 
Seismicity) for the computation of the stress changes. The geometry used in van Wees et al. (2020) 
is the same as the faulted block geometry used in the current study. The Coulomb stress changes on 
the fault are the same as in the current study with a maximum at the reservoir-reservoir 
juxtaposition, decreasing gradually in the up- and down-dip direction. Van Wees et al. (2020) 
furthermore show that stress changes are smaller when flow is prevented across the fault due to e.g. 
a fault throw larger than the reservoir thickness, because cooling occurs on one side of the fault only. 
It is interesting to consider the effect of fault permeability on the evolution of the cooling front and 
hence the fault stresses. Sealing faults may lead to smaller stress changes, but it will also be 
interesting to compare the area over which the stress changes occur. If the cooled volume grows 
preferentially on one side of the fault in the direction along the fault strike, the magnitude of stress 
change may be smaller but the area larger, which could promote larger slip events. Also, if a damage 
zone is present along the fault this could lead to a larger cooled volume in the strike direction of the 
fault. We recommend to address the effect of fault permeability and the role of a damage zone on 
the cooling front and stress change in future modeling studies.  
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The OPM-DIANA workflow is slower than the OPM-MACRIS workflow, mainly due to differences in 
the mapping algorithms of the PT-field to the MACRIS vs the DIANA model space, and also because 
of the effective mesh-free approach used in MACRIS. DIANA FEA on the other hand allows for 
variations in stiffness and nonlinear material behavior, which is not incorporated in MACRIS. Indeed, 
in Section 5.4.4 we show that a stiffer seal and base can promote fault reactivation as the stressing 
rate in these formations is higher than in the reservoir. This is because part of the seal and base 
experience cooling, and the stress changes are related to the higher Young’s modulus of those 
formations. In case stiff overburden formations are expected, this effect is important to take into 
account.   
 
Many previous studies have focused on depletion-induced stress changes and fault reactivation. In 
these studies the fault throw is shown to have a large effect on fault stress and reactivation, as also 
shown in Chapter 4. Note however that the effect of fault throw is much smaller for the geothermal-
induced stress changes presented in this chapter. This is because the geometry of the PT-field is 
driving stress changes. For depletion relatively sharp contrasts in pressure likely exist between the 
porous, permeable reservoir formation and the impermeable seal. The sharp pressure contrasts, in 
combination with offset of the reservoir compartments, result in stress concentrations at the 
reservoir top and bottom (see e.g. Jansen et al., 2019). For geothermal doublets the pressure 
increase may similarly be limited to the reservoir formation if the seal and base are impermeable, 
but the pressure increase is relatively small and stress changes are driven by cooling. Even for an 
impermeable seal and base formation, thermal conduction will cause cooling of the seal and base, 
resulting in a relatively smooth transition of temperature changes between the reservoir and the 
seal and base. For these smooth temperature profiles no stress concentrations develop even though 
the reservoir formations are offset by the fault, see also for further discussion 6.1.2.  
 
The main conclusions are listed here:  

• Stress changes are almost solely determined by cooling; the pressure changes around the 
injection and production well remain limited.  

• Circa 50 – 100 m of the seal and base formation are also cooled. 

• The cooling front becomes increasingly asymmetric with increasing operation time, growing 
preferentially in the direction of the production well. 

• The extent of the cooling front matches relatively well with SRIMA and the cooling front 
predicted by the heat balance equation. The largest differences occur because of the 
asymmetry mentioned above. For fault reactivation this plays a role when the doublet is 
oriented perpendicular to the fault orientation.  

• Cooling of parts of the fault results in a decrease in effective normal stress and increase in 
shear stress, with the net effect a positive Coulomb stress change (destabilizing) 

• When the cooling front has reached the fault an elliptical (doublet fault-parallel) area of 
higher Coulomb stress develops. 

• The cooling-induced Coulomb stress reaches its maximum at depths where reservoir is 
juxtaposed against reservoir, and decreases gradually towards the seal and the base. No 
stress concentrations developed near the reservoir top and bottom even though the 
reservoir is offset by the fault. This is because thermal diffusion which yields a smooth 
temperature distribution in and above and below the reservoir. Fault offset does however 
enhance the Coulomb stress changes along the reservoir interval.  

• For stiffer seal and base the Coulomb stress changes in the seal and base exceed those of 
the reservoir. Stiffer seal and base hence promote reactivation and lead to a larger depth 
interval that is affected by the stress changes – i.e. the full reservoir interval from top of the 
footwall to the base of the hanging wall, as well as parts of the seal and base, whereas for 
uniform elasticity mainly the reservoir-reservoir juxtaposition is stressed. The larger the 
offset on the fault, the larger the difference between the heterogeneous and homogeneous 
elasticity scenarios.  
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6 Integration and discussion 

6.1 Comparison of the different modeling tools  

In this report three novel, different geomechanical modeling tools were presented that address fault 
reactivation (and seismic rupture) in and around a geothermal doublet circulating fluid through a 
porous reservoir formation. Each of these tools has its own merits and limitations, and each can be 
used for different purposes. In this section we summarize the advantages and limitations of the three 
tools: SRIMA, PANTHER2D, and OPM-DIANA. We then go on to compare the PT-fields used in these 
tools, and the resulting stress changes, and give recommendations on the use and future 
improvements of the three tools.  

6.1.1 Summary of model setup and advantages and limitations 
 
SRIMA allows to map the reactivation risk associated to different injection and subsurface scenarios 
for a simplified scenario of constant injection into a single vertical well in a reservoir with 
homogeneous flow and temperature properties. Temperature and pressures are modeled assuming 
lateral convective flow, and vertical conduction to the seal and base. The assumption of radial-
symmetry implies SRIMA cannot capture the asymmetry of the cooling front when it preferentially 
grows to the production well with increasing injection time. To a first order, however, SRIMA 
captures the temperature field and the fault stress changes well, and can be used as a screening tool 
for geothermal doublets to assess the extent of the cooled volume (rcooled), the extent of the volume 
where fault reactivation can occur (rcrit), and the reactivation potential on faults. Results can be used 
when designing geothermal doublet operations in a reservoir with mapped faults. The use of SRIMA 
should be limited to reservoirs where convective heat transfer is dominant in the reservoir, where 
fault offset remains limited (less than the reservoir height), and faults are fully open. Care should be 
taken when using SRIMA for large stiffness contrasts in the seal and base, in particular when the ratio 
of elastic Young’s modulus of seal and aquifer is smaller than a factor 0.5. The benchmark against an 
axisymmetric reservoir in DIANA FEA using the same PT-field shows that just outside the cooled front 
the fault stress changes in the reservoir may not be conservative. The assumption of a simplified 
radial-symmetrical geometry implies also limitations for use in case of strongly deviated wells and in 
case geothermal doublet operations occur in heterogeneous reservoirs with high-permeability 
streaks or when permeable fault systems are present. 
 
PANTHER2D focuses on the effects of fault geometry and fault weakening on reactivation and 
rupture. A  uniform pressure or temperature field is prescribed within the reservoir, whilst for cooling 
also thermal conduction to the seal and base is incorporated. The resulting poro- and or thermo-
elastic stress changes are computed on and around a fault that offsets the reservoir. Fault 
reactivation is modeled, as well as the along-dip rupture length. PANTHER2D incorporates fault 
weakening behavior which is a fundamental aspect of seismic instability on faults. This means we can 
use PANTHER2D for first order assessment of the potential for rupture growth outside of the 
reservoir, which is directly relevant for seismic event magnitude. The assumption of uniform cooling 
in the reservoir and equal cooling of reservoir blocks on both sides of the fault (simulating e.g. an 
undetected fault near the injection well) yields conservative stress change estimates for cooling with 
respect to the more realistic case where cooling occurs over an elliptical volume. Moreover, being 
2D plane-strain, it lacks the third dimension; for assessment of seismic magnitudes we need to make 
assumptions on width of the seismic rupture area. PANTHER2D cannot account for large stiffness 
contrasts between in the seal and base and reservoir. We used PANTHER2D to analyze driving 
mechanisms and characteristics of reactivation and rupture for both a depleting and for a cooling 
reservoir,  comparing rupture lengths and seismic event magnitudes. 
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OPM-DIANA can be used to model fault reactivation in 3D, taking into account the asymmetrical 
spatio-temporal evolution of the cooling front between the injection and production well, realistic 
fault and reservoir geometries and heterogeneities, such as stiffness contrasts between reservoir, 
base and seal. In contrast to the other tools, it can be used to assess the effects of doublet 
configuration on fault reactivation potential (e.g. doublet orientation with respect to the fault and 
distance between injection and production well). As modelling in OPM-DIANA is computer-intensive, 
fully stochastic analysis with 10,000s simulations is not feasible on a regular desktop PC. We consider 
OPM-DIANA a valuable tool for the understanding of stressing mechanisms around doublets and 
assessment of fault reactivation potential, when geometry, flow and mechanical parameters are 
more constrained based on location-specific data and results are validated against monitoring data. 
The 3D model workflow using OPM-DIANA is for example computer-intensive compared to the two 
fast models introduced in Chapters 3 and 4, SRIMA and PANTHER2D. In total, the 3D workflow 
requires several hours, with the interpolation step being the most time consuming followed by the 
flow simulation. In contrast, a single model realization in SRIMA and PANTHER2D takes several 
milliseconds, which makes these two models more suitable for quick screening and stochastic 
analyses. However, both these two faster models use several simplifying assumptions with respect 
to the 3D model workflow.  
 

 

Figure 6-1 Overview of the three model approaches presented in this report and different assumptions used. Speed is related to 

the runtime on a powerful PC, not on a cluster or supercomputer.  

 

6.1.2 Temperature distributions used in OPM-DIANA3D, SRIMA and PANTHER2D 
 
First of all, the shape and extent of the cooled area are compared. For SRIMA, radial symmetry is 
assumed around the injection well and no production well is thus included. For PANTHER2D, uniform 
cooling is assumed within the reservoir, with the width of the cooled zone based on the convective 
heat balance equation (Equation 4-2). In Figure 6-2 and Figure 6-3 the temperatures computed in 
OPM Flow and SRIMA, as well as the cooled radius computed from the heat balance equation, are 
compared. Overall the agreement between OPM Flow and SRIMA is good. The cooling front 
computed by OPM Flow is however less abrupt then that of SRIMA, and extends slightly beyond that 
of SRIMA. This is likely due to horizontal conduction of heat not being taken into account in SRIMA 
(see e.g. Saeid & Barends, 2009), or numerical diffusion of temperature as was stated in Section A6, 
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where the pressures and temperatures computed in SRIMA were compared to those of reservoir 
simulator Eclipse.  
With progressive injection time the cooling front modeled in OPM Flow becomes increasingly 
asymmetric with the cooled volume growing preferentially towards the production well, an effect 
that is not captured by SRIMA. The OPM Flow results show that in the direction of the production 
well cooling of several tens of degrees may occur over several hundreds of meters beyond the cooled 
radius computed for a scenario just considering the injection well such as in SRIMA, or the radius 
from the heat balance equation (Figure 6-2c, d, Figure 6-3c, d). The center of the cooled volume also 
does not coincide with the injection well but is shifted slightly towards the production well (Figure 
6-2).  
Apart from the doublet-parallel direction, the heat balance captures the extent of the cooled area 
reasonably well. The extent of the cooled volume computed in SRIMA in fact coincides with that 
computed using the heat balance equation, which is also based on lateral convective heat transfer. 
However, the temperature distribution inside the cooled volume differs significantly, with a uniform 
temperature decrease employed for the heat balance equation but an elliptical temperature 
distribution in SRIMA. The difference is due to conductive heat transfer to the seal and base 
formations which is accounted for in OPM Flow and SRIMA, but is not for the current convective heat 
balance equation. Hence, the uniform temperature change within the cooled radius computed using 
the heat balance equation will overestimate the temperature decrease within the reservoir in 
particular near the edges of the cooled front, because it does not include cooling of the seal and 
base.  
Note that the temperature distribution shown for SRIMA in Figure 6-3 is not used one-to-one for the 
computation of thermo-elastic stresses. Rather, the temperature distribution shown in Figure 6-3 is 
parametrized by a number of uniformly cooled cylinders to allow for the use of the Myklestad 
thermo-elastic solutions, superimposed with uniaxial stress changes for the cooled parts of the seal 
and base (see Appendix A). This leads to small, acceptable difference in (vertical) stress changes near 
the edges of the cooled volume.   
 

 

Figure 6-2 Comparison of temperature distribution computed in OPM Flow against cooled cylinder computed based on the heat 

balance equation (Equation 4-2). Results are shown at -2300 (zmid) for a doublet oriented parallel to the fault, located 750 m from 
the fault.   
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Figure 6-3 Comparison of modeled reservoir temperature with distance from the injection well for OPM Flow and SRIMA. 

Temperatures are taken at the center of the reservoir at -2300 m. For OPM Flow the temperature is shown in the direction 

towards the production well (y-dir), as well as perpendicular to the doublet orientation (x-dir). In addition to the model results also 
the cooled radius of the heat balance equation is shown.  

 

6.1.3 Stress changes in the reservoir and comparison to uniaxial stress change 
 
Using the same pressure and temperature field, in this case the axisymmetric pressure and 
temperature changes computed using SRIMA, the poro-thermo-elastic stress changes computed in 
SRIMA and an axisymmetric DIANA model can be compared (see also Appendix A.7). The total 
horizontal stress change is very similar (Figure 6-4b), but the total vertical stress change is different 
(Figure 6-4c). Overall the vertical stress decrease in the cooled area is underestimated in the SRIMA 
calculations. Also the discretization of the temperature field shows up as sudden jumps in the vertical 
stress changes. However, because the vertical stress change is only 25% of the horizontal stress 
change, the resulting Coulomb Stress changes are quite similar.  
It is also insightful to compare the stress changes computed in SRIMA and DIANA to a first order 
estimate assuming uniaxial strain for each location in the reservoir. Under this assumption, stress 
changes could be computed directly from the pressure and temperature field, ignoring stress transfer 
(stress arching). For a give pressure and temperature change, uniaxial strain conditions (i.e. laterally 
extensive reservoir) imply the total vertical stress change is zero, and the total horizontal stress 
change due a pressure and temperature change is given by 

Δσℎ = 
𝐸𝜂ΔT

(1 − 𝜈)
−
ΔP(1 − 2𝜈)

(1 − 𝜈)
 6-1 

where E is Young’s modulus, η is the linear thermal expansion coefficient, and ν is Poisson’s ratio.  
The Δσh and Δσv computed directly from the pressure and temperature distribution of SRIMA are  
plotted in Figure 6-4 (blue dash-dotted lines). Within the cooled reservoir volume the horizontal 
stress change under the uniaxial assumption matches well with the stress computed in SRIMA. Close 
to the edge of the cooled volume, around 550 m from the well, the uniaxial approximation 
underestimates the horizontal stress decrease, as stress arching effects are not included. Also the 
vertical stress change is different; under uniaxial conditions the vertical stress change is zero whereas 
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for the current scenario the total vertical stress does change. Because this is not taken into account 
for the uniaxial approximation, the resulting Coulomb Stress change is underestimated. The smaller 
the width of the cooled volume the larger the vertical stress change will be (see e.g. Soltanzadeh & 
Hawkes, 2009) and the larger the difference between the uniaxial approximation and SRIMA and 
DIANA. Computing stress changes directly from the pressure and temperature field provided by 
SRIMA or e.g. another reservoir simulator could give a good first order estimate of the stress 
response, but will underestimate the Coulomb stress (and reactivation potential) just outside the 
cooled area and also within the cooled area when the aspect ratio of the cooled volume 
(height/width) decreases.  Discrepancies are also expected near faults offsetting the reservoir 
compartments and for elasticity contrasts. In such cases DIANA3D FE modeling or PANTHER2D could 
be used.  
 

 

Figure 6-4 Comparison of stress changes for an axisymmetric model. a) Axisymmetric pressure and temperature field computed 

using SRIMA, b, c, and d) respectively the total horizontal, vertical, and Coulomb stress change computed using SRIMA, DIANA and 
assuming uniaxial stress change at each location experiencing a pressure and/or temperature change (ignoring stress arching 

effects). Pressures, temperatures, and stresses are computed at -2300 m depth (the reservoir center) and plotted against distance 
from the injection well.  

 
 

6.1.4 Fault stress changes on offset faults 
 
The difference in the three temperature functions discussed in the previous section can result in 
different thermo-elastic stress changes. In addition, OPM Flow and PANTHER2D include a realistic 
fault geometry where the reservoir is offset, whereas SRIMA does not. From gas production related 
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studies it is know that fault offset can cause stress concentrations and promote fault reactivation. 
Not including fault offset could thus lead to an underestimate of fault stress changes; hence it is 
important to evaluate the effect of offset on fault stress changes for the geothermal doublet 
scenario, in combination with the effects of the assumed temperature distribution on the fault stress 
changes and other differences such as the assumed model geometry.  
In Figure 6-5 the fault stresses computed using the DIANA 3D model, SRIMA (axisymmetric), and 
PANTHER2D (plane-strain) are compared, on a fault with 50 m offset at 100 m from the injection 
well. Along the reservoir-reservoir juxtaposition (-2275 to -2325 m), the normal stress change 
computed using SRIMA is overestimated and the shear stress increase underestimated. For the 
current dip and offset the resulting CFF is however similar, though the increase in CFF occurs over a 
larger part of the fault compared to the 3D model, because fault offset is not taken into account. This 
agreement between the CFF computed in SRIMA and DIANA3D may be coincidental; in DIANA3D the 
CFF is peaked because of reservoir offset (+Figure 5-11c), whereas in SRIMA the CFF on steeply 
dipping faults in the cooled reservoir volume tends to be overestimated by ~15% due to the model 
assumptions (Appendix A.8).  
The normal stress decrease modeled in PANTHER2D in the reservoir-reservoir interval matches well 
with DIANA 3D, but the shear stress increase is significantly larger than that of the other two models. 
The net result is an overestimate of the Coulomb Stress in the reservoir center. The reason for this is 
two-fold: the use of the uniform temperature decrease in the reservoir in combination with the 
offset reservoir in PANTHER2D, and the plane-strain assumptions in PANTHER2D. Uniform cooling of 
the reservoir results in shear stress increases being concentrated to reservoir-reservoir juxtaposition 
(see also 4.4.2). In SRIMA there is no offset and in OPM-DIANA the temperature profile is more 
gradual compared to PANTHER2D, which leads to lower shear stress changes. PANTHER2D does 
agree with a comparable DIANA2D plane-strain model, although stress concentrations in the 
reservoir are a bit more pronounced in PANTHER2D.  
PANTHER2D and DIANA2D are plane-strain model. This is applicable to depleting reservoirs but 
cooling occurs in a cylindrical or elliptical volume around the injection well. This can lead to different 
stress responses. In Soltanzadeh & Hawkes (2009) stress arching ratios are compared for a plane-
strain and an axisymmetric inclusion. The differences between plane-strain case (ellipsoidal cylinder) 
and axisymmetric case (oblate spheroid) are 13% (horizontal stress change) and 17% (vertical stress 
change) at most for aspect ratios of 1 (for the default Poisson ratio of 0.2 and Biot of 1), decreasing 
to zero difference for infinite width reservoirs. Over 80% of simulations in Chapter 4 have an aspect 
ratio of 0.3 or less, for which the difference between plane-strain and axisymmetric Coulomb Stress 
Changes is <5%. Only in the case of very thick reservoirs and relatively small flow rates, or early in 
the injection period, will the plane-strain assumption deviate significantly from the axisymmetric 
cooling front. Hence ~5% of the difference between PANTHER2D and DIANA3D could be attributed 
to the plane-strain assumption, and the remainder of the difference is likely the result of the different 
temperature function. Another reason for the differences between PANTHER2D and OPM-DIANA 
could be the relatively large element size used in OPM-DIANA (10 m, compared to 1 m) which tends 
to smoothen stress concentrations.  PANTHER2D (and DIAN2D) will thus tend to be conservative with 
respect to the other two models in that it underestimates the amount of cooling required for 
reactivation. Hence it is important keep in mind that the plane-strain models tend to be conservative 
for the current normal faulting configuration.  
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Figure 6-5 Comparison of fault stresses computed in DIANA3D-OPM, SRIMA, and PANTHER2D. Fault stresses are shown after 30 

years of operation, using the default input parameters summarized in Table 5-1. For comparison also the uniaxial stress changes 
computed using the PT-field of SRIMA are shown. For DIANA3D and PANTHER2D a 50 m offset (0.5*reservoir thickness h) was 

included, for SRIMA this was not. For both DIANA3D and SRIMA the fault is located 100 m from the injection well, well within the 
cooled volume.   

 

6.1.5 Applications of the different modeling tools  
 
The modeling tools presented here can be used to assess the potential for fault reactivation in and 
around geothermal doublets, an important measure that helps to mitigate felt induced events. To 
assess the potential for fault reactivation it is important that the modeling tool that is used a) 
captures the appropriate mechanisms and trends, b) gives an adequate stress response on the fault, 
c) is conservative, and d) is quick enough to allow for sensitivity analysis or stochastic analysis, since 
the uncertainties in input parameters are large.  
Although the OPM-DIANA 3D workflow captures more aspects affecting fault reactivation (3D 
pressure-temperature distribution, different doublet configurations, stiffness contrasts, fault offset) 
than SRIMA and PANTHER2D, it is computer-intensive. A (limited) sensitivity analysis could be 
performed to identify key parameters and mechanisms involved, but a fully stochastic analysis with 
10,000s simulations is not feasible. For such an analysis, the faster tools presented here could be 
used. To a first order, SRIMA captures the temperature field and the fault stress changes well, and 
could be used to assess the extent of the cooled volume (2rc), the extent of the volume where fault 
reactivation can occur (rcrit), and the reactivation potential on faults. The use of SRIMA should be 
limited to reservoirs where convective heat transfer is dominant in the reservoir, where fault offset 
remains limited (less than the reservoir height), and faults are fully open.  We do recommend to 
evaluate the Coulomb Stress changes computed in SRIMA against a larger range of fault offsets in 
OPM-DIANA to better quantify the offsets for which the results of SRIMA remain valid. In addition, 
for large stiffness contrasts in the seal and base care should be taken when using SRIMA. In particular 
just outside the cooled front the fault stress changes in the reservoir may not be conservative with 
respect to those in OPM-DIANA, see the benchmark in Appendix A. One solution would be to include 
a small ‘buffer’ zone of ~100 m which would also account for differences in the temperature 
distribution near the cooling front (e.g. Figure 6-3).   
In terms of the maximum shear stress on the fault PANTHER2D is conservative, perhaps overly so.  
PANTHER2D is currently most suitable for situations where sharp contrasts in pressure and or 
temperature exist between the reservoir and seal and base, such as for gas production, or when 
sharp contrasts in thermal conductivity are expected. However, because of its conservative nature 
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PANTHER2D could still be used to assess the potential for fault reactivation, and identification of key 
parameters, as done in Chapter 4. PANTHER outperforms the other two models when it comes to 
the computation of rupture length (in a fast semi-analytical way using Linear Elastic Fracture 
Mechanics LEFM) . The other two models focus on fault reactivation, but fault reactivation is not the 
same as seismicity. Seismicity is driven by frictional weakening on the fault, following reactivation. 
Depending on the stress conditions, seismic slip can propagate beyond the fault area affected by the 
stress changes, which is crucial for the final event magnitude. Fault slip and/or frictional weakening 
is not yet included in SRIMA and OPM-DIANA. So when interested in the potential for rupture to 
propagate into the seal and base formations, or a first-order magnitude estimate (see 6.3), 
PANTHER2D could be used. Additionally, SRIMA and OPM-DIANA could be extended to include LEFM 
rupture calculation along the fault dip, or be coupled to the Dieterich seismicity rate model which 
relates Coulomb stress change rates to seismicity rates (Dieterich, 1994).  

6.1.6 Main model assumptions and recommendations on further tool development 
 
- Linear elasticity: In all three model approaches linear elasticity is assumed. However, significant 

inelastic strains may occur upon temperature or pressure changes (Pijnenburg et al., 2018, 
Soustelle, personal communication experiments for WarmingUp 4B). The effects of inelasticity 
remain yet to be evaluated. In addition, spatial distribution of parameters is uniform, whereas 
significant spatial variability of elastic parameters, permeability and porosity are expected.  

- Simplified geometries: All three models approaches assume idealized geometries (axisymmetric 
reservoir, straight faults, single reservoir). This may suitable for generic modeling fault 
reactivation, gaining a basic understanding of the process, performing stochastic analyses, 
testing the effect of more complex behaviors such as fault weakening and inelastic deformation, 
but such simplified geometries may not be applicable for specific case studies. In reality, strike 
and dip of faults will vary substantially, which causes heterogeneous stresses along the fault. 
These more realistic geometries can be incorporated in MACRIS, which takes fault geometries 
directly from Petrel and related PT-fields from reservoir simulators as OPM Flow. This work is 
currently underway in WarmingUp 4B and will be reported at a later time. Also it is 
recommended to take into account stacked reservoirs (i.e. multiple sandstone members 
targeted with operations) to compute cooling and stress changes; such reservoir behaviors are 
relevant for e.g. the West Netherlands Basin.   

- Uniform formation properties: Apart from variable Young’s modulus and permeability (SRIMA, 
OPM-DIANA), other elastic and flow properties were kept uniform from formation to formation. 
In reality, strong lateral and vertical variations in e.g. permeability exist, leading to a 
heterogeneous shape of the cold front. This could result in some cooled pathways reaching the 
fault earlier in time, promoting reactivation. However, reactivated areas are expected to be 
smaller. It will be interesting to evaluate the effect of heterogeneous permeability on induced 
magnitudes.  

- Single doublet: In the models approaches a single doublet (OPM-DIANA) or injection well 
(SRIMA) is modeled. However, as geothermal energy grows more and more doublets are 
created, which may lead to interference (e.g. Daniilidis et al., 2021). This might mean larger fault 
areas experience stress changes. It is recommended to optimize doublet placement both with 
respect to production as well as fault reactivation and event magnitudes.  

- Open fault: In all three model approaches the fault is assumed to be open, not sealing. A sealing 
fault between the wells or close to the doublet affects the PT distribution (e.g. Daniilidis et al., 
2021, van Wees et al., 2020) which also affects the reactivation potential. It is recommended to 
explore the effects of sealing or partially transmissive faults in future studies.   

- Lack of aseismic slip: Both in OPM-DIANA and SRIMA fault slip (seismic or aseismic) is not 
explicitly modeled. Aseismic slip may however play an important role; for e.g. hydraulic 
fracturing in shales it is hypothesized that aseismic slip in the clay-rich target formation causes 
stress transfer to overlying, stiffer, more earthquake-prone formations (Eyre et al., 2019). This 
could be very relevant for the geothermal formations, which also contain lots of clay and 
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sandstones, in particular if a stiffer formation overlies or underlies the geothermal target 
formation.  

- Lack of fault-weakening and rupture: Apart from Panther2D, the fault weakening behavior that 
is fundamental for seismic fault slip is not considered. Future approaches could use the stress 
changes computed in the tools presented here, and link those to earthquake cycle models or 
dynamic rupture simulators, in 3D. This also allows for a link with monitoring data.   

6.2 Key factors driving fault reactivation and seismicity 

It is important to pinpoint the role of different input parameters on fault reactivation. To this end, 
stochastic analysis was performed using both SRIMA and PANTHER2D. Both analyses yield 
comparable outcomes, with the most important input parameters being: 
- the stress path parameters Youngs modulus E and thermal expansion coefficient η, which both 

correlate positively with the reactivation potential 
- in-situ stress ratio K0 = σh/σv which shows a negative correlation with the reactivation potential 

(lower ratio, higher criticality) 
- the depth, since the temperature difference between the depth-dependent in-situ reservoir 

temperature and injected fluids (20°C) increases with depth.  
The OPM-DIANA 3D workflow furthermore shows the importance of distance of the injection well 
from the fault and the orientation of the doublet with respect to the fault. For SRIMA reservoir height 
h is also important; this is because fcrit is calculated at different locations along a horizontal line in the 
reservoir. The smaller h, the larger the cooled radius and the higher the reactivation potential. For 
PANTHER2D the throw t was also of importance.  

 

Figure 6-6 Linear regression coefficients for the stochastic modeling analysis in a) SRIMA and b) PANTHER. The risk measure used 

in a is the fraction of critical fault orientations fcrit which is measured over a horizontal line in the center of the reservoir, and the 
risk measure in b) is the temperature change required for fault reactivation. Note that the negative sign of the temperature 
changes results in a positive correlation for input parameters promoting fault reactivation as they increase in value. The same 

input parameters were used in both analyses, see for definition of symbols and values Table 3-1 and Table 4-1.   

 
For the analyses in this report a generic set of input parameters relevant to geothermal operations 
in the Netherlands (and comparable reservoirs abroad) was used. Better characterization of the input 
parameters will reduce the uncertainty, and allow for region-specific or site-specific analysis of fault 
reactivation. In WarmingUp 4B an experimental program is underway where the thermo-mechanical 
parameters of sandstones from different geothermal targets will be measured. In addition, in 
WarmingUp 4B a region-specific and stratigraphy-specific analysis of leak-off test data will be done 
to better quantify the stress field in different areas in the Netherlands. Pending the results of these 
analyses the stochastic model analysis can be updated. Regardless, significant uncertainty will likely 
remain. In addition it is important to consider epistemic uncertainties deriving from model 
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assumptions. A limited amount of physics could be included in the models. For future modeling 
approaches it is important to consider the potential effects of inelastic deformation of the reservoir 
and seal and base rocks, and to include appropriate fault material models to distinguish between 
seismic and aseismic fault slip. Also, geometries used in this study are simplified generic geometries.  
Using MACRIS (van Wees et al., 2018, Candela et al., 2019) stress changes on realistic fault 
geometries based on the geological models can be computed; this work is also underway in 
WarmingUp 4B. Also, the effect of cooling of stacked reservoir formations, as e.g. present in the 
Alblasserdam Member in the Western Netherlands Basin is important to investigate. In any case, 
validation of models against field data remains essential.    

6.3 Seismic rupture and magnitude – comparison depletion and cooling 

In the end, it is not fault reactivation that is a problem, it is the occurrence of seismic fault slip on the 
reactivated fault, with magnitudes large enough to be felt at the surface. In this study we do not 
compute seismic catalogs, but the model results can give insight in the maximum magnitudes that 
may occur. The maximum expected magnitude Mmax is an important component of seismic hazard 
and risk assessment (e.g. van Thienen-Visser et al., 2018, SODM, 2016). Mmax is the upper bound of 
the frequency-magnitude distribution that is expected for a certain field/region. Note that the 
probability of Mmax occurring is actually very low; mostly events that are recorded, if any at all, are 
(much) smaller than the Mmax.  
Moment magnitudes can be calculated from the seismic moment M0 (here in Nm) using (Hanks & 
Kanamori, 1979) 

𝑀𝑤 = (log10𝑀0 − 9.1)/1.5 6-2 

The seismic moment for a finite, buried, dip-slip fault is approximately related to the stress drop Δτ 
and fault dimensions through (Kanamori & Anderson, 1975, Starr, 1928) 

𝑀0 = (
3𝜋

8
)∆𝜏𝐿𝑑𝑖𝑝

2𝐿𝑠𝑡𝑟𝑖𝑘𝑒 6-3 

The current seismic hazard analysis in place for the small gas fields (Dutch gas fields excluding 
Groningen) requires the computation of Mmax (SODM, 2016). One of the two methodologies to 
compute Mmax in the approach for the small gas fields assumes seismic slip will remain limited to the 
reservoir interval. It uses the maximum fault dimensions within or adjacent to the gas fields to 
constrain the along-dip fault length Ldip and the along-strike fault length Lstrike which can be used to 
compute the seismic moment (Example 1A in Figure 6-7). It is interesting to compare fault 
dimensions and maximum magnitudes of these small gas fields to the geothermal case. A similar 
approach could be to use the dimensions of the cooled volume around the injection well to 
determine Lstrike and Ldip. In some cases the cold front will reach a known fault structure, cooling it 
down partially. Here we do not investigate specific cases or regions; as an example we have set the 
cooled fault length to 20% of the diameter of the cold front (Example 2A). In a worst-case scenario 
undetected faults are present close to the injection well; in this case Lstrike could be set equal to the 
diameter of the cold front 2rc (Example 3A). 
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Figure 6-7 Example scenarios of the use of fault dimensions for the computation of Mmax. Example 1A) Lstrike is the maximum fault 

length within the gas reservoir, and Ldip the fault height within the gas reservoir.  In Example 1B Lstrike is the same but Ldip is 

computed using modeling (e.g. Panther 2D). Example 2A) cold front interacts with a known fault, example shown for the case Lstrike 
is 40% of the radius of the cooled volume. Example 3A) worst-case scenario of undetected fault close to the injection well, 
assuming Lstrike= equals the diameter of the cooled volume. In all Examples B Lstrike is the same as for A but Ldip is computed using 

modeling (Panther 2D). The stress drop for all A examples is fixed at 5 MPa, but the stress drop for all B examples also follows from 
modeling.  

 
Typical measured Lstrike for the small gas fields in the Netherlands fall between 1000 and 6000 m 
(Figure 6-8f). The diameter of the cold front estimated using Equation 4-2 for currently operational 
doublets after 30 years of operations is significantly smaller than the maximum fault length for gas 
reservoirs, mostly between 500 and 2000 m (Figure 6-8b). On the other hand, reservoir heights for 
the gas reservoirs are somewhat smaller than those of the geothermal target formations (Figure 6-8a 
and e). These dimensions could be used to give a first order estimate of Mmax, but in addition to the 
dimensions, the stress drop must be specified. For the small gas fields a fixed stress drop of 5 MPa is 
used (Thienen-Visser et al., 2018, SODM, 2016). For the geothermal reservoir examples 2A and 3A 
the same value was assumed.  

 

Figure 6-8 Histograms of normalized probabilities for dimensions of geothermal doublets and small gas fields. a) reservoir height 

observed for doublets in the Netherlands (i.e. thicknesses from Figure 2-2), b) diameter of cold front estimated using Equation 4-2 
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assuming cfluid = 3771 Jkg-1K-1, a fluid density of 1052 kgm-3, specific heat capacity of the reservoir formation crock = 850 Jkg-1K-1 , a 
rock density of 2200 kgm-3 (see text 4.3.6), an injection time of 30 years, and average annual flowrates of existing doublets (Figure 
2-2, www.nlog.nl). Figures c and d show the same parameters, but now those as used in the stochastic analysis in Chapter 4 (i.e. 

uniform distributions). e) height of gas fields and f) maximum fault length Lstrike within gas fields in the Netherlands (from Thienen-
Visser et al., 2018).  Figures g and h the same parameters, but now as used in the stochastic analysis for the depletion in Chapter 4 
(i.e. uniform distributions).   

 
Figure 6-9 a-c shows the histograms of maximum magnitudes computed for Examples 1A, 2A, and 
3A (Ldip = h, Δτ = 5 MPa), using dimensions from the stochastic model analysis of Panther (Figure 6-8 
c, d, g, h), which are based on the observed dimensions of gas fields and cooled volumes. Maximum 
magnitudes for geothermal are within the same range as those for the gas fields, and are somewhat 
smaller (Figure 6-9 c vs a). Maximum magnitudes become significantly smaller if Lstrike is only a 
fraction of the radius of the cooled volume (Figure 6-9 b).  
In all the A examples, vertical extension of rupture is limited by the reservoir height. However, stress 
perturbations can occur above and below the reservoir formation, due to pressure and temperature 
diffusion. Models indicate that in particular the latter can extend quite far (several 10s of m) into the 
seal and base formations (e.g. Section 3.4). The assumption that rupture remains within the reservoir 
formation may thus not always be conservative, as also noted in SODM (2016). Although the model 
approaches presented in this study do not model the full 3D dynamic rupture process following 
reactivation, Panther2D does give insight in the along-dip propagation of rupture. In Panther2D the 
frictional weakening and unstable slip following reactivation are included in the model workflow, and 
the resulting along-dip rupture length is determined by an energy balance using fracture mechanics. 
This gives a physics-based constraint on the propagation of rupture along the dip of the fault. Also, 
the stress drop is not imposed but follows from the frictional weakening parameters and the normal 
and shear stresses at the onset of rupture (initial + induced). Figure 6-9 d-f shows the histograms of 
maximum magnitudes computed for Examples 1B, 2B, and 3B, where Lstrike is the same as for 1A, 2A, 
and 3A, but Ldip and Δτ follow from the Panther2D computations. Maximum magnitudes are generally 
larger than for the cases where Ldip = h (A-examples), even though the modeled stress drops are often 
somewhat smaller than the assumed 5 MPa for the A-examples. This is because:  
- Rupture can propagate for some distance beyond the reservoir height, causing Ldip to be larger 

than h. 
- Fault throw and dip are taken into account here, which was not the case for the A-scenarios. This 

increases the height of the perturbed interval to ~(h + t), and Ldip = h * cos(90 – dip).  
The quadratic dependence of moment on Ldip causes these increases to have a significant effect. This 
emphasizes the importance of a better constraint on Ldip using physics-based modeling. Factors that 
need to be included in future research are the along-dip variations of in-situ stress and frictional 
properties related to different lithologies along the fault’s dip.  
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Figure 6-9 Histograms of maximum magnitude estimates for different example scenarios shown in Figure 6-7. A) Example 1A, b) 

example 2A, c) example 3A, d) example 1B, e) example 2B, f) example 3B, using dimensions from the stochastic parameter ranges 
evaluated in Chapter 4 (Figure 6-8 c, d, g, h).  

 
At the same time, it is very likely the assumed Lstrike is strongly overestimated. Fault strike and dip 
vary along the strike of the fault, causing a heterogeneous along-strike stress. Rupture will likely start 
in one of the high stress regions, but the low stress regions may prevent rupture to grow further 
along the strike of the fault, reducing Lstrike. Also, large aspect ratios (Lstrike/Ldip) are unlikely to occur; 
for large natural dip-slip earthquakes aspect ratio’s do not exceed 8 (Weng & Yang, 2017). Exclusion 
of such aspect ratios would further reduce the maxima of the distributions shown in Figure 6-9. In 
addition, there are fundamental differences in the spatio-temporal characteristics of fault loading 
for gas depletion and geothermal operations. For gas production, faults in the reservoirs or reservoir 
compartments are relatively evenly loaded with time, as pressure equilibration through a gas field 
(compartment) usually is a fast process. Hence, the fault length affected by the stress change does 
not change with time, but the stress change increases linearly with the pressure drop (Figure 6-10a). 
For geothermal operations however, cooling is the main driver for the stress changes and the radius 
of the cooled volume rc grows with injection time (e.g. Equation 4-5). When the cooled volume 
reaches a fault the stressed fault length will increase with injection time (Figure 6-10b), and the fault 
will get progressively reactivated with various (smaller) events spread over the injection time (e.g. 
Wassing et al., 2021). Hence it is likely that the Lstrike of the (initial) induced events is much smaller 
than the diameter of the cold front (e.g. example 2A, 2B). These computed Mmax for 2A and 2B show 
that the reduced Lstrike assumed for cooling has a major effect on the Mmax. Hence for geothermal 
both the stress drop is expected to be lower (due to the lower effective normal stress) than for gas 
depletion and the Lstrike is expected to be smaller than for gas depletion due to the spatio-temporal 
evolution of the cold front. This stresses the importance of fault characterization in the subsurface 
and good estimates of the cold front propagation. A future directive for estimation of Mmax  is that 
the current model approaches and/or extended approaches modeling spatio-temporal evolution of 
progressive (seismic) events using improved post-failure behavior are validated against field 
observations where possible.  
One important difference in expected (microseismic) response  between depletion and cooling is 
that for cooling progressive reactivation of a fault is expected with time, whereas for depletion, a 
larger fault area may slip suddenly because fault are likely more evenly loaded with time (Figure 
6-10). Indeed, several gas fields in the Netherlands have shown M > 3 earthquakes, without any 
smaller events preceding these larger events. For cooling on the other hand the reactivated fault 
area and event sizes are expected to grow with time (except if the initial fault strength is critical). 
This suggests that microseismic monitoring of geothermal projects can be very useful to assess the 
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seismicity potential with operation time, which helps to take potential mitigation measures in case 
seismicity rates or magnitudes increase. On the other hand, monitoring could be useful to rule out 
the likelihood of larger events; if it is known a fault has experienced substantial cooling but no 
seismicity has been recorded, it may suggest fault reactivation occurs aseismically or via small 
magnitudes (see next section). Monitoring of both the evolution of the cold front (e.g. WarmingUp 
4C) and seismicity may hence be useful for mitigation of seismic hazard.  
 
 
 

 

Figure 6-10 Schematic illustration of differences in fault stressing during gas depletion (a) and geothermal operations in sandstone 

reservoirs (b). Rc is the radius of the cooled volume, which increases with ongoing injection of cold water.   

 

6.4 If cooling induces such significant stress changes, why have we not 
observed felt seismicity near geothermal doublets in sandstone 
reservoirs? 

Regardless of which model is used, it is clear that thermo-elastic stress changes can be significant 
and could well lead to fault reactivation if the cooling front has reached a fault. However, no felt 
seismic events (~M > 2) have been reported for doublets in the Netherlands, nor for doublets 
targeting similar formations in other countries (Buijze et al., 2019). This seems contradictory, but 
there may be various (complementary) explanations why no felt seismicity has (yet) been recorded. 
Some of these have been mentioned throughout the report, here we summarize briefly those points 
again. 

• The limited operation time and positioning of well with respect to faults. The first doublet in 
the Netherlands started operating in 2006, and about 50% of the operational doublets only 
came online in 2015 or later (e.g. Mijnlieff, 2020). The radius of the cold front may thus only 
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be several 100 m (Figure 4-3b). In the protocol for the seismic hazard screening of Q-con 
(2016), proximity to faults is penalized and doublets are often placed at some distance from 
known faults. It may thus be that the cold front has not reached known faults yet, or faults 
in the vicinity of the injection well experienced only a limited amount of cooling.  

• Rock properties and inelastic strain: Rock stiffness in some of the poorly consolidated 
formation may be relatively low, which would cause lower thermoelastic stresses. Also, a 
large part of the deformation may be inelastic (e.g. Pijnenburg et al., 2018), which could 
change the stress path and potentially make it less destabilizing.  

• Stable in-situ stress: Stress changes can be significant, but if the in-situ stress is stable fault 
failure may not be reached. Most parts in the Netherlands are characterized by low tectonic 
loading rates. In particular in the sedimentary cover, the in-situ stress may be far from critical 
as suggested by leak-off-test data (Muntendam-Bos, 2020). Within WarmingUp 4B further 
analyses into the in-situ stress state will be performed and reported at a later stage. 

• Heterogeneous in-situ stress: Even if the stress in the reservoir is such that failure occurs, 
the in-situ stress in seal and base formations may be stable or even near-isotropic. Creep-
prone lithologies such as clays, mudstones, and evaporites will relax differential (shear 
stresses) over geological times and are likely to have a more stable in-situ stress state (e.g. 
Warpinski, 1989). If events were to occur within the target sandstone formation, they might 
be limited in size because the stress above and below the reservoir might be stable.  

• Aseismic or low-frequency fault slip: Even if fault reactivation does occur, fault slip is not 
necessarily seismic. Seismic fault slip requires stress build-up to the failure strength, 
followed by rapid weakening of the fault strength through e.g. frictional weakening or a 
sudden loss of cohesion. The amount of frictional weakening varies with lithology. 
Laboratory experiments indicate that cohesive faults, and faults in competent rocks as for 
example granites, carbonates, and anhydrites are prone to frictional weakening and seismic 
slip. However, articular non-cohesive sandy and clay-rich fault gouges are not prone to 
seismic slip (Hunfeld et al., 2017), and may thus slide aseismically upon reactivation, as is 
inferred for e.g. fault reactivation during hydraulic fracturing (Eyre et al., 2019). In addition, 
cooling reduces the effective normal stress on the fault which also tends to promote 
aseismic slip (e.g. Guglielmi et al., 2015, Cappa et al., 2019). Note that aseismic slip can 
transfer stresses and load lithologies more prone to seismic slip (Eyre et al., 2019, Buijze, 
2020), so knowledge of the local geology remains important for modeling of seismic and 
aseismic slip. 

• Low stress drop: The initial amount of shear stress available on faults at 2 – 3 km depth is 
limited to <10 MPa for the normal faulting regime and likely stable in-situ stresses in the 
Netherlands (see e.g. Figure 4-5). Cooling also reduces the effective normal stresses. If 
rupture is driven purely by a reduction of friction, this means the shear stress drop (which is 
the friction drop multiplied with the effective normal stress) during rupture could be 
relatively low and the seismic events are less strong. Low stress drops are for example 
observed for seismic events close to the injection well during early stages of high pressure 
fluid injections (Chen & Abercrombie, 2020, Yu et al., 2020) where the high pressures lower 
the effective normal stress near the well.   

• Progressive fault reactivation. The extent of the seismic slip event will largely be determined 
by the cooled area on the fault, unless the in-situ stress is critical and seismic slip can 
propagate outside of the cooled area. The highly stressed, cooled fault area, is elliptical in 
shape and grows with time, e.g. Figure 5-4, Figure 5-6. Early in the injection event sizes are 
thus expected to remain relatively small, possibly releasing some of the stress build-up 
within the elliptical area (Wassing et al., 2021). Subsequent events may be larger or remain 
limited to the ‘outer ring’ of the highly stressed area. Also, fault roughness can lead to 
smaller events compared to those on the planar fault geometry included in the current 
model. 
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For future geothermal developments and seismic hazard assessment studies it is essential that the 
role of these ingredients is further investigated through a combination of laboratory studies, 
monitoring and data-driven modeling.   
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7 Conclusions 

Understanding the mechanisms of stress changes around geothermal doublets, the conditions under 
which these stress changes could reactivate pre-existing faults, and what controls the magnitudes of 
induced events, is crucial for site-specific hazard assessment and the development of mitigation 
measures. The use of geomechanical models can help understand important processes, key 
geological properties, and operational settings affecting fault reactivation and seismicity potential. 
In this report we present three modelling tools for analysis of fault reactivation potential near 
geothermal doublets, i.e. SRIMA (Seal and Reservoir Integrity Mechanical Analysis), PANTHER2D 
(Physics-based semi-Analytical Tool for Human-induced Earthquake Rupture), and OPM-DIANA FEA 
(Open Porous Media - DIANA Finite Element Analysis). SRIMA computes analytically the 
porothermoelastic stress changes around an injection well, assuming lateral convective flow and 
vertical temperature diffusion to the seal and  base. PANTHER2D is a plane-strain model where a 
uniform temperature or pressure decrease in the reservoir and vertical diffusion to the seal and base 
are assumed. Fault stress changes are computed incorporating effects of offset reservoir 
compartments, and frictional weakening behavior is included to model the post-reactivation fault 
slip. OPM-DIANA is a 3D model workflow coupling the pressure and temperature changes in a 
geothermal doublet computed in the reservoir simulator OPM to the Finite Element package DIANA 
FEA. Each of these tools has its own merits and limitations, and each can be used for different 
purposes. SRIMA and PANTHER2D are (semi-)analytical tools which can give a first order assessment 
of fault reactivation, and in case of PANTHER2D, induced event magnitudes. The speed of these tools 
allows for incorporation of uncertainties in stochastic and sensitivity analyses, providing insights into 
the key factors that drive the potential of fault reactivation and seismicity. As they are based on 
simplified geometries, they are generally less well suited to capture the effects of geological 
complexity, heterogeneity and the spatio-temporal evolution of the cooling front. The FE numerical 
tool of OPM-DIANA analysis is complementary to the fast analyses of SRIMA and PANTHER2D, 
incorporating less parameter uncertainty but a higher degree of subsurface complexity such as 
stiffness contrast, different doublet configurations, and other heterogeneities. For a summary of the 
three model tools see Section 6.1 and Figure 6-1.  
 
In this study, the three modelling tools were used to address the following questions: 

• What are the key factors that drive fault reactivation and induced seismicity in geothermal 
doublet operations? 

o Which parameters affect (the likelihood) of fault reactivation? 
o Which parameters affect the extent of fault rupture? 

• What is the extent of the cooling front and the critically perturbed zone around the 
geothermal doublets? 

• What are the differences between seismicity induced by cooling (geothermal doublet 
operations) and depletion (gas production)? 

The main conclusions for each topic are summarized below.  
 
Key parameters for fault reactivation and seismicity during geothermal operations 

• Stress changes for geothermal doublet operations in porous sandstone formations derive 
almost exclusively from temperature decreases around the injection well. The temperature 
decrease can be up to several 10’s of degrees over hundreds of meters from the injection 
well, whereas pressure changes are often small (<1 MPa) and limited to the vicinity of the 
injection well.  

• Normal faults that lie within the cooled volume around the injection well experience 
destabilization – i.e. the Coulomb stress on the fault increases. Destabilization occurs at the 
reservoir depth level, as well as just above in the seal and below in the base as these also 
experience some degree of cooling.  
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• The magnitude of the Coulomb stress changes depends predominantly on the reinjection 

temperature and the thermo-elastic properties of the reservoir formation. Faults offsetting 

cooled reservoir compartments enhance the Coulomb stress changes within the reservoir 

interval. In addition Coulomb stress changes increase with the radius of the cooled volume.  

• A stiff seal and base formation results in larger Coulomb stress changes above and below 
the reservoir, and a larger fault area that experiences destabilization. In addition, in case of 
higher elasticity tensile stresses may develop, which increase the risk of inducing hydraulic 
fractures in the seal. This is because the seal and base also cool down, and the thermo-elastic 
stress in the seal and base are larger than those in the reservoir because of the higher 
Young’s modulus.  

• The fault reactivation potential depends on the Coulomb stress change in combination 

with the pre-existing, tectonic state of stress in and around the geothermal reservoir.  

• Frictional weakening causes seismic instability to occur following reactivation. The extent of 
the seismic rupture along the dip of the fault is predominantly controlled by the initial stress 
ratio, fault dip, the frictional weakening parameters, and height of the reservoir interval. 
 

Extent of the cooling front and critically perturbed zone 
Cooling dominates the fault reactivation potential in and around geothermal doublets in porous 
sandstone reservoirs. The shape and size of the cooled reservoir volume is therefore an important 
indicator for fault reactivation. The main findings with respect to the cooling front (extent of cooling 
with distance from the injection well, rcooled) and the radius of criticality (maximum distance from the 
injection well at which faults are reactivated) are listed here:   

• The fault area that experiences positive Coulomb stress changes increases in size as the 
cooled volume around the injection well increases with operation time.   

• The cooling front becomes increasingly asymmetric with increasing operation time, growing 
preferentially in the direction of the production well. 

• When the cooling front has reached the fault an elliptical (doublet fault-parallel) area of 
higher Coulomb stress develops. 

• The cooling-induced Coulomb stress reaches its maximum at depths where reservoir is 
juxtaposed against reservoir, and decreases gradually towards the seal and the base. 

• Significantly more fault area experiences cooling & stressing for a geothermal doublet of 
which the connecting line is oriented perpendicular to the fault and crosses it. 

• Destabilization and fault reactivation may occur both within and outside the cooling front  
due to stress transfer, although the stress changes decay rapidly beyond the cooled reservoir 
volume. 

• When the initial criticality of the faults is moderate or low, the expected radius of criticality 
during injection mostly does not extend more than 30% beyond the thermal front. Radii of 
criticality that are much larger than the radius of cooling only occur in reservoirs that are 
initially already close to critically stressed. This observation can be used when designing 
geothermal operations in a reservoir with pre-existing faults or fault structures. 

• Radii of criticality can be large (exceeding 500m), particularly in case of an initial stress 
regime that is already critical or in case of small reservoir thickness.  

   
Differences between cooling-induced and depletion-induced fault reactivation / seismicity: 
Although geothermal doublet operations in porous sandstone reservoir in the Netherlands and 
abroad have not (yet) resulted in the occurrence of felt seismicity, production from gas fields in 
similar sandstone reservoirs has led to felt seismicity. It is insightful to compare the stressing 
mechanisms between gas production and cooling.   

• The direction of the stress path for cooling is on average more destabilizing than for 
depletion, which is reflected in a higher fault reactivation potential for cooling. This is 
because the effective normal stress decreases during cooling but increases during depletion. 
Note that this conclusion holds for faults that lie within the cooled or depleted area.  
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• Fault throw offsetting depleting or cooling reservoir formations tends to concentrate faults 
stresses and hence promotes reactivation for steep normal faults. The more abrupt 
variations in temperature or pressure changes between formations, the larger the stress 
concentrations, in particular near the edges of formations. The more diffuse the pressure 
and/or temperature profile, the smoother the stress changes and the smaller the stress 
concentrations. Plane-strain models applied to cooling however overestimate the stress 
changes w.r.t. the more applicable axisymmetric or full 3D modeling of cooling.  

• Both for depletion and cooling, the height of the reservoir interval and fault throw, initial 
tectonic stress, fault dip, and amount of frictional weakening are the most important 
parameters controlling the along-dip rupture length.  

• Rupture lengths are slightly larger for cooling than for depletion. This is because 
temperature changes extended further into the seal and base than pressure changes, 
causing stress changes over a larger fault length, and hence a larger rupture length.  

• However, the event stress drop for cooling-induced events is smaller, as the effective normal 
stress has been reduced during cooling.  

• Maximum magnitude estimates for cooling were in the same range as those estimated for 
the small gas fields in the Netherlands when assuming the events span the entire cooled 
volume. In the more likely scenario that only part of the cooled volume (see next point) 
maximum magnitude estimates for cooling are smaller.   

• While for depletion the pressure change occurs relatively uniformly along the strike of the 
fault, for cooling around an injection well the fault area affected by the temperature change 
will grow with time. This is expected to lead to a different evolution of seismicity: fault 
reactivation and seismic moment release is expected to occur more gradually for cooling 
than for gas depletion. This should be verified by monitoring field cases through e.g. 
microseismic monitoring, tilt meters, fiber-optic measurements, and INSAR, and validating 
geomechanical models against those monitoring data. 

• A gradual increase of fault area critically stressed by cooling and a gradual release of seismic 
energy with time could be favorable for mitigation of felt seismic events, as it increases the 
chance of detecting seismicity (and potentially unmapped faults) by seismic monitoring 
networks well before large fault segments are perturbed by the cooling front.   

     
Recommendations:  

• Model validation: Inform the presented geomechanical methods with lab- and field-derived 
input parameters, apply models to specific cases and validate models against field 
measurements such as microseismic monitoring.  

• Doublet design & optimization: Choose optimal placement of wells from faults to limit stress 
changes on those faults. Evaluate whether there are case studies where it is known the cold 
front has reached the fault, and check whether monitoring observations are in line with 
expected behavior (reactivation or not, seismic or aseismic).  

• Fault slip modeling: in the end, it is seismic fault slip of substantial magnitude that poses a 
problem at the surface, not fault reactivation itself. Clay-rich faults and faults in non-
cohesive sedimentary rocks are generally less prone to seismic slip (Hunfeld, 2020), whereas 
faults in stiff rocks as carbonates and granites are more prone to seismic slip. Also frictional 
properties will vary along a fault’s dip and strike. For an improved analysis of (maximum) 
magnitudes we recommend to model progressive cooling-induced fault reactivation in 3D 
through injection time, using the appropriate fault weakening behavior for fault slip.  

• Experimental: Improve thermo-mechanical characterization of geothermal target reservoir 
rocks and seal and base rocks (primarily Young’s modulus, thermal expansion coefficient), 
as these are fundamental for constraining the amount of stress change. In addition, 
investigate the elasto-plastic and visco-plastic rock behavior experimentally, as these may 
cause different stress paths compared to using linear elastic rock properties. (Experimental 
characterization of the reservoir rocks is part of the WarmingUp 4B project – results will be 
reported in a separate document). Furthermore Investigate the friction, cohesion, and 
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dynamic weakening behavior of fault rock materials.  Clay-rich and low-cohesive cataclastic 
faults may be prone to aseismic slip rather than seismic slip, thus significantly lowering the 
seismogenic potential of a formation.  

• Upscaling: Upscaling of lab-derived elastic properties to the reservoir scale using 
correlations with well logs.  

• Field data: Improve characterization of the initial stress field, and make a distinction 
between regions and lithologies. In particular clay-rich formations under- or overlying 
reservoir formations may carry only a low tectonic stress, which would prevent seismic 
events from growing large. (Characterization of the in-situ stress field based on newly 
available leak-off-test and minifrac data provided by NAM is part of the WarmingUp project 
4B; results will be reported in a separate document). Improve characterization of faults in 
the main geothermal target formations, looking in particular at their orientations and fault 
mineralogy and whether faults are cohesive / sealing or not.    

• Case studies: Include realistic fault geometries and permeability fields (geothermal-induced 
fault reactivation on faults as included in Petrel will be studied in WarmingUp 4B and results 
will be reported in a separate document).  

• Interference: Model the effect of multiple doublets located close together. Does the 
interference give rise to larger stress changes? Can well positioning be optimized in terms 
of low fault reactivation potential and high productivity? 
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Bijlage A SRIMA background 
theory and benchmark 

The fast analytical tool SRIMA (Seal and Reservoir Integrity Mechanical Analysis) presented in 
Chapter 3 computes pressure and temperature changes around an injection well, the subsequent 
poro-thermo-elastic stress changes, and associated measures for reactivation and hydraulic 
fracturing risks. The present Appendix details how the pressure and temperature changes are 
computed analytically, and under which simplifications (Section A.1 and A.2). Sections A.3 and A.4 
detail how, built on these, the induced stresses are calculated; Section A.5 shows the correlations 
used for the risk measures. In Section A.6 the validity of the pressure and temperature 
approximations is tested by comparing the computed pressure and temperatures to outcomes of the 
reservoir simulator Eclipse. The calculation of poro-thermo-elastic stresses from the pressure and 
temperature changes also involves several simplifications. The validity of these simplifications is 
addressed by comparing the poro-thermo-elastic stress changes computed in SRIMA to those of 
DIANA Finite Element Analysis, both using the same pressure and temperature input (Section A.7). 
This comparison is done for both uniform elasticity (Section A.8), and for seal and base formations 
with a 4x higher (Section A.9) or lower stiffness (Section A.10) compared to the reservoir formation.  
 
The benchmark of pressure and temperature in SRIMA to Eclipse shows that the correspondence is 
excellent. The approximations of horizontal, developed, convective flow of fluid and heat in the 
reservoir and diffusive flow in the bounding layers works well, The approximation made for the 
pressure in the bounding layers adequately covers the distortion from purely vertical flow. 
The comparison of poro-thermo-elastic stress changes in SRIMA to DIANA FE shows that, for uniform 
elasticity: 
- The match within the cooled reservoir volume is good for the horizontal stress change (<7% 

difference), but vertical stress decrease is underestimated by SRIMA. The vertical stress increase 
to the side of the cooled reservoir volume is also underestimated in SRIMA.  

- SRIMA yields larger Coulomb Stress changes within the cooled rock volume and is thus 
conservative.  

- Just to the side of the cooled rock volume SRIMA underestimates the Coulomb stress change 
and is not conservative. This is due to stress arching not being accounted for in SRIMA.  

For stiffer seal and base formations the benchmark exercise showed that (Section A.9):  
- The match within the reservoir formation is good (<5% difference), better even than for uniform 

elasticity 
- In the cooled parts of the seal and base the difference in stress change is larger than for uniform 

elasticity (<30% difference between SRIMA and DIANA) but SRIMA yields conservative values for 
fault reactivation in a normal faulting setting 

- To the sides of the cooled parts in the seal and base formation SRIMA underestimates the 
Coulomb stress change – i.e. not conservative in a normal faulting setting.  

For more compliant seal and base formations the comparison shows that:  
- Differences in horizontal stress within the cooled reservoir formation can be considerable, up to 

25%.  
- SRIMA again overestimates Coulomb stress change within the cooled reservoir formation and is 

thus conservative.  
- SRIMA underestimates (Coulomb) stress changes to the side of the cooled volume and is not 

conservative at this location.  
To summarize, stress changes computed by SRIMA within the cooled reservoir formations typically 
are in good agreement with FE simulations (<10% difference), though the difference is larger in case 
the seal and base formation are more compliant than the reservoir (<25% difference). In both cases 
SRIMA is conservative for fault reactivation in a normal faulting setting as it overestimates Coulomb 
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Stress Changes. The good to reasonable agreement between computed stresses, and SRIMA being 
conservative in terms of CSC indicates that SRIMA is a useful tool to study fault reactivation around 
an injection well. However, care must be taken when considering reactivation just to the side of the 
cooled volume; here SRIMA systematically underestimates the Coulomb Stress change and is thus 
not conservative. This effect is due to the lack of stress arching in SRIMA for heterogeneous elasticity, 
and the effect becomes particularly important when seal and base have a significantly lower stiffness 
than the reservoir as arching effects become stronger.     

A.1 Temperature field 

Injection of fluid into the reservoir affects its temperature through advection and conduction. The 
differential equation describing these two effects reads 
 

(𝜌𝐶)𝑟𝑜𝑐𝑘
𝜕𝑇

𝜕𝑡
+ (𝜌𝐶)𝑓𝑙𝑢𝑖𝑑𝐯 ∙ ∇𝑇 = ∇ ∙ (𝐾𝑟𝑜𝑐𝑘∇𝑇) 

8-1 

with 𝜌 the density; 𝐶 the specific heat; 𝐯 the superficial fluid velocity; 𝐾𝑟𝑜𝑐𝑘 the heat conductivity. 
This equation assumes equal temperature of the fluid and the solid where they are in contact.  

The balance between diffusion and convection is described by the Péclet number: 𝑃𝑒 =
(𝜌𝐶)𝑓𝑙𝑢𝑖𝑑∙𝑣𝐿

𝐾𝑟𝑜𝑐𝑘
, 

in which 𝐿 is a representative length [Nield & Bajan, 2017]. For a Péclet number larger than 1 we 

must have 𝑣𝐿 >
𝐾𝑟𝑜𝑐𝑘

(𝜌𝐶)𝑓𝑙𝑢𝑖𝑑
. This is normally the case for injection into a permeable aquifer, therefore 

the energy balance in the aquifer will usually be convection dominated.  
For a semi-analytical solution we limit ourselves to the simplified case of constant-rate injection, 
purely radial-horizontal convection in a convection-dominated permeable layer, and purely vertical 
diffusion in the low-permeability overlying and underlying layers (Figure 3-1). The solution has been 
formulated by different authors; we use the formulation by Candela et al (2018). The solution for a 
layer of thickness h (centered around z=0) in which cool fluid is injected with a mass injection rate 𝑚̇ 
from t=0 onward, in the bounding layers and in the aquifer, reads 

 

𝑇𝑠𝑒𝑎𝑙(𝑟, 𝑧, 𝑡) = 𝑇𝑟𝑒𝑠 + (𝑇𝑖𝑛𝑗 − 𝑇𝑟𝑒𝑠) erfc [
𝑎𝑟2 + 𝑏 (|𝑧| −

ℎ
2
)

√𝑡 − 𝑐𝑟2
]𝐻(𝑡 − 𝑐𝑟2) 

𝑇𝑎𝑞(𝑟, 𝑡) = 𝑇𝑟𝑒𝑠 + (𝑇𝑖𝑛𝑗 − 𝑇𝑟𝑒𝑠) erfc [
𝑎𝑟2

√𝑡 − 𝑐𝑟2
]𝐻(𝑡 − 𝑐𝑟2) 

𝑎 =
𝜋𝐾𝑟𝑜𝑐𝑘

𝑚̇𝑐𝑓𝑙𝑢𝑖𝑑√𝜅𝑇
; 𝑏 =

1

2√𝜅𝑇
; 𝑐 =

𝜋ℎ𝜉𝜌𝑤
𝑚̇

 

𝜅𝑇 =
𝐾𝑟𝑜𝑐𝑘

(𝜌𝐶)𝑟𝑜𝑐𝑘
; 𝜉 =

𝜌𝑟𝑜𝑐𝑘𝑐𝑟𝑜𝑐𝑘
𝜌𝑤𝑐𝑓𝑙𝑢𝑖𝑑

 

𝑟𝑐𝑜𝑜𝑙𝑒𝑑 = (
 𝑞𝑡𝑖𝑛𝑗

𝜉ℎ𝜋
)
0.5
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Results of a comparison of the ensuing fields and a validation with results obtained with numerical 
techniques is given in the Section A.6. 

A.2 Pressure field 

The pressure associated with injection of water into an aquifer depends on a number of parameters: 
injection rate, time evolved, aquifer permeability and height, skin, water viscosity of cold (injected) 
and warm (reservoir temperature) water, distribution of reservoir properties, well configuration. In 
a highly permeable aquifer, a pressure distortion will quickly propagate into the reservoir and the 
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pressure profile around an injection well will become approximately logarithmic (Orlic, 2009). The 
hot and cold reservoir parts will have their own logarithmic slope because of the temperature-
dependent viscosity. If we have obtained a steady-state pressure distribution with negligible leakage 
to overlying and underlying layers, with a constant-pressure boundary at a distance 𝑟𝑒, and constant 
viscosity 𝜇, the pressure distribution in the reservoir is given by 
 

𝑃𝑎𝑞(𝑟) =

{
  
 

  
 𝑃0 +

𝑚̇𝜇ℎ
2𝜋𝜌𝑤𝑘𝑎𝑞ℎ

[ln 𝑟𝑒 − ln 𝑟] (𝑟 > 𝑟𝑐)

𝑃0 +
𝑚̇𝜇ℎ

2𝜋𝜌𝑤𝑘𝑎𝑞ℎ
[ln 𝑟𝑒 − ln 𝑟𝑐]

           +
𝑚̇𝜇𝑐

2𝜋𝜌𝑤𝑘𝑎𝑞ℎ
[ln 𝑟𝑐 − ln 𝑟]

(𝑟 ≤ 𝑟𝑐)
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Due to the low permeability in the adjacent layers, the pressure distribution there is not stationary 
and must by determined through the application of Darcy flow and mass balance. Like the 
temperature, this pressure is also described by a diffusivity equation: 
 

𝜕𝑃

𝜕𝑡
= 𝜅𝑃,𝑧

𝜕2𝑃

𝜕𝑧2
+ 𝜅𝑃,𝑟

𝜕2𝑃

𝜕𝑟2
 (𝑡 ≥ 0; |𝑧| ≥

ℎ

2
) 

𝑃 (𝑧 >
ℎ

2
, 𝑡 = 0) = 𝑃0 

𝑃 (𝑧 =
ℎ

2
, 𝑡) = 𝑃𝑎𝑞(𝑟) 
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The hydraulic diffusivity 𝜅𝑃 =
𝑘𝑠𝑒𝑎𝑙

𝜙𝜇𝑐
 (k – permeability; 𝜙 – porosity; 𝜇 – viscosity; c – compressibility); 

the value may be different for horizontal and vertical directions due to permeability anisotropy. 
In contrast to thermal diffusion, a simple 1D diffusion into seal and base will not work for the 
pressure. The reason is the large variation of the pressure close to the well. Pressure that is induced 
in the seal in the center of the reservoir will “leak away” both vertically and horizontally, and the 
second term in the pressure diffusion equation cannot be discarded. Alternatively one can state that 
the pressure in the seal at some distance is influenced by an extended pressurized area of the 
reservoir. We therefore adopted an equation similar to the expression for temperature but with the 
temperature substituted by an effective pressure for such a cylinder: 

 

𝑃(𝑟, 𝑧, 𝑡) = 𝑃𝑎𝑞 (𝑟 + 𝑧 −
ℎ

2
) erfc

𝑧 −
ℎ
2

2√𝜅𝑃𝑡
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For the diffusivity in the seal and the base we take the value as calculated for the virgin reservoir 
temperature. This will result in an overestimate of the pressure close to the well and close to the 
interface. A validation of the pressure field with numerical techniques is also provided in Section A.6. 

A.3 Thermo-elastic stress 

When the temperature and pressure distributions (Δ𝑇 and Δ𝑃) are known and the mechanical 
behavior is linearly elastic, the induced stresses and strains (Δ𝜎𝑖𝑗 and 𝜀𝑖𝑗) must obey the poro-

thermo-elastic constitutive equation. Selecting the sign convention with compressive stresses 
positive, we have 
 

Δ𝜎𝑖𝑗 = 2𝐺 [𝜀𝑖𝑗 +
𝜈

1 − 2𝜈
𝜀𝛿𝑖𝑗] + (αΔ𝑃 + 𝛽𝑇Δ𝑇)𝛿𝑖𝑗 8-6 

Here, 𝐺 is the shear modulus; 𝜈 the Poisson ratio, 𝛼 is Biot constant, 𝛽𝑇 = 𝛼𝑏𝐾 = 3𝜂𝐾 =
𝜂𝐸

1−2𝜈
 the 

product of the volumetric thermal expansion coefficient 𝛼𝑏 times the bulk modulus 𝐾; 𝜂 the linear 
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thermal expansion coefficient. The constitutive equation needs to be solved with the appropriate 
boundary conditions.  
For a cooled cylinder with discontinuous temperature profile at the boundary, analytical equations 
are available for the induced thermo-elastic stresses, both inside and outside the cooled cylinder 
(Carey et al., 2009; Rutqvist & Tsang, 2002). These can be easily implemented. We discretize the 
calculated temperature profile in the reservoir, and deploy superposition of the resulting cylinders. 
Besides the cooled part of the reservoir, there is also cooling of part of the seal and the base. For the 
effect of this zone, we closely look at the Myklestad solutions for a very flat cooled cylinder, i.e. a 
cylinder with a large radius / height ratio, and at radial locations well within the cooling radius. Such 

cylinders result in an induced horizontal stress in the cylinder of about 
𝜂𝐸

1−𝜈
Δ𝑇; outside it is 

approximately zero. Vertical induced stresses virtually vanish, both inside and outside such cylinders. 
Our estimate for the thermal stress is therefore a superposition of Myklestad’s solution both inside 
and outside the cooled cylinder in the reservoir, supplemented with a term proportional to the 
temperature at positions outside that region. 
Myklestad developed his equations for a cooled or heated cylinder in a full space with homogeneous 
elastic properties. Realistic geological scenarios require the possibility of incorporating 
inhomogeneities. For the thermoelastic stresses these would be properties which are different for 
different layers. We applied the analytical correlations developed for homogeneous subsurface to 
situations with an elasticity contrast between reservoir and seal and base, but with proportionality 
factor for each contribution based on a benchmark exercise.   

A.4 Poro-elastic stress 

The developed pore pressure in the reservoir is a logarithmic function of the distance from the well. 
An obvious approach would therefore be to discretize the pressurized area and numerically integrate 
the contribution of pressurized “ring elements” to the poroelastic stress. We found, however, that 
an approximation of the effect of the complete pressurized reservoir with the effect of a single 
pressurized cylinder sufficed. The pressure and the radius of this cylinder depends on the position 
where we want to evaluate the stresses. Clearly, a calibration is crucial in this approach.  
The best approximation that we found, in terms of simplicity and accuracy, uses a pressurized 

cylinder of radius 𝑟𝑒𝑞 = 10𝑟 and pressure Δ𝑝𝑒𝑞 = Δ𝑝 (
1

10
𝑟𝑒𝑞 , 0) for the poroelastic effect at a 

position (𝑟, 𝑧); |𝑧| ≤
ℎ

2
 in the reservoir 𝑟𝑒𝑞 = 10𝑟 + (|𝑧| −

ℎ

2
) and pressure Δ𝑝𝑒𝑞 = Δ𝑝 (

1

10
𝑟𝑒𝑞 , 0) for 

the effect at a position (𝑟, 𝑧); |𝑧| >
ℎ

2
 in the seal or the base. Figure 8-1 visualizes the concept for the 

equivalent pressurized cylinder. The effect of the pressurization of parts of the seal and the base are 
treated completely analogous to the thermoelastic effect of the cooling of those parts: we add a 

term 
1−2𝜈

1−𝜈
𝛼𝐵𝑖𝑜𝑡Δ𝑃 to the cylinder contribution in the seal and the base, with the actual pressure at 

the point of calculation.  
Introducing elasticity contrasts at the interfaces had only minor effect on the resulting poro-elastic 
stresses. This is due to the form of the source terms in the constitutive equation, 𝛼𝐵𝑖𝑜𝑡Δ𝑃 + 𝛽𝑇Δ𝑇. 
The elastic modulus is directly present in the second term for thermo-elasticity; it is absent in the 
first term. Only some effect of the Poisson ratio remains. 
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Figure 8-1 

Concept of the equivalent pressurized cylinder. The poroelastic fields at the position of the red, green, and blue dots originates 
from the pressure in the reservoir that is given by the black curve. It is approximated by Myklestad’s correlations for a pressurized 

cylinder with constant pressure inside it: the red, green and blue curves.  

Figure A 1 

 
 

A.5 Total stresses and Risk Measures 

The calculated thermoelastic and poroelastic contributions to the stress are radially symmetric. If the 
virgin horizontal stresses are anisotropic, the rotational symmetry of the end product is broken and 
the poroelastic contributions  must first be transformed to the cartesian  coordinate system:  
 

𝜎𝑐𝑎𝑟𝑡
𝑃𝐸 = (

𝜎𝑥𝑥
𝑃𝐸 𝜎𝑥𝑦

𝑃𝐸 𝜎𝑥𝑧
𝑃𝐸

𝜎𝑥𝑦
𝑃𝐸 𝜎𝑦𝑦

𝑃𝐸 𝜎𝑦𝑧
𝑃𝐸

𝜎𝑥𝑧
𝑃𝐸 𝜎𝑦𝑧

𝑃𝐸 𝜎𝑧𝑧
𝑃𝐸

)

= (
cos 𝜃 sin 𝜃 0
− sin𝜃 cos 𝜃 0
0 0 1

)(

𝜎𝑟
𝑃𝐸 0 𝜎𝑟𝑧

𝑃𝐸

0 𝜎𝜃
𝑃𝐸 0

𝜎𝑟𝑧
𝑃𝐸 0 𝜎𝑧

𝑃𝐸

)(
cos 𝜃 −sin 𝜃 0
sin𝜃 cos 𝜃 0
0 0 1

) 

𝜃 = atan (
𝑦

𝑥
) 
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This expression makes use of the fact that induced shear stresses along the tangential coordinate 
must be zero because of the symmetry. With the maximum and minimum horizontal stresses, 𝜎𝐻0 
and 𝜎ℎ0, in the x and y direction, the final total stress and the final effective stress then are given by  
 

𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎0 + 𝜎𝑐𝑎𝑟𝑡
𝑃𝐸 = (

𝜎𝑥𝑥
𝑃𝐸 + 𝜎𝐻0 𝜎𝑥𝑦

𝑃𝐸 𝜎𝑥𝑧
𝑃𝐸

𝜎𝑥𝑦
𝑃𝐸 𝜎𝑦𝑦

𝑃𝐸 + 𝜎ℎ0 𝜎𝑦𝑧
𝑃𝐸

𝜎𝑥𝑧
𝑃𝐸 𝜎𝑦𝑧

𝑃𝐸 𝜎𝑧𝑧
𝑃𝐸 + 𝜎𝑣0

) 

𝜎𝑒𝑓𝑓 = 𝜎𝑡𝑜𝑡𝑎𝑙 − 𝑃𝛿𝑖𝑗 = (

𝜎𝑥𝑥
𝑃𝐸 + 𝜎𝐻0 − 𝑃 𝜎𝑥𝑦

𝑃𝐸 𝜎𝑥𝑧
𝑃𝐸

𝜎𝑥𝑦
𝑃𝐸 𝜎𝑦𝑦

𝑃𝐸 + 𝜎ℎ0 − 𝑃 𝜎𝑦𝑧
𝑃𝐸

𝜎𝑥𝑧
𝑃𝐸 𝜎𝑦𝑧

𝑃𝐸 𝜎𝑧𝑧
𝑃𝐸 + 𝜎𝑣0 − 𝑃

) 
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There are different possibilities to define a measure for the reactivation risk. A first one is exceedance 
of the Mohr-Coulomb failure criterion on an existing fault. For a fault characterized with a normal 
vector 𝐧 we calculate the effective traction 𝐓′ on the plane, and the effective normal and shear 
stresses on the plane as 

𝐓′ = 𝜎𝑒𝑓𝑓 ∙ 𝐧 

𝜎𝑛′ = 𝐓′ ∙ 𝐧 
8-9 
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|𝜏| = √𝐓′ ∙ 𝐓′ − 𝜎𝑛
′2 

The slip tendency of the fault at evaluation is then given by the ratio between shear and effective 
normal stress, and the associated shear capacity utilization is defined as 
 

𝑆𝐶𝑈 = |
𝜏

𝐶 + 𝑓𝑠𝜎𝑛′
| 8-10 

Faults with a SCU larger than the unity will be reactivated. 
A second measure is the exceedance of the failure criterion for the fault orientation that is most 
critically oriented. This can also be quantified as the slip tendency, but now for the fault orientation 
that is most prone to failure. The calculation does not require stresses for all possible orientations; 
it suffices to determine the principal stresses and the associated shear capacity of the rock, which is 
a measure for the proximity of the Mohr circle to the failure envelope. The shear capacity utilization 
for the critical orientation is calculated as 
 

𝑆𝐶𝑈 = 
√1 + 𝑓𝑠

2(𝑆𝑚𝑎𝑥′ − 𝑆𝑚𝑖𝑛′)

𝑓𝑠(𝑆𝑚𝑎𝑥′ + 𝑆𝑚𝑖𝑛′) + 2𝐶
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Failure will occur if the value for the shear capacity is larger than unity. The measure is defined locally. 
A third measure is the radius up to which failure occurs. It can be calculated by defining the maximum 
distance from the wellbore at which the shear capacity exceeds unity. The measure can be employed 
as a standalone measure or in conjunction with the position of the cooled front. 
Finally, a fourth measure can be formulated as the percentage of possible fault orientations which 
are critical (Levandowski, 2018). The method to calculate this number is to calculate the criticality 
for a large number of evenly distributed fault orientations. This measure is a local measure. It can 
therefore be used to map the spatial distribution or in conjunction with the position of the cooling 
front.  

A.6 Benchmark of the pressure and temperature calculation in SRIMA 

We have validated the SRIMA-calculated temperature and pressure fields to output generated by 
Eclipse for the same input parameters. To this end we modelled an aquifer in which we injected cold 
water for a long time. The base case of the aquifer thickness of 100 m was varied: 30 m and 300 m 
thickness was also tested.  Figure A 2 and Figure A 3 show excellent agreement between the SRIMA 
results and the Eclipse results. For thicker and thinner reservoirs, the agreement was the same. Only 
some numerical diffusion in Eclipse causes a more gradual temperature decrease in the reservoir; 
further, the leakage of (negative) heat to the bounding layers causes some vertical differentiation of 
the temperature profile in the aquifer near the thermal boundary.  
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Figure A 2 Contour plots of the benchmark results of the temperature correlations. Left: numerical results. Right: Analytical results 

with SRIMA. Note that the radial axis is spaced logarithmically 
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Figure A 3 Line plots of the benchmark results of the temperature correlations at different distances from the well. Left: vertical 

profiles. Colors dark blue, light blue, yellow and red indicate timings at 1, 12, 60 and 360 months; dotted curves are numerical 
results and solid curves are analytical results. Right: horizontal profiles at different vertical positions and different times 

 
The pressure response as calculated in SRIMA was also verified using Eclipse. Figure A 4 and Figure A 
5 give the results. As expected, the pressure profiles are indeed logarithmically decreasing with the 
radius, with different slopes in the cold and hot zones. This is best demonstrated in the profiles along 
a horizontal line: the pressures in the reservoir (red lines in right plot of Figure A 5) show a change in 
slope at the position of the cold front. Profiles for the 30-m and 300-m thick reservoir showed 
essentially the same behavior. The correspondence between numerical and analytical results in the 
bounding layers is slightly worse than for the temperature; this is mainly due to the pressure gradient 
present along the complete reservoir. Actually, this validation was used as a benchmark for the 
optimization of the choice of the effective cylinder pressure mentioned in Section A.2. 
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Figure A 4 Contour plots of the benchmark results of the pressure correlations. Left: numerical results. Right: Analytical results with 

SRIMA. Note that the radial axis is spaced logarithmically. 
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Figure A 5 Line plots of the benchmark results of the pressure correlations at different distances from the well. Left: vertical profiles. 

Colors dark blue, light blue, yellow and red indicate timings at 1, 12, 60 and 360 months; dotted curves are numerical results and 

solid curves are analytical results. Right: horizontal profiles at different vertical positions and different times 

A.7 Benchmark of stress calculation: Model setup and input parameters 

SRIMA simulates the poro-thermo-elastic stress changes due to injection into a reservoir formation 
overlain by a seal formation and underlain by a base formation (Section 3.3).  The calculation of the 
stress change has been benchmarked against the Finite Element software DIANA FEA. The model 
setup in DIANA is similar to that of SRIMA; however, whereas seal and base are assumed to have 
infinite height in SRIMA a free surface is included in DIANA and the model depth is finite with a 
maximum depth of -5000 m (Figure A 6). Fixed displacement boundaries were imposed at the model 
sides and base, preventing displacement in the direction perpendicular to the boundary but allowing 
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displacement parallel to the boundaries. Like in SRIMA the model width was 2500 m and the well 
radius 0.2 m, and the reservoir formation was situated at -2300 m with a thickness of 100 m.  
The formations were modeled with linear triangular and quadrilateral elements (T6AXI and Q8AXI). 
The element size increased from 2 m at the well in the reservoir to a maximum of 20 m further away 
from the well.  

 

Figure A 6 Axisymmetric model in DIANA used to benchmark stress calculation in SRIMA. Triangles indicate the presence of 

displacement boundaries preventing motion perpendicular to the boundary.  
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Table A 1 Input parameters used for the benchmark of stress changes computed in SRIMA vs Eclipse and DIANA FEA.  

 
Parameter (DIANA & SRIMA) Symbol Unit Value 

Mid depth ymid m 2300 

Reservoir thickness  h m 100 (30, 300) 

Throw t m NA 

Dip θ ° 70 

Vertical stress gradient Δσv/Δy MPa/km 22.6 

Stress ratio σh / σv K0  - 0.708 

Horizontal stress ratio σH / σh  σH / σh - 1 

Pressure gradient Δσv/Δy MPa/km 10.72 

Strike with respect to σH φ deg 0 

Overpressure in the reservoir Pexc MPa 0 

Biot coefficient α - 1 

Poisson’s ratio  ν - 0.1 

Young’s modulus E GPa 15 (3.75, 60) 

Linear thermal expansion coefficient η °C -1 1.20 · 10-5 

Static friction fs - 0.6 

        

Flow-Temp parameters (Eclipse & SRIMA)       

Permeability k mD 500 

Overburden permeability kseal mD 3.0 · 10-5 

Reservoir temperature Tres °C 80 

Injection temperature Tinj °C 35 

Thermal conductivity Krock W/mK 3.50 

Specific heat capacity water  cfluid J/kgK 4200 

Specific heat capacity rock crock J/kgK 850 

Seal density  ρrock kg/m3 2200 

Seal porosity  ϕseal - 0.1 

Seal Poisson ratio νseal - 0.1 

Density water  ρw kg/m3 1000 

Mass injection rate  q kg/s 50 

Water viscosity at T0  μc Pas 0.0003 

Water viscosity at Tinj  μh Pas 0.001 

    

Total compressibility  c  1/Pa 4.0 · 10-10 

  
For the validation of the induced stresses, pressures and temperatures were computed in SRIMA. 
This PT-field was used as an input in DIANA, so both SRIMA and DIANA started with the same PT-
changes from which the poro-thermo-elastic stresses are computed. The PT-field was computed at 
the node locations of the DIANA mesh. The PT-field after 30 years of injection was used for the 
benchmark. Note that rather than a temperature gradient as used in Chapter 5 a constant initial 
temperature of 80 degrees was assumed for the reservoir and seal and base formations.  
 
In the benchmark exercise we compared both the horizontal, vertical and shear stress, as well as the 
Coulomb Stress Changes which are important for fault reactivation. Coulomb Stress Changes (CSC) 
are calculated as  

𝐶𝑆𝐶 =  ∆𝜏 − 𝑓𝑠∆𝜎𝑛′ 8-12 

Where Δτ is the shear stress change, Δσn’ is the effective normal stress change on the fault, and fs is 
the static friction coefficient. For the Coulomb Stress Change a fault dip of 70° was used and a friction 
coefficient of 0.6.  
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A.8 Benchmark of stress changes  - Uniform elasticity 

Figure A 7 shows the horizontal and vertical stress changes modeled in DIANA and SRIMA after 30 
years of injection, and Figure A 8 shows the shear, normal, and Coulomb stress changes for a fault 
dip of 70°. The cooling front extends for 570m from the wellbore, which is clearly reflected in the 
stress changes; the largest stress changes occur within the cooled volume. Since the pressure 
changes are small (Section 3.4.1) the poro-elastic response is limited and the stress response is 
dominated by thermo-elastic stress changes. The stress response to injection can be summarized as 
following:  
- A decrease in total horizontal stress in the cooled volume, of 8.1 MPa for the current model. This 

is slightly less than the horizontal stress decrease for the same amount of cooling (ΔT = -45°) for 
a laterally extensive reservoir, which is given by Δσx(laterally extensive) = EηΔT/(1-ν) = -9 MPa (Figure 
A 7). 

- A decrease in total vertical stress in the cooled volume. This decrease is much smaller than the 
horizontal stress decrease, with a maximum decrease of -2 MPa (Figure A 7).  

- The largest shear stress changes occur at the outer edges of the cooled front (Figure A 7). 
- The Coulomb Stress Change is largest within the cooled volume (Figure A 8, Figure A 9). The 

positive values of the CSC indicates the stress becomes more critical for the typical normal 
faulting orientation considered here.  

Vertically oriented stress concentrations can be seen in the vertical stress changes computed in 
SRIMA (Figure A 7, Figure A 9). These stress concentrations are an artefact due to simplifications 
made for the analytical thermo-elastic stress calculation. The temperature field was approximated 
with 10 cylinders, each with a uniform temperature decrease of 10% of the total temperature 
decrease and a radius corresponding to 10% temperature decrease. The thermo-elastic stresses of 
each of these 10 cylinders can be computed analytically using the Myklestad solution, and stress 
changes of each cylinder are superimposed to obtain the total thermo-elastic stress changes (Section 
A.3). In DIANA the thermo-elastic stress is computed directly from the temperature field and no such 
concentrations are seen.   
Furthermore, the comparison between SRIMA and DIANA FEA shows that, for uniform elasticity:  
- SRIMA overestimates the horizontal stress decrease within the cooled reservoir volume by ~7% 

(Figure A 9).  
- SRIMA underestimates the vertical stress decrease within the cooled reservoir volume with ~1 

MPa which is  ~30-50% of the total vertical stress decrease (Figure A 7, Figure A 9). In Figure A 9 
the variations in vertical stress due to the approximation of the temperature with discrete 
cylinders as mentioned above can be seen, with abrupt changes in vertical stress of ~0.5 MPa 
which locally cause larger differences with respect to the DIANA results.  

- SRIMA overestimates the Coulomb Stress change on a fault within the cooled reservoir volume 
computed by 15%, and even more in the cooled volume of the seal or base (Figure A 8, Figure A 
9).  

- SRIMA is thus conservative for fault reactivation within the cooled volume, for a normal faulting 
regime and relatively steep faults.  

- Just to the side of the cooled volume (~600 m from the well) SRIMA underestimates the vertical 
stress increase and horizontal stress decrease. The resulting Coulomb stress change is 
underestimated by SRIMA; hence, SRIMA is not conservative just outside of the cooling front.   
Overall, the agreement between DIANA and SRIMA is reasonable (<7% difference in most of the 
cooled volume) and SRIMA is conservative within the cooled volume. However, just outside the 
cooling front SRIMA is not conservative. This should be considered for fault reactivation studies. 
Also, care must be taken not the consider the artificial vertical stress variations for fault 
reactivation.    

 
 



 

 

Quantification of induced seismicity potential of geothermal operations – FINAL  REPORT 106/

112 

 

Figure A 7 Stress changes modeled in DIANA and SRIMA and differences between stress changes in both models, for a uniform 

elastic properties. Stress changes are computed after 30 years of injection. Horizontal stress change: ΔSxx, vertical stress change: 
ΔSyy, and shear stress change: ΔSxy. Left column shown DIANA results, and the middle column the results from SRIMA. Right 

column shows the difference in stress change between DIANA and SRIMA, with positive values indicating the stress computed in 
DIANA is larger than in SRIMA.  

 

 

Figure A 8 Coulomb Stress Changes modeled in DIANA and SRIMA and differences between stress changes in both models, for a 

uniform elastic properties, a dip of 70° and a friction coefficient of 0.6. Stress changes are computed after 30 years of injection. 
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Figure A 9 Comparison of horizontal and vertical stress changes and Coulomb Stress Changes computed in DIANA and SRIMA at 

different depths, for uniform elasticity.  Lefthand side: -2200 m depth, 50 m up into the seal formation. Righthand side: -2300 m 

depth, in the middle of the reservoir.   

 

A.9 Benchmark of stress changes - Stiffer seal and base 

 
The poro-thermo-elastic stress changes have also been compared for heterogeneous elasticity, with 
seal and base formations having a 4x higher stiffness than the reservoir. Note that this is an upper 
bound to stiffness contrasts, in reality it is likely less and model differences resulting from 
heterogeneous elasticity are also less.  
The comparison between SRIMA and DIANA FEA shows that, for a 4x stiffer seal and base formation:  
- The largest horizontal stress decrease and Coulomb stress increase occur in the cooled parts of 

the seal and base formations due to the higher stiffness.  
- Within the reservoir the agreement between both the horizontal and vertical stress changes 

computed in DIANA and SRIMA is good (<5% difference), though artificial stress concentrations 
in vertical stress locally cause larger differences.  

- The agreement between the stress changes within the cooled reservoir volume is better than for 
uniform elasticity, likely because the stiff seal and base reduce stress arching effects which is not 
captured in SRIMA.   

- SRIMA overestimates the horizontal stress decrease in the cooled parts of the seal and base by 
~15-20% 

- SRIMA underestimates the vertical stress decrease above and below the cooled reservoir area 
by 50% 

- The Coulomb stress changes (CSC) computed in the cooled reservoir volume show good 
agreement, but SRIMA overestimates the Coulomb stress change in the cooled parts of the seal 
and base by ~30%. Again, SRIMA is thus conservative in that it returns a larger CSC than DIANA.  

- To the side of the cooled parts of the seal and base, SRIMA underestimates the Coulomb stress 
change.  
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The discrepancies are related to the application of analytical equations developed for a 
homogeneous body.  The approximations made in Section A.3 do not correctly incorporate stress 
arching in a heterogeneous subsurface. 
 
 

 

Figure A 10 Stress changes modeled in DIANA and SRIMA and differences between stress changes in both models, for a 4x stiffer 

seal and base formation. Stress changes are computed after 30 years of injection. Horizontal stress change: ΔSxx, vertical stress 
change: ΔSyy, and shear stress change: ΔSxy. Right column shows the difference in stress change between DIANA and SRIMA, with 

positive values indicating the stress computed in DIANA is larger than in SRIMA.  

 
 

 
 

Figure A 11 Coulomb stress changes modeled in DIANA and SRIMA and differences between stress changes in both models, for a 

4x stiffer seal and base formation. Coulomb stress changes (ΔCSC) are computed after 30 years of injection, for a 70° dipping fault 
at all locations in the model domain. Right column shows the difference in stress change between DIANA and SRIMA, with positive 
values indicating the Coulomb stress computed in DIANA is larger than in SRIMA.  
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Figure A 12 Comparison of horizontal and vertical stress changes and Coulomb Stress Changes computed in DIANA and SRIMA at 

different depths, for 4x stiffer seal and base formations.  Lefthand side: -2200 m depth, 50 m up into the seal formation. Righthand 

side: -2300 m depth, in the middle of the reservoir.   

 

A.10 Benchmark of stress changes - More compliant seal and base 

The poro-thermo-elastic stress changes have also been compared for heterogeneous elasticity, with 
seal and base formations having a 4x lower stiffness than the reservoir. Note that this is a significant 
contrast in stiffness, in reality it is likely less and differences resulting from heterogeneous elasticity 
are also less.  
The comparison between SRIMA and DIANA FEA shows that, for a 4x more compliant seal and base 
formation (Figure A 13, Figure A 14, Figure A 15):  
- SRIMA overestimates the horizontal stress decrease in the cooled reservoir volume by ~25% 

(Figure A 13, Figure A 15) 
- SRIMA overestimates the Coulomb stress increase within the cooled reservoir volume by ~25% 

and is thus conservative within the cooled reservoir volume.  
- SRIMA underestimates the vertical stress increase and the horizontal stress decrease to the side 

of the cooled reservoir volume 
- SRIMA underestimates the Coulomb stress increase to the side of the cooled reservoir volume 

and is thus not conservative at this location.  
- Stress changes outside of the cooled reservoir formation volume are significantly smaller than 

within the reservoir formation, but the relative mismatch between SRIMA and DIANA can be up 
to 100%.  

Again, the discrepancies are related to the use of analytical correlations to heterogeneous subsurface 
for which they were not developed. 
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Figure A 13 Stress changes modeled in DIANA and SRIMA and differences between stress changes in both models, for a 4x more 

compliant seal and base formation. Stress changes are computed after 30 years of injection. Horizontal stress change: ΔSxx, vertical 
stress change: ΔSyy, and shear stress change: ΔSxy. Right column shows the difference in stress change between DIANA and SRIMA, 

with positive values indicating the stress computed in DIANA is larger than in SRIMA.  

 
 

 

Figure A 14 Coulomb stress changes modeled in DIANA and SRIMA and differences between stress changes in both models, for a 

4x more compliant seal and base formation. Coulomb stress changes (ΔCSC) are computed after 30 years of injection, for a 70° 
dipping fault at all locations in the model domain. Right column shows the difference in stress change between DIANA and SRIMA, 
with positive values indicating the Coulomb stress computed in DIANA is larger than in SRIMA.  
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Figure A 15 Comparison of horizontal and vertical stress changes and Coulomb Stress Changes computed in DIANA and SRIMA at 

different depths, for 4x more compliant seal and base formations.  Lefthand side: -2200 m depth, 50 m up into the seal formation. 
Righthand side: -2300 m depth, in the middle of the reservoir.   
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