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1 BACKGROUND 

On 03.09.2018 18:20:31 UTC a felt ML=1.7 earthquake occurred near the Californie 

geothermal site. In the same region, several small magnitude events (ML=-0.8 – ML=0.3) 

where observed previously over the last years. The exact cause of these earthquakes is not 

immediately clear since the region exhibits natural earthquake activity. 

Correlations of seismic events with geothermal activities were investigated in two previous 

studies (Baisch & Vörös, 2018a; 2018b). In the current report, results from these studies are 

combined and extended by conceptual model simulations to explain the geomechanical 

processes that could have caused the observed seismicity. 

A permanent seismic monitoring system with 3 stations has been installed in Aug-2014 to 

monitor operations of the CWG doublet (GT01-GT03). Two additional stations (in operation 

since Nov-2015) have been added to the network to monitor the extended geothermal 

system Californie (CWG+CLG) before CLG started to drill the wells GT04 and GT05. As part 

of a seismic hazard study (SHA) for the extended geothermal system Californie (Vörös, 

2015b), a TLS was proposed, defining threshold values and corresponding follow up actions. 

The SHA was updated in May-2018 (Vörös, 2018), taking into account results from well 

testing and an updated reservoir model.  
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2 SUMMARY 

A total number of 17 (detected) earthquakes occurred in the vicinity of the Californie 

geothermal systems between Aug-2015 and Sep-2018.  

The locations of the earthquakes are reasonably well constrained. Epicenters are located 

close to the geothermal wells whereas the hypocentral depth appears to be deeper than the 

geothermal reservoir. The wells have been drilled down to a maximum depth of 2590 m. 

Besides spatial correlation, the timing of the first 6 earthquakes correlates with a production 

rate reduction or shut-in of the CWG system. Subsequent earthquakes also occur at a time 

when CWG production was either shut-in or production rates were significantly reduced. 

Relative hypocentre locations indicate that most earthquakes occur almost at the same 

location. Combining the observed spatial and temporal correlations we conclude that all but 

one earthquake are likely related to CWG production. 

The cause of the remaining ML=0 earthquake is not finally clear. A potential correlation with 

CLG production cannot be excluded, but also contributions from CWG production are 

possible. The underlying mechanism, though, is unclear.  

The observed correlation between earthquake occurrence time and production stops / rate-

reduction indicates that earthquakes occur at a time when the fluid pressure in the Tegelen 

fault returns from a lowered level (by producing from the fault) to its equilibrium state. 

We propose a conceptual explanation where the Tegelen fault is loaded by Coulomb 

stresses resulting from thermal reservoir contraction. These contractions are due to cold 

water injection at the GT03, located close to the Tegelen fault. and are considered to be the 

primary cause for the occurrence of earthquakes. At the lowered pressure conditions during 

production, the Tegelen fault can be loaded by additional stresses without becoming 

overcritical. Stress criticality and seismic failure occurs post-production when the in situ 

pressure in the Tegelen fault returns to equilibrium state. This can explain the observed 

pattern for the events directly correlated with shut-in or rate reduction. We use conceptual 

numerical model simulations to demonstrate the efficiency of the proposed effect and to 

study the sensitivity on parameter assumptions. Our simulations indicate that the 

earthquakes could have been caused by very small stress perturbation, which are at the 

lowest limit considered feasible in previous studies. 
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3 LOCAL EARTHQUAKES 

A local seismic monitoring network is operated by Q-con since 31st August 2014. Initially, the 

monitoring network consisted of 3 seismometer stations and was extended to 5 seismometer 

stations in November 2015 (Stang & Rothert, 2015). Time continuous seismic monitoring has 

been performed by Q-con since 31st August 2014 and is documented in regular seismic 

monitoring journals (SMJ_CWG001 to SMJ_CWG0175). 

Since the start of monitoring, a total number of 17 local earthquakes in the magnitude range 

ML=-1.2 to ML=1.7 has been detected (see catalogue in Appendix A.1). Hypocenter locations 

were determined using a regional seismic wave velocity model determined by KNMI (details 

are provided in the seismic monitoring journals).  

Hypocentre locations and the location accuracy are critically depending on the accuracy of 

the assumed seismic wave velocity model. Within a sensitivity analysis we have investigated 

the dependency of the hypocentre location on the assumed velocity model. Using waveform 

data from the strongest ML=1.7 earthquake, we have re-located the earthquake by 

systematically varying the assumed seismic wave velocity model (using averaged interval 

velocities) over a broad range. Figure 1 shows the resulting hypocentre location error which, 

in principle, is an indicator of how compatible with observation data the assumed velocity 

model is. 

Figure 2 shows associated hypocentre locations indicating that 

a. The hypocentre depth is significantly below the geothermal reservoir (located at 

approximately 2 km) for the entire range of tested velocity models. 

b. Hypocentre depth between 4.5 - 6.5 km results from the models most compatible with 

observation data (blue colours).  

c. The epicentre location is within 3 km to the centre of the station network for the entire 

range of tested velocity models. 

d. For those models most compatible with observation data (blue colours), the epicenter 

is located close to the injection well GT03.  

From this analysis we conclude that the earthquake is most likely located deeper than the 

geothermal reservoir. 

The sensitivity analysis is solely based on data from the ML=1.7 earthquake exhibiting 

excellent signal-to-noise ratio at all local monitoring stations. For all other earthquakes in the 

catalogue, we have determined relative hypocentre locations with respect to the ML=1.7 

earthquake. Relative hypocentre locations are less sensitive to the assumed seismic wave 

velocity model, i.e. the relative location of the events with respect to a master event can be 

determined with much higher accuracy. 

The master event locations are shown in Figure 3. These indicate that 

a. All earthquakes occurred at a similar depth level. 

b. All but three events are located in close proximity to the master event. Most events 

can be ‘collapsed’ to a common hypocentre within their 2confidence limits indicating 
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that these events occurred at almost the same location. 

c. Conditional to the location accuracy of the master event, all events could have 

occurred on the (downward continuation of the) Tegelen fault. 

 

We have determined the fault plane solution for the ML=1.7 earthquake using recordings 

from the 5 local stations (Figure 4). The fault plane solution is not well constrained when 

based on the P-wave polarities only. A pure strike-slip mechanism results if the additional 

information of the S/P amplitude ratios is included. The orientation of one of the fault planes 

is approximately consistent with the orientation of the Tegelen fault. 

 

 

 

Figure 1: Sensitivity analysis. Formal hypocentre location error (inversion error) as a function 

of P-wave velocity and the Vp/Vs ratio. Location error stated in meters on the 1 level 
according to the colour map. Errors were averaged over the three spatial directions. Star 
denotes the averaged interval velocity of the KNMI model currently used. 
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Figure 2: Sensitivity analysis of the hypocenter location of the ML=1.7 earthquake. 
Hypocenter locations associated with all model combinations are shown from three different 
perspectives where each coloured dot represents a different velocity model. Colour encoding 
indicates the associated hypocentre location error (compare previous figure). 
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Figure 3: Relative hypocentre locations with respect to the ML=1.7 earthquake in map view 
(bottom) and side view (top). Well trajectories and monitoring stations are indicated. Mapped 

trajectory of the Tegelen fault is displayed by grey shading. Errorbars denote 2 confidence 
limits (formal inversion error). The first 6 earthquakes (denoted by shaded occurrence times 
in the legend) occurred prior to the production start of the second (CLG) geothermal doublet. 
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Figure 4: Stereographic projection (lower hemisphere) of the P-phase polarities (plusses 
indicate compression, circles indicate dilation) of the event occurring on 3rd September 2018 
(ML=1.7) and fault plane solution matching the polarity pattern. The FPS indicates the best 
matching solution of P-wave polarities and S/P amplitude ratios. The best matching solution 
indicates a pure strike-slip mechanism on a fault plane oriented approximately consistent 
with the strike of the Tegelen fault. 
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4 TEMPORAL CORRELATIONS BETWEEN EARTHQUAKE 

OCCURRENCE AND GEOTHERMAL PRODUCTION 

An overview of geothermal activities and the detected local earthquakes is provided in Figure 

5. The first 6 earthquakes occurred during times when only the CWG doublet system was in 

operation. Earthquake number #7 occurred at a time when both geothermal doublets were 

operative, #8 when only the CLG geothermal doublet was in operation. The remaining 

earthquakes #9 - #17 occurred at times when both geothermal doublets were shut-down. 

The CWG doublet system GT01-GT03 was shut down on 10.05.2018 and the CLG doublet 

system GT04-GT05 was shut down on 28.08.2018, approximately 6 days prior to the 

occurrence of the largest magnitude ML1.7 earthquake. 

Earthquakes #9 - #17 differ from previous observations in the sense that these earthquakes 

occurred in a relatively short period of time (e.g. #9-#13 occurred within 10 minutes) 

exhibiting the characteristics of a typical fore-main-after-shock sequence. 

Figure 10 to Figure 16 show close-ups of the geothermal production rate prior to the 

observed earthquakes. Interestingly, most events not related to the earthquake sequence in 

September 2018 occurred within hours after CWG production was reduced or stopped. 

We have further investigated if this apparent correlation could be coincidental (Appendix B). 

Using a simple mathematical model we conclude that the 6 earthquakes occurring between 

31st August 2014 (begin of seismic monitoring) and 31st May 2017 (begin CLG production) 

are most probably associated with a production decrease / shut-in at the CWG doublet. 

Although not included in the analysis, event #7 shows the same type of correlation with CWG 

production, but not with CLG production. 
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Figure 5: Geothermal production rate and occurrence time of local seismicity according to the 
legend. Note: production at CWG started in February 2014. 
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5 INTERPRETATION  

5.1 Earthquake Cause  

In the previous sections, spatial and temporal correlations between local earthquakes and 

geothermal activities were investigated. Spatial correlations exist for earthquake epicentres, 

whereas the hypocentral depth appears to be deeper than the geothermal reservoir. 

For the first events, a clear temporal correlation between earthquake occurrence time and 

production rate reduction of the CWG doublet was found. Although we acknowledge that 

correlation does not prove causality, we consider it most likely that hydraulic pressure 

change (coupled to CWG production rate) triggered the six earthquakes occurring prior to 

CLG operation and potentially also the earthquake #7 occurring at a time when the CWG and 

CLG doublets were operated in parallel (compare Figure 21, left). 

Earthquake #8 occurred at a time when only the CLG doublet was in production. Its epicenter 

is located further north, close to the CLG injector. Its relative hypocenter location is 

reasonably well constrained, deviating from the location of other seismic events as well as 

from the (idealized) trajectory of the Tegelen fault. If this earthquake occurred on a different 

(undetected) fault, then it might be caused by hydraulic overpressure associated with CLG 

injection. Alternatively, if the earthquake occurred on (a branch of) the Tegelen fault, it might 

also be related to seismic (and potentially aseismic) stress re-distribution causing near-

critical stress conditions in which case a contribution of CWG production cannot be excluded. 

The earthquake sequence #9 - #17 occurred at a time when both geothermal doublet 

systems were shut down. These earthquakes occurred at almost the same location of the 

previous seismic events #1, #2, #3 and #5 and we consider it likely that all of these 

earthquakes (including the ML=1.7 event) share a common cause. 

Table 1 summarizes the hypothetical cause for each earthquake and the reasoning behind 

this interpretation. Until here the interpretation is solely based on spatio-temporal correlations 

between earthquakes and geothermal activities. In the following we discuss the 

geomechanical mechanisms that could have caused the earthquakes.  
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earthquakes hypothetical cause reasoning 

#1, #2, #3, #4, #5, #6 CWG production 
earthquakes occurred prior 

to CLG production 

#7 CWG production 

 similar hypocenter 

location as #1,#2,#3,#5 

 characteristic correlation 

with CWG shut-in (Figure 

21, left) 

#8 

maybe CLG production but 

CWG production cannot be 

ruled out 

laterally closer to CLG 

injector ( CLG) 

#9 - #17 CWG production  similar hypocenter 

location as #1,#2,#3,#5 

Table 1: Overview of hypothetical earthquake causes and the reasoning leading to this 
interpretation. The interpretation is solely based on spatio-temporal correlations between 
earthquakes and geothermal activities. 

5.2 Geomechanical Mechanisms 

The mechanisms leading to induced seismicity were presented in Vörös et al. (2015; 2015b). 

For the geothermal activities at Californie, two processes were identified that could cause 

seismicity: Elevated pore pressure due to fluid re-injection and the thermal contraction of the 

reservoir. The latter effect was deemed most relevant for GT03 re-injection taking place 

relatively close to the Tegelen fault.  

Most of the observed earthquakes occurred at a time when geothermal production was either 

reduced or stopped. The occurrence of post-operation seismicity, however, is a well-known 

phenomenon observed in other geothermal reservoirs (e.g. Baisch et al., 2006; Küperkoch et 

al., 2018) and can be explained by post-injection pressure diffusion (Hsieh & Bredehoeft, 

1981; Baisch et al., 2010). 

At the Californie geothermal site, both doublets produce from the Tegelen fault. During 

production, the Tegelen fault is locally strengthened by pressure reduction (‘pressure shield’). 

Decreasing or stopping production removes this ‘pressure shield’ and under certain 

conditions, an elevated pressure level (even with respect to undisturbed fluid pressure) may 

result locally. This may explain the occurrence of the observed earthquakes on a conceptual 

basis.  

The exact flowpaths towards the deeper earthquake locations, however, are unclear. For the 
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first earthquake sequence #1- #7 (which is most likely related to CWG activities), several 

scenarios are conceivable: 

1. A pressure connection from the GT01/GT03 system to the earthquake location could be 

established through the geothermal aquifer and the Tegelen fault.  

2. Additionally, the GT03 well itself could provide a direct pressure communication to the 

lower part of the Tegelen fault. The GT03 well was drilled into the Tegelen fault within the 

Devonian Condroz unit with an open hole section between 1885 m TVD and 2254 m TVD 

(Broothaers, 2018). After drilling, the well was blocked at 1885 m TVD but the current 

status of the lower (open hole) section of GT03 well is unclear (Broothaers, 2018).  

 

In the next section, conceptual models are numerically simulated to investigate the effect of 

post-production fluid pressure increase in the Tegelen fault. It is demonstrated that the fluid 

pressure in the deeper part of the Tegelen fault (5 km reference depth) increases following a 

shut-in or rate reduction due to pressure diffusion through the aquifer (scenario 1 listed 

above). This effect is not limited to the specific geometry of the CWG system (GT01/GT03) 

but also occurs in the CLG system (GT04/GT05). The effect is not depending on a particular 

model parameter combination, but is always present provided that the downward 

continuation of the Tegelen fault is permeable.   

The effect is most pronounced in those models, where the hydraulically effective thickness of 

the Tegelen fault is small. Within a parameter range that we consider feasible, the effect can 

be in the order of up to 0.1 MPa. For the CWG doublet, the effect can be further enhanced by 

direct injection into the Tegelen fault through the blocked section of GT03 (scenario 2 listed 

above). Importantly, the effect of post-production pressure increase mainly covers the 

process where the pressure drawdown caused by previous production returns to equilibrium 

state (virgin conditions). The pressure amplitude that actually exceeds virgin (or any 

previous) pressure levels is found to be an order of magnitude smaller. 

In previous studies we have considered a fluid pressure increase of 0.1 MPa to be at the 

lowest limit relevant for inducing earthquakes (Vörös et al. 2015; 2015b). Provided that only 

the fluid pressure varies over time while all other stresses on the Tegelen fault remain 

constant, only the pressure amplitude exceeding previous pressure levels is relevant for 

causing earthquakes (Kaiser effect, e.g. Vörös et al. 2015a). This pressure amplitude is an 

order of magnitude smaller than the magnitude considered to be relevant for inducing 

earthquakes. 

Therefore, we consider it likely that another source of stress changes is acting on the 

Tegelen fault. Following previous studies (Vörös et al. 2015a, b), the most likely candidate 

are stresses related to thermal contraction of the reservoir. Numerical models indicate that 

the largest stress impact results from GT03 (CWG) injection where Coulomb stress changes 

locally exceed 0.1 MPa already in the 2nd year of operation (Figure 20 of Vörös et al. 2015a)1. 

                                                
1
 Simulations of Coulomb stress changes conducted by Vörös et al. (2015a) were based on the 

assumption of a normal-faulting regime. The fault plane solution for the ML=1.7 earthquake (Figure 4), 
however, indicates a strike-slip mechanism in which case the spatial pattern of Coulomb stress 
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The stress impact on the Tegelen fault resulting from GT05 injection (CLG) was modelled to 

be less than 0.1 MPa even after 20 years of operation (Vörös et al. 2015b)2. 

If thermal contraction stresses act on the Tegelen fault at a time when the fluid pressure is 

lowered by geothermal production, then stress-strength conditions may remain stable as long 

as lowered fluid pressure persists. Overcritical stress conditions may be reached only when 

the fluid pressure returns to equilibrium conditions during shut-in (or rate reduction).  

The combined effect of the gradual build-up of Coulomb stresses due to thermal contraction 

in combination with post-injection pressure diffusion can, in principle, explain the occurrence 

of the first earthquake sequence (#1-#7). 

We note, however, that thermal contraction stresses on the Tegelen fault are largest close to 

geothermal reservoir depth. Therefore, we would expect a seismic response relatively close 

to geothermal reservoir depth. If seismic events are truly located at a deeper fault section, as 

indicated in section 3, an additional mechanism is required to transfer thermal contraction 

stresses to greater depth. 

The earthquake sequence of September 2018 (earthquakes #9 to #17) occurred at a time, 

when hydraulic overpressure associated with GT03 injection has almost certainly dissipated. 

GT04 production was stopped 6 days prior to the earthquake sequence. We consider it likely 

that a pressure communication between the GT04 production well and the earthquake 

location exists through the Tegelen fault. Our model simulations, however, indicate that 

pressure in the Tegelen fault returns to equilibrium within a few hours after GT04 production 

stop. We consider two factors that could explain the timing of this earthquake sequence: (1) 

either the pressure diffusion following GT04 production is slower than simulated in our 

simplified models, (2) or the stress re-distribution associated with the previous seismicity (i.e. 

earthquakes #1 to #7) locally resulted in a stress-state extremely close to criticality. In this 

case, tiny external stress perturbations (e.g. low frequency teleseismic wave trains etc.) can 

trigger an earthquake.  

5.3 Conceptual Model Simulations 

VITO (2018) developed a reservoir model for the two geothermal doublets. The reservoir 

model is based on seismic interpretations, logging data and hydraulic measurements from 

the four wells. The model provides a reasonable match of the wellhead pressure observed 

during geothermal production. Due to its geometric complexity, however, the model is not 

well suited for performing sensitivity analyses, where a large number of numerical model 

simulations are required. Furthermore, the spatial extension of the VITO (2018) model is 

relatively small. In particular, it does not cover the depth range at which the earthquakes are 

likely to be located (section 3). 

Therefore, we have compiled a simplified (‘conceptual’) version of the VITO (2018) model, 

mimicking the situation at the CWG-doublet GT01-GT03. The model consists of a single, 

                                                                                                                                                   
changes significantly differs from the pattern shown in Figure 20 of Vörös et al. (2015a).  
2
 These simulations were also based on an assumed normal-faulting regime. 
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sub-horizontal reservoir layer at an average reservoir depth of 1,500 m, representing the 

reservoir layers in the Zeeland formation into which fluid is injected through the GT03 well. 

The reservoir intersects the Tegelen fault which was approximated by a simple plane with the 

average strike and dip of the actual fault. In order to simulate hydraulic pressure at the depth 

level of the earthquakes, the Tegelen fault was extrapolated to 7 km depth (Figure 6). 

Furthermore, the Tegelen fault was extrapolated 500 m upwards. Hydraulic properties of the 

Tegelen fault outside the geothermal reservoir are unknown. It is reasonable to assume that 

the fault transmissibility decreases with depth as the permeability of the host rock 

surrounding the fault is expected to be much lower compared to reservoir level. Therefore, 

the implementation of the Tegelen fault consists of a hydraulically highly conductive upper 

part and a hydraulically less conductive lower part (starting at Devonian Condroz unit). 

Production from the Tegelen fault through the GT01 is from the upper part, while the GT03 

well intersects the fault in the lower part.  

Sensitivity tests were performed on the hydraulic properties (transmissibility and storativity) 

of the lower Tegelen continuation to (a) understand the impact of these parameters on the 

pressure evolution at earthquake depth and (b) to ensure that our overall conclusions are not 

based on a specific parameter combination. 

As an additional element, the numerical model can account for a direct pressure connection 

from the re-injection site to the Tegelen fault through the blocked section of the GT03 well. 

Coupling is implemented by extending the GT03 well down to the Tegelen fault such that 

injected fluid is distributed into the reservoir and the fault corresponding to the hydraulic 

properties of layer and fault. This implementation corresponds to the most effective coupling 

mechanism assuming no pressure losses in the fluid path from the reservoir layer into the 

fault. It is acknowledged, however, that any pressure communication through the blocked 

section of the GT03 well is hypothetical. For the testing of various hypotheses, the pressure 

communication can be turned on or off in the numerical models. 

In the basic model, the edges of layer and fault are implemented as no-flow boundaries. The 

model thus corresponds to a ‘finite reservoir’. In an alternative model, the upper edge of the 

Tegelen fault is implemented as a constant pressure boundary, representing an infinite 

reservoir model where the Tegelen fault connects to a shallower, infinite reservoir. In the 

basic model without hydraulic communication through the blocked GT03 section, hydraulic 

parameters correspond to the parameter in the VITO (2018) model (Table 3 in Appendix 

C.1). For those models with hydraulic communication through the blocked GT03 section, the 

simulated injection pressure is systematically lower than indicated by observed overpressure 

at the wellhead. In order to match observation data, the transmissibility of the reservoir layer 

was reduced accordingly. 

It should be noted that the current free water table observed in the Californie wells is 

approximately 80 m below surface (Vörös et al., 2015a). An additional 80 m water column 

(during re-injection) was accounted for when estimating injection pressure at reservoir level. 

The averaged flow history at the CWG-doublet was simulated for the time window between 

February 2014 and January 2016, in which 3 events occurred after shut in or rate reduction 
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when only the CWG-doublet was operational.  

To reduce computational efforts, conceptual simulations are based on an averaged injection 

rate. Figure 7 shows the history match of GT03 wellhead pressure for the basic model using 

the averaged injection rate. Although simulated and observed values deviate on a finer scale, 

the overall pressure level and trends are in reasonable agreement. Figure 24 shows the 

associated temporal pressure evolution in the Tegelen fault at 5 km depth. The shut-ins 

during which earthquakes were observed are associated with a clear pressure signal at 5 km 

depth. Similar pressure signals are observed in all model simulations that we have 

conducted. For demonstrating sensitivities to certain model assumptions, several examples 

of the numerical simulation results are presented in the Appendix. All examples are based on 

the model parameters listed in Table 3 (Appendix C.1) while a single parameter/assumption 

is modified, i.e. setting boundary conditions such that the geothermal reservoir has a finite 

(Appendix C.3) or an infinite volume (Appendix C.2) and implementing direct injection 

through GT03 (Appendix C.4). A large number of additional simulations was performed 

where the hydraulic parameters of the Tegelen fault were varied (not shown). From our 

simulations we find indications for the following trends: 

 The amplitude of the pressure signal at 5 km depth decreases with the storativity of the 

lower part of the Tegelen fault. 

 The amplitude of the hydraulic pressure can be further enhanced by direct injection into 

the Tegelen through GT03.  

 The delay time between shut-in and the pressure signal at 5 km depth decreases with 

increasing transmissibility of the lower part of the Tegelen fault.   

 The modeling results are relatively insensitive to the assumed boundary conditions of the 

geothermal aquifer. We obtain similar results for a finite and an infinite geothermal 

reservoir (compare Appendix C.2 to C.3).  

 

Figure 9 shows the temporal evolution of the hydraulic pressure at 5 km depth using actual 

CWG flowrates. Shut-in or rate reduction is associated with pressure signal (relative pressure 

jumps) in the order of 0.1 MPa that may be sufficient to trigger an earthquake if the fault is 

stabilized at a reduced fluid pressure level due to stress perturbations related to, e.g., 

thermal contraction. 
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Figure 6: Conceptual reservoir model consisting of reservoir layer (blue) and fault (orange). 
The fault is separated into highly conductive upper part and a lower conductive bottom part 
(black line separates fault). GT03 (blue) and GT01 (red) trajectories marked by lines. Black 
arrow denotes northern direction.  

 

Figure 7: Simulated reservoir pressures (blue) and observed pressures (grey) for the period 
from the start of operations until January 2016. Simulations are based on the basic model 
without pressure communication through the blocked GT03 section. The observed pressures 
have been corrected for filling up the water column of 80 during circulation (constant shift of 8 
bar). An averaged CWG injection rate was simulated with finer sampling near the shut-in 
times / rate-reduction times associated with the occurrence time of the first 3 earthquakes 
(denoted by arrows). 
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Figure 8: Simulated pressure evolution in the Tegelen fault at 5 km depth down dip from the 
intersection of GT03 with the Tegelen (finite reservoir model, no direct injection into Tegelen 
by GT03). An averaged CWG injection rate was simulated with finer sampling near the shut-
in times / rate-reduction times associated with the occurrence time of the first 3 earthquakes 
(marked by arrows).   
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Figure 9: Simulated hydraulic pressure evolution in the Tegelen fault at 5 km reference depth 
(Basic model parameters as in Appendix C.1 with finite reservoir volume). Vertical lines 
denote earthquake occurrence times. 
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APPENDIX A EARTHQUAKE OBSERVATIONS 

A.1. Earthquake Catalogue  

Seismic monitoring has been performed by Q-con since 31st August 2014 and is documented 

in regular seismic monitoring journals SMJ_CWG001 to SMJ_CWG175. 

Besides regular earthquake triggering based on a STA/LTA filter, a highly sensitivity detector 

based on waveform similarity (‘template based detector’) was operated for the time periods 

01.09.2014 to 23.08.2015 (Baisch et al., 2015) and 20.8.2018 00:00 UTC to 5.9.2018 12:00 

UTC (Baisch & Vörös, 2018). The earthquake catalogue listed in Table 2 includes the entire 

set of earthquake detections. 

  



 Appendix A 
  

Q-con GmbH CLGG005_181220 25/41 

 

 

# 
QUBE 

event id 
date [UTC] ML 

hypocentre location [m] wrt. 

51°24'26.85"N / 6° 5'31.41"E  24 m 

ASL 

formal 2 inversion error [m] 

1 596 18-Aug-2015 02:47:05 -0.1 227   586  -6214 178         170         159 

2 1 05-Dec-2015 08:07:28 0.3 989  -334  -5974          543         585         716 

3  -292 26-Jan-2016 02:47:00 -0.3 1410  -442  -5759          672         711         861 

4 400 02-Apr-2016 14:17:16 -0.5 46  1428  -6153          874        905        1353 

5 594 25-Jan-2017 16:27:12 -0.3 431   220  -5765          540         468         453 

6 593 31-Jan-2017 04:01:56 -0.5 399   559  -5908          656         696         961 

7 20274 08-Apr-2018 10:29:27 -0.2 237  -247  -5994         1297       919        1034 

8 22363 25-Aug-2018 16:43:27 0.0 -133  3350  -6049          635       628        1090 

9 22464 03-Sep-2018 18:11:23 -0.8 1233     0  -5724          108          68          86 

10 22442 03-Sep-2018 18:12:35 -0.4 446   585  -5974          167         122         126 

11 22438 03-Sep-2018 18:20:31 1.7 414  -291  -5924          706         614         663 

12 22443 03-Sep-2018 18:26:37 -0.3 632   368  -5442          444         386         425 

13 22465 03-Sep-2018 20:44:12 -1.0 143   224  -5931          525         453         429 

14 22466 04-Sep-2018 00:13:15 -1.2 622  -152  -5793          495         444         411 

15 22498 06-Sep-2018 15:27:20 -0.4 643  -354  -5744          689         599         643 

16 22499 06-Sep-2018 15:58:22 -0.5 621  -374  -5810          650         564         603 

17 22484 09-Sep-2018 20:50:22 0.0 826  -443  -5904          467         513         624 

Table 2: Earthquake catalogue. Coordinates refer to absolute hypocentre locations. Coloured 
shading of event numbers indicates periods where only CWG (light blue), both, CWG and 
CLG (dark blue) or CLG only (violet) were in operation. Grey shading denotes that both 
doublets were shut-down. 
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A.2. Earthquake Occurrence Time (CWG Production only) 

 

 

Figure 10: CWG production rate (yellow) and the occurrence time of local earthquake #1 
(vertical red line). 

 

Figure 11: CWG production rate (yellow) and the occurrence time of local earthquake #2 
(vertical red line). 
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Figure 12: CWG production rate (yellow) and the occurrence time of local earthquake #3 
(vertical red line). 

 

 

Figure 13: CWG production rate (yellow) and the occurrence time of local earthquake #4 
(vertical red line). 
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Figure 14: CWG production rate (yellow) and the occurrence time of local earthquake #5 and 
#6 (vertical red lines). 

 

A.3. Earthquake Occurrence Time (CWG and CLG Production) 

 

Figure 15: CWG production rate (yellow), CLG production rate (blue) and the occurrence 
time of local earthquake #7 (vertical red line). 
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Figure 16: CWG production rate (yellow), CLG production rate (blue) and the occurrence 
time of local earthquakes #8 to #17 (vertical red lines). Note: The hypocentre location of the 
earthquake #8 occurring on 25 Aug 2018 is closer to the CLG doublet.  
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APPENDIX B STATISTICAL MODEL 

For systematically investigating if the timing of Californie earthquakes correlates with 

negative production rate changes, we have developed a model where we compare the 

production rate Qi at the time of an earthquake to the average production rate QAV prior to the 

earthquake. The time length T, over which the production rate is averaged, is a variable in 

the model accounting for an unknown delay time between rate changes and earthquake 

occurrence.  

Let ti denote earthquake occurrence time for n events. 

𝑄𝐴𝑉𝑖(𝑇) =  
∫ 𝑄(𝑡)𝑑𝑡

𝑡𝑖

𝑡𝑖−𝑇

𝑇
    is the mean flow rate prior to event i, 

𝑄𝑖 = 𝑄(𝑡 = 𝑡𝑖) = 𝑘𝑖 ∙ 𝑄𝐴𝑉𝑖(𝑇)   is the flow rate at the time of event i, 

𝒌 = ∑
𝑘𝑖

𝑛
𝑛
𝑖=1      is the k ratio averaged over n events.  

To avoid bias from production rate variations close to zero, production data was rounded 

towards 10m3/h bins (compare Figure 17)3. Furthermore, the numerical resultion limit (10-16) 

was added to the average rate QAVi(T) to obtain ki=0 in case Qi=0 and QAVi(T)=0. 

If the earthquake timing is truly correlated with negative production rate changes, then ki is 

expected to be systematically smaller than 1. This is indeed the case for the 6 earthquakes 

occurring at a time when only the CWG doublet system was operated (compare figures in 

appendix A.1). Figure 18 shows ki as a function of window length T. Two events occurred 

during shut-in (i.e. Qi=0) and exhibit ki=0, independent of T. For the remaining four events, ki 

is close to 1 for small T (approximately <1.2 days) reflecting the delay time between rate 

changes and earthquake occurrence. For larger T, ki is generally smaller than 1. 

In a subsequent step we used synthetic catalogues of earthquakes occurring randomly in 

time (samples drawn from a uniform random distribution) to investigate the probability of a 

coincidental correlation between production rate changes and earthquake occurrence time. 

Using 100,000 synthetic catalogues, a k(T) value equal or smaller than observed is obtained 

only in a few cases and for a small T value (Figure 19). Figure 20 shows the associated 

percentages. The rate at which the synthetic catalogues exhibit k(T) equal or smaller than 

observed is in the order of 1/1,000 to 1/10,000. From this, we derive the following 

conclusions 

1. The 6 earthquakes occurring between 31st August 2014 (begin of seismic monitoring) 

and 31st May 2017 (begin CLG production) are most probably correlated with a 

production decrease / shut-in at the CWG doublet. 

2. Although we acknowledge that correlation does not prove causality, we consider it 

most likely that hydraulic pressure change (coupled to CWG production rate) is the 

root cause for the six earthquakes under consideration.  

                                                
3
 Our conclusions are not sensitive to data smoothing. We reach the same conclusions when using 

raw data. 
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It should be noted that this approach is not applicable for testing correlations with the two 

geothermal systems CWG and CLG operated in parallel, in which case the reference 

production rate is not defined (it could be either CWG, or CLG or a superposition of CWG 

and CLG).  

Restricting the analysis to events #1 - #6, however, has no impact on the general conclusion 

since the k(T) curves for the remaining events show the same characteristics when referred 

to CWG production rate (Figure 21). 

It is also evident that a similar correlation between earthquake occurrence time and rate 

reduction / shut-in at CLG does not exist despite the large number of shut-ins (Figure 15 and 

Figure 16). This is further demonstrated in Figure 22 showing k(T) based on the CLG 

production rate for the two events that occurred when both geothermal doublet systems were 

in operation. The k(T) values are generally larger than 1 thus contradicting the hypothesis 

that earthquake occurrence follows rate reduction at CLG.  

It should also be noted that we have not attempted to estimate the impact of earthquake 

catalogue completeness on the correlation analysis. We do, however, not expect that 

catalogue completeness can change the overall conclusions. 

 

 

 

Figure 17: Original (black) and smoothed (green) CWG production rate as a function of time. 
Vertical red lines denote the time interval used for the current analysis. Red stars denote 
occurrence times of observed earthquakes. 
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Figure 18: Ratio between production rate Qi at the time of seismic event occurrence and the 
average rate QAVi prior to the event as a function of time length T over which the production 
rate is averaged. The ratio is shown for all 6 seismic events occurring between 31st August 
2014 (begin of seismic monitoring) and 31st May 2017 (begin CLG production). Note: In a 
diffusion-type triggering model, delay times can vary even when all earthquakes occurred at 
the same location. Delay times are sensitive to the specific triggering level of each event.     
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Figure 19: Averaged ki(T) values for synthetic earthquake catalogues of 6 events occurring 
randomly in the time period 31st August 2014 to 31st May 2017 (grey lines). The k(T) value 
was determined for a total number of 100,000 random earthquake catalogues and is 
compared to the observed k(T) value (red dots). 

 

Figure 20: Percentage of synthetic earthquake catalogues with k(T) equal or smaller than 
observed. 
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Figure 21: Ratio between CWG production rate Qi at the time of seismic event occurrence 
and the average CWG rate QAVi prior to the event as a function of time length T over which 
the production rate is averaged. The ratio is shown for the two seismic events occurring at 
times when both geothermal doublet systems were operated in parallel (events #7 in Table 2, 
left) and only the CLG doublet was operated (#8 in Table 2, right). Note: The k(T)=Qi/Qav(T) 
of event #7 (left) shows the same characteristic decrease observed for the previous events 
#1 - #6 (compare Figure 18).   

 

 

 

Figure 22: Ratio between CLG production rate Qi at the time of seismic event occurrence and 
the average CLG rate QAVi prior to the event as a function of time length T over which the 
production rate is averaged. The ratio is shown for the two seismic events occurring at times 
when both geothermal doublet systems were operated in parallel (events #7 and #8 in Table 
2 ). Note: The characteristic decrease of the k(T)=Qi/Qav(T) value (compare Figure 18) is not 
observed for CLG production. 
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APPENDIX C NUMERICAL SIMULATIONS 

C.1. Basic Model Parameters 

Element Parameter Value 

Reservoir layer 

depth -1500 m 

transmissibility 32.5 (22.5) Dm (pressure connection) 

porosity x thickness 4.8 m 

lateral extension 
2500 m EW, 8000 m NS 

Eastern boundary 500 m from GT03 

boundaries no flow 

Tegelen 

transmissibility 
90 Dm (upper fault)  

9 Dm (lower fault) 

porosity x thickness 8e-3 (upper), 1e-3 (lower) 

vertical extension 1000 m to 7000 m depth 

lateral extension 8000 m 

boundaries no flow 

 strike / dip 323°/66° 

GT03 
rw 0.1 m 

Intersection Tegelen 2175 m depth 

GT01 
rw 0.1 m 

Intersection Tegelen 2110 m 

Fluid 
viscosity 4.4e-4 Pa·s 

compressibility 4.3e-10 1/Pa 

Table 3: Parameters of the basic numerical reservoir model. 
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C.2. Infinite Reservoir Volume – No GT03 

The simulated pressure distribution for this model after 300 days of circulation with the 

averaged rate is shown in Figure 23. The upper edge of the Tegelen fault constitutes a 

constant pressure boundary, providing an infinite fluid source to the reservoir. The 

distribution is characterized by pressure increase in the reservoir layer originating from the 

injection through GT03 and drawdown at the GT01 intersection with the Tegelen fault. 

Pressure changes at 5km depth (down dip from the intersection of GT03 with the Tegelen 

fault), are shown in Figure 24. Most prominent features here are. pressure jumps (‘pressure 

signal’) in the order of up to 0.5 bar associated with shut ins or rate reduction preceding the 

seismic events (marked by black arrows in the figure). 

 

 

Figure 23: Pressure distribution according to colour map (in bar, colour saturated) after 300 
days CWG injection using the averaged flow rate.  
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Figure 24: Simulated pressure evolution in the Tegelen fault at 5 km depth. Event times of 
the seismic events #1 (18-Aug 2015), #2 (5-Dec 2015) and #3 (26-Jan 2016) are marked by 
black arrows. 

 

C.3. Finite Reservoir Volume – No GT03 

In the finite reservoir model, the upper edge of the Tegelen fault is implemented as a no flow 

boundary. Here, no additional fluid volume can enter the reservoir and the corresponding 

pressure distribution (Figure 25) varies slightly compared to the infinite reservoir model. 

Looking at the corresponding pressure signal at 5 km depth associated with shut in or rate 

reduction preceding the occurrence time of the seismic events (Figure 26), the magnitude of 

these jumps is increased compared to the infinite reservoir model with values reaching 

almost 0.7 bar.  
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Figure 25: Pressure distribution according to colour map (in bar, colour saturated) after 300 
days. 
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Figure 26: Simulated pressure evolution in the Tegelen fault at 5 km depth. Event times of 
the seismic events #1 (18-Aug 2015), #2 (5-Dec 2015) and #3 (26-Jan 2016) are marked by 
black arrows.  

 

C.4. Finite Reservoir Volume – GT03 direct injection 

 

With the GT03 well providing a hydraulic connection to the Tegelen fault, the transmissibility 

in the reservoir layer had to be re-calibrated as an additional flow channel exists compared to 

the VITO-model. In order to fit the simulated well pressures with observations, a reduced 

transmissibility of 22.5 Dm compared to the 32.5 Dm of the uncoupled model was obtained. 

The pressure distribution for this model shown in Figure 27 differs from the preceding model. 

Due to the hydraulic connectivity provided by the GT03 well, a region of increased pressure 

levels surrounding the intersection of GT03 with the fault emerges. The pressure signals at 5 

km depth associated with shut in or rate reduction, however, do not deviate significantly from 

the corresponding model without hydraulic connection through the GT03 (Figure 28). The 

impact of GT03 injection on the pressure signal at depth increases by introducing a lower 

permeable section in between the upper and lower Tegelen fault. Conceptually, it is also 

thinkable that pressure channeling in the Tegelen fault could enhance the pressure signal at 

depth (this was not modelled).  
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Figure 27: Pressure distribution according to colour map (in bar,colour saturated) after 300 
days. In contrast to the preceding models, a region with increased pressure levels develops 
around the intersection of the GT03 with the Tegelen fault. 
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Figure 28: Simulated pressure evolution in the Tegelen fault at 5 km depth. Event times of 
the seismic events #1 (18-Aug 2015), #2 (5-Dec 2015) and #3 (26-Jan 2016) are marked by 
black arrows. 

 

 


