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The S4CIonsiders a variety of suturface geeenergy operations. Among others, the
extraction ofresources an@nergy from the subsurface commonlylinkedwith hazards like
collapse of minesr shafts possiblepollution of the subsurfacend/or inducedseismicity
The latter hasroused attention irthe previous years du newly developed techniques for
hydraulically stimulation of rock massésr the extraction ofhydrocarbons from low
permeable shale rocks (e,ginconventional reservoirs) @nhancng geothermal reservoirs
by massive hydraulic stimulatisnto create fluid pathwaydetween geothermal wells
However, not only hydraulic stimulatiortsan cause induce seismicity Injection of waste
water hasalso been linked to seismiciiyp the previousyearsas for exampleshown by
Langenbructet al. (2018.

In order to understand theinfluence of fluid injections on induced seismicity the

deliverableD5.5 dvalidation of model for fluid migration against field site data K| a 0

plannedwithin the S4CEonrtium. The deliverable forms a key aspeathin S4CEsince
the extraction of geothermal energgpart ofrenewableenergy production whichisneeded

for a smooth transition from hydrocarbonbased energy production towards a @@ree
energy poduction. 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. Amonghth8s&dllen
geothermalsite has beerselectedbecausehe relatedrecorded seismicity tahalready been
processed by the SwisSeismological ServicgSED) The SEDlocated the seismicity in
St.Gallento a deph below the injection wel| situated in a mostlikely overpressurzed
trough of PermoeCarboniferous agerhe distancefrom the seismicityto the injection well
makesthe fluidtransportmechanisnfrom the well to thePermaCarboniferous TrougfiPCy
challenging to understandsince an ovepressurized trough would caugkids to migrate
upwardsrather than downwardsSructural data as well as injection dateatie been made
availableto the S4CEonsortium which, therefore,makesthe St. Gallendata set arexcellent
data set for numerical simulationg/hichmight be a t@l for predictions of induced seismicity
(e.g.,Meier and Backers2017. Gaucheret al, 2015and references therein The findings
presented inD55 shall provide a better understanding on how injected flud$ault-based
subsurfaceeservoirscan induce seismicity aridereby damage abowveurface constructions.

For this purpose,

1 astructuralsubsurfacenodelhas been reevaluated and enhancedaccommodate
an overpressuized PCTbeneath the geothermal well
1 the stress field has been determined
injection data has been collected and implementatb the numerical model
1 two scenarios have been investigatesumerically that could have caused the
observed seismicity
0 poroelastic stresgransferfrom the wellto the PCT
o fasttransport of the fluid from the well to theCvia existing fracture systems

==
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1.1 General context

The geothermadirill site St.Gallenis located close to the river Sitter in the urban aredhef
city of St.Gallen south of Lake Constance in Switzerland. Thipper Jurasic (Malm
Formatior) is locatedat a depth of approx. 3&8D¢ 4200 m true vertical depth (TVDand
intersecting a fault system detected and localised bys8i3mic. The MalnfFormation
intersecting the fault systa was projected as théavourite geothermal reservoir as it is
frequently used as suchn the South GermanMolassebasin. One well of the intended
hydrothermal doublet inSt.Gallenwas realised in 2@ Yy R Yy [SYGalenG¥ m £The
projecthas beeron holdsince insufficient water productivity for geothermal use along with
a high influx of natural gas was recognized during testing ar8b ML earthquake was
induceddue towell intervention aftera gas kickvithin the reservoir section

1.1.1 Geology

a ¢ Krill site is positioned at the southern edge of the eastern Swiss MoRaszEau, where

the Molasse is increasingly dipping NW, t@wards the foreland basin, due to backthrusting

of the AgquitanianUpper Feshwater Molasse. The successions in thetfadl of the

backthrust are dipping in SE direction, towards the orogenic belt. The frontal thrust fault of

the Subalpine Molasse crops out abotikm SE of the drill site. The backthrust and a
decollement at the base of the anticlinal Molasse form a prent Triangle Zone where
compressional deformation accumulated at the front of the Alpine orogeeg Figurel).

The base of the clastic to shallow rimer Molasse sediments is built up by gently SE dipping
Mesozoic strata hosting potential geothermal aquifers in the carbonate formations of the

al Y 0! LILISNI WdzN»F aaA 00 | yR (MdeKketal@ddDKSt 1 €1 0a
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Figurel Schematic geological cross section from NW to SE and well trajectory of the geothei@taGalldhGT-1in
St. Gallen(taken fromMoeck et al. 2035
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1.1.2 Stratigraphy

at¢CKS LROGSYGAlFf | LILISNI WdzRIG 4G v KAD. YejloaasHbr@md] NI y 3 ¢
micritic limestones containing residues of siliceous sponges were developed here frarg 399
4280 m MD, a darkgrey micrite with sponge needles (basinal limestones) from0428

4375 m MD, sandy calcisiltites down to 440n MD, and dgger rocks down to 446m 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. Indicationkkarstification, open porosities and fractures

were only scarce. Increased quantities of transparent calcites could be observed only at

4070 m MD and from 41® ¢ 4210 m MD; white calcites observed from 43% 4335 m MD
AYRAOFGS | Fl dzZ& G 1 @wigrandniefidk, 2d@6)2 8 SR T NI Ol dzZNB a ¢

1.1.3 Faults

According tdHeuberger et al. (2016and references thereifthe major tectonic structures in

the area are the Hegalake Constance Graben System inklogth, and the Badeqirchek
Herdern Lineament and the Alpine Front in tReuth However Moeck et al. (op cit.3tate
GKFG aGKS R2YAY I SiGaflechprospediisz® KNBSWE oriknyed faukt Sone
dipping steeply to the SE. To the North of the exploration areathaatic normal faults
complete this fault zone to a graben structure. The normal faults of this-8BI trending
graben structure are restricted to the Mesozoic and Paleozoic strata and die out in the lower
Molasse Formations. The faults may root iR@Tg existence proven by corresponding gas
analysis as hydrocarbon sourgendicating an initial Paleozoic formation of tist. Gallen
FaultZ2 y S @ a  égkeknaentiith Helibgrger et al. (2016)vho postulate that the normal
faults of the St.GallenFault Zone offset the entire Mesozoic sedimentary cover by up to
300m, 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
duringthe Mesozoicas normal faults. Recently, ti&t. GallenFault Zone is active in sinistral
strike-slip mode, favoured by its almost ideal fault orientation within the pres#ay stress

field (Heuberger et a).2016)

1.1.4 Well 6St. Gallen G1.¢

The wellSt.GallenGFlreached 44BY a5 ¢ A (K ¥ 2 dzNJ Rdy®idl bitsands OG A 2 v
18p k y Q (rasin@lastraQ@rforated liner) in 28%and has been temporarily shin after

the final results of the testing campaigseg development of the projecproved onlya small

productivity for water, a high shotierm productivity for natural gasand a high seismic risk

(max. ML 3in 07/2013).

The well has a fodbarrier completion. A permanent packer (first barrier) locks in the gas
water reservoir below 39m MD &ection four; open hole section with initially about@BFar
formation pressure @ Bldegrees Celsius). A retrievable bridge plug within the cased part of
the well at about 370 m MD forms the second barrier. The wellhead at the top of the well
seals ofthe structure towards the surface (third barrier). Conservation fluid (water with anti
corrosives) fills up all cased hedections and is manually pressure monitored from surface at
the wellhead Qbars wellhead pressure proven since siutin 2013 throughout today;
pressure readings and quality cheakwell from surface once a weekjhe schematic well
completion andstratigraphy is shown ifigure2.
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Figure2. Schematic and stratigraphic view of SteGallenGT-1well (Wolfgramm et al., 2015)

1.1.4.1 Instrumentation/ completion

(f J Science4CleanEnergy

The area surrounding the wéidhs beemmonitored with a micreseismic network operated by
the (independent) Swiss SeistagicalService (SED}ince early 2012. In the beginning, the
network consisted of six threeomponent 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 sphut it is still online and functionalvith minimum
resolution above ML 0.and a b km radial alert regionMonitoring is planned to lastt least

until the end of Augus2020.

The well itself is instrumented with nemmotely controlled manometers without data
storage device at the surface measuring the fluid pressure within the upper most lcakeed

sections of the well as indicated kigure3.
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Well head with manometer
(monitoring of riser and
annulus pressure)

Kill
string

Conserving fluid
(saltwater with corrosion
inhibitor)

Present wellbore conservation:

schematic view

Bridge-Plug (second mechanical barrier
between reservoir and well)

Fluids
(water/

Production packer (first seal
between reservoir and well)

Figure3. Schematic view of tigt. GallenGT-1well with completion installed since Nov. 2@dapted fronBloch (202)y

1.1.5 Additional information ofreservoir

9 Short time productivity water  0.04 I/ (s*bar) (approx.6 I/s*150 bar)

1 Water chemistry NaCitype, approx. 6 g/l total dissolved solidsTD$

1 Short time productivity gas 40 m¥/ (h*bar) (approx. 600 Nm¥h*150 bar)

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

T Inflow Inflow of gas and water through several fault zones
1 Seismic risk Increased seismic risk while injecting inGT
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1.1.6 Projectsummary /timeline

Moeck et al. (20158ummarizes theroject development as follosv

1 2007 Energy Concept 2050f St.Gallenincludes the geothermal project as one of its key
components

1 20082009 Feasibility study for deep geothermal utilization, focusing on hydrothermal
resources

1 20092010 3D seismisurvey (20 km?covered suface area aroundity of St.Galler)

1 2010 Popular vote with 53% voter participation and 82% advocacy for a CH8Mid
credit for a geothermal project (realisation obublet and combined poweheat-
plant)

1 20112012 Selection, preparation and construction of the drill steGallen

1 2012 Installation and start of operation of local seismic monitoring of &tgGallenregion
together with Swiss Seismological Service (SED)

T 03.2013 Start of drilling with prioritizd target horizon in the Malm Fm. in 3482 km depth

T 07.2013 Penetration of target horizon with end of well in 4228 TVD (448 m MD)

1 06.072013 Penetration of target horizon with isitu temperature of 145°C

i 8.-10.072013 Logging of target horizon

1 14.072013 Careful steprate injection test in b steps

1 16-19.072013 Cleaning of well including acidizing

T 19.072013 Gas kick (92% @Hwell control operation to overcome gas kick

1 20.072013 Seismic event of M8.5

1 24.072013 End of well control operabn

1 08.20B Decision for project continuation with a high feeling of solidarity from the public

1 09.2013 Fishing operation and cleaning the well including acidizing

T 10.208 Well-Production test (drill stem test)

f 11.20B Well shutin and temporarily abaR 2 y Y S yoil NANSRIS NJ O2 Yy A SNIBF G A2y £ 0

1 05.204 The project was stopped. The search for alterratiges of the well started.

1.1.7 Stressfield

In Alber & Backers (201H)e stress fieldor the MalmFormationwas modeled tapply the
relevant stress states a simulation.A transpressive regime of SVSHwasassumedrom
literature. Based on the geolagsituation a regime dBLF 2 $> S seems likely.

The vertical stresSWvasestimated from theoverburdenand calculatedisingrock densities
for which typical valuetor the present lithologeswere taken For thislocation S\gradients
of 25to 255 MPa/km were calculatedAt the depth of theMalm Formation SV i98 MPa.

Lithological properties as well &h/SV ratio®f 0.5 to 0.9 were determinedfrom borehole
stress measurements the nearby wells Schlattingen SLAnd Benken The horizontal
stress ratio KH = SH/&hgiven as B.to 2.0.

In St.Gallen aninjection testat 3810 m TVDin 2013 yielded a minimum horizontal stress
gradient of 122 MPa/km. For the MalmFormation at 382 m depth % amounts to 4to
62 MPa.
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A pore pressurgradient of10 MPa/km (close to hydrostatic conditions) was measuatd
378 m TVDASs this is the only measurement, this gradient was assuaédfor the whole
modelpresented in this deliverable

Maximum horizontal stress (SK)the most difficuliand least accuratéo calculate.

Using an average friction coefficigmbf 1.0,a stress polygon was calculatedconstrain the
possiblevalues of SHBecause of seismic activity in theggion, the stress stateasassuned
to be near criticalBasedon theassumptionSHF SVand limited by thestress polygonSHn
the Malm Formation igstimatedto 98 + 10 MPa

The maximum horizontal stress orientation was determined fiderature as well asrom
borehole breakoutsAs shown by th&Vorld Stress Map Project dafg&igure4), the general
orientationin the molasse basiis N-Sin the Eastern Alpgo WNW-ESEn the Western Alps
perpendicular to the overthrust front of the Alps (e.g. Reinecker et al., 2010; Kastrai.,
2004; Heidbach et al., 2008\t the St. Gallen location the directiometermined from
borehole breakoutsvaries with depth as determined byevaluatingthe orientation of
borehole breakouts by Rednker (2018) The results of his analysis, which has been
performed within S4CE are givenTiablel. The nearby wells Schlattingen and Benken also
yielded orientations around NNW. kdr sources state orientations of 36to 169°. At a
depth of 4,04 to 4,33 m MD the orientation deviates from NNW to NXdber & Backers,
2015).

Focal mechanism solutions for earthquakes in the Central Alps present&ddisup et al
(2004)indicated astrike slip to normal faulting stress regirfa the region

Tablel. Analysis of SH orientation based on borehole breakouts performecdeblyeR¢2018).

Interval, MD inm | 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°
4,0104,050 3,830-3,860 16°°7° 20-22°
4,0804,210 3,890-4,020 139°13° 12-18°
4,2104,440 4,020-4,240 19°°16° 10-15°
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Figure4: Orientation of SH in the molasse ba&hata shown here fsom 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 14.07.203 until the ML 3.5 earthquakefelt on 20.07.2013, around 1®4m3of fluid
were injectedduringthe step-rate injection test, acid job, and wetbntrol measuresTaking
into accountadditional fluid losses of approxs m3h, the amount of fluid lost to the
formation adds up to approximately 1Bm3within the first week after the start of the
injection test as described in Wolfgramm (2014) and the according Apped(fxeld Test
Report).Figure5 shows the distribution of the fluid volumes after the borehole treatments
have been carried out.

Aninjection test with 15 m3of fresh water was arried out on 14.07.2013. The subsequent
acid job was carried out in two stepsn 16.07.2013 with a total of 1® miacid and
215 m3water injected During the well stabilization measures approx0 6t of water and
100 m3of fluid with an increased dengitof 1.2 g/cm?were injected into the borehole. A
generally applied fluid loss of 5h results in a fluid volume of B3m?3. An exact sequence of
the grouting measures is described in Wolfgramm (2014) and his App@r{Birld Test
Report).

@ Injection test
® Acid job, Step 1
® Acid job, Step 2
® Post acid job
® Well Controll
® Fluid losses

Figures: Relative dtribution ofinjected borehole fluids into thell St. GallenGT-1.

Seismic activity up to M = Was dreadymeasuredduring the injection test and the acid job
Following the occurrence of the gas kick on 19.0¥3nd the countermeasures introduced

to suppresshe gaskick an increase in seismicity was observed on 20.0320kich resulted

in the M = 35 earthquake. The gas inflow occurred during an aseismic period and did not lead
to an increase in seismicity.dhould be noted that itvas only through the countermeasures
introducedhandling the gas kidkat seismic activityncreasedWolfgramm, 2014).
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Figure6. Presentation of the sequence of injection measuresett®t. Gallen GT1 starting from 14.07.2@{day O)until 20.07.2038(day 7)Pressure responses and seismic events are also
shown.



1.1.9 Historical ®ismicity

Over the past 50years, the region arount.Gallenrepeatedly experienced seismicity,
althoughnot along the fault in the targatgion. The closest seismic event was an earthquake
in 1987 with a magnitude of M3.2 located near Abtwil SG, WNW $f. Gallen(Wiemer et al,
2017).The distance between thepicente of the 198 earthquake and the 2@.St.Gallen
earthquake is abouf km. A normal faulting regime was observed at the 288rthquake
(Moeck et al., 2015). Due to the lack of recent seismic activigypublic utility company of
St.Gallen(project operator St.Galler Stadtwerkeoncluded that the fault zone is hardly
seignically active(Wiemer et al, 2017). However, during the stepate injection test

12 micro-earthquakes were detected with magnitudes ¥ 0.9, followed by seismic events

in vicinity of the injection with magnitudes M= 12 during the acidization, anéurther
increasing seismicity with the M8.5 event during the well control operation after the gas
kick. The focal mechanism thfe main event indicates a strikslip faulting regime with the
maximum principal stressriented NNWASSEDiehl et al (2017)relocated the seismicity
around the St.Gallensite and concluded that the majority of earthquakes (more than
800SPSyiGa Ay HnmoUO A-Besazcicdbaserent]ligel) withitRR TodloWw § K S
GKS GFNASGSR Ke@RNROKSNX)I § I j dZA F SNIXPa ¢ KA a
upward from thePCT{Zbinden et al 2018)

1.1.10Induced seismicity

Diehl et al(2017) analyzed the sequence of seismic events thaturredclose to the city of
St.Gallenand the related 34 events to be induced by the reservoir stimulations and well
control procedures following the gdsck. Diehl et al.2017)state that the majority of the
seismicity occurred in the psslesozoic basement, hundreds of meters belthe borehole
and the targeted Mesozoic sequen@nd propose that a direct hydraulic connection exists
between the borehole and the reactivated fault.is interesting to note that a hydraulic
connection from the well to thbasements is postulated but re@ismicityoccurredalong this
hypothesizedfluid path. The locationgaken from Diehl et al. (201Have been used to
compare the numerical results against the induced seismicity without further questioning the
correctness of the data, which is beyondethcope of thigleliverable Most of the seismic
events are located on a southerfault segment of theSt.GallenFault Zone and occuwed
during injection tests They reached onlyery low magnitude. The main eventis also
localized on thesame southern fault segment.

QX
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Figurer. Overviewconcerninghe modeled rock domains in relation todhserved seismicity (locations taken from Diehl et al.
2017. Black triangles = injectionugple triangles = acid jolggey triangles = well control, red triangle = main event.

1.1.10.1 Empirical relationships to estimate Moment magnitudes from injected
fluid volumes

McGarr (1976) determirgtthe seismic momenMOin Nm from the volume change in the
subsurface according to

0 0"GB6S

whereKis a factor close to Gis the shear modulus iIN/m?andn 4is the volume change in

m3. The seismic moment canthen be estimated as follows Kallo, 2012)

o C ...

0 g oé 0 up

However, as Hallo et al. (2012) state, the monmmaignitude 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 abereentioned fluid quantitiesvould result in maximum
moment magnitudes of 2.(1240 m3) and 30 (1775 m?) at K =1 and G = @ GPaTheslipped

area carthen be estimated by means of the injected volume and the assumption of a crack
opening width. The areeaan thenbe used to estimate the moment magnitudecacding to

Wells and Coppersmith (1994). Wells and Coppersmith (1994) give an empirical correlation
between the moment magnitude and the failure area

0 T8 Ty € 0

where A is the reactivated area. For an opening width ol iGand injection volumes of
1240m? and 1775m?3, fault segments of 0.2km?or 0.175 kn?result, respectivelyThese
areasin turn result in a moment magnitude of about231240 m?) and 33 (1775 m®).

PU Pagel8of43 Version8.0



DeiverableD5.5 s

(r / Science4CleanEnergy

Both estimates of the magnitudes yield conservatigéireates that give an insight into the
maximum moment magnitudes to be expected and are consistent witlotlearred, project
related earthquake of magnitude 3.8ose to the St.Gallen field site

1.2 Deliverable objectives

Within the S4CE projeatieliverableD5.5seeksto use the existing data from thgt.Gallen
geothermal project and validate thiguid migration path that can be expected due to the
recorded seismicityvith numerical modelsThe deliverable aimstdinding the reasons for
the seismicity that occurred athe geothermal drill site St.Gallenin order to better
understand and confinghe risk for future energy related operations in the ssirface.

By implementingan improved version ofthe proprietary software roxol (based onthe
eXtended Finite Element Method, XFEBYCE partnegeomeconwill compare the effect of

a poroelastic stress transfer through the formatiand 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 poiand thereby trigger induced seismicity.
The largescale simulations will biilly hydromechanically coupledaking advantage of the
advanced computing and modelling capabilities of COMSOL Multiplilyaged on the Finite
Element Method) Data from field sites, in particular fror8t.Gallen will be used for
validation within the tasks completed with Work Packagé/VP7)

The mechanismehichinduced the seismic events in the course of the hydraulic treatment
in the St.Gallen GT1 geothermal well in summer 2@lhave not yet been sufficiently clarified
and stand out statisticht on a global scal6SED2013 Figure8).

1: Le Mayet 26: Coso GTF

2: Soultz93 27: Horn River ¢c-1-J
6 T T 23 T - 3: Soultz03 28: Horn River b-76-K
. 48 4: Bad Urach gz :orn Siver d-;:-:
i i 5: KTB94 : Horn River c-34-
| Simulation results Basel | O picrass 3 Hom R 0 St
5 7: Fjillbacka 32: Horn River/Tattoo
St. Gallen 8: Basel 33: Blackpool
‘34 18 9: Gross Schonebeck 34: Berlin
O 10: Horstberg 35: Fenton Hill 79 E203
11: Svartsengi 36: Fenton Hill 79 E195
12: Torre Alfina 37: Fenton Hill 79 E215
13: Cesano 38: Fenton Hill 83 E2016
49 19 14: CooperBasin05 39: Fenton Hill 83 E2032
® o 15: CooperBasin03 40: Fenton Hill 84 E2042
16: Ogachi 91 41: Fenton Hill 85 E2061
17: Ogachi 92 42: Fenton Hill 86 E2066
'§ 18: Paradox Valley 43: Cotton Valley 21-10
s 19: Paradox Valley 44: Cotton Valley 21-10
g 20 20: Rosemanowes 45: Cotton Valley 21-09
= O 21: Hijiori 88 46: Cotton Valley 21-09
22: Hijiori 92 47: Cotton Valley 21-09
23: Prague, Ok, USA 48: Rocky Mountain Arsenal
24: Eola Field, Ok., USA  49: Rangely, Co, USA
25: The Geisers
_ . Seismic hazard _}
8% PGA [%g] |
8 0-8
s§' O (low) ‘
8-20
35 36 ‘g D (moderate)
37 2= > 20
tm ‘m . 03 <> (high)
2 1 I i i i I
2 3 4 5 6 7 8 9

Iogw(Volume [m 3])

Figure8. Comparison of injected volume versus magnitude for different geothermal projtteide. 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 relationshipetween the geothermal operations and tiseismidy is discussed due
to the spatial and temporal relationship between drilling, injection and seismic evamts.
injection test, an acid job and countermeasutesa gas kickvere carried out, in the course
of which seismic events occurred along two NBEMrending, drillingrelated fault zoneof
the St.GallenFault Zone. Theseismicevents of low magnitude occurred simultaneously with
the hydraulic measuredhe seismic events of larger magnituagp to ML 3.5) occurred with
and after the well control measures

In thisreport, numerical simulations are carried out to identify possible trigger mechanisms
for the seismicevents. For this purposgan existing subsurface model of ti&t.Gallen
geothermal project was used and extended docommodatethe high pressure Permo
Carbonifereoudrough. The subsurface model is based on an interpreted 3D sessmviey

and contains all relevant fault zones and formation boundaries. The numerical model was
createdin COMSOL Multiphysic

The subsurfaceis moceled poroelastially, i.e, there is a full coupling between the linear
elastic material behavior of the solid part of the rock and the fluid fbddwvaterin the pores

of the rock. Fault zones are assumed to be thin, elastic layers, which decougiartjiaeg
wall from the foot wall and enable relative movements along the fault zones. Furthermore,
the fault zoneshowincreased permeability and porositgspective to thesurrounding rock
Rock mechanical parameters were determined on plugs and analog ialdtem St.Gallen
GT1 welland 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
jobsis correspondinglynodeled 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 aia line source along the opdmwle section of the well. The fluid
guantities correspond to the volumes that were injected during the tests and well control
measures.

2 aSiK2R2f 23A0Ff I LILINRI OK

Induced seismicity is initiated by locally exceeding the strep§th structural element, e.g.
afault, in the subsurface anitlis measurable by the discrete displacement on the structural
element. The magnitude of the induced seismiaippeargo be in direct correlation with the
magnitude of the failed area of thetructural element (e.gWells and Coppersmith 1994) or
the injectedfluid volume (McGar2014, see abovg Failure usually occurspatially localized
(epicenter, local scajeThestructural elementon which failure occurshouldhoweverbe
supraregioral. The failure doesthus not have to cover the entire structural element. A
guantification of the possible failure area is therefore of interest.

Since induced seismicity is usually associated with fluid injections, failure is generally
explained by the pnciple of effective stresses, whereby an increase in pore pressure locally
reduces the stresses and locally moves the structural element from aritcal to a critical

state (e.g. Zoback 200) Induced seismicity in this context is usually relatecamoevent
horizon which depends on hydraulic rock properties (Shapiro 20bty.means that an event
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is triggeredwhen a structural element is detected by a critical fluid pressure at time t. Events
outside the event horizons cannot be determined usinig tipproach.

However, the superposition of the pore press@®mentionedaboveneglects the influence
exerted bythe compressed fluid on the grain structure via the pore space. These effects are
considered in the theory of poroelasticity. Rahner (2012)vatd changes in the effective
stresses outside the hydraulic event horizon using numerical simulatioimsse changes
result from the volumetric expansion of the pore spale to increasing fluid pressur&éhey
represent a possible source for the reactiva of structural elements outside the hydraulic
event horizon in a poroelastic mediurAmong othersGoebel and Brodsky (2019) sheav

that the seismicity induced in Glkloma, USAgcan be explainethy such a poroelastic stress
transfer over distances of0lkm. The work of Rahner (op. cit.) was continued by Backers et
al. (2013) to investigate the reactivation of potentialilit segmentdy poroelastic effects.

Hence, the question arises whether poroelastic stress transfer or a fast fluid transport caused
the seismicity inSt.Gallen A conceptual visualization of the poroelastic and the hydraulic
horizon isgiven inFigure9. In the followingthe methodsare briefly described

Figure9. Hydraulic versus poroelastic horizon for the reactivation of aTaelporoelastic horizon might induce seismicity on
a critically oriented fault earlier tharpare pressure front that séowly diffusing through the rock domarieyellow star
identifies the occurrenceaseismic event
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2.1 Scenario APoroelastic stress transfer

Poroelastic stress transfer the transfer of stresses generated Hye injection or extraction
of fluid in oneregionto another, more distal regionwithout the necessity opore pressure
change in the distal regiobue to this circumstance, the poroelastic stress transfes iss|f

apart from theconcept of effective stresses which requdt@ pore pressure @nge in the
distal regionto affect the stresses

The poroelastic stress transfer can be described by a point semigeddedin a two
dimensional spaceubjected toa differential stress field withlS> S as shown irFigurel0.

The injection of the fluidhanges 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
instantaneousin comparison to the diffusion of the pore pressure fromtdughthe rock The
poroelastic stress transfenight increaseboth SL and S3n different areas(Figurel0). The
changes in Band/or 8 might move thefaults inside the rock mass closer to failure as
indicated by theMohr-Coulomb circlesn Figure 10. Further details on the theory of
poroelasticity can be found iAltmann(2010) Rahner (2012)r Shapiro(2015) Meier and
BackersZ017)as well assobelset al 018 present possibleasef poroelasticallyinduced
seismicity.
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FigurelO. Schematic representation of the principle of poroealstic stress transfer and the according changes in stress that could
lead toinduced seismicity in areas that are notayfetcted by fluid pressures changes due to injection or depletion.

2.2 ScenarioB: Fast fluid transfer

Fast transfeof wateris the scenario rivalling poroelastic stress transfer as the trigger for the
induced seismicity in St. Galldn.contrast to the porelastic stress transfdrypothesisthe

fast fluid transfer hypothesis is based on the direct hydraulic connection of the injection well
and the PCT, causing a félstid pressuretransportfrom the injection well to the PCTThis
hasbeenindicated byWolfgrammet 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 thayers underlying the Malm reservair
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Shouldthe pore pressuréhave been transported directly, the prciples of effective stresse
caused the induced seismicitlpue to the increase in pore pressure the effective stresses
defined as the total stresses minus the pore pressumeng the rock closer to failuras
indicatedby the horizontatranslation of the Mohscirclein Figurell. In case the Mohcircle
touches the MohwCoulomb failure envelop (red line Figurell) the fault has failed.

Figurell Schematic representation of the principle of effective strasdale reduction inormal stress due to injection of a
fluid with pressure p that moves the M@lircle closer tiilure.

2.3 Mohr-Coulomb failure criterion

In all scenarios considered aboves used the Moh+#Coulomb failure criterionSuch criterion

is expained 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 strasting along

that plane if the following condition is satisfied:

sfs 6 Qi (9)

The parametefX®is known as the cohesidRg. The parameter is known as the coefficient

of friction (unitless) Aneffis the effective stress normal to the plane (Jaeger et al. 2007). In
case of faults or fractures the cohesionuisuallyneglected, reducing the Mok€oulomb
failure criterion to

st 9 & (10)

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

Yo =2 (11)

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