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1 LƴǘǊƻŘǳŎǘƛƻƴ 

The S4CE considers a variety of sub-surface geo-energy operations. Among others, the 
extraction of resources and energy from the subsurface is commonly linked with hazards like 
collapse of mines or shafts, possible pollution of the subsurface and/or induced seismicity. 
The latter has aroused attention in the previous years due to newly developed techniques for 
hydraulically stimulation of rock masses for the extraction of hydrocarbons from low-
permeable shale rocks (e.g., unconventional reservoirs) or enhancing geothermal reservoirs 
by massive hydraulic stimulations to create fluid pathways between geothermal wells. 
However, not only hydraulic stimulations can cause induced seismicity. Injection of waste-
water has also been linked to seismicity in the previous years as for example shown by 
Langenbruch et al. (2018). 

In order to understand the influence of fluid injections on induced seismicity, the 
deliverable D5.5 άValidation of model for fluid migration against field site dataέ Ƙŀǎ ōŜŜƴ 
planned within the S4CE consortium. The deliverable forms a key aspect within S4CE, since 
the extraction of geothermal energy is part of renewable energy production, which is needed 
for a smooth transition from hydrocarbon-based energy production towards a C02-free 
energy production. It is therefore of importance to reduce the risks related to geothermal 
operations and to enable a safe production of this renewable energy. 

The S4CE consortium has access to a few sites across Europe. Among these, the St. Gallen 
geothermal site has been selected because the related recorded seismicity had already been 
processed by the Swiss Seismological Service (SED). The SED located the seismicity in 
St. Gallen to a depth below the injection well, situated in a most-likely over-pressurized 
trough of Permo-Carboniferous age. The distance from the seismicity to the injection well 
makes the fluid transport mechanism from the well to the Permo-Carboniferous Trough (PCT) 
challenging to understand, since an over-pressurized trough would cause fluids to migrate 
upwards rather than downwards. Structural data as well as injection data have been made 
available to the S4CE consortium, which, therefore, makes the St. Gallen data set an excellent 
data set for numerical simulations, which might be a tool for predictions of induced seismicity 
(e.g., Meier and Backers, 2017; Gaucher et al., 2015 and references therein). The findings 
presented in D5.5 shall provide a better understanding on how injected fluids in fault-based 
subsurface reservoirs can induce seismicity and thereby damage above-surface constructions. 

For this purpose,  

¶ a structural subsurface model has been reevaluated and enhanced to accommodate 

an over-pressurized PCT beneath the geothermal well 

¶ the stress field has been determined 

¶ injection data has been collected and implemented into the numerical models 

¶ two scenarios have been investigated numerically that could have caused the 

observed seismicity: 

o poroelastic stress transfer from the well to the PCT  

o fast transport of the fluid from the well to the PCT via existing fracture systems 
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1.1 General context  

The geothermal drill site St. Gallen is located close to the river Sitter in the urban area of the 
city of St. Gallen, south of Lake Constance in Switzerland. The Upper Jurassic (Malm 
Formation) is located at a depth of approx. 3800 ς 4200 m true vertical depth (TVD) and 
intersecting a fault system detected and localised by 3D-seismic. The Malm Formation 
intersecting the fault system was projected as the favourite geothermal reservoir as it is 
frequently used as such in the South German Molasse basin. One well of the intended 
hydrothermal doublet in St. Gallen was realised in 2013 ŀƴŘ ƴŀƳŜŘ άSt. Gallen GT-мέ. The 
project has been on hold since insufficient water productivity for geothermal use along with 
a high influx of natural gas was recognized during testing and a 3.5 ML earthquake was 
induced due to well intervention after a gas kick within the reservoir section. 

1.1.1 Geology 

α¢ƘŜ drill site is positioned at the southern edge of the eastern Swiss Molasse Plateau, where 
the Molasse is increasingly dipping NW, i.e., towards the foreland basin, due to backthrusting 
of the Aquitanian Upper Freshwater Molasse. The successions in the footwall of the 
backthrust are dipping in SE direction, towards the orogenic belt. The frontal thrust fault of 
the Subalpine Molasse crops out about 6 km SE of the drill site. The backthrust and a 
decollement at the base of the anticlinal Molasse form a prominent Triangle Zone where 
compressional deformation accumulated at the front of the Alpine orogeny (see Figure 1). 
The base of the clastic to shallow marine Molasse sediments is built up by gently SE dipping 
Mesozoic strata hosting potential geothermal aquifers in the carbonate formations of the 
aŀƭƳ ό¦ǇǇŜǊ WǳǊŀǎǎƛŎύ ŀƴŘ ǘƘŜ aǳǎŎƘŜƭƪŀƭƪ όaƛŘŘƭŜ ¢ǊƛŀǎǎƛŎύΦά (Moeck et al. 2015). 

 

 
Figure 1. Schematic geological cross section from NW to SE and well trajectory of the geothermal well St. Gallen GT-1 in 
St. Gallen (taken from Moeck et al. 2015). 
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1.1.2 Stratigraphy 

α¢ƘŜ ǇƻǘŜƴǘƛŀƭ ¦ǇǇŜǊ WǳǊŀǎǎƛŎ ŀǉǳƛŦŜǊ ǊŀƴƎŜǎ ŦǊƻƳ офф2 ς 4404 m MD. Yellowish-brown 
micritic limestones containing residues of siliceous sponges were developed here from 3992 ς 
4280 m MD, a dark-grey micrite with sponge needles (basinal limestones) from 4280 - 
4375 m MD, sandy calcisiltites down to 4404 m MD, and Dogger rocks down to 4450 m MD. 
In place of the expected Quinter limestones (Helvetian facies), Swabian sponge mass facies 
were found. Dolomites causing the good permeabilities in the eastern Molasse Basin could 
only be observed subordinately. Indications of karstification, open porosities and fractures 
were only scarce. Increased quantities of transparent calcites could be observed only at 
4070 m MD and from 4150 ς 4210 m MD; white calcites observed from 4315 ς 4335 m MD 
ƛƴŘƛŎŀǘŜ ŀ Ŧŀǳƭǘ ȊƻƴŜ ǿƛǘƘ ŎƭƻǎŜŘ ŦǊŀŎǘǳǊŜǎΦά (Wolfgramm et al., 2015). 

1.1.3 Faults 

According to Heuberger et al. (2016), and references therein, the major tectonic structures in 
the area are the Hegau-Lake Constance Graben System in the North, and the BadenςIrchelς
Herdern Lineament and the Alpine Front in the South. However, Moeck et al. (op cit.) state 
ǘƘŀǘ άǘƘŜ ŘƻƳƛƴŀǘƛƴƎ ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ St. Gallen prospect is a NNE-SSW oriented fault zone 
dipping steeply to the SE. To the North of the exploration area antithetic normal faults 
complete this fault zone to a graben structure. The normal faults of this NNE-SSW trending 
graben structure are restricted to the Mesozoic and Paleozoic strata and die out in the lower 
Molasse Formations. The faults may root in a PCT ς existence proven by corresponding gas 
analysis as hydrocarbon source ς indicating an initial Paleozoic formation of the St. Gallen 
Fault ZƻƴŜΦά ¢Ƙƛǎ ƛǎ ƛƴ agreement with Heuberger et al. (2016), who postulate that the normal 
faults of the St. Gallen Fault Zone offset the entire Mesozoic sedimentary cover by up to 
300 m, and that the fault zone comprises ESE dipping normal faults with subsidiary, 
subparallel apparent reverse faults in the hanging wall. Those faults have been reactivated 
during the Mesozoic as normal faults. Recently, the St. Gallen Fault Zone is active in sinistral 
strike-slip mode, favoured by its almost ideal fault orientation within the present-day stress 
field (Heuberger et al., 2016). 

1.1.4 Well άSt. Gallen GT-1έ 

The well St. Gallen GT-1 reached 4450 Ƴ a5 ǿƛǘƘ ŦƻǳǊ ŘǊƛƭƭ ǎŜŎǘƛƻƴǎ όноΩΩ ǘƻ 8 ѹΩΩ drill bits and 
18 рκуΩΩ ǘƻ тΩΩ casing, last as perforated liner) in 2013 and has been temporarily shut-in after 
the final results of the testing campaign (see development of the project) proved only a small 
productivity for water, a high short-term productivity for natural gas, and a high seismic risk 
(max. ML 3.5 in 07/2013). 

The well has a four-barrier completion. A permanent packer (first barrier) locks in the gas-
water reservoir below 3970 m MD (section four; open hole section with initially about 370 bar 
formation pressure @ 145 degrees Celsius). A retrievable bridge plug within the cased part of 
the well at about 3700 m MD forms the second barrier. The wellhead at the top of the well 
seals off the structure towards the surface (third barrier). Conservation fluid (water with anti-
corrosives) fills up all cased hole-sections and is manually pressure monitored from surface at 
the wellhead (0 bars wellhead pressure proven since shut-in in 2013 throughout today; 
pressure readings and quality check of well from surface once a week). The schematic well 
completion and stratigraphy is shown in Figure 2.  
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Figure 2. Schematic and stratigraphic view of the St. Gallen GT-1 well (Wolfgramm et al., 2015). 

1.1.4.1 Instrumentation / completion 

The area surrounding the well has been monitored with a micro-seismic network operated by 
the (independent) Swiss Seismological Service (SED) since early 2012. In the beginning, the 
network consisted of six three-component surface seismometers and one shallow (depth of 
205 meters) three-component borehole station. Since 2014, the network has been reduced 
to four surface stations (instead of six), but it is still online and functional with minimum 
resolution above ML 1.0 and a 15 km radial alert region. Monitoring is planned to last at least 
until the end of August, 2020.  

The well itself is instrumented with non-remotely controlled manometers without data 
storage device at the surface measuring the fluid pressure within the upper most cased hole-
sections of the well as indicated in Figure 3. 
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Figure 3. Schematic view of the St. Gallen GT-1 well with completion installed since Nov. 2013 (adapted from Bloch (2017)) 

1.1.5 Additional information of reservoir 

¶ Short time productivity water  0.04 l/ (s*bar) (approx. 6 l/s*150 bar) 

¶ Water chemistry   NaCl-type, approx. 16 g/l total dissolved solids (TDS) 

¶ Short time productivity gas  40 m3/ (h*bar) (approx. 6000 Nm3/h*150 bar) 

¶ Gas composition    94% methane, 5% carbon dioxide, 1% nitrogen 

¶ Inflow    Inflow of gas and water through several fault zones 

¶ Seismic risk   Increased seismic risk while injecting in GT-1 
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1.1.6 Project summary / timeline 

Moeck et al. (2015) summarizes the project development as follows:  

¶ 2007   Energy Concept 2050 of St. Gallen includes the geothermal project as one of its key 

  components 

¶ 2008-2009 Feasibility study for deep geothermal utilization, focusing on hydrothermal 

  resources 

¶ 2009-2010 3D seismic survey (270 km2 covered surface area around city of St. Gallen) 

¶ 2010  Popular vote with 53% voter's participation and 82% advocacy for a CHF 76 Mio 

  credit for a geothermal project (realisation of doublet and combined power-heat-

  plant) 

¶ 2011-2012 Selection, preparation and construction of the drill site St. Gallen 

¶ 2012  Installation and start of operation of local seismic monitoring of the St. Gallen region 

  together with Swiss Seismological Service (SED) 

¶ 03.2013  Start of drilling with prioritized target horizon in the Malm Fm. in 3.8-4.2 km depth 

¶ 07.2013  Penetration of target horizon with end of well in 4253 m TVD (4450 m MD)  

¶ 06.07.2013 Penetration of target horizon with in-situ temperature of 145°C 

¶ 8.-10.07.2013 Logging of target horizon 

¶ 14.07.2013 Careful step-rate injection test in 15 steps 

¶ 16.-19.07.2013  Cleaning of well including acidizing 

¶ 19.07.2013 Gas kick (92% CH4), well control operation to overcome gas kick 

¶ 20.07.2013 Seismic event of ML 3.5 

¶ 24.07.2013 End of well control operation 

¶ 08.2013  Decision for project continuation with a high feeling of solidarity from the public 

¶ 09.2013  Fishing operation and cleaning the well including acidizing 

¶ 10.2013  Well-Production test (drill stem test) 

¶ 11.2013  Well shut-in and temporarily abanŘƻƴƳŜƴǘ όάп-ōŀǊǊƛŜǊ ŎƻƴǎŜǊǾŀǘƛƻƴέύ 

¶ 05.2014  The project was stopped. The search for alternative uses of the well started. 
 

1.1.7 Stress field 

In Alber & Backers (2015) the stress field for the Malm Formation was modeled to apply the 
relevant stress states in a simulation. A transpressive regime of SV Ғ SH was assumed from 
literature. Based on the geologic situation a regime of S1 Ғ {2 >> S3 seems likely. 

The vertical stress SV was estimated from the overburden and calculated using rock densities, 
for which typical values for the present lithologies were taken. For this location SV gradients 
of 25 to 25.5 MPa/km were calculated. At the depth of the Malm Formation SV is 98 MPa. 

Lithological properties as well as Sh/SV ratios of 0.55 to 0.9 were determined from borehole 
stress measurements in the nearby wells Schlattingen SLA-1 and Benken. The horizontal 
stress ratio KH = SH/Sh is given as 1.3 to 2.0. 

In St. Gallen, an injection test at 3810 m TVD in 2013 yielded a minimum horizontal stress 
gradient of 12.2 MPa/km. For the Malm Formation at 3882 m depth Sh amounts to 49 to 
62 MPa. 



Deliverable D5.5 

 

PU Page 13 of 43 Version 8.0 

 

A pore pressure gradient of 10 MPa/km (close to hydrostatic conditions) was measured at 
3785 m TVD. As this is the only measurement, this gradient was assumed valid for the whole 
model presented in this deliverable. 

Maximum horizontal stress (SH) is the most difficult and least accurate to calculate. 

Using an average friction coefficient µ of 1.0, a stress polygon was calculated to constrain the 
possible values of SH. Because of seismic activity in the region, the stress state was assumed 
to be near critical. Based on the assumption SH Ғ SV and limited by the stress polygon, SH in 
the Malm Formation is estimated to 98 ± 10 MPa. 

The maximum horizontal stress orientation was determined from literature as well as from 
borehole breakouts. As shown by the World Stress Map Project data (Figure 4), the general 
orientation in the molasse basin is N-S in the Eastern Alps to WNW-ESE in the Western Alps, 
perpendicular to the overthrust front of the Alps (e.g. Reinecker et al., 2010; Kastrup et al., 
2004; Heidbach et al., 2008). At the St. Gallen location the direction determined from 
borehole breakouts varies with depth as determined by evaluating the orientation of 
borehole breakouts by Reinecker (2018). The results of his analysis, which has been 
performed within S4CE are given in Table 1. The nearby wells Schlattingen and Benken also 
yielded orientations around NNW. Other sources state orientations of 165° to 169°. At a 
depth of 4,074 to 4,335 m MD the orientation deviates from NNW to NNE (Alber & Backers, 
2015). 

Focal mechanism solutions for earthquakes in the Central Alps presented by Kastrup et al. 
(2004) indicated a strike slip to normal faulting stress regime for the region. 

 

Table 1. Analysis of SH orientation based on borehole breakouts performed by Reinecker (2018). 

Interval, MD in m Interval, TVD in m SH- Azimuth Deviation 

10-940 10-940 152°°9° <5° 

2,480-2,920 2,400-2,810 174°°15° 20-23° 

4,010-4,050 3,830-3,860 16°°7° 20-22° 

4,080-4,210 3,890-4,020 139°°13° 12-18° 

4,210-4,440 4,020-4,240 19°°16° 10-15° 
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Figure 4: Orientation of SH in the molasse basin. Data shown here is from the World Stress Map and trajectories derived from 
it (Reinecker et al., 2010). 
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1.1.8 Injection volume and recorded seismicity 

From 14.07.2013 until the ML 3.5 earthquake felt on 20.07.2013, around 1240 m3 of fluid 
were injected during the step-rate injection test, acid job, and well control measures. Taking 
into account additional fluid losses of approx. 5 m3/h, the amount of fluids lost to the 
formation adds up to approximately 1775 m3 within the first week after the start of the 
injection test, as described in Wolfgramm (2014) and the according Appendix 2 (Field Test 
Report). Figure 5 shows the distribution of the fluid volumes after the borehole treatments 
have been carried out.  

An injection test with 175 m3 of fresh water was carried out on 14.07.2013. The subsequent 
acid job was carried out in two steps on 16.07.2013, with a total of 150 m3 acid and 
215 m3 water injected. During the well stabilization measures approx. 600 m3 of water and 
100 m3 of fluid with an increased density of 1.32 g/cm3 were injected into the borehole. A 
generally applied fluid loss of 5m3/h results in a fluid volume of 535 m3. An exact sequence of 
the grouting measures is described in Wolfgramm (2014) and his Appendix 2 (Field Test 
Report).  

 

 

Figure 5: Relative distribution of injected borehole fluids into the well St. Gallen GT-1. 

 

Seismic activity up to M = 1 was already measured during the injection test and the acid job. 
Following the occurrence of the gas kick on 19.07.2013 and the countermeasures introduced 
to suppress the gas kick, an increase in seismicity was observed on 20.07.2013, which resulted 
in the M = 3.5 earthquake. The gas inflow occurred during an aseismic period and did not lead 
to an increase in seismicity. It should be noted that it was only through the countermeasures 
introduced handling the gas kick that seismic activity increased (Wolfgramm, 2014). 



 

 
Figure 6. Presentation of the sequence of injection measures in the well St. Gallen GT-1 starting from 14.07.2013 (day 0) until 20.07.2013 (day 7). Pressure responses and seismic events are also 
shown. 

  



1.1.9 Historical seismicity 

Over the past 500 years, the region around St. Gallen repeatedly experienced seismicity, 
although not along the fault in the target region. The closest seismic event was an earthquake 
in 1987 with a magnitude of ML 3.2 located near Abtwil SG, WNW of St. Gallen (Wiemer et al., 
2017). The distance between the epicentre of the 1987 earthquake and the 2013 St. Gallen 
earthquake is about 2 km. A normal faulting regime was observed at the 1987 earthquake 
(Moeck et al., 2015). Due to the lack of recent seismic activity, the public utility company of 
St. Gallen (project operator St.Galler Stadtwerke) concluded that the fault zone is hardly 
seismically active (Wiemer et al., 2017). However, during the step-rate injection test, 
12 micro-earthquakes were detected with magnitudes ML <= 0.9, followed by seismic events 
in vicinity of the injection with magnitudes ML <= 1.2 during the acidization, and further 
increasing seismicity with the ML 3.5 event during the well control operation after the gas 
kick. The focal mechanism of the main event indicates a strike-slip faulting regime with the 
maximum principal stress oriented NNW-SSE. Diehl et al. (2017) relocated the seismicity 
around the St. Gallen site and concluded that the majority of earthquakes (more than 
800 ŜǾŜƴǘǎ ƛƴ нлмоύ ƛǎ αώΦΦΦϐ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ǇǊŜ-Mesozoic basement, likely within a PCT below 
ǘƘŜ ǘŀǊƎŜǘŜŘ ƘȅŘǊƻǘƘŜǊƳŀƭ ŀǉǳƛŦŜǊΦά ¢Ƙƛǎ ǎǳǇǇƻǊǘǎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ǘƘŀǘ ǘƘŜ Ǝŀǎ ƳƛƎǊŀǘŜŘ 
upward from the PCT (Zbinden et al., 2018) 

1.1.10 Induced seismicity 

Diehl et al. (2017) analyzed the sequence of seismic events that occurred close to the city of 
St. Gallen and the related 340 events to be induced by the reservoir stimulations and well-
control procedures following the gas-kick. Diehl et al. (2017) state that the majority of the 
seismicity occurred in the pre-Mesozoic basement, hundreds of meters below the borehole 
and the targeted Mesozoic sequence, and propose that a direct hydraulic connection exists 
between the borehole and the reactivated fault. It is interesting to note that a hydraulic 
connection from the well to the basements is postulated but no seismicity occurred along this 
hypothesized fluid path. The locations taken from Diehl et al. (2017) have been used to 
compare the numerical results against the induced seismicity without further questioning the 
correctness of the data, which is beyond the scope of this deliverable. Most of the seismic 
events are located on a southern fault segment of the St. Gallen Fault Zone and occurred 
during injection tests. They reached only very low magnitudes. The main event is also 
localized on the same southern fault segment. 
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Figure 7. Overview concerning the modeled rock domains in relation to the observed seismicity (locations taken from Diehl et al. 
2017). Black triangles = injection, purple triangles = acid jobs, grey triangles = well control, red triangle = main event.  

1.1.10.1 Empirical relationships to estimate Moment magnitudes from injected 
 fluid volumes 

McGarr (1976) determined the seismic moment M0 in Nm from the volume change in the 
subsurface according to 

ὓ  ὑὋȿɝ6ȿ 

where K is a factor close to 1, G is the shear modulus in N/m2 and ɲ± is the volume change in 
m3. The seismic moment can then be estimated as follows (Hallo, 2012): 

ὓ   
ς

σ
ὰέὫὓ ωȢρ 

However, as Hallo et al. (2012) state, the moment magnitude according to McGarr (1976) is a 
maximum value estimate, since the volume change is due to purely seismic failure. Aseismic 
volume changes are not considered. 

According to McGarr (1976), the above-mentioned fluid quantities would result in maximum 
moment magnitudes of 2.9 (1240 m3) and 3.0 (1775 m3) at K = 1 and G = 20 GPa. The slipped 
area can then be estimated by means of the injected volume and the assumption of a crack 
opening width. The area can then be used to estimate the moment magnitude according to 
Wells and Coppersmith (1994). Wells and Coppersmith (1994) give an empirical correlation 
between the moment magnitude and the failure area: 

ὓ   τȢπχ πȢωψ ὰέὫὃ 

where A is the reactivated area. For an opening width of 0.01 m and injection volumes of 
1240 m3 and 1775 m3, fault segments of 0.124 km2 or 0.1775 km2 result, respectively. These 
areas in turn result in a moment magnitude of about 3.2 (1240 m3) and 3.3 (1775 m3).  
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Both estimates of the magnitudes yield conservative estimates that give an insight into the 
maximum moment magnitudes to be expected and are consistent with the occurred, project-
related earthquake of magnitude 3.5 close to the St.Gallen field site. 

1.2 Deliverable objectives 

Within the S4CE project, deliverable D5.5 seeks to use the existing data from the St. Gallen 
geothermal project and validate the fluid migration path that can be expected due to the 
recorded seismicity with numerical models. The deliverable aims at finding the reasons for 
the seismicity that occurred at the geothermal drill site St. Gallen in order to better 
understand and confine the risk for future energy related operations in the sub-surface. 

By implementing an improved version of the proprietary software roxol (based on the 
eXtended Finite Element Method, XFEM), S4CE partner geomecon will compare the effect of 
a poroelastic stress transfer through the formation and the effect of a fast pore pressure 
transfer through newly created or existing fractures. Both effects can contribute to the 
reactivation of distal faults from the injection point and thereby trigger induced seismicity. 
The large-scale simulations will be fully hydro-mechanically coupled, taking advantage of the 
advanced computing and modelling capabilities of COMSOL Multiphysics (based on the Finite 
Element Method). Data from field sites, in particular from St. Gallen, will be used for 
validation, within the tasks completed with Work Package 7 (WP7).  

The mechanisms which induced the seismic events in the course of the hydraulic treatment 
in the St. Gallen GT-1 geothermal well in summer 2013 have not yet been sufficiently clarified 
and stand out statistically on a global scale (SED, 2013; Figure 8).  

 

Figure 8. Comparison of injected volume versus magnitude for different geothermal projects world-wide. St.Gallen seems to 

show an unexpectedly high magnitude with respect to the injected volume in comparison to other geothermal projects (SED 

2013). 
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A direct relationship between the geothermal operations and the seismicity is discussed due 
to the spatial and temporal relationship between drilling, injection and seismic events. An 
injection test, an acid job and countermeasures to a gas kick were carried out, in the course 
of which seismic events occurred along two NNE-SSW-trending, drilling-related fault zones of 
the St. Gallen Fault Zone. The seismic events of low magnitude occurred simultaneously with 
the hydraulic measures. The seismic events of larger magnitude (up to ML 3.5) occurred with 
and after the well control measures. 

In this report, numerical simulations are carried out to identify possible trigger mechanisms 
for the seismic events. For this purpose, an existing subsurface model of the St. Gallen 
geothermal project was used and extended to accommodate the high pressure Permo-
Carbonifereous Trough. The subsurface model is based on an interpreted 3D seismic survey 
and contains all relevant fault zones and formation boundaries. The numerical model was 
created in COMSOL Multiphysics.  

The subsurface is modeled poroelastically, i.e., there is a full coupling between the linear 
elastic material behavior of the solid part of the rock and the fluid flow of water in the pores 
of the rock. Fault zones are assumed to be thin, elastic layers, which decouple the hanging 
wall from the foot wall and enable relative movements along the fault zones. Furthermore, 
the fault zones show increased permeability and porosity respective to the surrounding rock. 
Rock mechanical parameters were determined on plugs and analog material from St.Gallen 
GT-1 well and used for the models. 

Fracture zones observed in logs connect the faults to the borehole and have a pressure-
dependent permeability. The change in permeability brought about by injection and the acid 
jobs is correspondingly modeled by means of a variable permeability. Furthermore, hydraulic 
properties of the fault zones (permeability, porosity, opening width) are changed dynamically 
for areas in which a critical reactivation potential has been exceeded. 

Fluids are injected via a line source along the open-hole section of the well. The fluid 
quantities correspond to the volumes that were injected during the tests and well control 
measures. 

2 aŜǘƘƻŘƻƭƻƎƛŎŀƭ ŀǇǇǊƻŀŎƘ 

Induced seismicity is initiated by locally exceeding the strength of a structural element, e.g., 
a fault, in the subsurface and it is measurable by the discrete displacement on the structural 
element. The magnitude of the induced seismicity appears to be in direct correlation with the 
magnitude of the failed area of the structural element (e.g., Wells and Coppersmith 1994) or 
the injected fluid volume (McGarr 2014, see above). Failure usually occurs spatially localized 
(epicenter, local scale). The structural element on which failure occurs should however be 
supra-regional. The failure does thus not have to cover the entire structural element. A 
quantification of the possible failure area is therefore of interest. 

Since induced seismicity is usually associated with fluid injections, failure is generally 
explained by the principle of effective stresses, whereby an increase in pore pressure locally 
reduces the stresses and locally moves the structural element from a non-critical to a critical 
state (e.g., Zoback 2007). Induced seismicity in this context is usually related to an event 
horizon which depends on hydraulic rock properties (Shapiro 2015). This means that an event 
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is triggered when a structural element is detected by a critical fluid pressure at time t. Events 
outside the event horizons cannot be determined using this approach. 

However, the superposition of the pore pressure as mentioned above neglects the influence 
exerted by the compressed fluid on the grain structure via the pore space. These effects are 
considered in the theory of poroelasticity. Rahner (2012) showed changes in the effective 
stresses outside the hydraulic event horizon using numerical simulations. These changes 
result from the volumetric expansion of the pore space due to increasing fluid pressure. They 
represent a possible source for the reactivation of structural elements outside the hydraulic 
event horizon in a poroelastic medium. Among others, Goebel and Brodsky (2019) showed 
that the seismicity induced in Oklahoma, USA, can be explained by such a poroelastic stress 
transfer over distances of 10 km. The work of Rahner (op. cit.) was continued by Backers et 
al. (2013) to investigate the reactivation of potential fault segments by poroelastic effects.  

Hence, the question arises whether poroelastic stress transfer or a fast fluid transport caused 
the seismicity in St. Gallen. A conceptual visualization of the poroelastic and the hydraulic 
horizon is given in Figure 9. In the following the methods are briefly described. 

 

 
Figure 9. Hydraulic versus poroelastic horizon for the reactivation of a fault. The poroelastic horizon might induce seismicity on 
a critically oriented fault earlier than a pore pressure front that is slowly diffusing through the rock domain. The yellow star 
identifies the occurrence of a seismic event. 
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2.1 Scenario A: Poroelastic stress transfer 

Poroelastic stress transfer is the transfer of stresses generated by the injection or extraction 
of fluid in one region to another, more distal, region without the necessity of pore pressure 
change in the distal region. Due to this circumstance, the poroelastic stress transfer sets itself 
apart from the concept of effective stresses which requires a pore pressure change in the 
distal region to affect the stresses. 

The poroelastic stress transfer can be described by a point source embedded in a two-
dimensional space subjected to a differential stress field with S1 > S3 as shown in Figure 10. 
The injection of the fluid changes the stress field outside the pore pressure front due to the 
stresses transferred through the solid framework of the rock. This stress transfer is almost 
instantaneous in comparison to the diffusion of the pore pressure front through the rock. The 
poroelastic stress transfer might increase both S1 and S3 in different areas (Figure 10). The 
changes in S1 and/or S3 might move the faults inside the rock mass closer to failure as 
indicated by the Mohr-Coulomb circles in Figure 10. Further details on the theory of 
poroelasticity can be found in Altmann (2010), Rahner (2012) or Shapiro (2015). Meier and 
Backers (2017) as well as Göbels et al (2018) present possible cases of poroelastically-induced 
seismicity. 

 

 
Figure 10. Schematic representation of the principle of poroealstic stress transfer and the according changes in stress that could 
lead to induced seismicity in areas that are not yet affected by fluid pressures changes due to injection or depletion. 

2.2 Scenario B: Fast fluid transfer 

Fast transfer of water is the scenario rivalling poroelastic stress transfer as the trigger for the 
induced seismicity in St. Gallen. In contrast to the poroelastic stress transfer hypothesis, the 
fast fluid transfer hypothesis is based on the direct hydraulic connection of the injection well 
and the PCT, causing a fast fluid pressure transport from the injection well to the PCT. This 
has been indicated by Wolfgramm et al. (2015) based on the detected inflow zones along the 
wellbore, the drill cuttings which showed transparent calcites and Thorium anomalies 
connection between the borehole and the layers underlying the Malm reservoir. 
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Should the pore pressure have been transported directly, the principles of effective stresses 
caused the induced seismicity. Due to the increase in pore pressure the effective stresses 
defined as the total stresses minus the pore pressure, bring the rock closer to failure as 
indicated by the horizontal translation of the Mohr-circle in Figure 11. In case the Mohr-circle 
touches the Mohr-Coulomb failure envelop (red line in Figure 11) the fault has failed.  

 
Figure 11. Schematic representation of the principle of effective stresses and the reduction in normal stress due to injection of a 
fluid with pressure p that moves the Mohr-Circle closer to failure. 

2.3 Mohr-Coulomb failure criterion 

In all scenarios considered above, we used the Mohr-Coulomb failure criterion. Such criterion 
is explained in the following. The most widely used failure criterion is that of Coulomb (1773), 
which postulates that failure will occur along a plane due to the shear stress † acting along 
that plane if the following condition is satisfied: 

ȿ†ȿ ὅ ‘Ͻ„ȟ           (9) 

The parameter CO is known as the cohesion (Pa). The parameter ˃ is known as the coefficient 
of friction (unitless). ʎn,eff is the effective stress normal to the plane (Jaeger et al. 2007). In 
case of faults or fractures the cohesion is usually neglected, reducing the Mohr-Coulomb 
failure criterion to  

ȿ†ȿ ‘Ͻ„ȟ           (10) 

which can be further rewritten as a slip or reactivation potential RP (see for example Moeck 
et al. 2009) by 

Ὑὖ
ȿȿ

ȟ
‘.          (11) 

For RP > µ the fault is reactivated, i.e. it slips; for RP < µ the fault remains stable and does not 
slip. 








































