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in detail in the AP3000 report and leads to a maximum magnitude of Mw=3.3 during 

1 year circulation. No seismicity occurs when circulating 10 l/s for 1 year. Note that 

extrapolating these results to 30 years is critically depending on the actual leak-off 

rate, which is neglected in the numerical models (compare AP3000 conclusions). 6 
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doublet system. The same balanced amount of fluid is circulated between the wells 
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Figure 6: Observed event magnitudes during hydraulic stimulation (gray) and during the post-

injection period (red) at the EGS sites shown in Figure 5. Sorting has been 
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1 OVERVIEW 

AP7000 is the final work package of the SERIANEX seismic risk analysis for the Basel 

geothermal project. Results of previous work packages (AP2000 – AP6000) are considered 

to investigate risk mitigation strategies and to make recommendations for further actions. 

Findings in AP3000 indicate a relationship between the size of the geothermal system and 

the magnitude of the induced seismicity. Therefore, risk mitigation strategies considered here 

predominantly focus on limiting the reservoir size by a specific design of the geothermal 

system. Additionally, a risk mitigation concept based on reservoir monitoring is proposed. 

The approach follows the “traffic light system” previously applied during hydraulic operations 

at Basel. Modifications are suggested to account for the phenomenon of the largest 

magnitude events frequently occurring after the injection. 

“What-If scenarios” are developed to illustrate the consequences of future actions. These are 

designed for providing the Kanton Basel-Stadt with a basis for assessing the risk 

acceptability of the DHM project.  

2 RISK MITIGATION STRATEGIES 

Findings from previous work packages (AP5000 / AP6000) reveal that the seismic risk 

associated with developing the geothermal system at Basel is primarily an economic risk, 

whereas the fatality risk - e.g. due to triggering of a large magnitude, natural earthquake - is 

negligible.  

Throughout this work package we refer to an economic risk as the risk associated with 

economic damage due to seismic events. Additional technical risks, such as e.g. drilling 

risks, are not considered here and need to be assessed in a separate (economic) feasibility 

study. 

The economic risk due to induced seismicity is concentrated at the early stage of developing 

the geothermal system. At this stage, seismic activity rates and magnitudes of the induced 

events are comparatively large during hydraulic stimulation activities.  

We consider two different approaches for mitigating the seismic risk of the induced 

seismicity. The first approach is based on designing the subsurface heat-exchanger in a way 

less prone to producing larger magnitude events. This is achieved either by limiting the 

reservoir size, or by reducing the area of critical hydraulic overpressures. The second 

approach comprises seismic and hydraulic real-time monitoring of reservoir operations. 

These measures are designed to suspend operations if pre-defined threshold values are 

exceeded. 
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2.1 System Design 

Findings in AP3000 indicate a relationship between the size of the geothermal reservoir and 

the maximum magnitude of the induced seismicity. From a seismic hazard point of view, a 

smaller reservoir is more favourable. To ensure a sufficient lifetime of the geothermal 

system, however, the reservoir cannot be made arbitrarily small. This has been 

demonstrated in AP3000 (compare AP3000, section 3.1), where an order of magnitude 

estimate has been obtained for the minimum size of a reservoir that is still economically 

viable. Subsequent considerations in AP3000 were already based on the minimum reservoir 

size (AP3000, section 3.1). For mitigating the seismic risk, further downscaling of the 

reservoir size can only be achieved if the circulation rate is reduced to counterbalance the 

effect of a decreasing thermal lifetime.  

In this context, it might be required to utilize several fracture systems for obtaining the 

desired (cumulative) flow rate (section 2.1.2).  

We note that the mitigation strategies discussed in the subsequent sections are viewed from 

a seismic risk perspective only. A detailed analysis of the economic viability of a specific 

system design is beyond the scope of the current study. 

The concept of developing a geothermal system at shallower depth has been discussed by 

Geopower (pers. comm. M. Häring). Since no data from the potential target reservoir is 

available, the seismic risk associated with developing a “shallow reservoir” cannot be 

addressed here. In particular, it is not clear to what extend elements of the current study can 

be transferred to the scenario of a shallow reservoir. We note, however, that a hydrothermal 

reservoir concept at the Basel location also requires an analysis of the associated seismic 

risk. 

2.1.1 Reduced Circulation Rates 

Using the numerical model developed in AP3000 (section 3), we simulate induced seismicity 

for different low rate circulation scenarios. Our starting point is the reservoir in its current 

state.  

In a first model, a second wellbore is placed at a distance of 500 m from the existing Basel1 

well. Circulating 10 l/s between the two wells without prior stimulation requires large 

differential pressures, which are technically and economically not feasible. Hence, hydraulic 

(re-)stimulation of the system is required even for a low rate circulation.   

In a second model, we develop the geothermal system as described in AP3000 (section 3.6). 

The existing injection well Basel1 is re-stimulated and the production well is stimulated prior 

to the circulation (Figure 1). By reducing circulation rates to 10 l/s, no seismicity is induced 

during the first year of operation (Figure 1). Whether or not induced seismicity might occur at 

a later stage of operation is critically depending on assumptions concerning the leak-off into 

the rock matrix. In our numerical models, the rock matrix is assumed to be hydraulically 

completely tight. With this assumption, induced seismicity re-appears after several years of 

circulation exhibiting small magnitudes only. For a more realistic scenario we may assume 



Recommendations AP 7000 
 

 
 

SERIANEX AP 7000 - 6/19

that at least minor leak-off occurs in which case the system might be operated with 10 l/s 

over 30 years without inducing further seismicity. 

It should be noted that developing (i.e. stimulating) the system according to Figure 1 bears a 

significant economic risk, which has been quantified in AP5000. Additionally, circulation rates 

in the order of 10 l/s are economically not viable and the low rate circulation scenario 

discussed here only serves as an end member model demonstrating that the occurrence of 

induced seismicity can be suppressed by using lower circulation rates. 

 

 

 

Figure 1: Flowchart illustrating numerical modelling of developing the geothermal system. 
Two different circulation scenarios are considered. The 50 l/s scenario is described in detail 
in the AP3000 report and leads to a maximum magnitude1 of Mw=3.3 during 1 year 
circulation. No seismicity occurs when circulating 10 l/s for 1 year. Note that extrapolating 
these results to 30 years is critically depending on the actual leak-off rate, which is neglected 
in the numerical models (compare AP3000 conclusions). 

                                                           
1
 In the context of seismic hazard, the moment magnitude Mw is used instead of the local magnitude ML. In this 

study, the strength of seismic events will therefore by quantified by Mw whenever possible. Note that for the 
magnitude range considered here, Mw is slightly smaller than ML. 
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2.1.2 Multi-Fracture System 

Reducing the reservoir size and the circulation rates for mitigating the seismic risk 

counteracts the economics of a geothermal system. To achieve economic production rates 

while keeping the reservoir size small, a multi-fracture system is a possible concept 

(compare Figure 2). This concept is currently being tested in other geothermal reservoirs, 

e.g. in the Cooper Basin, Australia (Geodynamics, 2005). It should be noted, however, that 

developing a multi-fracture reservoir is no standard technology and bears additional technical 

risks. It is beyond the scope of the current study to assess the technical and economic 

feasibility of a multi-fracture system at Basel. The following considerations solely refer to the 

seismic risk associated with a multi-fracture system. 

In a multi-fracture system as depicted in Figure 2, the circulation rate is distributed over 

several fractures. The size (area) of each individual fracture can be significantly smaller 

compared to the single fracture scenario since the thermal lifetime increases due to lower 

flow rates on the individual fractures.  Both measures, i.e. smaller reservoir size and lower 

flow rates, reduce the seismic risk (e.g. compare the previous section). For assessing the 

seismic risk when designing a multi-fracture system, we suggest using the empirical 

relationship developed in AP3000 (section 4.2). An estimate for the maximum magnitude to 

occur in the system can be obtained from Figure 29 of AP3000 when replacing the 

parameter A with the area of an individual fracture. 

 

 

Figure 2: Schematic diagram of a 3-level multi-fracture system. 
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2.1.3 Triplet System 

Selecting a larger number of injection/production wells within a suitable array can be utilized 

to control the extension and pressure levels of those regions in the subsurface promoting 

shearing due to increased fluid pressure. The flow path of the injected fluid is diverted into 

different directions, resulting in lower pressure levels and different shape of the pressure 

distribution compared to a doublet system which consists of one injection and one production 

well only. The situation is schematically depicted in Figure 3 (top) for a linear triplet system. 

 

 

 

Figure 3: Spatial pressure distribution for a triplet (top) and a doublet (bottom) system. Blue 
colours denote regions with pressure increase (promoting shearing) whereas red colours 
denote regions with pressure decrease. The blue streamlines schematically outline the flow 
paths oft the injected fluid (blue arrow) towards the production wells (red arrows). Note the 
confinement of the region with pressure increase for the triplet system. The well distances 
are 450 m for the triplet system and 500 m for the doublet system. The same balanced 
amount of fluid is circulated between the wells for both patterns. 

 

The two production wells of the linear triplet system confine the spatial distribution of the 

increased pressure levels around the central injection well. Induced seismicity only occurs in 
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the blue coloured regions, which extend over a larger area around the injection well for the 

doublet system. The increased number of wells results in higher operational costs and 

requires additional stimulation operations, however. We have simulated this scenario 

according to the flowchart in Figure 4. During stimulation and bleed-off, similar levels of 

seismicity occurred compared to the doublet system, whereas no seismicity was observed 

while circulation 50 l/s over 365 days equally balanced between both production wells. 

 

 

 

Figure 4: Flowchart illustrating numerical modelling of developing the triplet system. The 
approach here is comparable to the situation as depicted in Figure 3 for the doublet system. 
Due to an additional production well, a third stimulation followed by a bleed-off phase is 
required here. One year of circulation between central and outer wells at 50 l/s (25 l/s per 
production well) has been simulated without inducing reservoir seismicity within this time 
frame.  
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2.2 Real-Time Monitoring 

Until here we have discussed risk mitigation strategies based on a specific design of the 

geothermal system. Independent of these concepts, real-time monitoring of the reservoir 

provides the most important measure for risk control.  

2.2.1 Hydraulic Reservoir Response 

In AP4000 we have investigated the impact of the geothermal system on the recurrence time 

of large magnitude, natural earthquakes on nearby faults. Our considerations were critically 

depending on the assumption that no larger fault is hydraulically connected to the geothermal 

reservoir. This is almost certainly the case for the reservoir in its current state (AP3000, 

section 2.1).  

If a larger, highly conductive fault gets connected to the reservoir, hydraulic overpressures 

could be transported over larger distances thus increasing the risk of triggering large 

magnitude events. At the same time, the storage capacity of the fault limits the pressure 

increase in the geothermal reservoir, forming a “constant pressure boundary”. To ensure that 

no hydraulic connection to a large scale fault is established, the hydraulic reservoir response 

should be monitored in real-time during future reservoir stimulations. Hydraulic activities 

should be suspended if indications for a constant pressure boundary occur. 

2.2.2 Induced Seismicity 

During the 2006 stimulation of the Basel 1 well, a “traffic light system” (Bommer et al., 2006) 

based on real-time monitoring of the induced seismicity has been in place. The traffic light 

system used in Basel provides a well defined reaction chain if threshold values for event 

magnitudes and/or peak ground velocities are exceeded (for details we refer to Häring et al., 

2008). Besides the regular operation mode (“green light”), three levels of attention were 

defined for the stimulation at Basel (“yellow”, “orange”, and “red” light, respectively). The 

traffic light was in yellow state after an ML=2.6 event occurred on December 8th, 2006, and 

the operators subsequently decided to shut-in the well. During the first hours of shut-in, the 

largest magnitude event (ML=3.4) occurred. In this respect, the traffic light system failed to 

prevent the occurrence of an earthquake with a magnitude considered to be unacceptable 

(i.e. red light). 

The shortcoming of a traffic light system is the phenomenon of post-injection seismicity. As 

outlined in AP3000, hydraulic pressure diffusion is an ongoing process after an injection, and 

stress conditions become favourable for the occurrence of larger magnitude events after an 

injection (e.g. AP3000, section 3.3). This complicates the application of a traffic light system, 

since the largest magnitude event might still eventuate even when hydraulic operations have 

already been suspended. It should be noted that the traffic light system proposed by Bommer 

et al. (2006) invokes an assumption on the statistical distribution of magnitudes (so called 

Gutenberg-Richter relationship), which may - under certain circumstances - cause an alarm 

prior to the actual occurrence of a threshold event. Testing the Basel data set, however, 

indicates that at the time of shut-in, event magnitudes not larger than ML=2.8 could have 

been expected when invoking a Gutenberg-Richter statistics. 
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Figure 5 shows the evolution of the maximum event magnitude during stimulation activities in 

different geothermal projects. A gradual increase of the maximum event magnitude with time 

can be observed at all locations. In principle, this would justify the application of a traffic light 

system. The maximum magnitude event, however, typically occurred after the injection 

(Figure 6), a phenomenon that needs to be considered when designing traffic light control.  

 

Figure 5: Maximum event magnitude as a function of the injection time during hydraulic 
stimulation at different EGS sites (for details see AP3000, Table 6). Stimulations of the upper 
Soultz-sous-Forêts reservoir are not included as no digital data was available to us. Multiple 
stimulations of a well are indicated by using the same colour and diamond symbols for 
indicating re-stimulation. Note that data points are generated whenever previous maximum 
magnitudes are exceeded. Thus a large number of data points indicate a gradual increase of 
the maximum event magnitude. 
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Figure 6: Observed event magnitudes during hydraulic stimulation (gray) and during the post-
injection period (red) at the EGS sites shown in Figure 5. Sorting has been performed 
according to the difference between injection and post-injection magnitudes. The largest 
difference is observed at Basel, where the post-injection magnitude exceeds previous event 
magnitudes by 0.8 units. In two projects (“cooper05” and “soultz05”), the largest magnitude 
event occurred already during stimulation. 

 

In practise, it will be difficult estimating to what extend the magnitude of post-injection 

seismicity will further increase. Observations at different geothermal sites reveal that post-

injection magnitudes exceeded previous magnitudes usually by less than 0.5 units, with an 

exceptional large value of 0.8 units observed at Basel (Figure 6). A future traffic light system 

at Basel should account for the large value observed here, i.e. hydraulic activities should be 

suspended if observed event magnitudes exceed the maximum tolerable magnitude 

subtracted by 0.8 units.   

Although the occurrence of the largest magnitude event might not be prevented, we 

nevertheless note that bleeding-off the reservoir as quickly as possible provides the best 

measure to reduce induced seismicity. This follows from the physical model developed in 

AP3000 and is also consistent with results from numerical simulations performed for the 

Soultz-sous-Forêts reservoir (Baisch et al., 2009b). 

Another way to estimate the maximum magnitude of post-injection events is provided by the 

empirical relationship between reservoir size and maximum magnitude derived in AP3000 

(compare AP3000, Figure 29). By investigating this relationship during stimulation activities, 
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updated estimates for the maximum event magnitude can be obtained throughout the 

stimulation time. This is sketched in Figure 7, which mimics the situation prior to the ML=3.4 

event. From the upper 2σ confidence limit, a maximum magnitude of ML=3.1 could have 

been expected. It should be noted, however, that this approach would have underestimated 

the observed maximum event magnitude by 0.3 units.  

 

 

Figure 7: Maximum magnitude (ML) observed during the stimulation of the Basel reservoir in 
2006 as a function of the logarithm of the seismically active area in metres square (black 

dots). Data fit (solid line) and 2σ confidence intervals (black dotted line) are indicated. The 
ML=3.4 post-injection event has been excluded from the analysis for mimicking the situation 
prior to its occurrence.  
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3 WHAT – IF SCENARIOS 

In the following sections we develop three what-if scenarios summarizing the implications for 

different development strategies of the geothermal reservoir at Basel. The scenarios are 

based on the results of the previous work packages with an additional discussion of the 

remaining uncertainties. 

3.1 Scenario: Proceed with original concept 

Developing the reservoir as a two-well system, with circulation rates in the order of 50 l/s 

would require a re-stimulation of the existing Basel 1 well, as well as the stimulation of the 

future production well.  

 

During stimulation activities, there is a high likelihood 

• for the occurrence of felt earthquakes, 

• that the maximum magnitude observed previously (i.e. ML=3.4) is further exceeded; 

the maximum magnitude might be as large as Mw=3.7 +/- 0.4 even for a relatively 

small reservoir with 500 m wellbore separation. 

 

These statements are based on two independent analyses, namely an empirical model 

(AP3000, section 4.2), as well as numerical simulations (AP3000, section 3.7.1), and thus we 

consider the remaining, epistemic uncertainty as being low.  

 

During stimulation activities, the risk of triggering a larger magnitude, tectonic earthquake 

on a nearby fault has been determined to be extremely low (AP4000, section 6). The 

associated analysis is based on elementary physical models with a minimum degree of 

complexity. We consider the remaining, epistemic uncertainty as being low. 
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From these considerations it follows that the development (i.e. stimulation) of the geothermal 

reservoir primarily bears an economic risk, provided that no hydraulic connection is 

established to a larger scale fault according to the scenario developed in section 2.2.1. In 

AP5000, the costs associated with the seismicity induced during the stimulation activities are 

estimated by a probabilistic seismic hazard analysis (PSHA) as well as by scenario 

modelling.  

 

The resulting figures for the stimulation period are  

• PSHA: costs of 45 Mio CHF as a most likely value, with 35 Mio CHF and 300 Mio 

CHF defining the 15 and 85 percentiles, respectively.  

• Scenario modelling: costs of 50 Mio CHF and 160 Mio CHF for an Mw=3.7 and an 

Mw=4.1 earthquake, respectively. These values must be balanced using 

multiplication factors of 0.5 and 2 to account for uncertainties.  

During the circulation period 

• the likelihood for ongoing seismic activity is high, especially during the early stage 

of operation (AP3000, section 3.6),  

• the maximum event magnitude is estimated as  Mw=3.7 +/- 0.4, with a large 

(epistemic) uncertainty concerning the activity rate (AP3000, section 5). 

 

 

Since no empirical data exists for a long-term circulation in an EGS reservoir, an optimistic 

and a pessimistic model with equal weights entered into the PSHA (AP5000, section 6.5). 

The long-term seismic activity is critically depending on model assumptions (namely the 

hydraulic leak-off rate into the rock matrix), which cannot be calibrated with the current 

observations (AP 3000, section 5). We note that the pessimistic model, which assumes no 

hydraulic leak-off, corresponds to a conservative model tending to overestimate the seismic 

risk. 

Besides reservoir induced seismicity, the impact of the geothermal system on the recurrence 

cycle of natural earthquakes has been determined in AP4000 and entered into the PSHA.  

 

During 30 year circulation, 

• the risk due to the geothermal system is primarily an economic risk, 

• the most probable number for economic losses is estimated to be 170 Mio CHF. 

Since no calibration data exists for a long-term circulation at Basel, the remaining 

uncertainty of these figures is relatively high. Therefore, the current models need to be 

tested and eventually re-calibrated in the course of long-term circulation operations. 
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3.2 Scenario: Use alternative concept 

3.2.1 Reduced Circulation Rates 

Operating the reservoir with lower circulation rates also reduces the seismic risk (section 

2.1.1) but has a strong impact on the economics of the geothermal system. Although no 

economic feasibility analysis has been performed here, we nevertheless assume that 

circulating at lower rates is only feasible within a multi-fracture system (see below). 

3.2.2 Multi-Fracture System 

In a multi-fracture system, the minimum size of the individual fractures inversely scales with 

the number of fractures. In principle, the seismic risk could be significantly reduced if a large 

number of parallel fractures are developed. Pre-requisites for this concept (e.g. deviated 

wells, existence of natural fractures) and associated technical risks cannot be judged here. 

3.2.3 Triplet System 

The triplet-system discussed here is similar to the original system design with an additional 

production well added. Seismicity induced during the stimulation activities exhibits similar 

maximum magnitudes and event rates as modelled for the doublet system (AP3000, section 

5). However, the duration of the stimulation activities increases from 12 to 18 days which 

needs to be considered for estimating economic losses. Due to the longer stimulation time, 

economic losses will be larger than for the doublet system (i.e. exceed the values stated in 

section 3.1). 

The seismic risk during circulation is significantly reduced compared to the doublet system. 

Scenario modelling (section 2.1.3) indicates that the induced seismicity in the triplet system 

vanishes during circulation. The remaining hazard contribution from reservoir cooling 

(AP4000, section 6) has been found negligible compared to the natural hazard (AP5000, 

executive summary).   

3.3 Scenario: Abandon 

Even when the geothermal site is abandoned, an important question is whether or not the 

existing seismic monitoring system needs to remain in operation. At the time of writing, the 

seismic reservoir activity has become negligible with only 25 events occurring during the last 

year exhibiting event magnitudes below ML=0. Although the seismic activity rate tends to 

further decrease, stress accumulations may exist in the geothermal reservoir which may lead 

to further seismic activity. Even without hydraulic operations, the occurrence of seismic 

events triggered by transient waves of natural earthquakes has been observed in geothermal 

reservoirs (e.g. Baisch et al., 2006). Given the long time since the stimulation in 2006, the 

likelihood of this to happen at Basel is low and will further decrease with time. For public 

communication and from a liability perspective, however, it is important that future seismic 

activity occurring in the Basel area can be classified as either being of natural origin or as 

being due to the geothermal reservoir.  
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If the station network operated by Geothermal Explorers will be shut-down, then the national 

seismic monitoring system currently operated by SED (“Schweizer Erdbebendienst”) would 

not be capable to perform this task with sufficient accuracy (pers. comm. N. Deichmann, 

29.10.2009). As part of a cost-benefit compromise, we suggest investigating whether or not 

sufficient location accuracy, especially depth resolution, can be achieved, if the SED network 

is extended by a station in the vicinity of the reservoir. 
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4 RECOMMENDATIONS 

The following recommendations are based on a scientific analysis of the seismic risk 

associated with the geothermal system at Basel. They are designed for assisting the Kanton 

Basel-Stadt with its decision concerning the risk acceptability of the DHM project.  

As a main conclusion from the seismic risk study, the Basel site might not be favourable for 

developing an Enhanced Geothermal System (EGS). This is not a general statement for the 

EGS technology in Switzerland, but is related to the specific situation at Basel, namely a 

densely populated area and a high tectonic activity rate. From a seismic risk perspective, 

other locations in Switzerland are more favourable for developing EGS. 

In light of the significant economic risk involved with the original two-well concept at Basel 

(section 3.1), resuming the project appears reasonable only as part of a (national) strategic 

decision for utilizing geothermal energy. In this case, the seismic risk can be mitigated by 

using an alternative system design. The most promising approach investigated here is a 

triplet concept (section 3.2.3), for which the seismic risk is primarily concentrated on the 

stimulation phase. Real-time monitoring with a traffic light system based on modified 

threshold values is an important measure for risk mitigation during future hydraulic 

operations (section 2.2). To account for post-injection seismicity, we recommend to set the 

threshold for red light at least 0.8 magnitude units lower than the maximum acceptable 

magnitude.  

If the geothermal project at Basel will not be continued, we recommend keeping a basic 

seismic monitoring system in operation, at least for a couple of years (section 3.3). The 

monitoring system should provide a data basis to classify whether future seismic activity in 

the Basel area is due to the geothermal system or due to a natural origin. 
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