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This document contains a list of data and numerical simulation scenarios of cooling induced 

seismicity using the Finite Element Code GOLEM (Jacquey and Cacace, 2017). The model is 

based on the published and history matched GOLEM model of Groß Schönebeck Enhanced 

Geothermal System in a Rotliegend reservoir (Blöcher et al., 2018). This model is adapted for 

conditions in the Netherlands. As of 1 January 2019, 24 geothermal systems were in operation in 

the Netherlands (Mijnlieff, 2020). The three most relevant geothermal plays are subject to this 

numerical modelling study: 

 

- Hot sedimentary aquifer above Zechstein in 1.5-3.0 km depth (Upper Jurassic play, 

Delft Sandstone) 

Nine geothermal doublets are installed in the Delft sandstone (as of 22 Feb 2019; Mijnlieff, 2020). 

 

- Hot sedimentary aquifer below Zechstein in 1.5-3.0 km depth (Rotliegend play, 

Slochteren Sandstone) 

Eight geothermal projects currently exploit the Slochteren sandstone (as of 22 Feb 2019; Mijnlieff, 

2020). 

 

- Petrothermal reservoir below 3.0 km depth (Dinantian limestone) 

Two geothermal systems currently exist in Dinantian limestone that rely on fracture permeability. 

For both geothermal systems, the production well is in a faulted/fractured Dinantian limestone 

sequence in or close to the Tegelen fault. The positions of the injection locations are away from 

the fault, perpendicular to the fault trace, into karstified fractured and possibly faulted limestone. 

However, no Enhanced Geothermal System exists currently in the Netherlands (Mijnlieff, 2020). 

 

Parameters indicated in this document are based on the geological understanding and geological 

literature/data analysis presented in the internal KEM-15 project report “WP1 Geological review 

study”) and represent already synthesized values used for the numerical models. These parameters 

are the basis of different modelling scenarios described here.  

 

Scenarios for a sensitivity analysis are setup for the Slochteren Sandstone model. For the Delft 

sandstone model and Dinantian limestone model no sensitivity analysis will be performed. 

Instead, representative modelling scenarios will be setup. Simulation results are described in 

separate reports. 
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1. Slochteren Sandstone 
 

This section describes the hydrothermal reservoir properties below the Permian salt in the 

Netherlands. The considered reservoir formation is the Slochteren Sandstone Formation which is 

part of the Upper Rotliegend Group. The Zechstein Group is simplified to one homogeneous rock 

salt formation and used as the top layer. The Carboniferous (Limburg Group) is approximated as 

one homogeneous claystone and is used as the bottom layer. For each of the values the 

corresponding reasoning and reference is given. If no reference is provided, an estimate is made 

based on expert knowledge. We are interested in the effect of geothermal operations on a single 

fault. Thus, we include only one fault in the model, which is approximated as a planar two-

dimensional discontinuity in a three-dimensional rock matrix.  

 

Conceptually, we thus simplify the geology to a conceptual model consisting of a horizontal rock 

salt layer (Zechstein Group) as top seal, a horizontal sandstone layer (Slochteren formation) as 

reservoir unit and a horizontal claystone layer (Limburg Group) as basement. All layers are 

intersected by a single inclined fault (Figure 1). No fault offset is assumed. Hot water production 

and cold-water injection is modelled through a typical Dutch geothermal well doublet. Both wells 

are vertical and intersect the entire Slochteren reservoir. As mostly the entire reservoir section is 

accessed, the wells are assumed to be open to flow along the entire well path inside the Slochteren 

formation.  

 

Figure 1: Conceptual numerical model setup for the Slochteren reservoir. Distances represent 

the base case scenario (not to scale).  
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1.1. Data summary 

1.1.1. Geological model geometry 

The top of the Rotliegend reservoir varies between 1500 m and 3000 m (Mijnlieff, 2020). We 

chose the Middenmeer site with a top Rotliegend depth of 2200 m (http://www.destress-

h2020.eu/en/demonstration-sites/middenmeer) as representative for the base case model. 

According to Mijnlieff (2020) the thickness of the Rotliegend reservoir varies between 100 m 

and 250 m. Again, we chose the Middenmeer site with a thickness of 200 m as representative for 

the base case model (http://www.destress-h2020.eu/en/demonstration-sites/middenmeer).  

The thickness of the overlying Zechstein group varies between <100 m (in marginal settings) 

and >1200 m (in the salt basin; TNO-GSN, 2021a, Duin et al., 2006). According to the thickness 

map of the Zechstein Group in Duin et al. (2006), 200 m can be considered as a typical Zechstein 

thickness in the area of current geothermal operations in the Rotliegend group. The range of 

Zechstein tops in Table 1 is based on the Rotliegend top range and Zechstein thickness of 200 m.  

Even though the Limburg group has typically a thickness of ~600 m, which can reach up to 1300 

m (https://www.dinoloket.nl/en/subsurface-models), we use a thickness of only 200 m for the 

Limburg group in our simulations to reduce model runtimes. The Limburg top range in Table 1 

results from the minimum and maximum unit top and unit thickness of the Rotliegend. 

For this modeling exercise we are interested in the effect of geothermal operations on large-scale 

(regional) faults that can potentially host larger magnitude seismic events. Structural element 

directions and fault patterns are relatively homogeneous across the whole onshore part of the 

Netherlands with a main fault trend varying from NW-SE to NNW-SSE (maps in Duin et al., 

2006; de Jager, 2007). We do not consider secondary fault systems, that strike in different 

directions. We recommend investigating the impact of secondary order fault systems in future 

studies. This is because orthogonal fracture and fault networks can cause larger seismic events by 

fracture interaction processes. Fracture intersection is usually not covered in single fault, or 

multiple isolated fault systems. The superposition principle is invalid to apply. An example for 

stress variability in systems with interacting and intersecting faults is given in Yoon and Zang 

2019. According to the figures in de Jager (2007) these faults may dip in different directions. 

However, we consider only a dip towards NE. Cross-sections in de Jager (2007) show that most 

faults are sub-vertical. Thus, we assume a typical fault dip of 80°, which may vary between 60 and 

85°.  

Table 1: Model geometry data. For the numerical model the faults are assumed to intersect all 

three layers and extend laterally through the entire model since fault lengths are estimated to 

be >10 km based on de Jager (2007). A typical fault spacing of ~5 km (de Jager, 2007) warrants 

using a single fault only in the models. 

Model property Zechstein            

(rock salt) 

Rotliegend 

(sandstone) 

Limburg   

(claystone) 

Unit top (m) 20001 (13001-28001) 22003 (1500-3000)4 24001 (16001-32501) 

Unit thickness (m) 2001 (<1002->12002) 2003 (100-250)4 2001 (up to 13005) 

Fault strike             N130°E1,6 (N150°E1,6) N130°E1,6 (N150°E1,6) N130°E1,6 (N150°E1,6) 

http://www.destress-h2020.eu/en/demonstration-sites/middenmeer
http://www.destress-h2020.eu/en/demonstration-sites/middenmeer
http://www.destress-h2020.eu/en/demonstration-sites/middenmeer
https://www.dinoloket.nl/en/subsurface-models
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Fault dip (° from 

horizontal) 

806 (60-85)6 806 (60-85)6 806 (60-85)6 

Fault dip direction         NE6 NE6 NE6 

1Duin et al. (2006), 2TNO-GSN (2021a), 3http://www.destress-h2020.eu/en/demonstration-

sites/middenmeer, 4Mijnlieff (2020), 5TNO-GSN (2021b), 6de Jager (2007)  

1.1.2. Stress, pressure and temperature data 

A heat flow of 70 mW/m² is assumed according to Bonté et al. (2014). 

The average temperature gradient in the Netherlands can be considered as 31°C/km with a 

surface temperature of 10°C and an uncertainty of ±10°C (Bonté et al., 2014). We therefore use 

31°C/km+10°C for the base case, 20°C/km+10°C as minimum temperature gradient and 

40°C/km+10°C as maximum temperature gradient. 

Despite the possibility of local fluid overpressures (Verweij et al., 2012), we assume a hydrostatic 

pore pressure gradient in our simulations. The hydrostatic pore pressure gradient depends on the 

density of the water. We assume a minimum density of 1020 kg/m³ (representative for seawater) 

and a maximum density of 1220 kg/m³ (representative for a brine with salinity of ~400 g/l). This 

corresponds to minimum and maximum pore pressure gradients of 10 and 12 MPa/km. For the 

base case scenario, we chose 11 MPa/km, representative for the Groß Schönebeck geothermal site 

with 265 g/l salinity (Blöcher et al., 2010). Formation water salinity typically increases with depth 

and rarely reaches values above 400 g/l in the Dutch Rotliegend (Veldkamp et al., 2016). 

We assume a normal faulting regime (SV>SHmax>Shmin) according to Guises et al. (2015), who 

performed a geomechanical modeling study of the Groningen gas field.  

According to Verweij et al. (2016) the vertical stress gradient in the Netherlands is frequently 

below the standard gradient of ~23 MPa/km (corresponding to ~2300 kg/m³ bulk density). 

However, in the West Netherlands Basin a standard gradient is observed (Verweij et al., 2016). Van 

Eijs (2015) shows vertical stress gradients increasing with depth from ~19-21 MPa/km at 1 km 

depth to 22-24 MPa/km (at 3 km depth).We therefore assume a vertical stress gradient of 22 

MPa/km for the base case scenario with a possible variation between 21 MPa/km and 23 MPa/km. 

Note, that these are average gradients over the entire depth range and only the corresponding 

effective horizontal stress values at the center of the Slochteren formation are matched in the 

model. The actual stress gradients in the individual layers depend on the elastic rock properties.  

According to TNO (2015), the standard minimum horizontal stress gradient can be considered 

as 0.6 times the standard vertical gradient of 23 MPa/km (ΔShmin=13.8 MPa/km). They find that 

the leak-off pressure, which is representative for the minimum horizontal stress, is rarely below 

this standard gradient and is also bound by the lithostatic stress gradient. Osinga and Buik (2019) 

propose a Shmin gradient of 18 MPa for the deeper Dinantian formation. Guises et al. (2015) 

determined minimum horizontal stress gradients of 15.4-16.7 MPa/km for the Groningen gas field. 

We assume a minimum horizontal stress gradient of 14 MPa/km for the base case scenario with 13 

MPa/km and 20 MPa/km as lower and upper bound of the minimum horizontal stress gradient. 

The upper bound results from the assumption that the minimum horizontal stress is never larger 

than the maximum horizontal stress. We therefore assume that the faulting regime is always a 

normal faulting regime with possible transition to strike slip (when SHmax and Shmin are equal). 

http://www.destress-h2020.eu/en/demonstration-sites/middenmeer
http://www.destress-h2020.eu/en/demonstration-sites/middenmeer


KEM-15 A4 Modelling scenarios for KEM-15 

Page 5 of 36 

  

 

According to van Eijs (2015), a relatively low difference between the minimum and maximum 

horizontal stress gradients is found in the Groningen gas field. Different methods yield a 

variation of the ratio SHmax/Shmin between 1.02 and 1.42. Osinga and Buik (2019) propose that 

SHmax is ~5-20% higher than Shmin as a good starting assumption when data is lacking. Guises 

et al. (2015) determined maximum horizontal stress gradients of 17.3-18.2 MPa/km for the 

Groningen gas field. We assume a typical SHmax/Shmin ratio of 1.07 for the base case scenario 

(ΔSHmax=1.07*14 MPa/km=15 MPa/km), a lower bound for the SHmax gradient equal to the 

minimum horizontal stress gradient (14 MPa/km) and an upper bound of the SHmax gradient equal 

to 20 MPa (ΔSHmax=1.42*14 MPa/km=20 MPa/km). Note that SHmax has the largest uncertainty 

among all stress magnitudes.  

According to Mechelse (2017), the pre- and post-salt stress directions are similar.  

The maximum horizontal stress direction in the Netherlands is typically NW-SE with values 

ranging between N130°E and N5°E (Heidbach et al., 2016). Guises et al. (2015) determined the 

maximum horizontal stress direction to be N160°E in the Groningen gas field. We assume N160°E 

for the base case scenario and a typical range between N150°E and N170°E for the sensitivity 

analysis (Table 2). Note that stress directions may strongly vary locally since stress rotations can 

be expected near salt domes and fault zones, which we do not consider in our sensitivity analysis. 

As a rule of thumb, the distance from heterogeneity (dome, fault) needs to be five times the size 

of the heterogeneity before obstacle-induced stress variations become insignificant (Zang and 

Stephansson, 2010). This rule-of-thumb does not hold for intersecting faults. 

Table 2: Stress, pressure and temperature data. Note that both horizontal stress gradients equal to 

the vertical stress gradient in the Zechstein layer. 

Model property Value 

Heat flow 70 mW/m²1  

Temperature gradient 31°C/km (20-40°C/km) + 10°C1 

Pore pressure gradient 11 MPa/km (10-12 MPa/km)2 

Vertical stress gradient 22 MPa/km (21-23 MPa/km)3 

Maximum horizontal stress gradient 15 MPa/km (14-20 MPa/km)4 

Minimum horizontal stress gradient 14 MPa/km (13-20 MPa/km)3 

Maximum horizontal stress direction N160°E (N150°E-N170°E)5 

1Bonté et al. (2012), 2Verweij et al., 2012, 3TNO (2015), 4van Eijs (2015), 5Heidbach et al. 

(2016) and Mechelse (2017) 

1.1.3. Geomechanical properties 

The elastic model properties are summarized in  
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Table 3. Zhang et al. (2018) find that rock salt may actually show poromechanical behavior, which 

they characterized in laboratory experiments. They find that the Biot coefficient of rock salt is in 

the order of 0.2-0.3. Missal (2019) report that the Biot coefficient of intact rock salt is ~0.4, of 

damaged rock salt is ~1 and that the in-situ Biot coefficient of rock salt is 0.12 according to Kansy 

(2007). 

Malkowski et al. (2012) determined Young’s moduli of ~10 GPa for Carboniferous rocks.  

The Slochteren reservoir sandstone primarily consists of quartz. According to Schmitt (2015) the 

solid bulk modulus of Quartz is 37.8 GPa (α-Quartz) and 42.97 GPa (β-Quartz). The Zechstein 

group may consist of Halite, Anhydrite, Calcite and Dolomite. The solid bulk modulus of Calcite, 

Dolomite, Anhydrite and Halite is 73.3 GPa, 94.9 GPa, 54.9 GPa and 24.9 GPa, respectively 

(Schmitt, 2015). Claystones, which we assume representative for the Carboniferous in our model, 

primarily consist of Illite, Smectite (Montmorillonite) and Kaolinite. The solid bulk modulus of 

Muscovite, dry Na Montmorillonite, wet Montmorillonite and Kaolinite is 58.2 GPa, 82 GPa, 36 

GPa, and 71.1 GPa, respectively. 

Lele et al. (2015) performed a geomechanical modeling study of the Groningen gas field. For the 

Zechstein Halite they use a Young’s modulus (E) of 30 GPa and a Poisson’s ratio (𝜈) of 0.35 

while they use a Young’s modulus of 40 GPa and a Poisson’s ratio of 0.2 for the Carboniferous.  

We use the same parameters for the base case model in our study except for the Poisson’s ratio of 

the Zechstein, where we used 0.3 for consistency with the Biot coefficient 𝛼 (otherwise 𝛼 would 

be below 0). Using a solid bulk modulus Ks of 30 GPa, this yields a Biot coefficient of 0.17, 

consistent with a low-porosity rock salt formation. The Biot coefficient of the Limburg group is 

difficult to assess. We assumed a solid bulk modulus of 50 GPa, representative for clay according 

to Delage (2013). This yields a Biot coefficient of 0.56 for the Limbourg group, which we assume 

to be a claystone. Both elastic properties of the Zechstein and Limburg groups may vary 

significantly depending on the local mineralogical composition. 

For the Rotliegend reservoir Lele et al. (2015) use a porosity dependent Young’s modulus and 

Poisson’s ratio with values of 10 GPa and 0.18 at 20% porosity and a variation between 1 GPa 

and 35 GPa and between 0.05 and 0.25. Zang et al. (1996) determined the Young’s modulus of 

several Flechteringen Sandstone samples and found values between 14 GPa and 29 GPa for dry 

samples and between 12 GPa and 24 GPa for wet samples. Pijnenburg et al. (2019) determined 

Young’s moduli between 3 and 22 GPa for Slochteren Sandstone depending on the porosity and 

the effective confining pressure. They also find typical values for Poisson’s ratio close to 0.2. Lele 

et al. (2015) report values of Biot’s coefficient between 0.5 and 1 and a Biot coefficient of close 

to 0.9 for 20% porosity. We therefore assume base case values of E=10 GPa, 𝜈=0.2 and 𝛼=0.86 

with upper and lower bounds between 3 and 30 GPa for Young’s modulus, 0.1 and 0.25 for 

Poisson’s ratio and 0.5 and 0.97 for Biot’s coefficient. 

Biot coefficient 𝛼 is calculated based on drained bulk modulus 𝐾 =
𝐸

3(1−2𝜈)
 (with Young’s modulus 

E and Poisson’s ratio 𝜈) and solid bulk modulus Ks (measured): 𝛼 = 1 −
𝐾

𝐾𝑠
. Using these formulas, 

we determined the drained bulk modulus and the Biot coefficient in  

 

 

Table 3 and checked all values for internal consistency and consistency with literature values. We 
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assume a solid bulk modulus of 40 GPa for the Rotliegend sandstone in all our models.  

 

 

 

Table 3: Elastic properties of all model units. 

Model property Zechstein            

(rock salt) 

Rotliegend 

(sandstone) 

Limburg   

(claystone) 

Young’s modulus (GPa) 301 15 (3-30)1,2 401 

Poisson’s ratio (-) 0.31 0.21,2 (0.1-0.25)1,2 0.21 

Solid bulk modulus (GPa) 303 403 505 

Drained bulk modulus* (GPa) 25 8.33 (1.3-20) 22.2 

Biot coefficient* (-) 0.17 0.861,4 (0.5-0.97)1,4 0.56 

1Lele et al. (2015), 2Pijnenburg et al. (2019),3Schmitt (2015), 4Trautwein (2005), 5Delage (2013), 

*calculated 

 

1.1.4. Hydraulic properties 

The (horizontal) permeability of the exploited Rotliegend reservoirs is between 50 and 350 mD 

according to Mijnlieff (2020). Given that a minimum tranmissivity (permeability*thickness) of 

10-15 Dm is required for a successful project (Mijnlieff, 2020) and a typical thickness of 200 m, 

we assume 100 mD as a representative base case scenario with 20 Dm transmissivity. However, 

the vertical permeability is typically 2 to 10 times lower compared to the horizontal permeability 

(e.g., Doddema, 2012; Mohammed, 2020). We use a ratio between horizontal and vertical 

permeability of 2 for the base case scenario and a range between 1 and 10. According to Lele et al. 

(2015) and Pijnenburg et al. (2019) Rotliegend sandstone porosity may range approximately 

between 10 and 30 %. We use 20% for the base case scenario (Table 4). 

Both Zechstein rock salt and Limburg claystone can be considered as nearly impermeable 

formations. Therefore, we assume a horizontal and vertical permeability of 0.001 mD and a 

porosity of 1% for both formations. 

Table 4: Hydraulic properties of all model units. 

Model property Zechstein            

(rock salt) 

Rotliegend 

(sandstone) 

Limburg   

(claystone) 

Hor. permeability (mD) 0.001 100 (50-350)1 0.001 

Hor./vert. permeability (-)  1 2 (1-10)2,3 1 
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Porosity (%) 1 204,5 (10-30)4,5 1 

1Mijnlieff (2020), ), 2Mohammed (2020), 3Doddema (2012),  4Pijnenburg et al. (2019), 5Lele et al. 

(2015) 

 

1.1.5. Thermophysical properties 

The thermal conductivity of halite crystals is ~5.5 W/m/K at 50°C. It varies between ~4.5 W/m/K 

at 100°C and ~6 W/m/K at 25°C (Urquhart and Bauer, 2015). Fuchs et al. (2015) even report 6.5 

W/m/K for Halite. Dianiilidis et al. (2016) use a wet heat conductivity of 3.5 W/m/K for the 

Zechstein salt in their model while Doddema (2012) use a value of 5.5 W/m/K. We assume a solid 

thermal conductivity of 4.5 W/m/K for the base case model with a possible variation between 3.5 

and 6.5 W/m/K for the Zechstein salt layer. For the Rotliegend reservoir Dianiliidis et al. (2016) 

use a wet thermal conductivity of 2.90 W/m/K. Doddema (2012) found values for sandstone 

mostly between ~2.5 W/m/K and ~3.5 W/m/K and used 3.0 W/m/K as wet heat conductivity of 

the Rotliegend reservoir layer. Considering a porosity of 20% and a thermal conductivity of 0.63 

W/m/K (water at 20°C) one arrives at solid heat conductivities between ~3 W/m/K and 4.2 W/m/K. 

Blackwell and Steele (1989) provide thermal conductivity values of sandstones between 2.5 and 

4.2 W/m/K. Fuchs et al. (2015) report thermal conductivity values of 7.7 W/m/K for quartz, 2-2.33 

W/m/K for micas, and 1.9-2.25 W/m/K for feldspars. We assume a solid heat conductivity of the 

sandstone forming minerals for the Rotliegend reservoir of 3.5 W/m/K and a possible range from 

3.0 W/m/K and 7.7 W/m/K. The Limburg layer is assumed to be a claystone in our model. Clays 

have thermal conductivity values between 1.8-1.85 W/m/K (Montmorillonite and Illite) and 2.7 

W/m/K (Kaolinite) according to Fuchs et al. (2015). Dianiliidis et al. (2016) use a wet heat 

conductivity of 2.65 W/m/K and Doddema (2012) uses 2.0 W/m/K for the Limburg group. While 

claystone thermal conductivities are ~2 W/m/K in the literature study of Doddema (2012), they 

also find higher values of 2.5 – 4 W/m/K for the Carboniferous. We assume a thermal conductivity 

of 2.0 W/m/K for the Limburg group in the base case scenario and assume a range between 1.8 

W/m/K and 2.7 W/m/K (Table 5).     

The solid heat capacity of halite crystals lies between 1920 J/m³/K (885 J/kg/K) and 2050 J/m³/K 

(945 J/kg/K) with no temperature dependence (Urquhart and Bauer, 2015). Waples and Waples 

(2004) report a solid heat capacity of 926 J/kg/K at 25°C. Daniilidis et al. (2016) and Doddema 

(2012) adopt a heat capacity of 1050 J/kg/K in their model of the Zechstein salt layer (combined 

heat capacity of solid and fluid). We use a solid heat capacity of 925 J/kg/K for the Zechstein layer 

in our base case model with a possible range between 885 and 950 J/kg/K. The heat capacity of 

quartz generally increases with temperature. Waples and Waples (2004) report a solid heat capacity 

of quartz of 740 J/kg/K at 20°C. Feldspars have heat capacities of 630-800 J/kg/K at 20°C (Waples 

and Waples, 2004) and plagioclase has a heat capacity between 711 and 837 J/kg/K at 20°C 

(Waples and Waples, 2004). For Quartzite and Microquartzite Waples and Waples (2004) report 

values of 1013 J/kg/K and 950 J/kg/K at 20°C. Diannilidis et al. (2016) use a heat capacity of 827 

J/kg/K for their Rotliegend reservoir model and Doddema (2012) use 870 J/kg/K with a range of 

values determined from literature sources mainly between ~700 J/kg/K and ~1050 J/kg/K for 

sandstones. Given that our reservoir has an elevated temperature, we assume a base case solid heat 

capacity of the Rotliegend reservoir of 830 J/kg/°C with possible values between 650 and 1050 

J/kg/°C. The heat capacity of clay is 860 J/kg/K at 20°C according to Waples and Waples (2004). 

Daniilidis et al. (2016) use a heat capacity of 840 J/kg/K for the Limburg formation and Doddema 
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(2012) used a value of 870 J/kg/K for the Carboniferous. We therefore assume a solid heat capacity 

of 860 J/kg/K with a range between 840 and 870 J/kg/K for the Limburg formation. 

The volumetric solid thermal expansion coefficient is approximately three times the linear solid 

thermal expansion coefficient for isotropic rocks and minerals. We are using a volumetric thermal 

expansion in our model. 

The undrained bulk thermal expansion coefficient can be expressed as:  

𝛼𝑏𝑢 = 𝛼𝑠 + 𝛷𝐵(𝛼𝑓 − 𝛼𝑠),  

with the solid (mineral) volumetric thermal expansion coefficient 𝛼𝑠, the volumetric thermal 

expansion coefficient of the fluid 𝛼𝑓 and the Skempton coefficient B(McTigue, 1986). This would 

be representative of heating or cooling of rock with isolated (non-connected) pore space. In our 

model this is representative for the top seal (Zechstein) and the basement (Limburg). Since the 

porosity of these formations is negligible (1%) the effective bulk thermal expansion coefficient of 

the rock can be considered approximately equal to the solid volumetric thermal expansion 

coefficient. 

The drained bulk thermal expansion coefficient of a fluid-saturated rock is equal to the bulk 

thermal expansion coefficient of dry rock (Jaeger et al., 2007). The drained bulk thermal expansion 

coefficient is representative for a porous and permeable geothermal sandstone reservoir, in our 

case the Rotliegend reservoir. 

The drained volumetric bulk thermal expansion coefficient can be determined in the laboratory. 

The solid grain volumetric thermal expansion coefficients are also known.  

The effect of the thermal expansion on the pore pressure is governed by the difference between 

the thermal expansion coefficients of pore fluid 𝛼𝑓 and pore volume 𝛼𝑝 (Zimmerman, 2010). This 

poro-elastic coupling effect is neglected in our simulations. 

The volumetric thermal expansion coefficient of quartz is equal to 33.4e-6 1/°C (Palciauskas and 

Domenico, 1982). At higher temperatures this value slightly increases (37.2e-6 1/°C at 80°C based 

on Falzone and Stacey (1982). The average thermal expansion coefficient of feldspars is 11.1e-6 

1/°C (Fei, 1995), the solid thermal expansion coefficient of clay is 34e-6 1/°C (McTigue, 1986) 

and the solid thermal expansion coefficient of salt is between 120e-6 1/°C (McTigue, 1986) and 

140e-6 1/°C (Skinner, 1966). For calcite, similar values are reported as for quartz (Srinivasan, 

1955). Somerton (1992) report a linear thermal expansion coefficient of Quartz of 16 e-6 1/°C and 

linear thermal expansion coefficients of Berea, Bandera and Boise sandstone of 15-16e-6 1/°C 

under dry conditions and 13-20e-6 1/°C under saturated conditions. The drained bulk volumetric 

thermal expansion coefficient of Rothbach sandstone was measured as 28e-6 1/°C and calculated 

as 29.7e-6 1/°C by Ghabezloo and Sulem (2009). Hassanzadegan et al. (2012) determined a solid 

volumetric thermal expansion coefficient of a 10% porosity Flechtinger Sandstone to be 27.2e-6 

1/°C. Plevová et al. (2011) determined thermal expansion coefficients of different Czech 

sandstones to be ~20e-6 1/°C. Zoback (2007) reports linear thermal expansion data from Griffith 

(1936). These values include ~10e-6 1/°C (𝛼𝑣~30e-6 1/°C) for Sandstones, ~11e-6 1/°C (𝛼𝑣~33e-

6 1/°C) for Quartzites and Cherts, ~6.5e-6 1/°C (𝛼𝑣~19.5e-6 1/°C) for Andesites and ~8e-6 1/°C 

(𝛼𝑣~24e-6 1/°C) for Slates. Zoback (2007) states that the linear thermal expansion coefficient of 

silica is ~10e-6 1/°C (𝛼𝑣~30e-6 1/°C) while it is ~1e-6 1/°C (𝛼𝑣~3e-6 1/°C) for most other rock 

forming minerals. The Encyclopedia Britannica lists linear thermal expansion coefficients of 

rocks: sandstone 10+-2e-6 1/°C (𝛼𝑣~30+-6e-6 1/°C), limestone 8+-4e-6 1/°C (𝛼𝑣~24+-12e-6 
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1/°C), and slate 9+-1e-6 1/°C (𝛼𝑣~27+-3e-6 1/°C). Slizowski et al. (2015) determined volumetric 

thermal expansion coefficients of 43-54e-6 1/°C for polish Zechstein salt aggregates in laboratory 

experiments for the temperature range 20-100°C. The volumetric thermal expansion coefficient of 

anhydrite at room temperature was determined as 36.6e-6 1/°C by Evans (1979). Zhang et al. 

(2007) use a thermal expansion coefficient of Monfared et al. (2011) who determine the solid 

thermal expansion coefficient of Opalinus Claystone as 30e-6 1/°C. Since the experimental 

determination of the pore compressibility and pore thermal expansion coefficient is difficult, 

Monfared et al. (2011) assumed the pore compressibility and pore thermal expansion coefficient 

to be equal to the solid compressibility and solid thermal expansion coefficient. 

Zhang et al. (2007) were modelling experiments on Opalinus Clay with bulk linear thermal 

expansion coefficients (they call it “wet”) of 15e-6 1/°C by using a fluid volumetric thermal 

expansion coefficient of 340e-6 1/°C and a solid linear thermal expansion coefficient of 1.5e-6 

1/°C. 

As indicated above, for the low porosity Zechstein and Limburg formations we assume that the 

bulk volumetric thermal expansion coefficient equals to the solid volumetric thermal expansion 

coefficient of the minerals, as also suggested by Palciauskas and Domenico (1982). The thermal 

expansion of liquid-saturated sandstones are not much different from dry sandstones (Somerton, 

1992). Also, no large differences were found between the thermal expansion coefficients of Quartz 

and Sandstones. Therefore, we also assume that bulk thermal expansion coefficient is equal to 

solid thermal expansion coefficient for the Rotliegend formation. 

For the base case scenario we use a bulk volumetric thermal expansion coefficient of 30e-6 1/°C 

for all three layers. Even though Halite has a volumetric thermal expansion coefficient of 120e-6 

1/°C, the Zechstein is a very complex formation including additionally anhydrite (αv~37e-6 1/°C), 

carbonates (αv~12-36e-6 1/°C) and claystones (αv~30e-6 1/°C). Additionally, a much lower 

volumetric thermal expansion coefficient was determined for Zechstein rock samples in laboratory 

experiments (αv~43-54e-6 1/°C) and most other rock forming minerals have much lower thermal 

expansion coefficients in the order of 3e-6 1/°C. We therefore assume a bulk thermal expansion 

coefficient of 30e-6 1/°C for the Rotliegend reservoir in the base case scenario with a possible 

range between 20e-6 and 35e-6 1/°C. Additionally, specific thermal expansion scenarios will be 

considered in the sensitivity analysis. Since the solid thermal expansion coefficient of clay is 

similar to that of Quartz, we also use 30e-6 1/°C for the Limburg formation.   

The solid density of halite is 2.170 kg/m³. Daniilidis et al. (2016) use the same value for the 

Zechstein formation in their model. We therefore use a solid density of 2170 kg/m³ for the 

Zechstein layer. The actual solid density of the Zechstein layer may vary significantly (Doddema, 

2012), but we do not consider this in our sensitivity analysis. Quartz has a solid density of 2650 

kg/m³ (Blake, 2008). This value is used for the Rotliegend reservoir layer in the base case model. 

Daniilidis et al. (2016) consider a density range of 2500-2700 kg/m³. We therefore adopt this range 

as approximate lower and upper bounds. The density of clay minerals typically ranges between 

2000 and 3000 kg/m³ while many are near 2650 kg/m³ (Blake, 2008). We therefore use 2650 kg/m³ 

as solid density of the Limburg layer in the base case scenario with a possible variation between 

2000 and 3000 kg/m³. 

Table 5: Thermophysical properties of all model units. Values refer to rock matrix values unless 

otherwise stated. 
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Model property Zechstein            

(rock salt) 

Rotliegend 

(sandstone) 

Limburg   

(claystone) 

Solid thermal conductivity 

(W/m/°C) 

4.51 (3.52-6.53) 3.5 (3.05-7.73) 2.05 (1.8-2.7)3 

Solid heat capacity (J/kg/°C) 9254 (885-950)1 8302 (650-1050) 8604 (8402-8705) 

Volumetric bulk thermal 

expansion coefficient (1e-

6/°C) 

30 (30-5512) 

 

309 (2011-408,10,14) 

 

30 (1513-50)7 

 

Solid density (kg/m³) 21702 (2100-

2800)5 

26505 (2500-

2700)2,5 

26506 (2000-

3000)6 

1Urquhart and Bauer (2015), 2Daniilidis et al. (2016),  3Fuchs et al. (2015), 4Waples and Waples, 

2004, 5Doddema (2012), 6Blake (2008), 7McTigue, (1986), 8Palciauskas and Domenico (1982), 

9Zoback (2007), 10Falzone and Stacey (1982), 11Plevová et al. (2011), 12Slizowski et al. (2015), 
13Zhang et al.(2007), 14Somerton (1992) 

 

1.1.6. Fault properties 

The fault is modelled as planar discontinuity with finite aperture. Fault asperities and roughness 

are not considered. In the base case scenario we assume that the fault has the same properties as 

the reservoir rock (100 mD permeability and 20% porosity). The fault aperture a is calculated 

from the permeability k using the cubic law: 𝑎 = √12𝑘. As upper and lower bound we assume 0 

and 100% porosity and 0 and 10 D permeability (Table 6). 

Hunfeld et al. (2017) determined fault friction coefficients of 0.66 for the Basal Zechstein, 0.37 

for the Ten Boer claystone, 0.6 for the Rotliegend sandstone, and 0.5 for the Carboniferous. Even 

though other researchers (Buijze et al., 2017) use different fault friction coefficients for the 

different units as determined from these laboratory experiments (Hunfeld et al., 2017, 2020) and 

some fault cohesion between 0 and 3 MPa, we assume a cohesionless fault with a uniform fault 

friction coefficient of 0.6 that lies approximately between 0.5 and 0.7. This is mainly due to the 

inherent uncertainty in these parameters.  

Most fault gauges tested by Hunfeld et al. (2017) showed velocity-strengthening behavior except 

for some cases of the Basal Zechstein anhydrite-carbonate material at the top of the Slochteren 

reservoir, which thus shows the highest seismogenic potential. However, as indicated above, we 

are using the same Rate-and-state friction (RSF) parameters for the entire fault. 

Table 6: Fault properties. Faults are represented as 2D planar surfaces without damage zone. 

Permeability is assumed to be independent of direction and faults are assumed to be filled to 100% 

with water. Thermophysical fault properties thus correspond to the properties of water. 

Permeability may vary from 0 (fault acts as hydraulic barrier) to above reservoir permeability 

values (fault acts as conduit).  

Model property Zechstein            Rotliegend Limburg   
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(rock salt) (sandstone) (claystone) 

Fault friction coefficient (-) 0.6 (0.7)1,2 0.61,2 (0.5-0.7)1 0.6 (0.5)1,2 

Fault cohesion (MPa) 0 0 0 

Fault aperture (m) 1.1e-6 (0-1.1e-5) 1.1e-6 (0-1.1e-5) 1.1e-6 (0-1.1e-5) 

Fault permeability (mD) 100 (0-10000) 100 (0-10000) 100 (0-10000) 

Fault porosity (%) 20 (0-100) 20 (0-100) 20 (0-100) 

RSF a-value (-) 0.0051 (0.001 – 

0.03)1 

0.0051 (0.001 – 

0.03)1 

0.0051 (0.001 – 

0.03)1 

RSF b-value (-) 0.00251 (-0.006 – 

0.03)1 

0.00251 (-0.006 – 

0.03)1 

0.00251 (-0.006 – 

0.03)1 

RSF (a-b)-value (-) 0.00251 (-0.003 – 

0.012)1 

0.00251 (-0.003 – 

0.012)1 

0.00251 (-0.003 – 

0.012)1 

RSF critical slip distance dc 

(mm) 

1e-51 (2e-6 – 3e-

4)1 

1e-51 (2e-6 – 3e-4)1 1e-51 (2e-6 – 3e-

4)1 

1Hunfeld et al. (2017, 2020), 2Buijze et al. (2017) 

 

1.1.7. Reservoir fluid data 

The reservoir fluid is saline water (brine) with pressure and temperature dependent fluid 

properties. For the base case model we use fluid density, viscosity, heat capacity and bulk modulus 

determined for the Groß Schönebeck (GrSk) site (NaCl, KCl, and CaCl2 molality of 1.815, 0.043 

and 1.399, respectively) using the code BrineProp_0.7.3.1 (Francke et al., 2013). A 5 mol NaCl/kg 

H2O solution, which has a similar salinity as the Groß Schönebeck fluid, was assumed for the 

volumetric thermal expansion coefficient and the thermal conductivity. From Table 7 it is obvious 

that the viscosity and thermal expansion coefficient have the largest temperature/pressure 

dependence. Additionally, taking into account the salinity is important for all parameters.  For 

viscosity a temperature and pressure dependent look-up table is used. Bulk modulus, thermal 

conductivity, density and heat capacity are almost not affected by pressure and temperature 

changes. Thus, constant values are assumed here. Even though the fluid thermal expansion 

coefficients are provided in Table 7, we do not explicitly implement them in the model as fluid 

thermal expansion is integrated into the pore thermal expansion coefficient provided in Table 5.  

The fluid thermal expansion and hence the fluid mass change is considered by the temperature 

dependence of the fluid density. The fluid thermal expansion coefficient is not explicitly used in 

the model. 

For the sensitivity analysis we use the pressure and temperature dependent water properties from 

REFPROP (Lemmon et al., 2018) and typical variations within the expected salinity range of 0-

400 g/l and pressure and temperature range.  
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Table 7: Pure water properties and hypothetical reservoir fluid based on the Groß Schönebeck 

Rotliegend water  properties for pressure and temperature conditions found at injection well (30°C 

and 30 MPa) and production well (80°C and 20 MPa). Additionally, the properties for the base 

case model and sensitivity analysis are summarized. 

Model 

property 

H2O at 

30°C and 

30 MPa  

H2O at 

80°C and 

20 MPa 

GrSk fluid at 

30°C and 30 

MPa 

GrSk fluid at 

80°C and 20 

MPa 

Base case 

model 

Sensitivity 

Density 

(kg/m³) 

10091 9801 11852 11542 f(P/T)GrSk f(P/T)H2O, 

980, 1200 

Viscosity 

(mPas) 

0.801 0.361 1.512 0.682 f(P/T)GrSk f(P/T)H2O, 

0.3, 1.5 

Volumetric 

thermal 

expansion 

coefficient 

(1/°C) 

3.27e-41 6.21e-41 4.10e-43,* 5.40e-43,* - - 

Specific heat 

capacity 

(J/kg/°C) 

41061 41561 32272 32482 3240 3200 - 4200 

Thermal 

conductivity 

(W/m/°C) 

0.6291 0.6801 0.5954,* 0.6494,* 0.625 0.6 – 0.7 

Bulk 

modulus 

(GPa) 

2.411 2.301 3.702 3.412 3.4 2.0 – 4.0 

1Lemmon et al. (2018), 2Francke et al. (2013), 3Rogers and Pitzer (1982), 4Aleksandrov et al. 

(2013), *value for 5mol NaCl solution, GrSk=Groß Schönebeck 

 

1.1.8. Operational and wellbore data 

According to Mijnlieff (2020) the flow rate of geothermal wells accessing the Slochteren reservoir 

ranges from ~30 to ~100 l/s. We chose these values as limits and a flow rate of 70 l/s as 

representative for the base case scenario. 

The well spacing (distance between production and injection well) is typically far enough to avoid 

thermal breakthrough of the cold injection water at the production well. The well spacing of Dutch 

geothermal doublets is up to 1.5 km (Mijnlieff, 2020). We therefore use 1.5 km as maximum well 

spacing. For the base case, we use a typical well spacing of 1 km and 0.5 km represents our lower 

bound for the sensitivity analysis.  
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Even though most of the Dutch geothermal wells are inclined, we use vertical wells for the base 

case scenario. 

Typically, a re-injection temperature of 25-35°C is assumed for (Dutch) geothermal wells  

(Hurter and Schellschmidt, 2003; Wang et al., 2019; Willems et al., 2017). Therefore, we use a re-

injection temperature of 30°C for the base case scenario. To evaluate the effect of a further 

reduction of re-injection temperature we use 15°C as the lower bound, which is 15°C below the 

base case. An upper bound of 45°C is used, which is 15°C above the base case. 

We do not model the entire geothermal wellbores explicitly but approximate them as open 1D 

elements going through the entire reservoir layer. Therefore, we do not consider the wellbore 

diameter in our sensitivity analysis. However, we use a typical geothermal wellbore diameter of 

8 ½” for the open hole section in all models. 

Finding a safe distance between geothermal well doublets and a critically stressed fault is a major 

critical question. We use a distance between wells and fault of 250 m for the base case scenario 

in order to easily see effects of different parameters on the temperature, pressure and stress 

distribution on the fault. For the sensitivity analysis we vary this distance between 0 m (well 

intersects the fault) and 1000 m (Table 8). 

Table 8: Operational and wellbore data. Operations are typically year-round (up to 8670 hr/a; 

Mijnlieff, 2020).  

Model property Value 

Distance between wells and fault (m) 250 (0-1000) 

Well spacing (m) 1000 (500-15001) 

Well inclination from vertical (°) 0 

Re-injection temperature (°C) 302,3,4 (15-45) 

Flow rate (l/s) | Flow rate (m³/hr) 70 (301-1001) | ~250 (~1101-~3501) 

Length of perforated/open interval (m) Throughout the reservoir unit 

Wellbore diameter (inch) 8 1/2 

1Mijnlieff (2020), 2Hurter and Schellschmidt, 2003, 3Wang et al., 2019, 4Willems et al., 2017 

 

1.2.  Modeling scenarios 

First, the base case model is simulated. Then, a sensitivity analysis of the most important 

geometries, reservoir parameters and operational parameters is performed (Table 9). Based on 

the sensitivity analysis several specific scenarios were derived (Table 10). The base case model 

is setup using the parameters provided in the previous section. The sensitivity analysis is 

performed within the parameter range given in the brackets.   

 

To investigate the effect of Seismogenic Index on the Coulomb failure stress model results, we 
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also changed this value for the Slochteren base case scenario between -6 and -3 (S1a,b), while 

the base case value was -4.5 in all scenarios.  

 

Table 9: Summary of modeling scenarios for the sensitivity analysis (R1). 

Scenario ID Changed parameter Changed values 

S1 Base case scenario - 

S1a,b Seismogenic index -6, -3 

Geometry of reservoir, top and bottom seal, and faults 

S2a,b Depth of reservoir top 1500 m, 3000 m 

S3a,b Reservoir thickness 100 m, 250 m 

S4 Fault strike N150°E 

S5a,b,c Fault dip 60°, 70°, 85° 

Geomechanical reservoir properties 

S6a,b Young’s modulus reservoir 3 GPa, 30 GPa 

S7a,b Poisson’s ratio reservoir 0.10, 0.25 

S8a,b Biot coefficient reservoir 0.5, 0.97 

Hydraulic reservoir properties 

S9a,b Hor. permeability 50 mD, 350 mD 

S10a,b Hor./vert. permeability 1, 10 

S11a,b Porosity 10%, 30% 

Thermophysical reservoir properties 

S12a,b Thermal conductivity 

reservoir rock 

3.0 W/m/°C, 7.7 W/m/°C 

S13a,b Heat capacity reservoir rock 650 J/kg/°C, 1050 J/kg/°C 

S14a,b Thermal expansion 

coefficient (solid+fluid) 

20e-6 1/°C, 40e-6 1/°C 

Fault properties 

S15a,b Fault permeability, porosity 0 D & 0%, 10 D & 100% 

Temperature, pressure, stress 

S16a,b Temperature gradient 20°C/km + 10°C, 40°C/km + 10°C 

S17a,b Pressure gradient 10 MPa/km, 12 MPa/km 

S18a,b Vertical stress gradient 21/15/14 MPa/km, 23/15/14 MPa/km 

S19a,b Maximum horizontal stress 

gradient 

22/14/14 MPa/km,  

22/20/14 MPa/km 

S20a,b Minimum horizontal stress 

gradient 

22/15/13 MPa/km,  

22/20/20 MPa/km 

S21a,b,c,d Maximum horizontal stress 

direction 

N150°E, N170°E 

Fluid properties 

S22a,b Density 980 kg/m³, 1200 kg/m³ 

S23a,b Viscosity 0.3 mPas, 1.5 mPas 

S24a,b Specific heat capacity 3200 J/kg/°C, 4200 J/kg/°C 

S25a,b Thermal conductivity 0.6 W/m/K, 0.7 W/m/K 

S26a,b Bulk modulus 2 GPa, 4 GPa 

Operational and wellbore data 
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S27a,b Well spacing 500 m, 1500 m 

S28a,b,c Re-injection temperature 15°C, 45°C 

S29a,b,c Flow rate 30 l/s, 100 l/s 

S30a,b,c Well position Wells intersect fault; injection well 500 

m, 1000 m from fault 

Processes 

S32 Thermoelastic effects Thermal expansion coefficient = 0 

 

S33: The low transmissivity scenario describes a scenario where the hydraulic and mechanical 

parameters represent a low porosity and permeability reservoir. According to Mijnlieff (2020) the 

minimum transmissivity is 10 Dm for economic geothermal production. We therefore use this as 

lower limit. 

S34: The high transmissivity scenario describes a scenario where the hydraulic and mechanical 

parameters represent a high porosity and permeability reservoir. According to Mijnlieff (2020) 

the maximum transmissivity in the Dutch Rotliegend formation is 50 Dm. We therefore use this 

upper limit. 

S35: The influence of the fault offset is analysed by a simulation of the base case scenario with a 

100 m vertical downward displacement of the hanging wall. 

Table 10: Summary of specific modeling scenarios for the Slochteren sandstone reservoir. 

Scenario ID Description Changed values 

S33 Deep low porosity reservoir D=3000 m, H=100 m, k=100 mD, 

T=10 Dm, kh/kv=10, 𝜙=10%, 𝛼=0.5, 

E=30 GPa, 𝜐=0.1, q=40 l/s 

S34 Shallow high porosity 

reservoir 

D=1500 m, H=250 m, k=200 mD, 

T=50 Dm, kh/kv=1, 𝜙=30%, 𝛼=0.97, 

E=3 GPa, 𝜐=0.25, q=100 l/s 

S35 Fault offset (Figure 2) Fault offset=100 m 
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Figure 2: Sketch of the Slochteren model with fault offset (Scenario S35; not to scale). 
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2. Delft Sandstone 
 

This section describes the hydrothermal reservoir properties above the Permian salt in the 

Netherlands. The considered reservoir formation is the Delft Sandstone Member. This massive 

sandstone sequence is overlain by the Rodenrijs Member, an organic rich claystone, which is used 

as the top layer in this model. The Alblasserdam Member (flood-plain deposits) is used as the 

bottom layer in this model. 

 

Conceptually, we thus simplify the geology to a conceptual model consisting of a horizontal 

claystone layer (Rodenrijs Member) as top seal, a horizontal high net to gross sandstone layer 

(Delft Sandstone) as reservoir unit and a horizontal low net to gross sandstone/claystone layer 

(Alblasserdam Member) as basement. All layers are intersected by a single inclined fault (Figure 

3). No fault offset is assumed. Hot water production and cold-water injection is modelled through 

a typical Dutch geothermal well doublet. Both wells are vertical and intersect the entire Delft 

sandstone reservoir. They are assumed to be open to flow along the entire well path inside the 

reservoir formation.  

 

Figure 3: Conceptual numerical model setup for the Delft sandstone reservoir (not to scale). 

 

 

2.1. Data summary 

2.1.1. Geological model geometry 

The same geometry is used as for the Slochteren model. The top layer was artificially extended to 

1000 m to avoid boundary effects in the model, thus integrating all overlaying formations as well. 

The thickness of the Alblasserdam Member varies significantly between <100 m and >1300 m. A 

thickness of 1000 m is chosen as representative for the bottom layer. The same fault is used as in 

the Slochteren model (Table 11). 

Table 11: Model geometry data. For the numerical model the faults are assumed to intersect all 
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three layers and extend laterally through the entire model since fault lengths are estimated to 

be >10 km based on de Jager (2007). A typical fault spacing of ~5 km (de Jager, 2007) warrants 

using a single fault only in the models. 

Model property Rodenrijs Member 

(claystone) 

Delft Sandstone 

Member 

Alblasserdam 

Member (sst/clst) 

Unit top (m) 1300 2300 (1850-2500) 2400 

Unit thickness (m) 1000 (10-130) 100 (60-140) 10002 (<100 - >1300)2 

Fault strike             N130°E1,3 (N150°E1,3) N130°E1,3 (N150°E1,3) N130°E1,3 (N150°E1,3) 

Fault dip (° from 

horizontal) 

803 (60-85)3 803 (60-85)3 803 (60-85)3 

Fault dip direction         NE3 NE3 NE3 

1Duin et al. (2006), 2TNO-GSN (2021c), 3de Jager (2007)  

 

2.1.2. Stress, pressure and temperature data 

The same temperature, pressure and stress gradients as well as heat flow values are used as in the 

Slochteren Model (Table 12). 

Table 12: Stress, pressure and temperature data. Note that both horizontal stress gradients equal 

to the vertical stress gradient in the Zechstein layer. 

Model property Value 

Heat flow 70 mW/m²1  

Temperature gradient 31°C/km (20-40°C/km) + 10°C1 

Pore pressure gradient 11 MPa/km (10-12 MPa/km)2 

Vertical stress gradient 22 MPa/km (21-23 MPa/km)3 

Maximum horizontal stress gradient 15 MPa/km (14-20 MPa/km)4 

Minimum horizontal stress gradient 14 MPa/km (13-20 MPa/km)3 

Maximum horizontal stress direction N160°E (N150°E-N170°E)5 

1Bonté et al. (2012), 2Verweij et al., 2012, 3TNO (2015), 4van Eijs (2015), 5Heidbach et al. 

(2016) and Mechelse (2017) 

 

2.1.3. Geomechanical properties 
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No consistent literature values were found for Rodenrijs, Delft Sandstone and Alblasserdam. 

Therefore, the values from the Slochteren model were used for Sandstone and Claystone. For the 

Alblasserdam Member approximately average values between Rodenrijs Member and Delft 

Sandstone Member were used (Table 13). 

Table 13: Elastic properties of all model units. 

Model property Rodenrijs 

Member 

(claystone) 

Delft Sandstone 

Member 

Alblasserdam 

Member 

(sst/clst) 

Young’s modulus (GPa) 401 15 (3-30)1,2 25 

Poisson’s ratio (-) 0.21 0.21,2 (0.1-0.25)1,2 0.2 

Solid bulk modulus (GPa) 505 403 45 

Drained bulk modulus* (GPa) 22.2 8.33 (1.3-20) 13.9 

Biot coefficient* (-) 0.56 0.861,4 (0.5-0.97)1,4 0.69 

1Lele et al. (2015), 2Pijnenburg et al. (2019),3Schmitt (2015), 4Trautwein (2005), 5Delage (2013), 

*calculated 

 

2.1.4. Hydraulic properties 

Compared to the Slochteren reservoir, the Delft Sandstone Member has a higher permeability. 

The top and bottom layers have a higher porosity (Table 14). 

Table 14: Hydraulic properties of all model units. 

Model property Rodenrijs 

Member 

(claystone) 

Delft Sandstone 

Member 

Alblasserdam 

Member (sst/clst) 

Hor. permeability (mD) 1 10001 (>10-3000)1 1 

Hor./vert. permeability (-)  1 2 (1-10)2,3 1 

Porosity (%) 10 201 (10-25)1 10 

1Willems et al. (2020), 2Mohammed (2020), 3Doddema (2012) 

 

2.1.5. Thermophysical properties 

Thermophysical properties (Table 15) of the Delft Sandstone layer were based on the Slochteren 

Sandstone model and adapted based on Willems et al. (2020). Rodenrijs properties were based on 

the claystone properties from the Slochteren model and Alblasserdam properties were based on a 

mix between sandstone and claystone properties with specific information taken from Willems et 
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al. (2020). 

Table 15: Thermophysical properties of all model units. Values refer to rock matrix values unless 

otherwise stated. 

Model property Rodenrijs 

Member 

(claystone) 

Delft Sandstone 

Member 

Alblasserdam 

Member (sst/clst) 

Solid thermal conductivity 

(W/m/°C) 

2.04 4.51 (3.04-7.72) 2.512 

Solid heat capacity (J/kg/°C) 95012 73015 (650-1050) 8603 

Volumetric bulk thermal 

expansion coefficient (1e-

6/°C) 

30 (159-50)6 

 

309 (2011-407,8,10) 

 

30 (159-50)6 

 

Solid density (kg/m³) 26505,12 265012 26505,12 

1Urquhart and Bauer (2015), 2Fuchs et al. (2015), 3Waples and Waples, 2004, 4Doddema (2012), 
5Blake (2008), 6McTigue, (1986), 7Palciauskas and Domenico (1982), 8Falzone and Stacey 

(1982), 9Zhang et al.(2007), 10Somerton (1992), 11Plevová et al. (2011), 12Willems et al. (2020) 

 

2.1.6. Fault properties 

For the Delft Sandstone model, the same fault properties as in the Slochteren Sandstone model 

were used (Table 16). 

Table 16: Fault properties. Faults are represented as 2D surfaces without damage zone. 

Permeability is assumed to be independent of direction and faults are assumed to be filled to 100% 

with water. Thermophysical fault properties thus correspond to the properties of water. 

Permeability may vary from 0 (fault acts as hydraulic barrier) to above reservoir permeability 

values (fault acts as conduit).  

Model property Rodenrijs 

Member 

(claystone) 

Delft Sandstone 

Member 

Alblasserdam 

Member (sst/clst) 

Fault friction coefficient 

(-) 

0.6 (0.7)1,2 0.61,2 (0.5-0.7)1 0.6 (0.5)1,2 

Fault cohesion (MPa) 0 0 0 

Fault aperture (m) 1.1e-6 (0-1.1e-5) 3.44e-6 (0-1.1e-5) 1.1e-6 (0-1.1e-5) 

Fault permeability (mD) 100 (0-10000) 1000 (0-10000) 100 (0-10000) 

Fault porosity (%) 20 (0-100) 20 (0-100) 20 (0-100) 
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RSF a-value (-) 0.0051 (0.001 – 

0.03)1 

0.0051 (0.001 – 

0.03)1 

0.0051 (0.001 – 

0.03)1 

RSF b-value (-) 0.00251 (-0.006 – 

0.03)1 

0.00251 (-0.006 – 

0.03)1 

0.00251 (-0.006 – 

0.03)1 

RSF (a-b)-value (-) 0.00251 (-0.003 – 

0.012)1 

0.00251 (-0.003 – 

0.012)1 

0.00251 (-0.003 – 

0.012)1 

RSF critical slip distance 

dc (mm) 

1e-51 (2e-6 – 3e-4)1 1e-51 (2e-6 – 3e-4)1 1e-51 (2e-6 – 3e-4)1 

1Hunfeld et al. (2017, 2020), 2Buijze et al. (2017) 

 

2.1.7. Reservoir fluid data 

Due to the lack of reservoir fluid data, we assume pure water as representative reservoir fluid for 

the Delft Sandstone model (Table 17). 

Table 17: Pure water properties and hypothetical reservoir fluid based on the Groß Schönebeck 

Rotliegend water properties for pressure and temperature conditions found at injection well 

(30°C and 30 MPa) and production well (80°C and 20 MPa).  Additionally, the properties for the 

base case model and sensitivity analysis are summarized. 

Model 

property 

H2O at 

30°C and 

30 MPa  

H2O at 

80°C and 

20 MPa 

GrSk fluid at 

30°C and 30 

MPa 

GrSk fluid at 

80°C and 20 

MPa 

Base case 

model 

Sensitivity 

Density 

(kg/m³) 

10091 9801 11852 11542 f(P/T)H2O - 

Viscosity 

(mPas) 

0.801 0.361 1.512 0.682 f(P/T)H2O - 

Volumetric 

thermal 

expansion 

coefficient 

(1/°C) 

3.27e-41 6.21e-41 4.10e-43,* 5.40e-43,* - - 

Specific heat 

capacity 

(J/kg/°C) 

41061 41561 32272 32482 4125 - 

Thermal 

conductivity 

(W/m/°C) 

0.6291 0.6801 0.5954,* 0.6494,* 0.65 - 
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Bulk 

modulus 

(GPa) 

2.411 2.301 3.702 3.412 2.35 - 

1Lemmon et al. (2018), 2Francke et al. (2013), 3Rogers and Pitzer (1982), 4Aleksandrov et al. 

(2013), *value for 5mol NaCl solution, GrSk=Groß Schönebeck 

 

2.1.8. Operational and wellbore data 

The same operational and wellbore data were used in the Delft Sandstone model as in the 

Slochteren Sandstone model (Table 18). 

Table 18: Operational and wellbore data. Operations are typically year-round (up to 8670 hr/a; 

Mijnlieff, 2020).  

Model property Value 

Distance between wells and fault (m) 250 (0-1000) 

Well spacing (m) 1500 (1000-20001) 

Well inclination from vertical (°) 0 

Re-injection temperature (°C) 302,3,4 (15-45) 

Flow rate (l/s) | Flow rate (m³/hr) 70 (301-1001) | ~250 (~1101-~3501) 

Length of perforated/open interval (m) Throughout the reservoir unit 

Wellbore diameter (inch) 8 1/2 

1Mijnlieff (2020), 2Hurter and Schellschmidt, 2003, 3Wang et al., 2019, 4Willems et al., 2017 

 

2.2. Modelling scenarios 

Besides the base case Delft Sandstone model, a small sensitivity analysis is performed for the re-

injection temperature (Table 19). 

Table 19: Summary of specific modelling scenarios for the Delft sandstone member. 

Scenario ID Description Changed values 

S36 Delft base case - 

S37a,b Re-injection temperature T=15°C, T=45°C 
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3. Dinantian limestone 

The Dinantian carbonate formation is the deepest formation we consider in our analysis. Here, we 

simplify the geology to a horizontal Limburg claystone layer as top seal, a horizontal Dinantian 

limestone layer as reservoir layer and a horizontal Devonian claystone-sandstone layer as bottom 

seal. Due to the low permeability of the rock matrix we consider two models for geothermal 

exploitation of the Dinantian limestone: a) wells intersect a high permeability fault (“Dinantian 

fault model”; Figure 4), b) wells intersect a fault zone (“Dinantian fault damage zone model”; 

Figure 5), and c) hydraulically fractured parallel horizontal wells are drilled next to the fault 

representing a multi-stage Enhanced Geothermal System (“Dinantian EGS model”; Figure 6). 

 

Figure 4: Conceptual sketch of the Dinantian fault model (not to scale). 
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Figure 5: Conceptual sketch of the Dinantian fault damage zone model (not to scale). 

 

Figure 6: Conceptual sketch of the Dinantian EGS model (not to scale). 

3.1. Data summary 

3.1.1. Geological model geometry 

The depth of the Dinantian varies between 2 and 9 km. For the considered Ultra Deep Geothermal 

development with temperatures >120°C we use a 4.5 km deep Dinantian reservoir top. A thickness 

of 500 m is assumed. The same thickness is used for the top and bottom layers. Fault geometry 

and properties are the same as in the Slochteren model (Table 20). 

Table 20: Model geometry data. For the numerical model the faults are assumed to intersect all 

three layers and extend laterally through the entire model since fault lengths are estimated to 
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be >10 km based on de Jager (2007). A typical fault spacing of ~5 km (de Jager, 2007) warrants 

using a single fault only in the models. 

Model property Limburg    

(claystone) 

Dinantian 

(limestone) 

Devonian          

(clst/sst) 

Unit top (m) 4000 4500 (2000-9000) 5000 

Unit thickness (m) 500 (<900) 500 (<750) 500 (<300) 

Fault strike             N130°E1,2 (N150°E1,2) N130°E1,2 (N150°E1,2) N130°E1,2 (N150°E1,2) 

Fault dip (° from 

horizontal) 

802 (60-85)2 802 (60-85)2 802 (60-85)2 

Fault dip direction         NE2 NE2 NE2 

1Duin et al. (2006), 2de Jager (2007)  

 

3.1.2. Stress, pressure and temperature data 

All stress, pressure and temperature initial and boundary conditions are the same as in the 

Slochteren model adapted for the depth (Table 21). 

Table 21: Stress, pressure and temperature data. 

Model property Value 

Heat flow 70 mW/m²1  

Temperature gradient 31°C/km (20-40°C/km) + 10°C1 

Pore pressure gradient 11 MPa/km (10-12 MPa/km)2 

Vertical stress gradient 22 MPa/km (21-23 MPa/km)3 

Maximum horizontal stress gradient 15 MPa/km (14-20 MPa/km)4 

Minimum horizontal stress gradient 14 MPa/km (13-20 MPa/km)3 

Maximum horizontal stress direction N160°E (N150°E-N170°E)5 

1Bonté et al. (2012), 2Verweij et al., 2012, 3TNO (2015), 4van Eijs (2015), 5Heidbach et al. 

(2016) and Mechelse (2017) 

 

3.1.3. Geomechanical properties 

The description of the Limburg properties can be found in the respective sections on the Slochteren 

model. The Devonian properties are an approximate average of claystone and sandstone and thus 
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correspond to the Alblasserdam Member as defined above. For the Dinantian, typical values for 

limestone were used when no specific reservoir information was available. For the Dinantian 

limestone a Young’s modulus of 40 GPa and a Poisson’s ratio of 0.2 were used according to the 

value for the Carboniferous in Lele et al. (2015). According to Schmitt (2015) the solid bulk moduli 

of Calcite and Dolomite are 73.3 GPa and 94.9 GPa, respectively. Assuming a calcite dominated 

limestone, we use a value of 80 GPa. The resulting drained bulk modulus and Biot coefficient are 

22.2 GPa and 0.72, respectively (Table 22). 

Table 22: Elastic properties of all model units. 

Model property Limburg    

(claystone) 

Dinantian 

(limestone) 

Devonian          

(clst/sst) 

Young’s modulus (GPa) 401 401 25 

Poisson’s ratio (-) 0.21 0.21 0.2 

Solid bulk modulus (GPa) 503 802 45 

Drained bulk modulus* (GPa) 22.2 22.2 13.9 

Biot coefficient* (-) 0.56 0.72 0.69 

1Lele et al. (2015), 2Schmitt (2015), 3Delage (2013), *calculated 

 

3.1.4. Hydraulic properties 

The Dinantian is a low porosity and low permeability limestone formation. Similar or even lower 

values can be expected for the top and bottom layers (Table 23). Flow is governed by fracture 

flow.  

Table 23: Hydraulic properties of all model units. 

Model property Limburg    

(claystone) 

Dinantian 

(limestone) 

Devonian          

(clst/sst) 

Hor. permeability (mD) 0.001 1 (<0.01-2)1 0.001 

Hor./vert. permeability (-)  1 1 1 

Porosity (%) 1 22 (0.5-5)3 1 

1Reijmer et al. (2017),  2van Hulten and Poty (2009), 3Carlson et al. (2019) 

3.1.5. Thermophysical properties 

The description of the Limburg properties can be found in the respective sections on the Slochteren 

model. The Devonian properties are an approximate average of claystone and sandstone and thus 

correspond to the Alblasserdam Member as defined above. For the Dinantian, typical values for 

limestone were used when no specific reservoir information was available. According to Fuchs et 
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al. (2015), Calcite and Dolomite have a thermal conductivity of 3.4 and 5.4 W/m/°C, a heat 

capacity of 820 and 870 J/kg/°C, and a density of 2710 and 2880 kg/m³, respectively. We use 

values closer to the ones of Calcite. Srinivasan (1955) report similar values of thermal expansion 

coefficient for calcite and for quartz. Therefore, we use the same value of 30 1e-6/°C for the 

Dinantian limestone and for the Slochteren Sandstone (Table 24). 

Table 24: Thermophysical properties of all model units. Values refer to rock matrix values unless 

otherwise stated. 

Model property Limburg    

(claystone) 

Dinantian 

(limestone) 

Devonian          

(clst/sst) 

Solid thermal conductivity 

(W/m/°C) 

2.04 (1.8-2.7)2 3.52 2.58 

Solid heat capacity (J/kg/°C) 8603 (8401-8704) 8302 8603 

Volumetric bulk thermal 

expansion coefficient (1e-

6/°C) 

30 (157-50)6 

 

3016  

 

30 (157-50)6 

 

Solid density (kg/m³) 26505 (2000-

3000)5 

27502 26505,8 

1Daniilidis et al. (2016), 2Fuchs et al. (2015), 3Waples and Waples (2004), 4Doddema (2012), 
5Blake (2008), 6McTigue (1986), 7Zhang et al.(2007), 8Willems et al. (2020) 

 

3.1.6. Fault properties 

Fracture apertures based on FMI logs in the Dinantian carbonates, were approximately 170 µm 

(Broothaers et al., 2019; Leverink and Geel, 2019). Assuming this fracture aperture to be 

equivalent to the hydraulic aperture and the cubic law, this yields a fracture permeability of 1000 

mD. Thus, we use the same fault properties as in the Slochteren model except for a higher fault 

permeability of 1000 mD, a correspondingly higher aperture of 110e-6 m and a higher fault 

porosity of 100%. The same parameters were used for hydraulic fracture properties (Table 25). 

Table 25: Fault and hydraulic fracture properties. Faults are represented as 2D surfaces without 

damage zone. Permeability is assumed to be independent of direction and faults are assumed to 

be filled to 100% with water. Thermophysical fault properties thus correspond to the properties of 

water.  

Model property Limburg    

(claystone) 

Dinantian 

(limestone) 

Devonian          

(clst/sst) 

Fault friction coefficient (-) 0.6 (0.7)1,2 0.61,2 (0.5-0.7)1 0.6 (0.5)1,2 

Fault cohesion (MPa) 0 0 0 

Fault aperture (m) 110e-6 110e-6 110e-6 
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Fault permeability (mD) 1000 1000 1000 

Fault porosity (%) 100 100 100 

RSF a-value (-) 0.0051 (0.001 – 

0.03)1 

0.0051 (0.001 – 

0.03)1 

0.0051 (0.001 – 

0.03)1 

RSF b-value (-) 0.00251 (-0.006 – 

0.03)1 

0.00251 (-0.006 – 

0.03)1 

0.00251 (-0.006 – 

0.03)1 

RSF (a-b)-value (-) 0.00251 (-0.003 – 

0.012)1 

0.00251 (-0.003 – 

0.012)1 

0.00251 (-0.003 – 

0.012)1 

RSF critical slip distance dc 

(mm) 

1e-51 (2e-6 – 3e-

4)1 

1e-51 (2e-6 – 3e-4)1 1e-51 (2e-6 – 3e-

4)1 

1Hunfeld et al. (2017, 2020), 2Buijze et al. (2017) 

 

3.1.7. Reservoir fluid data 

No fluid information is available for the deep Dinantian limestone formation. We thus use high 

salinity fluid of the Groß Schönebeck reservoir as formation fluid (Table 26). This is the same as 

in the Slochteren model. 

Table 26: Pure water properties and hypothetical reservoir fluid based on the Groß Schönebeck 

Rotliegend water properties for pressure and temperature conditions found at injection well 

(30°C and 30 MPa) and production well (80°C and 20 MPa). Additionally, the properties for the 

base case model and sensitivity analysis are summarized. 

Model 

property 

H2O at 

30°C and 

30 MPa  

H2O at 

80°C and 

20 MPa 

GrSk fluid at 

30°C and 30 

MPa 

GrSk fluid at 

80°C and 20 

MPa 

Base case 

model 

Sensitivity 

Density 

(kg/m³) 

10091 9801 11852 11542 f(P/T)GrSk - 

Viscosity 

(mPas) 

0.801 0.361 1.512 0.682 f(P/T)GrSk - 

Volumetric 

thermal 

expansion 

coefficient 

(1/°C) 

3.27e-41 6.21e-41 4.10e-43,* 5.40e-43,* - - 

Specific heat 

capacity 

41061 41561 32272 32482 3240 - 
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(J/kg/°C) 

Thermal 

conductivity 

(W/m/°C) 

0.6291 0.6801 0.5954,* 0.6494,* 0.625 - 

Bulk 

modulus 

(GPa) 

2.411 2.301 3.702 3.412 3.4 - 

1Lemmon et al. (2018), 2Francke et al. (2013), 3Rogers and Pitzer (1982), 4Aleksandrov et al. 

(2013), *value for 5mol NaCl solution, GrSk=Groß Schönebeck 

 

 

3.1.8. Operational and wellbore data 

Operational and wellbore data (Table 27) is the same as in the other two models except that for 

one scenario, the two deviated wells are 1000 m apart and intersect the fault; and in another 

scenario two horizontal wells parallel to the minimum horizontal stress direction are 500 m apart 

and hydraulically connected by 5 hydraulic fractures with a spacing of 200 m. The distance 

between wells and fault is here 250 m.  

Table 27: Operational and wellbore data. Operations are typically year-round (up to 8670 hr/a; 

Mijnlieff, 2020). Two scenarios are considered: a) inclined wells intersect the fault and b) 

horizontal wells with multiple parallel hydraulic fractures are placed next to the fault. 

 

Model property Value 

Distance between wells and fault (m) 0 / 250  

Well spacing (m) 1000 / 500 

Well inclination from vertical (°) 45 / 90 

Re-injection temperature (°C) 302,3,4 (15-45) 

Flow rate (l/s) | Flow rate (m³/hr) 70 (301-1001) | ~250 (~1101-~3501) 

Length of perforated/open interval (m) Throughout the reservoir unit 

Wellbore diameter (inch) 8 1/2 

1Mijnlieff (2020), 2Hurter and Schellschmidt, 2003, 3Wang et al., 2019, 4Willems et al., 2017 

 

3.2. Modeling scenarios 

Three models are setup for the Dinantian reservoir (Table 28). Due to the low reservoir 
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permeability geothermal exploitation needs to focus on existing fault zones (Scenarios S39 and 

S40) or stimulated fractures (Scenario S41).  

Table 28: Summary of specific modeling scenarios for the Dinantian limestone reservoir. 

Scenario ID Description Changed values 

S39 Dinantian fault model (Figure 

4) 

Wells intersect fault  

S40 Dinantian fault damage zone 

model (Figure 5)Bu 

50 m damage zone with same 

properties as the fault is added on each 

side of the fault 

S41 Dinantian EGS model (Figure 

6) 

Parallel horizontal wells intersected by 

parallel hydraulic fractures 
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