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Appendix 1. Figures Quoted In The Report 

 

 

Figure 1. Histograms of the 26 numerical parameters selected for further analysis with the corresponding 

frequencies. 
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Figure 2. Whisker plot of some of the 26 numerical parameters selected for further analysis. For each plot: blue 

box, 50% of the data; black lines are max and min values; yellow and orange dashed lines are respectively mean 

and median; circles are outliners (data far away from the mean). The number next to the parameter name indicates 

the number of entries in the database. 
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Figure 3. Whisker plot of some of the 26 numerical parameters selected for further analysis. For each plot: blue 

box, 50% of the data; black lines are max and min values; yellow and orange dashed lines are respectively mean 

and median; circles are outliners (data far away from the mean). The number next to the parameter name indicates 

the number of entries in the database.  
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Appendix 2. Short Names of the Parameters in the Database 

Table 1 List and Description of the parameters in the InStriKe Database that were originally also in the Buize et al. 

(2020).  

short name Unit   

play     

play-type   according to Moeck et al. 2014.  

cond-conv     

system   HS: hydrothermal system, PS: petrothermal system, HSA: hot sedimentary aquifer 

balance   
net fluid/mass balance. DEP: depletion, DEP-REINJ: depletion-reinjection, BAL: 
balanced circulation, INJ: injection 

depth-act km maximum depth of the activity (0 = surface) 

T ° initial reservoir temperature  

dT ° temperature difference in-situ T and (re)injected fluids 

rock   rockype in which the activity takes place 

depth-base km Depth of basement below the reservoir 

por   initial reservoir porosity 

start-
operation M/D/Y start date (and time) of the activity 

start-rein M/D/Y 
start of (re)injection. For geothermal fields this can be years later than the start of 
prodction 

end-of-
activity M/D/Y end data (and time) of the activity. Ongoing (01-01-2019) 

datemmax M/D/Y date of occurrence of mmax 

mmax   

magnitude of mmax. -9999 for no seismicity; maximum magnitude associated with a 
certain project. Mostly relating to induced events, but for a number of sites where 
natural seismicity was abundant and correlation between operations and seismicity 
was not straightforward, it was the maximum magnitude at a certain geothermal site. 
We based this on publicly available literature/documents.  

mag-scale   scale used to determine magnitude 

Mc   magnitude of completeness of monitoring network 

dV-prod m3 produced volume 

dV-inj m3 (re)injected volume 

dV-net m3 net injected volume (negative = net depletion volume) 

date-dV M/D/Y date at which produced or injected volume was taken 

dP-inj MPa wellhead injection pressure 

pini MPa initial pressure at activity depth 

Q-prod l/s 
maximum production rate (in case of multiple wells it is the cumulative production rate 
of all wells) 

Q-injmax l/s 
maximum injection rate (in case of multiple wells it is the cumulative production rate of 
all wells) 

tectonic   Stress Regime 

pga   seismic hazard related to natural seismicity from Pagani et al., 2020 
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Table 2  List and Description of the parameters in the new InStRiKE Database that are not in Bujize et al. (2020).  

 

short name Unit   

l-access m maximum well distance, laterally 

v-access m maximum well distance, vertically 

perm-min mD min permeability 

perm-max mD max permeability 

strength-res-min MPa min reservoir strength (UCS) 

strength-res-max MPa max reservoir strength (UCS) 

young-res-min GPa min reservoir stiffness (Young's mod.) 

young-res-max GPa max reservoir stiffness (Young's mod.) 

heterogen   Field heterogeneity (reservoir/overburden) 

strength-ovb-min MPa min strength of first overlying formation, (UCS) 

strength-ovb-max MPa max strength of first overlying formation,(UCS) 

young-ovb-min GPa min stiffness of first overlying formation, (Young's modulus) 

young-ovb-max GPa max stiffness of first overlying formation, (Young's modulus) 

thick-ovb m overburden thickness 

fault-bound   

fault boundaries 
one / 
multiple) 

fault-res   reservoir faults 

inj-fault m dist to injector perforations - fault 

prod-fault m dist to producer perforations - fault 

csf   critically stressed faults 

area-fault m2 fault area 

sigma3-min MPa min minimum stress  (sigma 3) 

sigma3-max MPa max minimum stress  (sigma 3) 

sigma1 MPa maximum stress  (sigma1) 

pp-min MPa minimum reservoir pressure 

pp-max MPa max reservoir pressure  

shmax-orient deg  sHmax orientation clockwise from N (0-180) 

fault-orient1 deg  main fault orientation clockwise from N  (0-180) 

fault-orient2 deg  fault orientation clockwise from N  (0-180) 

fault-orient3 deg fault orientation clockwise from N  (0-180) 

fault-dip1 deg fault dip 

oper-current   current operator 

num-events   Number of Seismic Events 50 years before starting of operations 

depth-Average   Average depth of Seismic Events 50 years before starting of operations 

Magnitude-
Average   Average Mag. of Seismic Events 50 years before starting of operations 

Magnitude-Max   Max Mag. of Seismic Events 50 years before starting of operations 
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Table 3 Overview of the parameters derived from other parameters present in the InStRikE Database. 

 

name formula 

l-access-v-access-ratio =(lateral access/vertical access) 

strength-res-avg =(strength-res-min+strength-res-max)/2 

strength-ovb-avg =(strength-ovb-min+strength-ovb-max)/2 

ratio-strength =strength-res-avg/strength-obv-avg 

young-res-avg =(young-res-min+young-res-max)/2 

young-ovb-avg =(young-ovb-min+young-ovb-max)/2 

ratio-young =young-res-avg/young-obv-avg 

l-access-depth-act-ratio =(lateral access/depth of activity) 

v-access-depth-act-ratio =(vertical access/depth of activity) 

dist-base-activity =depth-base-depth-act 

sigma3-avg =(sigma3-min+sigma3-max)/2 

ratio-EShminR-ini =(sigma3-avg-pini)/(sigma1-pini) 

ratio-PPiniEShmin =(pini)/(sigma3-pini) 

ratio-EShminR-min =(sigma3-avg-pp-min)/(sigma1-pp-min) 

ratio-PPminEShmin =(pp-min)/(sigma3-pp-min) 

ratio-EShminR-max =(sigma3-avg-pp-max)/(sigma1-pp-max) 

ratio-PPmaxEShmin =(pp-max)/(sigma3-pp-max) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3. Risk Parameter Details  

The risk parameters here described are subdivided in 3 main groups: 
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A. Geothermal reservoir system factors 

B. Geomechanical Risk Parameters 

C. Operational Risk Parameters 

 

The first two groups consist of parameters that depend on the geologic and geodynamic setting of the 

site, whereas the last group consists of factors that can be changed by the operators, based on various 

requirements.  

 

Geothermal reservoir system factors 

3.1.1 Type of Reservoir (A) 

Following the geothermal play categorization by Moeck (2014) the risk for inducing seismicity is 

estimated to be high for the types CD3 and CV2, medium for CV3, CD1 and CD2 and low for CV1 types 

(Table 4). We derive this information from literature on general description of the geothermal field.   

Entry:  BT (basement type), EDT (Extensional Domain Type), IBT (Intracratonic Basin Type), OBT 

(Orogenic Belt Type), PT (Plutonic Type), VF (Volcanic Field). CD (Conductive Type), CV (Convective 

Type) (Figure 4). 

 

Table 4. Geothermal Play types after Moeck et al. (2014). 

 



Energieforschungsprogramm - 7. Ausschreibung 
K l im a -  un d  E n e r g i e fo n d s  d es  B u n de s  –  A bw i c k l un g  d u r ch  d i e  Ö s t e r r e i c h i sc h e  F o rs ch u n gs fö r d e r u n gs g es e l l s ch a f t  F F G  

 Seite 11 von 69 

 

Figure 4. Convection and conduction dominated geothermal play types, according to Moeack et l., (2014) 

 

3.1.2 Reservoir Zone Porosity / Permeability (A) 

Porosity determines the volume for fluids as well as the potential for moving these fluids, thus heat 

convection, in the reservoir. The permeability in the end is the factor that determines the possibility of 

migration of fluids through the reservoir. We collect initial reservoir porosity. Since permeability is often 

not determined, well established porosity-permeability functions can be used to estimate this parameter 

from the porosity.   

The permeability of the reservoir mainly influences the fluid migration in the reservoir. Also, the larger the 

permeability, the less the pressure build up surrounding the injection area; and therefore, the lower the 

risk to cause the development of shear or tensile fractures. On the other hand, a high permeability allows 

the transport of fluids further away from the injection area. Thus, changes in effective stresses can occur 

in a larger area that could result in reactivation of existing faults.  

Buijze et al. (2019, 2020) found a trend of porosity with induced seismicity for conduction dominated 

plays, but no significance of that parameter for convection dominated plays. However, these 

relationships could derive from the commonly observed correlation between reservoir porosity and 

stiffness, which in turn might result in higher seismicity.  

The parameter reservoir permeability must be reported in Mili-Darcy (mD). In case multiple values in the 

reservoir section are recorded, an average value is used. If only hydraulic conductivity is reported (cm/s), 

the corresponding permeability can be derived using a simple formula. In case permeability is derived 

from other parameters, this shall be highlighted.  

  

Entry:  porosity in %, permeability in mD.  

Long description: initial reservoir porosity, reservoir permeability 
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3.1.3 Rock strength and strength ratio (A)  

Rock strength is the property of the rock to withstand fracturing induced by external stresses, both 

reservoir and overburden and here considered. A fracture develops only when the unconfined 

compressive strength (UCS) in a rock is overcome, so the higher the unconfined compressive strength of 

the reservoir the lower the risk for the development of fracture networks for a specific stress change. 

Fracture networks influence the permeability, thus the potential of induced seismicity as discussed 

above. The compaction is not affected by strength, but rather by the stiffness that is shown in the next 

paragraph. 

 

The overburden is subject to poro-elastic stresses induced by the fluid injection in the underlaying 

reservoir rocks, resulting from both thermal and pressure components. In these conditions the strength 

(UCS) of the overburden must withstand these stresses. Furthermore, the overburden must also be 

capable of containing the increase of pore pressure resulting from fluid injection.  

A high rock strength ratio indicates a stronger overburden compared with the rocks of the geothermal 

reservoir, thus failure due to stress changes is more likely to occur inside the reservoir. Levels of high 

stress will thus dissipate within the reservoir. In case the reservoir strength is higher than that of the 

overburden or surrounding rock, more energy will be stored in the reservoir rock and the propagation 

energy can be dissipated further away from the point of perturbation. This increases the likelihood of 

affecting larger areas once reaching weaker overburden rock, thus inducing bigger seismicity.  

  

In case overburden and reservoir strength values cannot be retrieved, they can be estimated from other 

parameters using various empirical equations for specific rock types. To estimate UCS from the rock 

stiffness (E) the following equations were used: volcanics Dinçer et al. (2004); carbonates Sachpazis 

(1990); sandstones and shales Zoback (2007); granites Tuğrul and Zarif (1998); gneiss Kesonen (2015). 

In case open hole logs are available, UCS can be estimated from these data using one of the various 

lithology-calibrated equations listed in Zoback (2007). For some locations, the entries for the UCS were 

derived from the PetroPhysical Property Database P³ (Bär et al. 2020). 

 

Unconfined compressive strength (UCS) of both reservoir and the first overlying formation is collected 

and expressed in MPa. In case of multiple values within one of the intervals (overburden and reservoir), 

maximum and minimum values will be used.   

  

Entry:  UCS in MPa.  

Long description: Unified compressional strength or rock strength for both reservoir and overburden 

rocks.  
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3.1.4 Rock stiffness and stiffness ratio (A) 

The stiffness (or Young’s modulus E) of a rock describes its inability to deform under growing stress 

load. The stiffer a rock the less the strain experienced based on added stress. On the contrary a less 

stiff, thus soft rock will exhibit/show more deformation under the same stress load.   

As stiff rocks can store more energy, a lot more energy can be released once they reach failure (its 

strength limits). A numerical study by Mehrabifard et al. (2021) shows, that the frequency of events and 

the number of events with relatively large magnitude triggered due to water injection increases with rock 

stiffness.  Additionally, as Vilarrasa et al. (2019) discuss, the thermal stresses are directly linked to the 

stiffness of a rock. Thus, a stiffer rock can absorb stresses for the same amount of thermal stress (= 

change in temperature) applied to the formation. This factor again provides bigger potential for induced 

seismicity once the rock reaches its failure criterion.  

  

Variations of stiffness in the geothermal field between reservoir and overburden rocks may lead to 

differential responses to the induced stresses, resulting into potential stress concentrations on the 

boundary surfaces between them, increasing the likelihood of inducing seismicity there.  

  

For our study we are collecting information of the prevailing stiffness in the geothermal field additional to 

the stiffness of other relevant rock types in the reservoir or the overburden. If we have a heterogeneous 

reservoir in regard to high stiffness contrast, the interfaces between such rock types are prone for stress 

concentration, increasing the risk for inducing seismicity.  

 

In case no stiffness if found, this parameter can be estimated from the rock strength (UCS) using the 

same equations listed in the previous paragraph, or in case OHL are available, it can be estimated from 

the combination of sonic and density logs (Zoback, 2007). For some locations, the entries for the rock 

stiffness were derived from the PetroPhysical Property Database P³ (Bär et al. 2020). The source of the 

UCS entries is listed in the database.  

 

Min and max rock stiffness shall be collected for the reservoir (1) and for the first overlying formation 

layer (2).   

  

Entry:  Young’s modulus (E) in GPa.  

 Long description: Young’s modulus describes the stiffness of a rock. If applicable and possible, 

provide two values for reservoir and overburden each. 

 

3.1.5 Field heterogeneity (A) 

 

A rock volume is not necessarily a homogeneous body, in which the properties are similar everywhere. 

Several factors can produce heterogeneity in the rock, meaning that locally the rock volume is more 

susceptible to induce seismicity. I.e., heterogeneity in the rock may lead to stress concentrations due to 

poro- and thermo-elastic perturbations, rendering these interfaces or points prone to tensile or shear 

failure. At a bedding plane such failures might induce seismicity (Guglielmi et al. 2008).   
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Types of heterogeneities are:  

  

• Zones of different porosity/permeability (i.e., due to cementation)  

• Fault/fracture zones  

• Unconformities  

• Differences in lithology (i.e., varying clay content)  

• Differences in facies (i.e., reef facies vs. layered facies in carbonates)  

• Differences in rock stiffness  

• Changes in pore pressure  

• Changes in horizontal stress orientation.  

  

etc.   

  

The above given factors are just examples of heterogeneities. Actual factors encountered in a specific 

geothermal field shall be taken from available literature. Furthermore, a quantitative measure, by how 

much a certain heterogenic factor will alter the risk for induced seismicity is impossible to distinguish. 

Likely, several heterogenic factors are recorded for a field. The idea is to compare the heterogeneity of 

the collected geothermal fields in a relative manner between each other.  

  

 Entry:    Low/Moderate/Strong  

  

Long description:  Qualitative level of heterogeneity in the rocks as described from the literature 

about the field. If minimum two of the types of heterogeneity are found we consider a moderate 

heterogeneity, if more than four are present, we consider it strong. 

 

3.1.6 Overburden thickness (A) 

This parameter is strongly linked to the ratios discussed in paragraph 3.1.10. In general, there is a trend 

that induced seismicity tends to occur in greater depths as discussed in Das and Scholz (1983). This can 

indicate that shallow geothermal operations are at lower risk in regard to induced significant seismicity 

compared with deep geothermal operations.   

  

With increasing depths, rocks tend to become stiffer and stress gradients tend to be also higher. 

Additionally, the risk of intercepting a fault increases with longer distances at depth. If a fault slip occurs 

under these conditions, a larger seismic event might occur.  

   

Entry:    TVD in meter  

Long description:  Overburden thickness can be inferred from information from literature or from 

geologic cross-sections. We define it from surface down to the top of shallowest reservoir access of any 

well in the geothermal field. 
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3.1.7 Depth to basement (A) 

 

As shown by Buijze et al. (2020), there is a statistical relationship between the depth to basement and 

induced magnitude, as shown in Figure 5. Thus, in general, there is a higher risk to induce seismicity if 

the basement is closer. Moreover, if the operation occurs in the basement itself, the risk of inducing 

seismicity is higher compared with operations well above the basement.  

 

  

 

Figure 5. Induced seismicity in correlation with depth to basement (left) and tectonic regime (to the right) (Buijze et 

al. 2020) 

 

 

To be able to calculate it, we collect both the base of activity in (km) and top of basement (km). 

Entry:  Automatically calculated from base of activity (I) and top of basement (M)  

Long description:  The depth to basement is defined as the base of activity to top of basement. 

 

3.1.8 Natural seismicity depth (A) 

Commonly, geothermal fields are explored and operated in regions with constant natural seismicity, such 

as subduction zones as the geothermal gradient in such regions is higher than the average. High natural 

seismicity indicates an active geodynamic setting, associated to significant tectonic stresses and close to 

critically stressed conditions (at least along seismically active faults). Even if natural seismicity occurs 

usually in a deeper interval than the usual geothermal activities, tectonic stresses can propagate also 

into shallower structural levels, leading to close to critically stressed conditions. Thus, a perturbation of 

pore pressure and stresses due to geothermal operation could impose the risk of further seismicity, 

when large faults with favorable orientation to the stress field are present in the vicinity of the wells.  

Furthermore, seismically active faults proved to represent preferential fluid pathways, capable of 

propagating pore pressure over great distance and to influence the natural seismicity (Goebel et al. 

2018).  
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Thus, there is a need to assess the level of the natural seismicity to filter out the background seismicity 

and to range the (possible) seismicity induced due to the geothermal operations. Seismicity data are 

collected from publicly available sources (i.e., the USGS) to learn about the natural seismicity in the 

vicinity of a geothermal field. Average magnitudes and average depths of the earthquakes will be 

collected. The following factors shall govern the data collection:   

 

• The radius in which seismic events have been recorded shall be 3 times the maximum distance 

between the wells in the field. 

• 50 years before the start of geothermal operation and beyond shall be considered.  

• Only seismic events greater than magnitude 2 shall be considered.  

• If the number of events is not big enough either the radius or the observation period or both shall 

be extended.  

  

Entry/units:   Magnitude, Depth in km  

Long description:  Average magnitude value of natural seismicity events near the geothermal plant, 

Average depth of seismic events nearby the geothermal plant. 

 

3.1.9 Reservoir faults (B) 

Stable faults are in equilibrium with the stresses acting on the fault plane. An increase or decrease in 

fluid pressure due to injection or production during geothermal operation will change the effective normal 

stress on a fault plane in the reservoir section. Depending on the stress regime, when the fault plane 

approaches the critical stress needed to initiate fault movement, this pore pressure change may activate 

the fault. Furthermore, Orlic et al. (2011) have demonstrated that stress concentrates on fault planes 

offsetting interfaces between different lithologies, such as the boundary between reservoir and 

overburden rocks. Therefore, fault reactivation may be more likely when they intersect/offset the 

boundary between reservoir and overburden. In general, faults through boundaries might increase the 

seismicity risk.  

Fault slip will occur once the ratio of shear stress to normal stress reaches the coefficient of friction [µ]. µ 

depends on the rock type, typically it is between 0.6 and 1. Rising pore pressure on a fault reduces the 

effective normal stress on it, and can lead to fault slip (Zoback, 2007).   

Entry:    none, one, multiple  

Long description:  The presence of reservoir faults is defined by three options: none, one, multiple. 
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Figure 6. Estimate minimum perturbated fault area. 

 

3.1.10 Bounding Fault Existence and Contact Area (A) 

When a reservoir is bounded laterally by a fault, there tends to be a sharper contrast in pressure across 

the fault. The greater the number of bounding faults, the higher the risk for fault (re-) activation. The size 

of the fault contact area is also a factor, as for the same amount of slip, larger faults release a much 

higher amount of energy. That is expressed by the definition of the seismic moment Mo (Maruyama, 

1963):  

 

 

 

With µ  the coefficient of friction; A: fault area; d: the fault slip; M: seismic magnitude. 

Thus, if the area where the mechanical equilibrium is perturbated by the geothermal field includes a 

large section of a fault, if favorably oriented to the stress field, the risk of inducing larger earthquakes is 

higher. On the contrary, the reactivation of isolated small faults could lead to smaller magnitudes. 

Entry:    none, one, multiple; area in m²  

Long description:  the parameter Bounding Faults defined by three options: none, one, multiple. The 

contact area (m2) is defined by the vertical and lateral overlap between zone of impact and fault. The 

calculation takes into account the dip of the fault (Figure 6). 
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Geomechanical Risk Parameters 

3.1.11 Stress regime (A) 

In reservoirs managed with both producers and injectors, fluid injection in the reservoir can induce poro-

elastic stresses in the surrounding rocks, including the overburden. In these conditions, the stress 

regime can play a role in inducing seismicity. In case of a thrust faulting regime, the poro-elastic stresses 

induced close to the injector wells can facilitate the reactivation of suitable oriented thrust faults. In a 

normal faulting regime, the induced poro-elastic stresses tend to stabilize the faults that could potentially 

slip (Figure 7). In a strike-slip regime there is no particular effect related to poro-elastic stresses induced 

in the overburden.  

  

 

Figure 7. Poro-elastic effect of production and injection on fault stability in different stress regimes. 

 

 

In fields that are managed just with producers, a certain drop of pore pressure is expected around the 

production wells, which could induce pro-elastic stresses in the overburden. In this case a thrust faulting 

regime should tend to stabilize suitable oriented thrusts, whereas in a normal faulting the risk of induced 

slip is increased.  

 

Entry:    NF, NF-SS, SS, SS-TF, TF  

Long description:  We collect the stress regime in categories. Information sources are the world 

stress map database, literature, or detailed analysis in case well logs (BHI, Calipers) are available. 

 

3.1.12 Effective Stress ratio (A) 

Effective stress () is defined as total stress, S, minus pore pressure, PP. We consider the ratio between 

the largest effective principal stress and the smallest effective principal stress with a ratio, defined as: 
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σ3/σ1 = (S3−PP)/(S1-PP) 

 

The stress difference also defines the maximum shear stress. The larger the difference between the two 

stresses, the smaller the stress ratio, and the higher the shear stress. Modelling studies for extensional 

stress regimes have shown that lower stress ratios lead to larger absolute fault slip magnitudes 

(Mazzoldi et al. 2012; Rutqvist et al. 2013; Figueiredo et al. 2015).  In general, effective stress ratios are 

on the order of 0.5-0.7 (Bruno et al. 2014). Lower stress rations lead to higher shear stress and lower 

normal stress acting on favorably oriented faults, increasing the risk of critically stressed conditions and 

induced seismicity. 

 

In case stress magnitude are not available, they can be extrapolated from gradients in nearby wells or 

from existing stress databases (for example Morawietz et al. 2020). In case of NF or TF regimes, when 

either S1 or S3 are vertical, the corresponding magnitude can be computed from high resolution density 

data (in case OHL are available) or from mean values reported for the specific field/area, using 

commonly used equations (Zoback, 2007). 

All stress and pore pressure measurements must be referred to the depth of activity. We collect both 

initial pore pressure, and max and min pore pressures during operations (see paragraph ), and for the 

stress magnitudes, we collect min and max S3 and the magnitude of S1. 

 

Entry:    Absolute values in MPa. Effective stress ratio is calculated automatically.  

Long description:  We collect stresses for minimum and maximum principal stresses at the reservoir 

depth and initial formation pressure, all in units of MPa. Using those values, we will derive the effective 

stress ratio. 

 

3.1.13 Critically stressed faults (strike & dip in relation to principal stresses) (A) 

Critically stressed faults are faults that are orientated in respect to the current stress regime in such a 

way that they are close to failure i.e., very likely to be (re)activated in case of stress perturbation. 

Orientation of the maximum principal stress (S1) is a crucial parameter for the identification of potentially 

critically stressed faults, together with the stress regime. This orientation can be retrieved from the World 

Stress Map. It should be kept in mind, however, that the data is not always accurate. Better data might 

be found in published papers on the specific area. Another source to determine the parameters (principal 

stress orientations, fault strike & dip) is direct data from borehole images (BHI) or oriented calipers.   

  

Faults that are not favorably oriented to the stress field, in regard to being critically stressed, can be 

reactivated only in case of very high pore pressure (Leclère and Fabbri, 2013).  As larger faults are more 

prone to induce seismicity with a higher magnitude, the orientation and dip only of the main structures 

will be considered. In case more sets of faults with other/different orientation exist in the area, they all will 

be considered.   

   

Entry:  AQ: Flag YES, NO, UNSURE.   
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AX: orientation of Shmax from North  

AY: orientation in degrees from N, for each fault set (we assume maximum 2 will be encountered), 

divided by a slash, i.e., 50/130  

AZ: fault dip in degrees from horizontal  

  

Long description:  Ideally we find a study about critically stressed faults indication and can set a clear 

YES or NO flag in AQ. If that is not available, the parameters we are collecting in our study to estimate 

whether critically stressed faults are prevailing in the current stress field or not are fault(s) strike & dip 

and the stress regime (already collected), including SHmax orientation. 

 

3.1.14 Pore pressure gradient and formation pressure/effective Shmin stress ratio (B) 

Generally, the pore pressure depends on fluid density and depth. During geothermal operations pressure 

differences exists near the wells. In the vicinity of the producing well a decrease in pore pressure is 

expected, while around the injection well higher pore pressure is expected. Reservoir porosity and 

permeability determine how large the zones of different pore pressures are.   

  

In compartmentalized reservoirs the pore pressure in certain intervals can vary from the natural pore 

pressure. Compartmentalization can occur due to the presence of impermeable formations that impede 

the generation of the natural pore pressure state. The fluid pressure in over-pressured formations may 

exceed the natural shear strength of the rock and cause rock failure (Zoback, 2010).   

  

Furthermore, higher pore pressure also increases the risk of inducing shear failures along already 

existing structures, by diminishing the effective stresses acting on them.  

  

After estimating the pore pressure and effective minimum horizontal stress gradients, a ratio will be 

derived from these parameters. The higher this ratio, the higher the risk for fracturing or inducing shear 

failures, resulting into seismicity. This number is a measure of how close the pore pressure in the 

formation is to the failure pressure, as fracturing occurs when the minimum horizontal stress is exceeded 

by the pressure in the reservoir.  

   

Entry:  All values in MPa.  

Long description:  Initial pore pressure in the reservoir is collected in the database as P_initial as 

absolute measurement (MPa). During operations, maximum and minimum pore pressures in the 

reservoir are listed as max and min pressures (MPa) in the InStRikE database. After filling the tables, 

pressure gradients will be computed by diving by the corresponding depth (TVD). 
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Operational Risk Parameters 

3.1.15 Zone of impact (A) 

The zone of impact determines the volume of rock mass that is perturbated by the geothermal 

operations in the subsurface. The larger this volume the higher the risk to induce seismicity. Thus, the 

higher the risk to interfere with critically stressed faults and the larger the areas that can be stressed due 

to pressure and temperature gradients. Bruno et al. (1998) have shown the influence of lateral and 

thickness extents for gas reservoirs in a numerical study.   

 

 

Figure 8. Estimation of lateral and vertical reservoir access. 

 

Since the geothermal reservoir extent is not a parameter easily to be determined, we take the areas of 

the reservoir access as a proxy parameter for the InStRikE tool. We will determine the lateral and the 

vertical extent of reservoir access. The lateral extent is determined by the furthest horizontal distance of 

perforated or open hole access to the reservoir – considering producers and injectors at the same time. 

The vertical extent is determined by the largest vertical distance of reservoir access (Figure 8). 

 

  

Entry:  All values in meters.  

Long description:  Lateral and vertical extent of the geothermal field. 
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3.1.16 T relative to initial temperature (A) 

 

A geothermal plant operates at best efficiency, if the highest amount the energy contained in the fluids is 

used. This means, the fluid shall be reinjected as cold as possible. However, colder reinjected fluids 

induce higher thermal stress to the reservoir rocks. Therefore, a dilemma exists between production 

efficiency and operational safety. 

 

 

Figure 9. Induced seismicity in the Geyser field, resulting from injection of colder fluids in the reservoir (Martínez-

Garzón et al. 2016).  

 

 

Injection of cold liquids into the reservoir combined with production of hot fluids leads to a progressive 

cooling of the reservoir rocks, which might lead to poro-elastic and thermo-elastic stresses induced in the 

surrounding rocks, increasing the risk of induced seismicity (Martínez-Garzón et al. 2016). The higher 

the temperature difference, the higher the stresses induced, thus the higher the risk for inducing 

seismicity (Figure 9). 

Only injector wells are prone to thermal stress, production wells are not affected.   
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Trel=(Tini-Tinject)/Tini 

  

 Entry/Unit:  T temperature of initial reservoir fluid (T-initial) – temperature of reinjected fluid (T-inj) in 

°C. 

 

Long description: T relative to initial temperature. 

 

3.1.17  P relative to initial pressure (A) 

This ratio is a measure of the pressure increase (decrease) in the reservoir. The higher this ratio, the 

larger the pressure increase in the geothermal reservoir system. Vice versa the lower this ratio the 

higher the depletion of the reservoir pressure. The magnitude of pressure change controls the potential 

for tensile and shear failure in the reservoir. Therefore, the further away the ratio from 1, the higher the 

risk of inducing seismicity. 

 

Prel=(Pini-Pinject)/Pini 

 

Entry:  All values in MPa. 

Long description:  We are collecting the information about initial reservoir pressure (P_initial), 

maximum depletion and pressure increase observed at any well in the reservoir (MPa) and maximum 

well head injection pressure (DP_inj). 

 

3.1.18 Distance of producers and injectors to closest faults (A) 

 

Most of the geothermal fields are based on a system of both producers and injectors, in order to keep 

the reservoir pressure constant over long periods, whereas in a few cases only production wells are 

present. In petrothermal and/or enhanced geothermal systems (EGS), where hydraulic stimulation is 

often planned prior to production to increase the permeability, the distance between wells and large 

faults proved to be a critical parameter controlling the development of induced seismicity (Häring et al. 

2008; Kwiatek et al. 2019).   

The distance of both production and injection wells from large faults, in particular those favorably to the 

in-situ stress, is very important as during regular production activities the volume next to the boreholes 

can experience both pressure accumulation and pressure drop, but also poro-elastic stresses (Chang 

and Segall, 2016; Chang et al. 2020). Furthermore, injection of cold fluids into hot formations can result 

into thermal stresses (Rutqvist and Oldenburg, 2007; Martínez-Garzón et al. 2016; Jeanne et al. 2017). 

Thus, the minimum distance of both producers and injectors from larger faults, potentially generating 

significant seismic events, in particular of those favorably oriented to the stress field, might be a crucial 

parameter (Figure 10).  

  

Entry:  All values in meters.  
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Long description:  We are collecting the distance for the closest injector and closest producer we find 

in the field to a large fault. The fault must not be the same for injector and producer. 

 

 

Figure 10. Structural model of the Geyser geothermal site, where both injectors and producers go through several 

faults (Garcia et al. 2012).  

 

3.1.19 Injection volume and production volume (B) 

Greater amounts of injection and production creates larger pressure and temperature change over a 

larger volume, increasing seismicity risk. Total depletion relates to net production, or production minus 

injection, which can increase seismic risk. Furthermore, injection by itself seems to correlate with 

induced seismicity. McGarr (2014) presents data from waste injection operations showing a correlation 

between larger injection volumes and induced seismicity.  

  

Entry:  All values in cubic meters.  

Long description:  The volumes are collected in m3 over the period of interest (e.g., hydraulic 

stimulation period or operation period). 

 

 

3.1.20 Type of operation (A) 

Buijze et al. (2020) distinguish between three geothermal play types. Besides different operating 

procedures, they are also associated to different levels of seismicity risk. The play types are (Figure 11):   

• petrothermal plays and EGS (PT)  
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• hydrothermal plays (HS)  

• hot sedimentary aquifer plays (HSA)  

  

 

Figure 11. Types of geothermal fields according to Buijze et al. (2020). 

 

 

As shown in figure 3, there is a higher risk of seismicity in hydrothermal and petrothermal (EGS) 

systems. Hydrothermal plays are often located in (recently) seismic active regions which generally have 

a higher risk of seismic activity. If the geothermal systems are enhanced (EGS) the risk rises, as more 

fractures are generated in the formation and cold fluids are pumped down to the formation. By doing so, 

the fluids (1) may circulate on otherwise dry faults, (2) they alter the existing pore pressure, and (3) they 

introduce thermal stress as the temperature difference between the pumped fluids and the rock is 

significant. Hydrothermal plays are connected to volcanic or plutonic activity, either recent or medium-

recent. As magmatic activity is mostly bound to plate boundaries, thin crust regions or faults in general, 

also seismic activity occurs here.   

This also affects any geothermal plants that are constructed in these places. The fluids are moved in the 

subsurface between production and injection wells and may also circulate on fault surfaces. The wells 

themselves may penetrate inactive faults and (re-)activate them. Hot sedimentary aquifer plays are 

situated far away from plate boundaries or magmatic regions and are not penetrating deeper parts of 

basins. However, these plays may be placed near orogens or in intra-orogenic basins. Depending on the 

state of activity of the orogen, HSA might be more or less exposed to seismicity risk.   

  

 Entry:  HS, HSA, PS, HS-PS  

Long description:  Type of geothermal play 

Appendix 4. Summary of simplifications/abstractions used in 
Appendix 3 

E Rock Stiffness or Young’s Modulus (GPa) 

mD  MilliDarcy 

MD  Measured Depth 

Mo Seismic moment 
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NF  Normal Faulting 

µ Coefficient of Friction 

OHL Open Hole Logs 

PP Pore Pressure 

 Effective Stress 

T Temperature (°C) 

T  Difference between T of reservoir and injected fluids (°C) 

S1  Maximum Stress (MPa) 

S3 Minimum Stress (MPa) 

SS  Strike Slip 

Svert Vertical Stress 

TF  Thrust Faulting 

TVD  True Vertical Depth 

UCS Unconfined Compressive Strength or just Rock Strength (MPa) 
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Appendix 5. Database and Parameters 

 

In this paragraph all the references used to derive the various parameters in each of the 100 geothermal 

sites in the InStRikE database are listed in the same order used in the database. The same references 

are also shown in the Tab “References” of the Database, which indicates also for which parameter each 

of these references was used.  

For each field in the database some data are derived always from the same sources that are listed in 

each field: PGA, from Pagani et al. 2020; Strain Magnitude, Kreemer et al. 2014; Shmaxorientation, 

WSM database Heidbach et al. 2018; natural seismicity is from USGS Database).   

Each field is indicated here with name and number as listed in the database.  

 

35 Los Humeros (Flores-Armenta et al. 2014; Urban and Lermo, 2013; Lermo et al. 2008; Prol-

Ledesma and Zenteno, 2019; Kruszewski et al. 2022; Arellano et al. 2003; Wedyt et al 2018; Bär 

et al. 2020; Urban and Lermo, 2017)  

 

48 Gross Schoenebeck water-frac (Blöcher et al. 2010; Blöcher et al. 2018; Kwiatek et al. 2008; 

Kwiatek et al. 2010; Moeck et al. 2009; Zimmerman et al. 2010; Zimmermann and Reinicke, 

2010) 

 

76 Kawerau (Sherburn et al. 2015 ; Milicich et al. 2011; McNamara et al. 2014; White, 1995; 

Wyering et al. 2014; Wallis et al. 2012; New Zealand Geothermal Association, 2023; 

GeoMechanics Technologies, 2020) 

 

156 Newberry (Davatzes and Hickman, 2011 ; McLeod et al. 1995 ; Dinçer et al. 2003 ; Cladouhos et 

al. 2015 ; Cladouhos et al. 2016 ; AltaRock Energy, Inc., 2011) 

 

6 Honselersdijk (Vrouwe and Rutten, 2012; Vondrak et al. 2014; Schmid et al. 2012; Bender, 2011; 

Worum et al. 2004; Van Gessel et al. 2021, HIKE Database; trans-European PERFORM Project, 

2023) 

 

7 Koekoekspolder (Veldkamp et al. 2015; Verweij et al. 2012; Van Gessel et al. 2021, HIKE 

Database; Van Wees et al. 2014) 

 

75 Basel (Haering et al. 2008; Deichmann et al. 2014; Kushnir et al. 2018; Valley and Evans , 2019; 

Mukuhira et al. 2016; Schill et al. 2012; Ulrich et al. 2007; Monsees, 2021) 

 

33 Fenton Hill MHF EE-2 1983 ( Phillips et al. 1997; Brown, 2009; Norbeck et al. 2018; Kelkar et al. 

2015; Rinaldi and Rutqvist, 2019; Tuğrul and Zarif, 1998) 
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45 Unterhaching (Megies and Wassermann, 2014; Wolfgramm et al. 2007; Seithel et al. 2019; 

Richter, 2010; Rojas et al. 2017; Budach et al. 2018; Lueschen et al. 2014; Ziegler and Heidbach, 

2020; Dussel et al. 2016; Zoback, 2007; Sachpazis, 1990; Ziegler et al. 2016; Seithel et al. 2015) 

 

139 Riem (Dussel et al. 2016; Geotis Database, Agemar et al. 2014a/b; Geothermal energy, 2023; ) 

 

140 Unterschleissheim (Dussel et al. 2016; Seithel et al. 2019; Geotis Database, Agemar et al. 

2014a/b; Informatonsportal Tiefe Geothermie, 2023; Stadt Unterschleissheim, 2023; Birner et al. 

2012; Levi et al. 2021 ) 

 

145 Ismaning (Dussel et al. 2016; Geotis Database;) 

 

147 Oberhaching (Grünwald) (Dussel et al. 2016; Rojas et al. 2017; Geotis Database, Agemar et al. 

2014a/b) 

 

150 Unterföhring (Schulz et al. 2017; Dussel et al. 2016) 

 

16 The Geysers (Majer et al. 2017 ; Trugman et al. 2015 ; Garcia et al. 2016; Rutqvist et al. 2016; 

Martínez-Garzón et al. 2014; Boyle and Zoback, 2014; Garcia et al. 2012; Brown, 1989; Jeanne 

et al.2014;  Boyd, 2018; Martínez-Garzón et al. 2016) 

 

15 Helsinki OTN-3 injection (Kwiatek et al. 2019; Juhlin and Sandstedt, 1989; Hillers et al. 2020; 

Palmström, 2011)  

 

138 Straubing (Evans et al. 2012; Jaehn, 1999; Sachpazis, 1990; Levi et al. 2021) 

 

151 Waldkraiburg (Baisch et al. 2016; Goldbrunner and Vasvari , 2016; Ziegler and Heidbach , 2020; 

Sachpazis, 1990; Levi et al. 2021) 

 

14 Fjällbacka Stimulation Fb1 (Jupe et al. 1992; Saadati et al. 2018; Eliasson et al. 1990;) 

 

71 Californië CLG + CWG (Baisch and Vörös., 2019; Reith, 2018; Vörös and Baisch., 2019; Mijnleff, 

2020; ter Heege et al., 2020; Zoback, 2007; Sachpazis, 1990; Livingstone et al., 2013; 

Brinkgreve, 2016) 

 

72 Californië CWG (Baisch and Vörös., 2019; Vörös and Baisch., 2019; Mijnleff, 2020; Zoback, 

2007; Reith, 2018; Livingstone et al., 2013; Brinkgreve, 2016; Heege et al., 2020;) 

 

19 Desert Peak EGS 2011 (Lutz et al. 2010; Zemach et al. 2010; Benato et al. 2016 ; Drakos, 2010; 

Dempsey et al. 2013; Bauer et al. 2018)   
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20 Desert Peak EGS 2013 (Lutz et al. 2010 ; Drakos, 2010 ; Dempsey et al. 2013 ; Robertson-Tait 

and Morris, 2003 ; Bauer et al. 2018) 

 

47 Gross Schoenebeck 4120 gel (Zimmerman et al. 2010 ; Kwiatek et al.2008 ; Kwiatek et al. 2010 ; 

Blöcher et al. 2010 ; Blöcher et al. 2018 ; Moeck et al. 2009 ; Trautwein and Huenges, 2005 ; 

Jacquey et al. 2016 ; Zimmermann and Reinicke, 2010 ; Zoback, 2007)  

 

98 Soultz-sous-Forets GPK1 1993 (Cornet et al. 1997 ; Aichholzer et al. 2016 ; Vallier et al. 2018;  

Azzola et al. 2019 ; Glaas et al. 2021 ; Glaas et al., 2018 ; Valley and Evans, 2007 ; Mouchot et 

al. 2018 ; Morawietz et al., 2020) 

 

99 Soultz-sous-Forets GPK2 1995 (Evans et al. 2005 ; Aichholzer et al. 2016 ; Vallier et al. 2018 ; 

Azzola et al. 2019 ; Glaas et al. 2021 ; Glaas et al., 2018 ; Valley and Evans, 2007 ; Baria et al., 

2000 ; Morawietz et al., 2020 ; Mouchot et al. 2018) 

 

100 Soultz-sous-Forets GPK2 2000 ( Dorbath et al. 2009 ; Aichholzer et al. 2016 ; Azzola et al. 2019 ; 

Vallier et al. 2018 ; Glaas et al. 2021 ; Glaas et al., 2018 ; Valley and Evans, 2007 ; Mouchot et 

al. 2018 ; Morawietz et al., 2020) 

 

101 Soultz-sous-Forets GPK3 2003 (Cornet et al., 1997 ; Dorbath et al. 2009 ; Charlety et al. 2007 ; 

Vidal and Genter, 2018 ; Tischner et al. 2007 ; Vallier et al. 2018 ; Azzola et al. 2019 ; Glaas et al. 

2021 ; Aichholzer et al. 2016 ; Dezayes et al. 2010 ; Morawietz et al., 2020) 

 

102 Soultz-sous-Forets GPK4 2004 (Cornet et al., 1997 ; Dorbath et al. 2009 ; Charlety et al. 2007 ; 

Vidal and Genter, 2018 ; Tischner et al. 2007 ; Vallier et al. 2018 ; Azzola et al. 2019 ; Glaas et al. 

2021 ; Aichholzer et al. 2016 ; Dezayes et al. 2010 ; Morawietz et al., 2020) 

 

103 Soultz-sous-Forets GPK4 2005 (Cornet et al., 1997 ; Dorbath et al. 2009 ; Charlety et al. 2007 ; 

Vidal and Genter, 2018 ; Tischner et al. 2007 ; Vallier et al. 2018 ; Azzola et al. 2019 ; Glaas et al. 

2021 ; Aichholzer et al. 2016 ; Dezayes et al. 2010 ; Dorbath et al. 2009 ; Morawietz et al., 2020) 

 

90 Bruchsal (Meixner et al. 2016 ; Vidal and Genter, 2018;  Agemar et al. 2014 ; Bär et al., 2020 ; 

Jodocy and Stober, 2009 ; Sabakatakis et al. 2008) 

 

1 Tres Virgines (Urban and Lermo, 2012 ; Flores-Armenta et al. 2014 ; Verma et al. 2006 ; 

Antayhua-Vera et al. 2015 ; Tello-López and Torres-Rodrıguez, 2015 ; Prol-Ledesma and Morán-

Zenteno, 2019 ; Gonzales-Partida et al. 2005 ; Prol-Ledesma et al. 2016 ; Flores et al. 2005 ; 

WSM (world Stress Map) Database; Guerrero et al. 2022) 

 

73 Cerro Prieto (Glowacka et al. 1999 ; Trugman et al. 2014 ; Glowacka and Nava, 1996 ; Prol-

Ledesman et al. 2016 ; Lyons and Van De Kamp, 1980;) Database; Herrera, 2005) 
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2 Podhale Zakopane (Kepinska, 2004 ; Kepinska, 2003 ; Kępińska and Jasnos, 2009 ; Jarosinski, 

2006) 

 

64 Mszczonow (Kepinska , 2015 ; Bujakowski and Wojnarowski, 2005 ; Pająk et al. 2020 ; Van 

Gessel et al. 2021, HIKE database)  

 

65 Poddebice (Pająk et al. 2020 ; Van Gessel et al. 2021, HIKE database ; Kepinska, 2015 ; 

Królikowski, M. and Hajto, M., 2023) 

 

66 Pyrzyce (Meyer and Kozlowski, 1995 ; Kepinska, 2015 ; IGSMiE PAN, 2019 ; Szczepański et al., 

2006) 

 

67 Stargard Szczezenski (Kepinska , 2015 ; Miecznik et al. 2015 ; Szczepański et al., 2006) 

 

68 Uniejow (Kepinska , 2015 ; Sapinska-Sliwa et al. 2010 ; Pająk et al. 2020 ; Szczepański et al., 

2006) 

 

8 Habanero 1 2003 (Baisch et al. 2006 ; Holl and Barton, 2015 ; Humphreys et al. 2014 ; McNally, 

1987; Vasarhelyi, 2003)  

 

9 Habanero 1 2005 (Baisch et al. 2009 ; Holl and Barton, 2015 ; Humphreys et al. 2014 ; McNally, 

1987; Vasarhelyi, 2003) 

 

10 Habanero 4 2012 (Baisch et al. 2015 ; Holl and Barton, 2015 ; Humphreys et al. 2014 ; McNally, 

1987; Vasarhelyi, 2003) 

 

63 Pohang (PX-1 + PX-2) (Kim et al. 2018a/b; Grigoli et al. 2018 ; Hofmann et al. 2019 ; Farkas et 

al. 2021 ; Ellsworth et al. 2019 ; Zingg and Meier, 2019 ; Wassing et al., 2021) 

 

157 Habanero 2 2005 (Baisch et al. 2016 ; Humphreys et al. 2014 ; Ayling et al. 2016 ; Holl and 

Barton, 2015 ; Wyborn, 2010 ; McNally, 1987; Vasarhelyi, 2003; Humphreys et al., 2014) 

 

158 Habanero 3 2008 (Baisch et al. 2016 ; Humphreys et al. 2014 ; Ayling et al. 2016 ; Holl and 

Barton, 2015 ; Wyborn, 2010 ; McNally, 1987; Vasarhelyi, 2003) 

 

17 Brady Hot Springs (Cardiff et al. 2018 ; Lutz et al. 2010 ; Benato et al. 2016 ; Lutz et al. 2011 ; 

Laboso, 2016 ; Dinçer et al. 2003 ; Abdaqadir and Alshkane, 2018) 

 

81 Rotokawa (Sherburn et al. 2015 ; Sewell et al. 2015 ; Addison et al. 2017 ; Siratovich et al. 2014 ; 

Davidson et al. 2012 ; Dinçer et al. 2003 ; Hopp, 2019 ; GeoMechanics technologies, 2020) 
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77 Mokai (Sherburn et al. 2015 ; Bignall et al. 2010 ; McNamara et al. 2017 ; New Zealand 

Geothermal Association, 2023) 

 

78 Ngatamariki (Sherburn et al. 2015 ; O'Brien, 2010 ; Allan et al. 2019 ; Cant et al. 2018 ; Wyering 

et al. 2014 ; McNamara et al. 2017 ; Moon et al., 2014 ; New Zealand Geothermal Association, 

2023) 

 

82 Wairakei-Tauhara (Sherburn et al. 2015 ; Bignall et al. 2010 ; Rosenberg et al. 2010 ; McNamara 

et al. 2017) 

80 Ohaaki (Sherburn et al. 2015; Lee and Bacon, 2000; Rae et al. 2007; McNamara et al. 2014; 

Wood, 1996; O´Sullivan et al. 2021; McNamara et al. 2017; Wood et al. 2001; Rissmann et al. 

2012 ; New Zealand Geothermal Association, 2023) 

 

23 Nesjavellir (Flóvenz et al. 2015; Evans et al. 2012; Nouraliee, 2000; Bodvarsson et al. 1988; 

Batir, 2011; Juncu et al. 2019;) 

 

143 Ribeira Grande (Franco et al. 2021 ; Franco, 2015 ; Carvalho et al. 2006 ; IPMA Database ; 

Rangel et al. 2017 ; Carmo et al., 2015) 

 

142 Mutnovsky (Selyangin, 2019; Kiryukhin et al. 2015; Kiryukhin and Usacheva, 2017; Kiryukhin and 

Vereina, 2005; Dinçer et al. 2003) 

 

137 Meshkin Shahr (Abdolalipoor et al. 2019; Akbar and Fathianpour, 2021; Rahimi et al. 2009; Faridi 

et al. 2017; Yousefi et al. 2019; Seyedrahimi-Niaraq et al. 2017; Porkhial et al. 2015) 

 

127 Patuha (Elfina, 2017; Mehrabifard, 2018; Raharjo et al. 2016; Layman and Soemarinda, 2003) 

 

3 Berlin (Rodriguez, 2005; Rivas et al. 2005; Kwiatek et al. 2014; Monterrosa and Geotermica 

Salvadorena, 2002; Henriquez, 2010; Renderos, 2002)  

 

12 Rosemanowes 2A stimulation (Evans et al., 2012; Batchelor, 1982; Parker, 1999; Parker, 1989; 

Reinecker et al., 2021) 

 

13 Rosemanowes 2B circulation (Evans et al., 2012; Richards et al. 1994; Parker, 1989; Batchelor, 

1982; Atkins, 2013; Reinecker et al., 2021, Evans et al. 2012) 

 

18 Coso (Trugman et al., 2015; Davatzes and Hickman, 2009; Kaven et al., 2011; Kaven et al., 

2014; Davatzes et al., 2006; Rose et al., 2006; Kaven et al., 2011; Kaven et al., 2014; Adams et 

al., 2000) 

 

144 Kizildere (Haklıdır et al.2021; Gokcen et al., 2004; Şimşek et al., 2005; Satman et al., 2005; Kaya 

et al., 2009; Yeltekin et al., 2002; Serpen and Aksoy, 2005; Heidbach et al., 2018) 
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115 Palinpinon I + II (S Negros) (Malate et al., 2008; Pastoriza, 2017; Austria and Bonsen, 2020; Rae 

et al., 2004; Dinçer et al., 2003; Magro et al., 2013; Olivar and Apuada, 2005)  

 

110 Olkaria 1(East Production Field) (Fadel et al., 2021; Wamalwa et al., 2016; Koech, 2014; Simiyu, 

2016; Simiyu and Keller, 2000; Mbithi, 2016; Strecker and Bosworth, 1991; Omenda, 1998) 

 

50 Horstberg GeneSys (Orzol et al., 2005; Buijze et al., 2019; Tischner et al., 2010; Jung et al., 

2019; Jung et al., 2019; Zoback, 2007; Tischner et al., 2013; Kehrer et al., 2007; Heidbach et al., 

2018; Van Gessel et al. 2021, HIKE Database ) 

 

111 Olkaria IV (Domes Field) (Otieno, 2017; Fadel et al., 2021; Ambunya, 2014; Koech, 2014; Simiyu, 

2016; Mbithi, 2016; Simiyu and Keller, 2000; Strecker and Bosworth, 1991; Omenda, 1998) 

 

74 Salton Sea (Brodsky and Lajoie, 2013; Trugman et al., 2016; Younker et al., 1982; McGuire et al., 

2015; Zoback, 2007; Barbour et al., 2016; Kaspereit et al., 2016) 

 

79 Ngawha (Sherburn et al., 2015; Bromley and Bignall, 2016; McNamara et al., 2014; McNamara et 

al., 2017; Heidbach et al., 2018) 

 

153 Obernberg (Baisch et al., 2016; Homuth, 2014; Goldbrunner, 2010; Elster et al.  2016; 

Goldbrunner and Goetzl, 2019; Sachpazis, 1990; Potten, 2020 ; Levi et al., 2021; Levi et al., 

2019; Kröll et al. 2006) 

 

152 Bad Blumau (Baisch et al., 2016; Goldbrunner, 2005; Goldbrunner, 2000; Alt-Epping et al., 2013; 

Elster et al. 2016 ; Heidbach et al., 2018) 

 

36 Geinberg (Goldbrunner, 2005; Karytsas et al., 2009; Evans et al., 2012; Elster et al. 2016 ; Bauer 

et al., 2014; Goldbrunner, 2000; Sachpazis, 1990; Potten 2020; Levi et al., 2021) 

 

55 Sonderborg (Mahler et al., 2013; Poulsen et al. 2019; Poulsen et al. 2017; Cobos et al. 2021; 

Røgen et al., 2015) 

 

56 Margretheholm (Erlström et al., 2018; Poulsen et al. 2019; Geotherm Perform Database; GEUS 

Database; Moos et al. 1999; Horsrud 2001) 

 

21 Húsmúli reinjection (Hellisheidi field) (Juncu et al., 2020; Batir 2011; Mahzari et al., 2021; 

Helgadottir et al., 2010; Snaebjornsdottir, et al., 2018; Franzson et al. 2005) 

 

57 Thisted (Mahler et al., 1995; Hjuler et al., 2014; Mahler et al., 2013; Evans et al., 2012; GEUS 

Database; Moos et al. 1999; Horsrud 2001) 
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62 Palinpinon (Puhagan) (Malate et al., 2008; Bromley et al., 1987; Rae et al. 2004; Amistoso et al., 

1993; Magro et al. 2013; Pastoriza 2017; Aqui et al. 2005) 

 

39 Dürrnhaar (Seithel et al., 2019; Agemar et al., 2014a/b; Birner et al. 2012; Van Gessel et al. 

2021, HIKE database) 

 

22 Krafla (Flóvenz et al., 2015; Eggertsson et al., 2018; Evans et al., 2012;  Armannsson et al., 

1987; Weaver et al. 2020; Scott et al. 2019; Langella et al. 2017) 

 

40 Kirchstockach (Wanner et al., 2017; Seithel et al., 2019; Agemar et al., 2014a/b; Birner et al., 

2012;  Dussel et al., 2016; Van Gessel et al. 2021, HIKE database) 

 

41 Poing (Agemar et al., 2014a/b; Seithel et al. 2019; LIAG, 2018; Birner et al. 2012; Van Gessel et 

al. 2021, HIKE database) 

 

43 Sauerlach (Agemar et al., 2014a/b; Seithel et al. 2015; Seithel et al. 2019; Birner et al., 2012; Van 

Gessel et al. 2021, HIKE database) 

 

135 Bad Urach (Tenzer et al. 1999; Tenzer et al. 2004; Evans et al., 2012; Baisch et al., 2004; 

McDurmott et al., 2006; Kesonen, 2015; P3 Database Bär et al., 2020; Monsees 2021;  Van 

Gessel et al. 2021, HIKE database) 

 

134 Laugaland (Axelsson et al., 2000; Flovenz et al., 2015; Dinçer et al. 2003; Foged and 

Andreassen 2016) 

 

24 Reykjanes (Flovenz et al. 2015; Armannsson et al. 2015; Evans et al. 2012; De Freitas et al. 

2018; Franzson et al. 2002; Keilegalaven et al., 2021; Peter-Borie et al. 2018; Djama 2014; 

Khodayar et al., 2018; Duboeuf et al. 2022; Parks et al. 2020) 

 

25 Svartsengi (Flovenz et al. 2015; Armannsson et al. 2015; Evans et al. 2012; De Freitas et 

al.2020; Mendez 1996; P3 Database Bär et al., 2020; Dinçer et al. 2003)  

 

42 Pullach (Evans et al. 2012; Schneider and Lutz 2012; site of Bundesverband Geothermie; Birner 

et al. 2012; Van Gessel et al. 2021, HIKE database) 

 

44 Simbach-Braunau (Goldbrunner, 2007; Elster et al. 2016; Leitner, 2013; Sachpazis, 1990; Potten, 

2020; Levi et al. 2021; Van Gessel et al. 2021, HIKE database) 

 

46 Gross Schoenebeck (Zimmerman et al. 2010; Kwiatek et al. 2010; Blöcher et al. 2018; Moeck et 

al. 2009; Huenges et al. 2006; Zoback, 2007; Jacquey et al. 2016; Zimmermann and Reinicke 

2010) 
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49 Hannover GeneSys waterfrac (Tischner et al. 2013; Rioseco et al. 2013; Tiefegeothermie site; 

Tischner et al. 2010; Zoback, 2007)  

 

51 Neubrandenburg (GEOTIS database, Agemar et al. 2014a/b; Hirst, 2016; Seibt and Kellner, 

2003; Stück et al. 2011; Van Gessel et al. 2021, HIKE database;) 

 

53 Neustadt-Glewe (GEOTIS database, Agemar et al. 2014a/b; Hirst, 2016; Seibt et al. 2005; Stück 

et al. 2011; Van Gessel et al. 2021, HIKE database)  

 

54 Waren (GEOTIS database, Agemar et al. 2014a/b; Kabus and Jäntsch, 1995; UGII webpage; 

Hirst, 2016; Stück et al. 2011; Van Gessel et al. 2021, HIKE database) 

 

91 Insheim stimulation (GEOTIS database, Agemar et al. 2014a/b; Pilger et al. 2017; Küperkoch et 

al. 2018; Vidal and Genter 2018; Buijze et al. 2019; P3 Database, Bär et al. 2020; Van Gessel et 

al. 2021, HIKE database; Meixner et al. 2016) 

 

26 Hijiori HDR-1 1992 (Kaieda, 2015; Sasaki and Kaieda, 2002; Tenma et al. 2005; Kaieda, 2014; 

Kaieda, 2020;  Matsunaga et al. 2005; Koseki, 2008; Vasco et al. 2002) 

 

27 Hijiori HDR-1 1995 (Kaieda, 2015; Sasaki and Kaieda, 2002; Kaieda, 2014; Kaieda, 2020;  

Matsunaga et al. 2005; Koseki, 2008; Vasco et al. 2002) 

 

28 Hijiori HDR-1 2000 long term circulation (Kaieda, 2015; Kaieda, 2014; Kaieda, 2020;  Matsunaga 

et al. 2005; Koseki, 2008; Vasco et al. 2002) 

 

29 Hijiori SKG-2 1988 (Kaieda, 2015; Sasaki and Kaieda, 2002; Kaieda, 2014; Kaieda, 2020;  

Matsunaga et al. 2005; Koseki, 2008; Vasco et al. 2002) 

 

30 Ogachi OGC-1 1991 (Kaieda et al. 2005; Kaieda, 2015; Ito, 2003; Kaieda; 2012; Sasaki et al. 

2018; Suzuki and Kaieda, 2000; Di Pippo, 2016; Ito and Kaieda, 2002) 

 

31 Ogachi OGC-1 1992 (Kaieda et al. 2005; Kaieda, 2015; Ito, 2003; Kaieda; 2012; Sasaki et al. 

2018; Suzuki and Kaieda, 2000; Di Pippo, 2016; Ito and Kaieda, 2002) 

 

109 Illkirch (Boissavy et al. 2019; Bosia et al. 2021; Petterschmitt et al. 2018) 

 

107 GeoVen (Schmittbuhl et al. 2021; Sanjuan et al. 2021; Boissavy et al. 2019; Gaucher et al. 2020) 
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