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Abstract. Seismic hazard during subsurface operations is often related to the reactivatioexis{ing tectonic faults. The
analysis of the slip tendency, i.e. the ratio of shearormal stresscting on the falt plane, allows an assessment of the
reactivation potential of faults. We use the total stresses that result from-adalge8D geomechaniealmerical model of
Germany and adjacent areas to calculate the slip tendency for three 3D fault geomaeitith setseasing complexity. This

allows to draw general conclusions about the influence of the fault geometry on the reactivation potential.

In general, the fault reactivation potential is higher ier@any for faults that strikBlW-SE andNNE-SSW. Due tothe
prevailing normaktresgegime in thegeomechanicahumericaimodelresults faults dipping at an angle of about 60° generally

show higher slip tendenci@scomparison t@teeper or shallower dipping faults. Faults implemented with a straight ggomet
show higher slip tendencies than those represented with a more complex, uneven geometry. Pore pressure has been assur
as hydrostatic and has shown to have a major influence on the calculated slip tendencies. Compared to slip tendency valu
calculatedwithout pore pressure, the consideration of pore pressure leads to an increase of slip tendency of up to 50 %. The
gualitative comparison of the slip tendeneigh the occurrence deismic events with moment magnitudeg #3.5 shows

areas with amveral good spatial correlation between elevated slip tendencies and seismic activatgo highlights areas

where more detailednd diversdault sets would be beneficial.

1 Introduction

Seismic activity is a crucial aspect for many subsurface construeatiohactivities such as the production of oil and gas, coal
mining, geothermal energy production, the storaggasfor the construction and sdbng term operation of a nuclear waste
repository. The occurrence of seismic activity is closely linked toptiesence of prexisting tectonic faults and their

reactivation(Sibson, 1985)To estimate the potentitd trigger seismic events, knowledge about the reactivation potential of

tectonic faults is essenti@oeck et al., 2009; Worumetal.,,2004) S1 i p on a fault occurs whe
| arger than t he(Shson, t974; Jaeyerktalr, 2051) st ance U
tt 6 °Q @
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where C is the fault <tdteisd omerthedfdctenordma dtresh @ thé fault.iTlee metevaot
parameters for the assessment of the fault reactivation potential are therefore: 1) The strésettimsatd) and t he ab
nor mal ns2) The pose préssureqaui red f or t hyg; 3)cThd fault brertatiom that influendes the
magnituwdead Of d4) The frictional f aul techamicalpehaviori es C and
The stress tensor in previous works has mainly been estiraéitizing stress inversiofMcFarland et al., 2012; Yukutake et

al., 2015; Ferrill et al., 2020point-wisestress data from field observatigiNeveset al., 2009; Lee and Chang, 2009; Moeck

et al., 2009; Morris et al., 202y using Monte Carlo SimulatiofHealy and Hicks, 2022pr 2D lineaments and in some
cases 3D fault geometried/orum et al.(2004)calculatedthe 3D stresgensor with an analytical modehd used it for the
estimation of the fault reactivation potential of 3D faults of the Roer Graben. tetness estatesfrom 3D geomechanical
numerical models have been used to determine fault reactivation potentgiamalscales, e.g. for the Upper Rhine Graben
(Peters, 2007r the Val d'Agri (Italy)(Vadacca et al., 202,1But this has not been achieveddtirof Germany.In this study,

we focus on the whole of Germany.

Here, we use the first 3D geomechanicamerical model of Germany hlers et al(2021b)that provides an estimate of

the 3D stress tensdhat is variablevith depth and lateral exte¢@ornet and Réckel, 2018ye to ilmomogeneous density and
elastic rock propertieg-urthermore, we compilthree sets of 3D fault geometries wititreasing complexity and use the
stress tensor from the Germany model to predict the fault reactivation potential. The fault sets can dteoubgtbrderive

a first order estimation of the fault reactivation potential, but also to highlight the effect of fault geometry on the fault
reactivation potentiaWe alsoinvestigate the impact of hydrostatic pore pressure as well as assumed ouszpresthe
reactivation potetial estimates and compare oesults with thespatialdistribution of seismic events with moment magnitudes

Mw O3.5.

2 Data & method

2.1 Study area
This study focuses on Germany and some adjacent dréasubdivided into theéhreecrustal units of th&eastEuropean

Craton, Avalonia and the Amorican Terrane Assembl@geschede and Warr, 2019; Ahlers et al., 20ZE&). 1 (a)). Most

parts d the Europearbasement have anaviscan overprint and can Babdivided into the roughl@W-NE striking regions

defined by Kossmatthe Rhenohercynican, the Saxothuringican including the Middle Ge@ngstalline Zone and the
Moldanubian ZonéWalter, 2007)North Germany is characterizedtbgNorth German Basin as part of the Southern Permian
Basin(van Wees et al., 200@nd almost NS striking Graben structures suchthae Gliickstadt Graben and SBE striking
basingWalter, 2007) Central and south Germany are characterized\mraklow mountain ranges such as the Black forest,

the Harz, thédre Mountainr the Rhenish Massif and sedimentary basins such as the Upper Rhine Graben and the Molasse
Basin. The southernmost part of Germany is dominated by the roughlgtEiking Alps.

Seismicity is mainly observed the Rhine area, the Swabian Jand EasterThuringiaas well as Western Saxof@erman
Research Centre For Geosciencégjuced seismicithas mainly been documentidthe context of gas productigMuller

et al., 2020) geothermal energy productidBénnemann etl., 2010; Stober and Bucher, 2028)d especially mining
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activities, which caused induced seismic events with local magnitudes of ug@&r&néhal and Minkley, 2005Porcelastic
stress changes should be considered for significant pore pressure changesyna®rsproduction induced earthquakes
(Muller et al., 2020)In the case of geothermal sites, fluid injections into the sedimentary rocks have been suggeshbed to
asseismogeniasinjections into crystalline rocks. In generidle presence of faults close to the atijgn well as fluid pathways
increagsthe risk of seismic even{&vans etil., 2012)

2.2  Stress State
Stress data are not evenly distributed throughout Gernkéagyl(b)) and vary between different regions of Germhath in

terms of orientatiomnd the stress magnitudes, thusdtnessegime. For the North German BagRtickel and Lemp)2003)
describe a normal faulting regime and mosthgtriking $imax orientationgSyazs) with an NNW-SSE influence towards the

Dutch border and an NNESW influence towasiPolandFor the Upper Rhine Graben (URG) area in southwest Germany
Homuth etal. (2014) calculate a transtensional regime with a strong s8ileinfluencewith Sua; around135° while
modeling results oBuchmann and Connol2007)suggest a present day strigkp reactivation of the URG-or the Molasse

Basin in South Germanysuas rotatesfrom striking NS in southeast Germany to NNBSE striking in thesouthwest
(Reinecker et al., 201@ndthe stress regime mosikely variesbetween normal faulting and strike s{iprews et al., 2019;
Seithel et al., 2015)

Since thesestress data are available only pointwige use thestress tensor derived from thB §eomechanicatumerical

model of Germanyy Ahlers et al(2021a)for the assessment of the fault reactivation potential. The ncoslets Germany

and adacent areas and provides a continuum mechanics based prediction of the stress tensor. The purely elastic finite eleme
(FE) model comprisesevenmechanical units, i.esedimentsfour upper crustal units, the lower crust and partshef
lithospheric matie. The four crustal units represent the crustal framework of Germsushown irFig. 1 (a) and the Alps
CarpathiarPannoniaThe lateral grid resolution I8 x 6km2 andthe vertical resolution decreasfrom 800 m within the
sedimentsto 7506h at t he model base. Each wunit is characterized
ratio (Ahlers et al., 2021a)

The model is calibrated with stress magnitude data from the magnitude databdseatwetz et al(2020)and compared

with stress orientations frothe World Stress Map databgsteidbach et al. 2016poth data sets are showrFig. 1 (b). The
resulting besfit model provides the 3D absolute stressstenl; within the model domairfAhlers et al., 2021a)i.e. for
Germany and adjacent are&s.order to consider effective stresses, we assume a hydrostatic pore pressure. Even though
overpressure is well documented for the Molasse B@wiews et al., 2018; Miiller et al., 1988here is not enough spatial
information on pore pressure available to justify the usage of different pore pressure gradients in our analysis.

Fig. 1 (c) and (d) sha the stress regime in the Germany maie S$ia,iin 1 km and 8 km depth respectivelly.the uppermost

km of the model, thrust faulting (TF) and str&kp (SS) regimes are present. Below 1 ¢kepth themodelis dominated by
SSregime withsome areaswwing normal faulting (NF) regimes. Wt increasing depttihe NF regime becomes increasingly

dominant agan be seen iRig. 1 (d). In contrast, the stress orientations are almost constant with depth but chaogahty
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laterally. While $aziis almost purely NSin the northeastern part of the madék orientatiorswitchesmore towards a NNE
100 SSW orentationin the western part of the modéldditionally, the figure showfault reactivatiorstereo plots for fie regions
in Germany.The plotsare based odata provided by the model at the respective locations and illugteteactivation
potential of faultsstriking between 0° and 360° and dipping between 0° and 90° represented by their normal Meeyors.
indicate high reactivation potentials in the upper 1 km of the model in south Germany for shallow to moderately dipping and
NNE-SSW to SSENNW striking faults. The reactivation potential for faults in north Germany is noticeably lower. In 8 km
105 depth, the ractivation potential is predicted as relatively low for all areas and fault orientations. The highest reactivation
potential in this depth is predicted for moderately dipping faults striking roughly i8WElirection.
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Fig. 1 (a) Crustal units in Germany are indicated by different shades of bluend labelled with dark grey, capital tex. White text
labels Varisan units. Modified after Meschede and Warr(2019)and Ahlers et al.(2021a) (b) stress data available in @rmany:
the rotated line markers represent data on the orientation of the maximum horizontal stress i) available in the World Stress
Map (Heidbach et al., 2018pand are cdored by the stress regime associated with the data points (Normal faultif§{F), strike-slip
faulting (SS) thrust faulting (TF) and unknown regime(U)). Plotted alongside are the locations of stress magnitude data
(Morawietz and Reiter, 2020)and major tectonic faults in Germany as blue linesvith (outcroping) basenent structuresindicated
by grey areasThe location of Fig. 4(a) and (b) is indicated by orange square8PF: Bavarian Pfahl Fault; EG: Eger Graben; FL:
Franconian Line; GG: Gliuckstadt Graben; HSBF: Hunsrueck Southern border fault; LNF: Landshut-Neudtting Fault; NHBF:
Northern Harz Boundary fault; RG: Roer Graben: RT: Rheinsberg Through; URG: Upper Rhine Graben (modified after Kley
and Voigt (2008)and Ahlers et al. (2021a); (c) and (d) The stress regimecalculated by the Germany modeln 1 km and 8 km
depth respectivelyis indicated by the backgroundcolor; Sazi calculated by the Germany model has beeaveragedalong a regular
grid. The mean Siazi of each grid point is indicaed by the orientation and cola of the marker. For five areaswithin the model
area, fault reactivation stereoplots are shown displaying whatfault orientations and dips are mostfavorable for reactivation
under the given stress conditions.

© EuroGeographics for the administrative boundaries

2.3 Fault data sets

A spatially comprehensive collection of 2D fault lineaments in Germanpérrs compiled b$chulz et al(2013) 3D fault
geometries are available on a regional scale for some regions in Germany, such as the North &inf@am&esanstalt flr
Geowissenschaften und Rohstoffe, 202hg Molasse BasiflGeoMol Team, 2015 South Germany or in the model of
Saony (Geildler et al., 2014However, there are no comprehensive 3D fault geometry compilations available for Germany.
We created a total of three fault sets of increasing complexity. The first fault set is based the 2D fault coll&ztianzogt

al. (2013)thatcomprises the 2D lineamentsi0 faults in Germany. The faults used in the second fault set have been chosen
accordingtoselectio criteria. The selection cr ikngthe harizanwalmippiacesent t h e
(OKInD , the vert i cam)and thsseitnicactiviteai the f{ul®(sirke 8B or later) Furthermore, the

general speciglatiernof fault orientations should be reprazkd. In areas, where no faults met the criteria, we selected some
additional faults to reproduce the general spatial distribution of fauits approacteadto a final compilation of 55 faults.

For these faultshe fault type namely strikeslip, normal faul or thrust faultwas known from a data collection (Buchi et

al., 2014; Agemar dl., 2016)or respective literature. For the third fault set, we used geological and seismic cross sections in
the depth domain to compile data on the 3D geometry of the selected faults. For 23 faults, cross sections with sti@ient ver
extent wereavailable. Based on the three described fault sets we generated three different 3D geometry sets of increasin
complexity for slip tendency calculation:

1. Vertical fault set: All 900 faults of the fault catalogy@&gemar et al., 2018y ere implemented as 90° dipping faults
extending to the base of the lower crigte assumption of a vertical glis an oversimplificatiomue to the lack of
data onmost faults andintroduces significant errors to the calculated reactivation potentials of faults that dip
differently in reality However it allows te consideration of a large quantity of faults #metefore a more diverse
representatioim terms oflocation and ike than the other two sets with more realistic dips.

2. Andersonian fault set The 55 selected faults have been implemented depending on their Andersonian fault type as
normal faults, thrusfaults or strikeslip faults. For normal faults a dip angle of 60° was assigned, for thrust faults of
30° and for strikeslip of 90°. The faults reach the base of the lower citist.supplementaryiable Sllists the
implemented faults with a correspongliiD.

3. SemiRealistic fault set For 23 faults, a more complex geometry on the basis of seismic and geological cross sections
is used. The depth of the faults is not constant as in the Vertical and Andersonian fault sets, but is chosen in accordanc
with the depths given in the sections used. The vertical cross sections used for the generation ofrdadistemi
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fault set are compiled imable 1. The quantity of available cross sections per fault varied considerbl many
faults, only one cross section was available leading to a uniform geometry over the entire length of the fault.

Table 1 Sources with suitable geological and seismic cross sections for the generation of seiistic fault geometries and the
specific faults they were used for.

Fault

Source

Albstadt Shear Zone

Derived fromReinecker and Schneider, 2002

Allertal Lineament

Littke et al., 2008

Alpine Thrust

Bruckl et al., 2007

Finne Fault

Reinhold, 2005

Franconian Line

Reinhold, 2005

Gardelegen Fault

Littke et al., 2008Reinhold, 2005

Haldesleben Fault

Littke et al., 2008Reinhold, 2005

Harz Northern Bandary fault

Reinhold, 2005

Hunsrueck Southern Border fault

Henk, 1993

Kyffhauser Fault

Reinhold, 2005

Lausitz Escarpement

Reinhold, 2005

Lausitz Thrust

Behr et al., 1994

Midi-Aachen Thrust

Ribbert and Wrede, 200€8azes et al., 1985

Osning Fault

Duin et al., 2006Drozdzewski and Doélling, 2018

Roer Graben

Duin et al., 2006Geluk et al.1994

Siegen Thrust

Franke et al., 1990

Swabian Lineament

Pfiffner, 2017

TeisseyréTornquist Zone

Narkiewicz et al., 2015

Upper Rhine Graben

Brun et al., 1992GeORGProjektteam, 2013

Wittenberg Fault

Reinhold, 2005

155
2.4

3D Slip tendency analysis

To estimate the fault reactivation potential we use definitions and termMeraf et al.(1996) Assuming that cohesion can

be neglected,hey defined the parameter slip tendency as the ratio betivamsh, . We use this definition as a first slip

tendency type

160 Y
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We furtherusethree additional slip tendency parameters for our analysigconsiderdines that takes the influence of pore

pressure ofli, (Jae@r et al., 2011nto account.

~ L 3)
A normalization tce has been used for example Pgterg2007)and is additionally calculated &% and”Y . We
choosee as 0.57 which is in the middle of the range reporteddmnger et a{2011) For"Y and”Y slip is likely

to occur if they approach values around 1 or larger.

y - @)
~ - )
The pore pressure Por the calculatin of,, is computed from the depth z [m] (whighthetrue vertical depth below the

topographic surface of the German stress model), grgy@81 m s2] and the fluid density [1000kg m3]:

0 7 O (6)

To estimate thslip tendencies, the fault geometries are discretized as surfaces with triangles with a side length @00

the 3D stress tensazomponents from the geomechaninaimerical modebdf Ahlers et al(2021b)aremapped on theorner
nodes of the trianglessingTecplot 360 EX v2018ndthe AddOnGeostresgHeidbach et al., 2020Themean stress tensor

of the three nodes is multiplied with the normattee of each triangle to estimaiandd,. With the hydrostatic pore pressure
thefour slip tendency parameters are calculated

3 Results

3.1 Vertical fault set

The results for the Vertical fault set are shown for all four slip tendency paraingtggs2. As the faults are verticahe top

view only shows the values along the fault.tdp of the Vertical fault set ranges mainly between 0 and 0.5 (histograms are
shown inFig. SJ. Higher Ts values are reached for tlwppermost parts of some faults as can be seé&igir2 (a). With
increasing depth ddecreases rapidly teearlyO for all faults. Faults striking NNISSW and NWSE show elevatedsivalues

in the uppermost parts tfe faults when compared to faults of other strike directions.

Tseris higher than $and ranges mainly between 0 and 0.4x 15 highest in the uppermost fault parts and decreases rapidly
with increasing depth as well. N\8E and especially NNEBSW stiking faults show higher dets than faults of other strike.
TsnormValues mainly range between 0 and 0.7 agdlerranges mostly between 0 and 1. The same trends for depth and fault

strike apply as for Jand Tse. Tsnormand Tsnormetrare however lgher in the uppermost parts of the faults thag. T
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Fig. 2 Topview of the slip tendency of the vertical fault set calculated for four cases. Due to the vertical nature of the faultdyothe

190 uppermost parts of the faults are vidble. (a) Ts; (b) Tseff(with effective normal stresses)(c) Tsnorm (normalized to a coefficient of
friction of 0.57); (d) Tsnormett (with effective normal stresses and normalized to a coefficient of friction of 0.57)
© EuroGeographics for the administrative boundaries

3.2 Andersonian fault set
The resulting slip tendencies of the Andersonian fault set are shown for all four slip tendency fyges iadditional
195 histograms are given iaig. S3. Tsranges mainly betaen 0 and 0.2. Only the uppermost parts of some NB8E and NE
SW striking faultssuch as the URGhe Albstadt Shear Zone and the Lands¥etioetting Fault show slightly higher values.
Tsett mostly ranges between 0 and 0.4. Onbp 9f the values are Higr than 0.4. derris generally elevated for faults and fault
segments striking in NNISSW and NWSE direction such as the URG, the Franconian Line, the Albstadt Shear Zone, the
Wittenberg Fault, the Rheinsberg Through, the Landblautoetting Fault anche Roer Graben. The influence of fault strike
200 direction is especially prominent for faults with segments of varying orientation. Th&BMWiriking parts of the Rheder
Moor-Blenhorst Fault show elevatedck values when compared to the more WNBSE strikng segments of the fault. For
strike-slip faults, Terf Strongly decreases within the uppermost fault parts and keeps decreasing with increasing depth as showr
for parts of the Albstadt Shear Zone kig. 4 (a). Tsest Slightly increases with depth after the initial strong decrease for some
normal and thrust faults. This is shown for the MédichenThrust inFig. 4 (b). Tsnormranges mainly between 0 and 0.3 and
205 shows an ovall similar behavior to $e. While the high Thomervalues reach up to 1.0, areas with logoerrshow values
in the same range as for the other three slip tendency parameters. The spatial distribution of areas of low @nghdaigh T

values issimilar to Tsnormand Tsett.
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