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We analyse the effect of Quaternary glaciations on the complex tectonic pattern within the southwestern Baltic Sea, a
sector of the transition zone from the East European Craton to the West European Platform. This area comprises the
Caledonian Trans—European Suture Zone in the south and the Tornquist Zone in the north. Multiple fault zones in
between, with different strike and dip angles, and characters (normal, thrust/reverse, strike-slip), document like scars
the alternately transpressional and transtensional stress activities since the Palaeozoic. We determine the strike
directions and dip angles of more than 40 potential glacially reactivated faults identified in 2D marine reflection
seismic data. Finite element simulations of different glacial isostatic adjustment models provide glacially induced
Coulomb failure stress changes (ACFS) at the faults over time, starting 200 000 years ago (200 ka, Saalian phase) up
to 1000 years into the future. Assuming strike-slip or thrust/reverse background stresses, a potential reactivation of
each fault is analysed. The detected reactivation phases are related to the waxing and waning ice masses (Late Saalian
ice advances: ¢. 170-135 ka ago; Weichselian ice advances: 70-60, 45-38, 26-14 ka ago) and point to an activation in
front of the ice margin. Comparing the ACFS results of the individual faults laterally and over time, we found that the
location of the fault, depending on its position during a glacial maximum, has an important effect on its reactivation
potential. The closer a fault was located to the former ice margin, the higher was the glacially induced stress during the
ice retreat. Based on earlier findings in Germany and Denmark, glacially triggered faults are a typical consequence of
the Fennoscandian glaciation throughout northern central Europe, and this also applies to future glaciation phases.
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Faulting can be induced by both endogenetic forces, such
as tectonic stress within the lithosphere from plate
motion, and exogenetic forces, including glacial move-
ments, landslides, and human activities. In northern
Europe, the stress field is dominated by a combination of
exogenetic glacial isostatic adjustment (GIA) and
endogenetic lithostatic and tectonic stress regimes. GIA
is a process where the Earth adjusts its shape in response
to the waxing and waning of ice sheets. The large (some
10 MPa) glacially induced stress changes within the
Earth’s crust can potentially trigger the reactivation of
faults, leading to enhanced seismic activity and thus an
earthquake hazard. Moreover, due to the propensity
for fault reactivation over new fault generation, even
minor stress changes, in the order of a few kPa, can lead
to the reactivation of faults, whether optimally or
non-optimally orientated within a stress field (King
et al. 1994; Steffen et al. 2021a, b).

Glacially induced faults (GIF) have been studied in
northern and northern central Europe (e.g. Miiller
etal. 2020, 2021; Olesen et al.2021; Pisarska-Jamrozy
etal.2021; Sandersen et al. 2021; Smith et al. 2021; Suti-
nen et al.2021), Canada (e.g. Adams 1989; Brooks &
Adams 2020), Alaska (Sauber et al. 2021) and the polar
region (Steffen ef al. 2020; Steffen & Steffen 2021a). These
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studies focused dominantly on the mainland (onshore)
and used several approaches to date fault reactivation. In
addition to the standard stratigraphical approach (a fault
has the same age or younger as the youngest succession
that it is displacing and wherein it terminates), optically
stimulated luminescence (OSL) dating and model simu-
lations of the Coulomb failure stress change (ACFS) were
used to estimate the effect of glacially induced stress on the
reactivation potential of individual faults and the time
when reactivation was possible ornot (Brandes et al. 2012,
2018;  Steffen eral 2014, 2019; Pisarska-Jamrozy
etal. 2019, 2022; Stépancikova et al. 2022).

In northern Germany, which is also affected by GIA,
Quaternary fault activation and reactivation have been
studied since the early 20th century (e.g. Philippi 1906;
Keilhack 1912; Steinich 1972). During recent years, there
has been a resurgence of interest in this topic, driven by
the search for tectonically quiet sites for underground
storage or offshore wind farm constructions. The
investigation of GIF or soft-sediment deformation
structures focused mainly on an area between the
northern border of the Tornquist Zone tothe Low
Mountain range in central Germany (Harz Mountains;
e.g. Brandes eral 2012, 2018, 2022; Pisarska-Jamrozy
etal. 2019, 2022; Grube 2019a, b; Miiller ez al. 2020).

© 2025 The Author(s). Boreas published by John Wiley & Sons Ltd on behalf of The Boreas Collegium.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and

no modifications or adaptations are made.


https://orcid.org/0009-0007-0733-7406
https://orcid.org/0009-0007-0733-7406
https://orcid.org/0009-0007-0733-7406
https://orcid.org/0000-0001-6682-6209
https://orcid.org/0000-0001-6682-6209
https://orcid.org/0000-0001-6682-6209
https://orcid.org/0000-0003-4739-066X
https://orcid.org/0000-0003-4739-066X
https://orcid.org/0000-0003-4739-066X
https://orcid.org/0000-0002-0875-2456
https://orcid.org/0000-0002-0875-2456
https://orcid.org/0000-0002-0875-2456
https://orcid.org/0000-0001-7380-2344
https://orcid.org/0000-0001-7380-2344
https://orcid.org/0000-0001-7380-2344
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbor.12689&domain=pdf&date_stamp=2025-01-28

BOREAS Glacially induced fault reactivation in the Baltic Sea sector of the Tornquist Fan 221

In this study, we focus on the southwestern Baltic Sea,
which can be seen as the marine gap area between the
Tornquist Zone and the onshore Danish and German
GIF studies. The southwestern Baltic Sea comprises
geographically the area between the Bay of Kiel in the west
and the Pomeranian Bay in the east. Our understanding of
its regional tectonics is well established: the continental
crust comprises a multitude of faults that were mapped in
detail by numerous offshore seismic campaigns (e.g.
Krzywiec et al. 2003; Hiibscher et al. 2004, 2010; Hansen
etal. 2005, 2007; Zollner etal 2008; Al Hseinat
et al. 2016; Kammann et al. 2016; Al Hseinat & Hiibscher
2017; Seidel et al. 2018; Ahlrichs et al. 2020, 2021, 2023a,
b; Huster et al. 2020; Pan et al. 2022). The big advantage
of these non-invasive offshore seismic measurementsis the
free profile orientation, so that e.g. faults can be crossed
perpendicularly, without having to consider infrastruc-
ture or morphology.

The complex fault pattern within the southwestern
Baltic Sea includes a variety of tectonic features differing
in age, strike direction, and vertical or lateral extension.
In a regional tectonic sense, the area is located above the
northern marginal part of the Trans—European Suture
Zone (e.g. Guterch etal. 2010). This area acted like a
hinge between the stable part of Baltica (East European
Craton) and the West European Platform, and compen-
sated the alternating tectonic stresses. The Baltic Sea
region is also located at the northern border of the
intracontinental North German Basin (NGB) that
formed during the Palaeozoic to Mesozoic (e.g. Guterch
etal. 2010). Intense salt tectonics and Cretaceous to
Palacogene inversion processes complete the complex
structural-geological situation (e.g. Warsitzka et al.
2019; Pan et al. 2022).

Duringthe Quaternary, at least three major glaciations
modified the relief of the later Baltic Sea: the Elsterian,
the Saalian and predominately the Weichselian glacia-
tions. The phases of ice advance and retreat are known for
fault reactivation, which lasts until today due to ongoing
isostatic adjustments (e.g. Brandes etz al. 2012, 2018;
Pisarska-Jamrozy et al. 2019, 2022; Steffen et al. 2019,
2021a). An effect of ice loading on the reactivation of
supra-salt has been conceptually described by Sirocko
et al. (2008) and further analysed by Lang et al. (2014)
and Lang & Hampel (2023).

In this study, we use known faults from previous
seismic studies in the Baltic Sea, identify which of these
faults dissect the base of the Quaternary or the sea floor,
and thus have been potentially reactivated in glacial times
(focusing on the last 200 000 years (200 ka)). Using the
seismic data, we estimate fault properties and analyse
them regarding their potential glacial reactivation by
combining them with glacially induced Coulomb failure
stress changes (ACFS) calculated with a set of GIA
models. This method, providing stress changes at the
faults over time, has previously mostly been used for
onshore data and single faults mapped at outcrops. We

adapt this method for our offshore data set with multiple
optimally and non-optimally orientated faults, addres-
sing the following questions: (i) Did the Saalian and
Weichselian glaciation lead to fault reactivation in the
southwestern Baltic Sea? (il) Why are some faults in the
southwestern Baltic Sea prone to potential glacially
induced reactivation and some not? (iii) How do the
dimension and shape of the ice sheet affect glacially
reactivated faulting? (iv) Is there a certain stress and GIA
model combination for which many faults indicate
potential glacially induced fault reactivation in the
southwestern Baltic Sea? (v) Do the results correlate
with other glacially induced fault reactivations discussed
in Germany and Denmark? (vi) How does a possible
reactivation of this multitude of faults fit into the picture
of the palacoseismicity and the present seismicity of the
area?

Answering these questions is not only important from
a scientific point of view but also from a societal one since
Denmark and Germany are in the search process for
potential areas for long-term disposal of radioactive
waste, for which the integrity of the host rock must be
guaranteed for a period of up to 1 million years (a period
that will probably include future ice ages; BGE 2024).
Moreover, the results can be used for risk assessment for
CO, storage, geothermal energy, and windfarm con-
struction sites. Ultimately, the results can be applied to
regions that are currently covered by ice sheets but
experiencing rapid climatic change, such as the polar
regions (Steffen & Steffen 2021a and references therein).

Geological overview

Ordovician to Tertiary evolution and structural features

The Caledonian Trans—-European Suture Zone (TESZ)
represents the transition from the Precambrian East
European Craton (EEC) in the northeast to the West
European Platform (WEP, with Palaeozoic lithosphere)
in the southwest (Guterch et al. 2010). The suture strikes
northwest—southeast and contains the area between the
Caledonian Deformation Front (CDF, northernmost
front of the Caledonian accretionary wedge) in the north
and the Elbe Line in the south (summarized e.g. by
Guterch et al. 2010). The Tornquist Zone (Fig. 1) com-
prises the Sorgenfrei-Tornquist Zone (STZ), trending
from the North Sea southeastward until Bornholm
Island, and the Teisseyre-Tornquist Zone (TTZ), trend-
ing from Bornholm Island until the Black Sea (e.g.
Erlstrom et al. 1997; Ponikowska et al. 2024). Both
branches are horizontally displaced at the Renne Graben
(Fig. 1). The TESZ and the Tornquist Zone approach
each other in Poland and continue their strike towards
the southeast almost parallel to each other (Fig.1).
Therefore, the general nature of the Tornquist Zone and
of the TTZ in particular has been widely discussed in
recent years (e.g. Znosko 1979; Erlstrom et al. 1997,
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Fig 1. Structural overview of our study area with the Weichselian ice margin 23 000-21 000 years BP (Houmark-Nielsen et al. 2005), isobases of
land uplift (0and l mma™ ! model NKG2016LU_abs; Vestel ez al. 201 9), the location of recent earthquakes (Deutscher Erdbebenkatalog, OBGR,
Hannover 2012), and structural units are redrawn and modified according to Vejbak & Britze (1994), Schliiter ez al. (1997), Krzywiec et al. (2003),
Nielsen (2003), Krauss and Mayer (2004), Seidel et al. (2018), Warsitzka et al. (2019), and Ahlrichs ez al. (2021, 2023b and citations therein). The
Tornquist Zone (grey polygon) and the horst-and-graben zone of Cretaceous to Palacogene inversion (yellow) are differentiated and slightly
modified according to Ponikowska ez al. (2024). The bathymetry is based on the Baltic Sea Hydrographic Commission (2013). The overview map in
the upper left is based on Thybo (2000), Meschede and Warr (2019) and Ponikowska e? al. (2024), visualizing the location of: 1 — Trans—European
Suture Zone, 2 — Sorgenfrei-Tornquist Zone, 3 — Teisseyre-Tornquist Zone, 4 — Tornquist Fan. Red rectangle shows the location of the study area
(ADF = Alpine Deformation Front; CDF = Caledonian Deformation Front; VDF = Variscan Deformation Front). Abbreviations in main map:
AB = Arnager Block; AF = Arkona Fault; AFS = Agricola Fault System; AKFZ = Adler-Kamien Fault Zone; BB = Bornholm Block; ChB =
Christianse Block; CT = Colonus Shale Trough; DB = Dartowo Block; EHMB = Eastholstein-Mecklenburg; EHT = Eastholstein Trough; FF =
Falster Fault; FyF = Fyledalen Fault; GF = Gat Fault; GFZ = Gryfice Fault Zone; GG = Gliickstadt Graben; HB = Hano Block; HF = Hiddensee
Fault; HG = Hollviken Graben; KF = Koszalin Fault; KRAF = Kullen-Ringsjon-Andrarum Fault; LFZ = Langeland Fault Zone; MPA = Mid-
Polish Anticlinorium; NJF = Nord Jasmund Fault; PaF = Parchim Fault; PeF = Pernille Fault; PF = Plantagenet Fault; PFZ = Prerow Fault Zone;
RF = Renne Fault; RG = Renne Graben; RoF = Romeledsen Fault; SF = Skurup Fault; SvF = Svedala Fault; STZ = Sorgenfrei-Tornquist Zone;
SvT = Svaneke Trough; TFZ = Trzebiatow Fault Zone; TTZ = Teisseyre-Tornquist Zone; WB = Wolin Block; WF = Wiek Fault; WFZ = Werre
Fault Zone; WPFS = Western Pomeranian Fault System; VT = Vomb Trough.

Thybo 2000; Krzywiec 2009; Mazur et al. 2015, 2018;
Narkiewicz et al. 2015; Ponikowska et al. 2024). Espe-
cially the STZ but also the TTZ were attributed to the
deep fracture zone (e.g. Erlstrom ez al. 1997). However,
other publications discussed the TTZ as the southeastern
border of the EEC (e.g. Narkiewicz et al. 2015). Most
recently Ponikowska ef al. (2024) defined the Tornquist
Zone as an intra-cratonic feature of crustal thickening.
The northwestward widening area comprising the
Tornquist Zone in the north and the northwestern part
of the TESZ in the south is known as the Tornquist Fan
(Thybo 1997, 2000, 2001; cf. Fig. 1).

The collapse of the German-Polish Caledonides was
followed by post-Caledonian extension, Variscan com-
pression, Permian volcanism and thermal subsidence,
break-up of Pangaea and transtension from Permian to
Early Cretaceous times (e.g. Pharaoh ez al. 2010). Some
faults of the northwest-trending fracture zone (e.g.
Gryfice Graben, Renne Graben, Colonus Shale Trough)
formed during the Permo-Carboniferous (Erlstrom
etal . 1997; Thybo 2000, 2001). Especially the Late
Palaeozoic and Mesozoic were characterized by the
formation and differentiation of the intracontinental
Central European Basin System and in particular of the
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Fig 2. Stratigraphical table of the past 200000 years. The stratigraphy and climatic phases are based on the German Stratigraphic
Commission (2016), the marine isotope stages (MIS) on Cohen & Gibbard (2012 and references therein), and bold times on the German
Stratigraphic Commission (2016). Warm stages are green, cold ones are blue. The informations on ‘Lithostratigraphy and ice advances’ are
summarized according to Miiller (2007), Anjar et al. (2010, 2014), Houmark-Nielsen (2010, 2011), Bose et al. (2012), Stephan (2014), Borner
etal.(2019). The ages given are mostly approximate values. D = Denmark; G = Germany; ka = 1000 years; LGM = Last Glacial Maximum; MV =
Mecklenburg Vorpommern/engl. Mecklenburg Western Pomerania; P = Poland; S = Sweden; SH = Schleswig-Holstein; Upper S. = Upper Saalian;
W. = Weichselian. Phases of this study: 1 = Late Saalian; 2 = MIS 4; 3 = MIS 3; 4 = Main Weichselian glaciation | (MWG 1); 5 = Main Weichselian

glaciation 2 (MWG 2).

deepening North German Basin (NGB), Mid-Polish
Trough and Renne Graben (Scheck-Wenderoth
et al. 2008; Pharaoh etal. 2010). East-west extension
forced the formation of the Gliickstadt Graben (west of
the study area; Warsitzka ez al. 2019). Contemporane-
ously, the crustal scale inherited fault and graben zone in
the northern extension of the Polish Trough formed in
the eastern study area (we will focus on the Vomb
Trough, the Colonus Shale Trough, the Christianse
Block, the Rgnne Graben, the Gryfice Graben and the
Kotobrzeg Graben; Pharaoh ez al. 2010). Due to the
remaining stress system in the Mesozoic, transtensional
faults formed along the northern NGB margin, such as
the northwest—-southeast trending Western Pomeranian
Fault System (Krauss & Mayer 2004). Salt tectonics of
the Zechstein salt successions were triggered by the
regional extension within the NGB (Warsitzka er al.
2019). Different salt pillows with crestal grabens above
are known in the bays of Kiel and Mecklenburg (cf.
Fig. I; for more information see e.g. Warsitzka et al.
2019; Huster et al. 2020; Ahlrichs et al. 2021). Further
south and southwest, bigger salt walls strike parallel to
faults, such as along the north—south trending faults
of the Gliickstadt Graben (e.g. Scheck-Wenderoth
et al.2008).

During the Late Cretaceous and Palaeogene,
northeast-southwest to north-south orientated com-

pression affected northern Europe originating from the
Africa-Iberia-Europe Convergence (Kley & Voigt 2008;
Kley 2018). According to Ponikowska et al. (2024) the
Tornquist Zone formed a mechanical buffer and com-
pressional stresses led to inversion of several basin and
graben structures in the upper crust. The resulting horst-
and-graben structure, close to the strike of the Tornquist
Zone,isknown as one of the northernmost structures that
document reverse fault reactivation, e.g. at the
Kullen-Ringsjon-Andrarum Fault (Al Hseinat &
Hiibscher 2017; Pan et al. 2022). Major anticlines formed
also due to graben inversions within the Renne Graben
(e.g. Graversen 2004), along the northwest-trending
Adler-Kamien Fault Zone, and the Trzebiatow Fault
(Ponikowska et al. 2024 and citations therein). This Late
Cretaceous to Palacogene inversion zone is highlighted
yellowin Fig. 1. The Gryfice and Kotobrzeg anticlines are
assigned to the Mid-Polish Anticlinorium (Krzywiec
et al. 2022; Ponikowska et al. 2024).

Quaternary evolution of the southern Baltic Sea

During the Quaternary, at least three major glaciations
modified the relief of the later Baltic Sea, namely the
Elsterian, the Saalian and the Weichselian glaciations.
Thereby at least two ice sheets, which can be separated
based on their origin, have to be considered: (i) The
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Scandinavian Ice Sheet (SIS) with individual ice streams
via the Bothnian/Baltic depression, following the former
Eridanos River, which has drained the Baltic depression
since the late Cenozoic in a southwest direction
(Overeem et al. 2001), and via the Skagerrak-Kattegat
trough, streaming southward towards Denmark
(Houmark-Nielsen 2011). Thus, we differentiate
between a southeastward and a southward advancing
ice stream. (ii)) The British-Irish Ice Sheet (Hughes
et al.2016) covered the southwestern part of the North
Sea but did not reach the Baltic Sea and is not further
considered here.

We limit our study to the glacial history between the
late Middle and Late Pleistocene (lasting 200 ka, cf.
Fig. 2), thus between the late Marine Isotope Stages
(MIS) 6 and 2 (Cohen & Gibbard 2012). This choice is
based on the ice model by Lambeck ez al. (2010) used in
our modelling, which covers this time-span. According
to Lambeck efal. (2010), ‘the compilation of the ice
margins was completed in 2004°. Of course, the timing
and classification of individual ice advances, particularly
those predating the Last Glacial Maximum (LGM), have
been refined since then, and thus especially regarding
interpretation of our results for older glaciation phases
we advise caution. We summarize the glacial history in
Fig. 2, supplemented by the glacial stages and subunits of
more recent publications with the corresponding MIS.

In northern Germany and Denmark, the Late Saalian
is subdivided into the Drenthe and Warthe phases
(e.g. Houmark-Nielsen 2011). The Drenthe ice advance
(c. 160ka ago) was formed by an ice stream that
moved through Denmark from the northeast
(Houmark-Nielsen 2004, 2011; Houmark-Nielsen ez al.
2005). During the Warthe Stadium (150-130 ka ago; Litt
et al. 2007), anice stream transgressed the southern Baltic
Sea area from the east. Later, this ice stream extended
across Denmark from the east to east-southeast
(Houmark-Nielsen 2004, 2011). Also, the ice model
always shows two maxima that might correspond with
the so far not precisely dated Drenthe (based on the ice
model estimated as 170-150 ka) and the Warthe stadiums
(based on the ice model estimated as 150-135ka).
According to the ice model the ice stream advanced from
the northeast, through the Baltic channel and retreated in
a north-northeast direction (170-135 ka ago; Fig. S1A).
A very short third ice advance from the north-northeast
might have collapsed north of Riigen Island between
137-135 ka ago.

The Eemian Interglacial and the Early Weichselian
occupied the MIS 5, a global warm phase with marine
conditions (cf. Fig.2; Larsen etal.2009; Cohen &
Gibbard 2012; German Stratigraphic Commission 2016;
Menning 2018). The following Middle Weichselian
included the global cold MIS 4 and global warm MIS 3.
Lambeck et al. (2010 and citations therein) correlated the
Old Baltic Ice Advance in Denmark with the MIS 4
(Fig. 2). Moreover, the Danish Ristinge and the Swedish
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Goteborg I advances appeared contemporaneous, peak-
ing at about 64 ka ago. Later publications (after 2004; e.g.
Houmark-Nielsen 2011) referred to the Sundsere ice
advance that extended across northern Denmark
from the north between 65-60 ka ago. Thereby the SIS
also filled the Norwegian Channel and the
Skagerrak-Kattegat depression (Larsen et al. 2009;
Houmark-Nielsen 2011). The ice model also shows an
MIS 4 advance between 70 and 60 ka ago (Fig. S1B) that
proceeded from the northeast/east-northeast.

In Germany, the Warnow advance is attributed to the
MIS 4 (German Stratigraphic Commission 2016).
According to Miiller (2007 and citations therein), the
Warnow formation could be in genetic correlation with
the Ellund advance in Schleswig-Holstein (northwest
Germany; Stephan 2014) and the Polish Malbork Phase.
In Denmark, however, three Middle Weichselian ice
advances are distinguished: Sundsere (MIS 4), Ristinge
and Klintholm (both MIS 3; Houmark-Nielsen 2011).
Houmark-Nielsen (2010) summarised a stratigraphical
correspondence of the Warnow and Ellund advances with
the Baltic Ristinge advance during the MIS 3. However,
according to Borner efal.(2019) and Kenzler
et al. (2018), glacial deposits of a Middle Weichselian ice
advance are missing in northeast Germany and even
absolute ages could not be measured so far. Therefore, the
stratigraphical position of the Warnow Phase is still not
proven. According to the ice model the MIS 3 ice advance
passed through the study area from the northeast to east
(45-38 ka; Fig. S1C), reached the Tornquist Zone and
proceeded in a westerly direction.

Lambeck ez al. (2010) differentiated an older MIS 3
interstadial in their ice model, with e.g. the Swedish
Téarando and Danish Glinde phases, peaking around
49 ka ago. Thiswas followed by a MIS 3 stadial (39 ka ago,
with the Danish Klintholm and the Swedish Goteborg 1),
and ayounger MIS 3interstadial known as the Norwegian
Alesund, the Danish Men or the Swedish Gardslov phase,
culminating around 35ka ago (Lambeck efal. 2010).
However, due to the uncertainties, we will stick to ‘MIS 4’
and ‘MIS 3’ advances in the following.

Following the late MIS 3 the Kattegat ice stream
prograded from the north across the Kattegat ice lake
until central Denmark and further east across southern
Sweden (Larsen ef al. 2009; Houmark-Nielsen 2011), but
not in the recent Baltic Sea area. Therefore, it is not
considered as a separate phase for GIF reactivation in this
study. Lambeck et al. (2010) described this first Late
Weichselian stadial as the Norske Is or Norwegian phase.
The recent area of the southern Baltic Sea region
remained ice free. Houmark-Nielsen (2011) categorised
the Kattegat advance for the same time period (30-27 ka
ago). During the following short interstadial, the ice also
retreated from northern Denmark and southern
Sweden (Houmark-Nielsen 2011). The main Weichselian
(Vistulian) glaciation took place during the global
cooling during the MIS 2. It is characterized by an
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oscillating ice stream from the northeast, reaching a first
maximum extent between 25-20 ka ago that corresponds
with the Brandenburg and Frankfurt ice margin in
Germany, and the Leszno and Poznan ice margins in
Poland (Bose et al. 2012; Borner et al. 2019 and citations
therein). In Denmark, the main ice advance reached its
maximum extent 22-20 ka ago (Houmark-Nielsen 2011).

During the following 10 000 years, the extent of the
Scandinavian Ice Sheet varied dramatically, and local ice
advances differed in time and extent. In southern Sweden
and Denmark, the main ice advance was followed by the
Young Baltic Ice Stream (Houmark-Nielsen 2011; Anjar
et al. 2014). The latter is further subdivided into the East
Jylland and Belthav phases. In Denmark, a third phase,
known as the Men phase, is additionally attributed to
this phase. Concurrently, the Aresund advance is
recognized in the Baltic depression, east of Denmark
(Houmark-Nielsen 2011; Anjar et al.2014). Further
south in Germany and Poland, the ice sheet extended
aswell and formed almost at the same time the ice lobes of
the Pomeranian phase (17-16ka ago; Germany and
Poland) and the Mecklenburg phase (Germany, known
in Poland as Gardno phase; Bose ez al. 2012 and citations
therein).

The ice model by Lambeck ez al. (2010) represents the
LGM slightly different. The Brandenburg/Leszno phase
(peaking at 25ka ago) advanced from the
north-northeast to northeast. The alternating ice margin
advanced again during the Frankfurt/Poznan (21.5 ka
ago) and Pomeranian phases (16.5ka ago) from the
northeast and then turned again to follow a westerly
direction (Fig. SID-F). Due to the ice retreat at ¢. 23 ka
ago, we see a clear difference in the ice model between the
Brandenburg/Leszno phase (hereafter referred to as
Main Weichselian Glaciation — MWG 1), and the
Frankfurt, Pomeranian and Mecklenburg phases (here-
after referred to as Main Weichselian Glaciation 2 —
MWG 2). According to the ice model, the study area has
remained ice free since 14 ka ago.

The present-day stress pattern and recent earthquakes

In northern Europe, major tectonic stresses result from
the Alpine-Carpathian Orogeny and the North Atlan-
tic ridge push, which are assumed to be constant over
time periods of up to 200 ka (Pharaoh et al. 2010 and
citations therein). Ahlers et al. (2021, 2022) estimated
the prevailing stress field in central Europe by fitting
results from finite element simulation to data from the
World Stress Map project (Heidbach ez al. 2018). They
found a north-south directed maximum stress direc-
tion (S,,,) for northern Germany with a strike-slip
faulting stress regime in the upper 1500 m and a normal
faulting stress regime below this depth. The stress
direction is subject to minor uncertainties for the
southern Baltic Sea, but these uncertainties increase
towards the north (Kattegat). Fault plane solutions of

earthquakes in southern Sweden, which were not
included in the model of Ahlers et al. (2021), revealed
a north-northwest to south-southeast directed com-
pressional stress field (Voss et al. 2009).

Northern Germany and the southwestern Baltic Sea
region are tectonically and seismically quiet, compared
to other regions of the world (Fig. 1). Earthquakes with
a maximum magnitude not exceeding 5.5 tend to occur
in the Swedish part of the STZ, or further northwest in
the Kattegat and the Danish region between the STZ
and the Ringkebing-Fyn High (Voss et al. 2009, 2017).
The Tornquist Zone is seen as a boundary that
separates ‘Younger Europe’ with earthquakes, from
‘Older Europe’ with no significant earthquake activity
(Gregersen et al. 1995).

Material and methods

Seismic data

During the RV ‘Maria S. Merian’ cruise MSM521n 2016,
the BalTec survey was conducted by the University of
Hamburg, in cooperation with the Federal Institute for
Geosciences and Natural Resources (BGR), University
of Greifswald, Polish Academy of Sciences, Uppsala
University and the German Research Centre for
Geosciences Potsdam (Hiibscher efal. 2016; Fig. 3).
Due to the special survey setup and the customized
processing workflow, the seismic sections have a contin-
uous high resolution from the sea floor until the base of
the Zechstein (see Ahlrichs et al. 2020, for a detailed
description of survey setup and processing flow).
Moreover, this data set of 3500 km of high-resolution
multichannel seismic data covers the entire southern
Baltic Sea, from the western Bay of Kiel until Bornholm
and the Polish territorial waters in the east.

These seismic sections link the different pre-existing
surveys, all time-migrated 2D reflection seismic profiles
and acquired within the last 40 years, horizontally and
evenvertically (Seidel e al. 2018; Ahlrichs et al. 2021 and
citations therein). The Petrobaltic data set is a reflection
seismic survey focussing on the deeper subsurface with a
penetration depth in two-way travel time (TWT) of up to
4000 ms (e.g. Rempel 1992). The upper 500 ms (TWT) of
these sections are of low resolution. Additional seismic
data, focussing on the upper 1500 ms (TWT), were
acquired during the BaltSeis and NeoBaltic projects
from 1998 to 2004, a collaboration between the
Universities of Aarhus and Hamburg (Hiibscher
et al. 2004). Moreover, since 2005 annual student expe-
ditions of the University of Hamburg provided further
data sets, which closed data gaps in the southern Baltic
Sea systematically (e.g. Hansen et al. 2007; Al Hseinat &
Hiibscher 2014, 2017; Hiibscher eral. 2019; Ahlrichs
etal. 2020, 2023a, b).

The stratigraphical and tectonic interpretation in this
study follows the previous studies in the southern Baltic
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Fig 3. Location of the MSM 52 seismic sections and fault measuring sites 1-76 (black dots). For abbreviations and references see Fig. 1. The thick

blue line shows the location of the seismic profile presented in Fig. 4.

Sea (bays of Kiel and Mecklenburg, west of Riigen
Island: Al Hseinat and Hiibscher 2017; Ahlrichs
et al.2020,2021,2023a, b; offshore Riigen Island: Seidel
et al. 2018; Bornholm Gat area: Pan et al. 2022).

Preparatory work and structural analysis

We discovered 76 locations of 44 Quaternary reactivated
faults, related to different tectonic units, which we used
for strike and dip determination (Fig. 3). Indications for
Quaternary reactivation were found along Cretaceous
inverted anticlines, which are dominantly related to
basement block faulting (e.g. at the Mid-Polish Anticli-
norium and northern inversion zone; cf. Fig. 1). Fur-
thermore, the Mesozoic transtensional fault zones, like
the Western Pomeranian Fault System, or the crestal
grabens, relating to salt structures in the NGB, have been
reactivated during the Quaternary. In many cases, these
faults displace the base of the Quaternary. A few faults
also reach very close to the sea floor, some even seem to
displace it (Fig. 4D). However, the resolution is not high
enough to make reliable statements in these cases.
Figure4 shows a 317-km-long profile, crossing the
southern Baltic Sea from southwest to northeast, west
of Riigen Island. It crosses all these different tectonic
features.

Table | summarizes all measured and calculated
parameters (fault trend, dip direction, dip angle and
dedicated fault zone/system), according to their serial
numbers (FIDs). In addition to the FID, each fault has
a number and in each case, the fault was measured at
several locations (by several profiles, crossing that
fault); these locations were labelled by an additional
vertex number (cf. Table 1). At each FID we noted the
coordinates and the strike and dip directions as well as
the dip angles of the faults. The orientation of the
faults varies between 0°/360° representing north and
measured in a clockwise direction (90° = east, 180° =
south, 270° = west). For the ACFS analysis, the strike
direction was converted to a half-circle domain
(0-180°) because the distance between the midpoints
of both possible fault surfaces is very small compared
to the resolution of the finite element model. Moreover,
to ease and speed up the ACFS analysis, the strike
directions and dip angles were grouped into 15°
intervals between 0°-90° for the dip angles and 0°-
180° for the strike direction, resulting in a maximum
deviation of 7.5°, which is still acceptable for a
thorough interpretation of potential fault reactivation
(Steffen & Steffen 2021b). Table 1 also contains the
measured angles. Angles are calculated assuming an
average velocity of 2000ms~'. For some faults we
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Fig 4. Seismicsection (in two-way travel time), crossing the North German Basin and the horst-and-graben zone (above the STZ) from SW to NE,
which shows the prominent displacement of the base of the Quaternary and the sea floor at itsnorthern border. VE = vertical exaggeration assuming
an average velocity of 3000 m s~!. For location of the seismic section see Fig. 3.

tested different dip angles either due to a change in the identifiable. If the faults were not crossed perpendicu-
angle with increasing depth, measured in the seismic larly by the seismic section, the real dip was calculated
section, or because the dip angle was not clearly using:

‘5N Jo SO 10} ALeig(1 3UIJUO AB|1A UO (SUONIPUOD-PUE-SWLISI0Y A3 1M Aelgl U1 |UO//:ScL) SUOIIPUOD pUe SLs | 8Y) 89S *[SZ0zZ/70/0T] Uo Arelqiaulluo A8|IM ‘6892T 100/TTTT OT/I0p/W0d A3 IMAleiq 1jpul uo//:Sdny Loy pepeojumoq ‘g ‘5202 ‘G88E20ST

5UB0D |1 SUOWIWIOD dAIRR.D 3|gedl(dde ay Ag pausenob ake sspie YO



228 Elisabeth Seidel et al.

BOREAS

Table 1. Measurement points and the estimated properties for identified faults that are discussed in the main text and shown in Fig. 6. For the
complete list see Table S1. Each fault has its own number and vertex IDs, for cases in which several measurements with different coordinates were
taken along one fault track (EPSG: 25833, ETRS89/UTM zone 33N). Measured strike and dip angles were grouped in 15° multiples (see text).
NCFR = number of combinations with potential reactivation for the tested dip angles (values in bold are used for Fig. 6).

FID Fault Vertex x y Fault name Strike  Dip App.  NCFR per dip angle group
1D 1D coord.  coord. ©) aongle dip 0° 15 30° 45° 60° 75° 90°
(°) angle
range
©)
2 2 1 190426 6104434 328 53 24
6 6 1 244905 6115235 Langeland F. 120 56 49-67 0 15
13 12 2 197034 6066992 Kieler Bucht-Schonberg VG 14 60 19
35 22 2 325292 6047261 Werre FZ 132 54 15
65 32 9 467659 5995975 Adler Kamier FZ 327 60 34-90 0 0 16 24
66 38 1 472144 6153781 Kaullen-Ringsjon-Andrarum F. 125 70 60-90 0 21 24
tan o mantle) compared to the viscoelastic upper and lower
y = arctan <sin ¢) (1) mantle. The former reacts elastically on GIA time scales

with y as the actual dip angle, o the apparent dip angle,
and ¢ the crossing direction relative to the fault’s strike
direction. The number of combinations that point to a
potential fault reactivation (NCFR; between 0-34) as
obtained by the ACFS analysisis shownin Table 1 aswell.

Calculation of the change in Coulomb failure stress and the
number of parameter combinations that point to apotential
fault reactivation

CFSisthedistance between the Mohr circle (described by
the three principal stress magnitudes) and the failure
envelope in a Mohr diagram (Steffen ez al. 2021b). The
change in CFS (ACFS) refers to the difference between a
CFS at one time point and a CFS at another time point.
We estimate ACFS by combining glacially induced
stresses with lithospheric and tectonic background
stresses. The latter are assumed to create a state that is
critically stressed at a time point before glaciation started;
thus, any additional stress increase would lead to a
stabilization or destabilization of the fault. The glacially
induced stresses are a combination of three different
causes: (i) vertical stresses due to the load itself, (ii)
flexural stresses due to the bending of the lithosphere, and
(iii) migrating stresses due to the viscoelastic behaviour of
the mantle during a glaciation (Steffen ez a/. 2021b). The
first stress exists only in regions that are covered by the ice
sheet and is zero once the ice is gone. The other two stress
components act in the horizontal direction and lead to
increased compressional stresses beneath the ice sheet
and increased extensional stresses behind the ice margin
during the glaciation. Within the bending zone of the
crust, in front of the ice margin, the extension is the
strongest. Below the neutral line, the character of
horizontal stresses is reversed. The third cause of glacially
induced stresses arises from the different responses of the
lithospheric crust and mantle (upper part of the upper

(thousands of years), responding instantaneously to ice
loading and unloading through the flexing of the
lithosphere (Steffen ez al. 2021b). However, the viscoelas-
tic upper and lower mantle behaves elastically at the
beginning of the loading and viscously after the Maxwell
time, i.e. the ratio between viscosity and shear modulus, is
reached. Stresses that were induced during the early
stages of the loading process, when the mantle reacted
elastically, migrate to the lithosphere, which reacts
elastically during the entire glacial loading process, with
continued loading (Steffen et al. 2021b). Once the ice
sheet is shrinking in size, the horizontal stresses decrease
slowly back to zero, which is obtained once the
lithosphere has reached isostatic equilibrium. The stress
difference (horizontal minus vertical stress) however
increases during the melting phase as the vertical stresses
have been decreased to zero in regions that were covered
by the ice sheet and horizontal stresses still exist. In
regions around the ice margin at maximum glaciation,
stresses can even change signs several times during the
glacial cycle (Steffen & Steffen2021b). Thus, every
potential glacially induced fault must be analysed
individually by looking at the change in CFS to study
the stress conditions during a glacial cycle.

We estimate the three principal stresses (S1, S2, S3)
following Steffen and Steffen (2021b), which requires
knowledge about the density of the overlying rocks,
gravity, and the stress ratio R (Etchecopar et al. 1981).
The stress ratio Rvaries between 0 and 1 but is unknown
in our study area (Heidbach ef al. 2018). We test three
values here (0.05, 0.5, 0.95) to cover a wide range of
possibilities. In addition to this, the orientation of Sy, is
applied to estimate the principal stresses. Based on
Ahlers et al. (2021, 2022), the stress in the study region is
north—south to northwest—southeast directed: thus, we
test 60°, 75° and 90° for the orientation of Sy, (degree
values measured from east in clockwise orientation).
Moreover, a strike-slip and a thrust/reverse faulting
tectonic background stress regime are considered.
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Table 2. Parameter combinations used for the finite element simula-
tions (* = extra dip angles were tested for some faults).

Parameters Variables #

Models

Ice model ANU-ICE (RSESS, Lambeck 1
etal. 2010)

Earth model 4x 1D Earth models: 8

(L090_U520_L221,

L090_U520_1.222,

L140_U520_L221,

L140_U520_1.222)

e Lithospheric thickness (LT): 90,
140 km

e Upper mantle viscosity (UMV):
5x10%Pas

e Lower mantle viscosity (LMV):
2x10%,2x 10* Pas

4x 3D Earth models with either 3D

lithosphere or 3D mantle

(Llat_U520_L221,

Llat_U520_1.222,

L120_SMEAN2,

L160_SMEAN2)

e 3D lithosphere, UMV 5 x
10 Pas and LMV 2 x 10*' Pas

e 3D lithosphere, UMV 5 x
10*° Pasand LMV 2 x 10* Pa s

e LT 120 km, 3D viscosity based

on updated SMEAN2
e LT 160 km, 3D viscosity based
on updated SMEAN2
Stress and fault parameters in non-optimal cases
Stress regime TF/SSF 2
Background stress 60°/75°/90° 3

orientation
(SHmax _angle)
Stress ratio R 0.05/0.5/0.95

3
0°/15°/30°/45°/90°/105°/120°/135°/ 1%

Fault strike
150°/165°

Fault dip 15°/30°/45°/60°/75°/90° 1*
Fault depth 2.5km 1
Coefficient of friction () 0.6 (standard) 1
Cohesion 0 MPa (not necessary) 1
CFS before glaciation 0 MPa (not necessary) 1
Pore-fluid factor 0 (not tested here) 1

Stresses induced by the last glaciation are calculated
with a finite element simulation using the commercial
software Abaqus (Dassault Systemes2021). Here, we
follow the method by Wu (2004) for a Cartesian earth
model (see Steffen ez al. 2019, for a detailed explanation
of the model setup). We use the ice model by Lambeck
et al. (2010; ANU-ICE) and eight different earth models
(cf. Table 2), all with a horizontal resolution of 50 km.
The ANU-ICE model is chosen because it includes the
two last glacial cycles. Four of the eight earth models are
so-called one-dimensional (1D) earth models where
material parameter changes with depth only are consid-
ered. In contrast, the other four earth models use a three-
dimensional (3D) variation of the lithosphere (based on
Wang & Wu 2006) or viscosity variations in the upper
and lower mantle based on the 2016 updated version of

the seismic tomography model SMEAN?2 by Becker and
Boschi (2002). The 3D lithosphere model is character-
ized by a large lithospheric thickness contrast along the
Tornquist Zone (see Fig. 8 in Brandes ez al. 2018). Details
about the earth models are listed in Table 2.

Glacially induced stresses are calculated for the eight
different GIA models over a time range from 200 ka ago
until today (i.e. 1950; following Stuiver & Polach 1977)
with timesteps ranging from 3 to 45000 years. The
obtained stresses are combined with 18 background
stress states (three Sy, orientations times three stress
ratios R times two stress regimes). Thus, in total 144
different model-stress combinations (72 for each tested
background stress regime) are used to investigate the
potential reactivation of the 76 locations distributed
across the southern Baltic Sea using the fault parameters
listed in Tables 1 and 2. Positive ACFS values point to a
destabilization of the fault/area (earthquakes are possi-
ble), while negative values indicate stable conditions
(earthquakes are not likely). We calculate the number of
combinations that result in positive ACFS values, thus
indicating fault reactivation, at some point during the
glacial cycles (number of combinations indicating a fault
reactivation— NCFR). For each location, the calculation
considers the fault strike and dip angles at the location
and the 144 model-stress parameter combinations,
which represent the uncertainty in our understanding
of the subsurface structure and the tectonic background
stress situation. The larger the NCFR is, the greater is the
potential for fault reactivation at a certain location,
because more models and background stress states
would result in positive ACFS. The NCFR can thus be
seen as a measure of how close to optimal orientation a
specific fault’s strike and dip angle are in relation to the
tectonic background stress regime, so that reactivation
would be possible when glacially induced stresses are
added.

Results

The total NCFR is visualized in Fig. 5. The dominant
trend of the faults runs in a northwestern direction, see
e.g. the block-terminating faults close to the STZ or the
Western Pomeranian Fault System (cf. Fig. SA,B). Single
faults, such as the Gat Fault (western border of the Renne
Graben), the Hiddensee Fault or faults in the northern
extension of the Gliickstadt Graben trend north-
northeast. The dip angle varies (Table 1, Fig. SA). While
faults of the inversion zone in the eastern study area show
a very steep dip angle of up to 75°-90°, the Mesozoic,
polyphase reactivated structural features in the western
working area appear to have flatter dip angles between
45° and 75°.

Two different tectonic background stress regimes were
tested: a thrust/reverse-faulting and a strike-slip-faulting
one. Assuming a thrust/reverse-faulting background
stress field we observed no activation across the working

85UBD| 7 SUOLILLOD BAERID 3|qeojdde 8y} Aq pauRAoh 818 S3jo 11 YO ‘8SN J0 S8|NJ 10} Aelq1T8UIIUO AB|1/W UO (SUORIPUOD-PUE-SUIBYW0D" A8 1M AeIq 1l UO//SARY) SUORIPUOD PUe W8 | 8L} 88S * [G202/70/0T] Uo ARiqIT8ul|uO AB|IM ‘6892T J00/TTTT OT/I0P/W00 A8 1M Aeiq Ul U0/ SARY WO14 papeojumoq ‘Z ‘S0z ‘GBBEZ0ST



230 Elisabeth Seidel et al.

}_, Measuring locations with
strike and dip direction

— Faults
Inversion zone

Local highs I!
45°|60°

Salt structures Dip ngle

1n° 12°
10°

i

Measuring locations with NCFR

o -
11° 12°
C NI : 7 N
R Norwedian- DanishBa in X
4 o \. \"‘ PN

\\ °

Denmark

©BSHC

L s
By HB
\ VT cT
po 66
= 4 \ \ % G
)

Skurup
Block

4Q L

54l ©0 ® 11-20 @ 31-35 Y%
1-10 @ 21-30
— Faults ,V
Inversion zone O'T/) Ge
Local highs eas b"’)a,’
Salt structures Poland
10° 11° 12 13° 14° 15°

Fig 5. A. The number of combinations that point to potential fault reactivation (NCFR) in relation to the strike and dip angles at the 76 different
measuring sites, assuming a strike-slip background stress. B. The rose diagram represents the dominant northwest—southeast orientated strike
direction, the corresponding dip direction trends 90° clockwise (plotted with OpenStereo; Grohmann & Campanha 2010). C. Maximum NCFR at
the different measuring sites, assuming a strike-slip background stress (cf. Table S1). For abbreviations and references see Fig. 1. See Figs S3-S5 for

close-ups.
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Fig 6. Comparison of the number of combinations that point to potential fault reactivation (NCFR) across the study area (map in the centre) and
over time, starting 200 ka (Late Saalian phase; ACFS diagrams). The upper panel in the individual ACFS diagrams shows the corresponding ice
thickness variation at the location. In the lower panel, the ACFS curves are plotted of all combinations that result in an instability or potential
reactivation of the fault (ACFS > 0 MPa) at some point in time during the last 200 ka. Negative values of ACFS point to stable conditions, positive
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highlighting the moment of potential reactivation (zero-crossing). Colours of curves are chosen in order of the analysis of the combinations. Any
apparent colour groupings are coincidental and should not be further interpreted. For abbreviations within the map and references see Fig. 1.

area, and only at site 73 (FID) ACFS values reach
between —2 and 0MPa (cf. Fig.S2). Thus, in the
following, we concentrate on the results concerning a
strike-slip-faulting background stress regime, which was
also preferred for this region by Ahlers ez al. (2021).
The highest NCFR was determined for FID 18 in the
Mecklenburg Bay with 34 of 72 combinations resulting in
positive ACFS at some point in time (cf. Table S1). Note
that ACFS for some stress-model combinations is
positive several times, which points to several phases of
potential fault reactivation (cf. Fig. 6). The NCFR is
larger than O for most of the FIDs indicating that they
were prone to glacially triggered faulting at least once in
the last 200 ka (Fig. 5C; Table S1). The northwest to
north-northwest trending faults of the Romeledsen,
Fyledalen and Kaullen-Ringsjon-Andrarum Faults
(FIDs 40, 66, 67), the Adler-Kamien Fault Zone (FIDs
46,47,62-65), the Nord Jasmund Fault (FIDs 68, 69, 70),
the Werre & Falster Fault Zones (FIDs 19-39), as well as
Mesozoic faultsin the Bay of Kiel (FIDs 1-5)and also the
north-northeast to south-southwest trending Hiddensee
Fault (FID 50), and crestal faults in the extension of the
Gliickstadt Graben (FIDs 16, 17), have NCFRs larger

than 10, indicating a moderate to high potential for
reactivation (Fig. 5C).

The northwestward-trending segments of the Adler-
Kamien Fault Zone (FID 59), the Koszalin Fault (FIDs
53, 54) and the northeast-trending Renne Fault (FIDs
42, 58) show minor activations. Northwest—southeast
trending faults east of Langeland (FIDs 6-8) haveno or a
low potential for reactivation as indicated by no or only a
very few combinations resulting in positive ACFS. A few
faults, like the east-west trending Arkona Fault (FIDs
48-49), the northern transition from the Adler-Kamien
Fault Zone into the Skurup Fault (FID 60, 61), and the
northeast-southwest trending Gat Fault (FIDs 41, 56,
57), show no potential for reactivation. In total, 16 sites
(FIDs in the table) would have never been reactivated
during the glacial cycles.

Figure 6 shows the ACFS over the past 200 ka and
across the working area. The figure represents exemplary
the ACFS-time diagrams for six locations (see area map)
of different tectonic units, crossing the area from west to
northeast. Each ACFS diagram shows the individual ice
thickness directly above each FID location in the upper
panel. The ACFS is plotted in the lower panel.
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The general ice thicknesses vary at the different FID
locations, and we see the highest values in the northeast
(e.g.at FID 66 during the MWG 2 with 1200 m). Towards
the southwest, or parallel to the ice-flow direction, the
ice-sheet thickness is reduced. Thus, the Gliickstadt
Graben (FID 13) is covered by a thinner ice sheet (400 m
during the MWG 2). The differences in ice-sheet
thickness and the geographical position also lead to
differences during the interstadials. Comparing the plots
in Fig. 6 during the LGM and especially between the
MWG 1 and MWG 2 advances, it is obvious that a
complete ice retreat occurred west of Riigen Island (cf.
FIDs 2, 6, 13, 35 in Fig. 6), while at the Adler-Kamien
Fault Zone (FID 65) a 300 m, and further north, at the
Kullen-Ringsjon-Andrarum Fault (FID 66), even a 650-
m-thick ice cap remained. In the following, we present the
results for specific regions (according to Fig. 6).

North German Basin (NGB, FID 2)

At the northern border of the NGB, 24 (out of 72 for a
strike-slip-faulting background stress regime) different
combinations point to a reactivation. The measured
strike direction and dip angle are 328°/53°. ACFS curves
for FID 2 in Fig. 6 that become positive are based on a
stress ratio Rof 0.05 and cover Sy, orientations of 60°,
75° and 90°. ACFS is negative before the ice advances as
the used fault parameters are not optimal in the assumed
stress field (optimal fault parameters would be 0°/90° and
120°/90°,15°/90° and 135°/90°, and 30°/90° and 150°/90°
for Sn,,, of 60°, 75° and 90°, respectively). A ACFS of
0 MPa at the onset of glaciation would only be present for
optimally orientated faults in a critically stressed crust
(see Steffen & Steffen 2021b).

The course of the curves points to at least four phases
of fault instability. Some ACFS curves cross the zero line
at 160 ka for the first time. This concerns mainly curves
with 60° and 75° Sy, . These curves peak, with a
maximum value of 2 MPa, at 137 ka ago. At the same
time, the ice model shows an ice retreat of the Late
Saalian advance between 145 and 137 ka ago. The second
phase of potential reactivation starts at 68 ka ago and
reaches its peak of slightly more than 2 MPa at 60 ka ago.
This concerns the same curves as during the first phase. In
comparison with the ice thickness, the moment of zero-
crossing correlates with the ice advance of the MIS 4
phase, while the ACFS reaches its maximum after the ice
retreat. A third phase of fault reactivation is indicated by
a very steep increase at around 40 ka ago. Here, more
ACFS curves cross the zero line, now even containing
some combinations with 90° Sy, . All curves reach their
maximum of up to 3.8 MPa at 38 ka ago. The third phase
takes place during the ice advance of MIS 3 and again,
ACEFS reaches its maximum at the end of the ice retreat.
The fourth phase starts ¢. 30 ka ago and is the most
remarkable one as all curves cross the zero line at some
point in time. All curves peak at 22 ka ago with ACFS
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values reaching up to 7.5 MPa. After this point, six
curves indicate a potential fifth phase of fault instability
peaking at 16 ka. These six curves are based on two GIA
models with 3D viscosity structure, on a stress ratio Rof
0.05and Sy,,,, of 60°,75°and 90°. In comparison with the
ice model, the fourth phase between 30-22ka ago
correlates with the start of the ice advance and the final
ice retreat of the MWG 1. Probably, the Norske Is
advance also had a far-field effect here. The potential
fifth phaseisrelated to the final ice retreat of the MWG 2.

Gliickstadt Graben (FID 13)

At the Gliickstadt Graben, 19 different combinations
point to a reactivation of this fault (orientation of
014°/60°) at least once during the last 200 ka. The general
trend of the curves is similar to FID 2 (NGB; Fig. 6).
There are four main phases of fault instability, although
the first phase can be subdivided into two for some
curves. Contemporaneously to the Late Saalian ice
advance, some curves indicate a stress built-up, which
peaks at about 138ka ago (moment of final ice
regression). A second strong increase of the ACFS
curves took place at 68 ka ago, at the same time when the
MIS 4 ice proceeded. The peak was reached a bit earlier
thanat FID 2,at 62 ka ago. The third phaseat45 kaagois
contemporaneous with the MIS 3 ice advance. The
fourth phase, during the LGM, can be subdivided into up
to three peaks. The first one, at 26 ka ago, correlates
temporally with the starting MWG 1 ice advance. After a
minor decrease, all ACFS curves cross the zero line and
reach their maximum between 24-20 ka ago with values
of up to 4.2 MPa, thus much less than at FID 2. Some
ACFS curves also indicate a third increase between
20-15 ka ago (end of MWG 2).

Langeland Faults (FID 6)

At the Langeland Faults, 15 different combinations
point to a reactivation. We note that we have three
locations in the vicinity of Langeland for which we
investigated a potential fault reactivation, but only FIDs
6 and 8 indicate a reactivation under a strike-slip
background stress regime. FID 6 has an orientation of
120°/56° and shows a potential reactivation for all tested
R ratios and Sy, of 60°.

The general course of the ACFS curves represents
again the different glaciation phases but only the last
three are accompanied by (some) curves that reach
positive values (Fig. 6). The ice advance during the Late
Saalian does not initiate fault reactivation. The first
crossing of the zero line of four different curves at 63 ka
ago is associated with the MIS 4 ice retreat. The second
phase peaks c. 38 ka ago, which corresponds to the ice
retreat of MIS 3. By careful inspection, the third phase
during the LGM can be separated into three peaks: the
first zero line crossing and minor peak is visible at 28 ka
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ago, before the MWG 1 phase. The following maximum
at 23 ka ago (between the two last advances) comes with
the largest ACFS values for most of the curves, reaching
values of up to 4.8 MPa and thus comparable in
magnitude with those at the Gliickstadt Graben (FID
13, Fig. 6). A final peak can be found for five curves,
which fits in time to the final MWG 2 ice retreat.

Werre Fault Zone (FID 35)

The Werre Fault Zone consists of several northwest-
trending faults dipping towards the northeast or
southwest. Seventeen locations on the seismic lines,
which we used for strike and dip measurements, indicate
fault reactivation during the Quaternary, and only FID
21 has zero NCFR. As an example, we present FID 35
(Fig. 6) with measured strike direction and dip angle of
132°/54°. Here, 15 different combinations point to an
activation, restricted toa Rratio of0.05and a Sy, of 60°
or 75°. The course of the curves is similar to FID 6
(Langeland Faults) but the magnitudes are a bit larger.
The first phase of potential fault reactivation is indicated
during the Late Saalian. After a minor ACFS peak that
fits with the ice reduction (Drenthe) around 150 ka ago
where only two curves reach positive values, the final ice
retreat at 138 ka ago caused a strong ACFS increase so
that around half of the curves exhibit positive ACFS
values. The second and third phases of potential fault
reactivations are related to the MIS 4 ice retreat at 62 ka
ago and the MIS 3 termination at 38 ka ago. Similar to
the Langeland Faults (FID 6) or the Gliickstadt Graben
(FID 13), the LGM is accompanied by ACFS curves that
show up to three distinct peaks (Fig. 6). The ice retreat at
23 ka ago is again accompanied by the largest ACFS
values of up to 5.5 MPa.

Adler-Kamien Fault Zone ( FID 65 ) and Kullen- Ringsjon-
Andrarum Fault Zone (FID 66 )

Our selected FID 65 (strike/dip = 327°/90°) represents
the Adler-Kamien Fault Zone and lies close to the
intersection with the Nord Jasmund Fault. The A
CFS/time plot of FID 65 (Fig. 6) comprises 24 different
combinations (with all three R ratio values and Sy, of
90°) that point to potential fault reactivation.

The Kullen-Ringsjon-Andrarum Fault Zone repre-
sents the northern border of the Colonus Shale Trough.
The selected FID 66 (strike/dip 125°/90°) plot comprises
24 different combinations that point to potential fault
reactivation (Fig. 6). Again, all Rratiovaluesare possible
but in this case for a Sy, of 60°.

Both plots (FIDs 65, 66; Fig.6) have a similar
behaviour of the curves until ¢. 62 ka ago. During that
time, there are three phases with positive ACFS values.
The first phase is represented by some combinations that
show positive ACFS values (~0.5 MPa) ¢. 200-170 ka
ago, thus before the Late Saalian ice advance. After stable

conditions during the Late Saalian FID 66 also shows a
slight indication of unstable conditions during ice
retreat. Until the advancing MIS 4 ice shield, the ACFS
curves vary between —0.5 and +0.5 MPa. A third phase
of distinct potential reactivation corresponds to the time
between MIS 4 and MIS 3, starting with the MIS 4 ice
retreat at 60 ka ago. Reactivation at FID 66 is also
possible for some combinations during the MIS 4 ice
advance c. 72 ka ago. A fourth phase of reactivation is
feasibleat the end of MIS 3 at ¢. 38 ka ago. However, only
the curves at FID 66 reach positive values of up to
1.2 MPa. After that phase, the curves of FID 65 and FID
66 show a last activation at 28 ka ago, with the beginning
of the LGM. After a small peak that correlates with the
ones found at the western FIDs, the ice shield grew
enormously, reaching a thickness of up to 1000 m (MWG
1) at the northernmost site (FID 66) and of 600 m at FID
65 (Fig. 6). During the MWG 2 an ice thickness of even
850 m (FID 65) to 1200 m (FID 66) was possible. The
final MWG 2 retreat was not accompanied by fault
reactivation at the Adler-Kamien Fault Zone (FID 65),
or in the northern part (FID 66).

Summary of modelling results

The high data coverage across the broad study area and
the expanded fault zones allows an investigation of
spatio-temporal development of the glacially induced
stresses (see Movie S1; based on the ice model by
Lambecket al. 2010). During the Late Saalianice retreat,
fault reactivation is possible in the northwest part of the
Werre Fault Zone, which then may have affected the
locations in the southeast until almost all sites could have
been reactivated. Then, stable conditions are first
indicated in the north, which eventually spread south
until the last few sites in the southeast reached stable
conditions c. 120 ka ago. During the Eemian and Lower
Weichselian, all measuring sites are subject to stable
conditions, until the next potential phase of fault
reactivation starts in the southeast at ¢. 65ka ago.
Unstable conditions spread towards the northwest until
¢. 55ka ago. Since then, repeated phases of potential
reactivation affect the entire Werre Fault Zone. Similarly,
this can be observed across the prominent horst-and-
graben zone (east of the study area) governed by the
preceding or retreating ice-sheet margin.

Discussion

Why are some faults in the southwestern Baltic Sea prone
to potential glacially induced reactivation and some not?

The reactivation potential of a fault is especially
influenced by its orientation (strike and dip) within the
stress field (here, tectonic, lithostatic, and glacially
induced stresses; Steffen & Steffen 2021b). In a strike-
slip-faulting stress regime with Sy, being between 60°
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and 90° as used in here, faults that are critically stressed
(optimally orientated faults, ACFS=0MPa) would
have a strike angle between 120° and 210° or 300° and
30°, and a dip angle of 90°. When several angles were
tested for one FID location, the number of NCFR
increased with the steepness of the dip angle.

A change of the dip direction (75° vs. 90°; tested for the
Nord Jasmund Fault — FIDs 69 and 70, or the
Christiansé Block — FIDs 74 and 75) has no impact.
Only at the northeastern border of the Bornholm Block
(FIDs 72 and 73) did we find a different NCFR, but in
this case angles below 60° were used in the stress analysis
for FID 73 (cf. Table S1). These dip angles are further
away from optimal orientation in a strike-slip faulting
stress regime and thus glacially induced stresses are not
large enough to reactive the low-angle dipping faults
(Steffen & Steffen 2021Db).

Considering a critically stressed crust where optimally
orientated faults have a ACFS of 0 MPa (yellow stars in
Fig.7), even other fault orientations can be close to
instability (black symbols, Fig.7) and can thus be
reactivated once additional stresses (e.g. glacially
induced stresses) are added. Major faults in the
southwestern Baltic Sea area are close to the critically
stressed state (instability) when a strike-slip-faulting
stress regime, a stress ratio R of 0.05 and an orientation
for Sy, of northwest—southeast are used. Almost all
faults have ACFS values between —5 and 0 MPa before
glaciation (Fig. 7). Only the Arkona Fault (striking 270°
and dipping 80°) and the Gat Fault (striking 38° and
dipping 75°) are further away from a critically stressed
state (CFS < —10 MPa). Glacially induced stresses are
not large enough to reactivate these faults, which is also
visible in their ACFS plots over time (see Fig. S7).

Our analysis favours a strike-slip-faulting tectonic
background stress regime, which is in line with the
findings of Ahlers et al. (2021) and supported by the
World Stress Map (Heidbach et al. 2018). ACFS values
in a thrust-faulting stress regime do not cross the zero
line, but for some faults, only 1-2 MPa more would be
needed to reach this line. We note that such stress
differences could be overcome with additional stress
changes due to pore-fluid pressure changes, which can
reach 7 MPa in a thrust-faulting stress regime (Peikert
etal.2022). Hence, future modelling investigations
should consider tests with pore-fluid pressure changes
to estimate if more faults could have been reactivated due
to aninterplay of glacially induced stresses and increased
pore-fluid pressure, for example, due to meltwater input
from the waning ice sheet.

How do the dimension and shape of the ice sheet affect
glacially reactivated faulting?

Comparing the results, summarized by Fig. 6, we
observed relationships between the NCFR and the
location of the fault with respect to the ice-sheet margin.
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Even in such a small region with an extension of around
300 km, the differences in the ice-sheet model have
different effects on the studied faults.

The glacially induced stresses vary depending on the
location with respect to the ice-sheet centre. Compres-
sional stresses are induced near the surface beneath the
ice sheet, while extensional stresses can be found near the
surface between the ice-sheet margin and the peripheral
bulge, which develops around an area of subsidence
during loading and collapses during unloading. The
compressional stresses increase the overall compres-
sional stress setting in the crust, while the extensional
stresses decrease the crustal stresses. Thus, depending on
which side of the ice margin the fault is located, the effect
of the glacially induced stresses can be very different. The
southern Baltic Sea was located in the peripheral bulge
during ice advances of all glaciation phases, partly at the
ice margin during the Weichselian glaciation at glacial
maximum (thus with mainly extensional stresses prevail-
ing), and completely covered by several hundred metres
of ice during the glacial maximum of the Saalian
glaciation (thus with mainly compressional stresses
being induced). The response of the faults is different
depending on where the fault was located with respect to
the ice-sheet margin, which is visualized in Fig. 8 for two
locations.

During the ice advance (Fig. 8B), the bending of the
lithosphere leads to an internal horizontal extension in
front of the ice that decreases the horizontal stresses for
the two locations as shown in Fig. 8. However, location 2
(red) lies closer to the advancing ice margin, where the
crustal bending and horizontal extension are stronger,
compared to location 1 (purple). Thus, the Mohr circle
moves towards the line of failure, indicating fault
instability. When the area is covered by the ice sheet,
glacially induced horizontal stresses become compres-
sional, which increases the total stresses again, resulting
in fault stability (both locations in Fig. 8C). As the
distance from the fault to the ice-sheet margin increases
and the fault is located beneath the ice (e.g. during ice
advance), the vertical and horizontal compressional
stresses increase, leading to more stable conditions.
Duringice retreat (Fig. 8D), location 1 (purple) is free of
ice earlier than location 2 (red), which leads to a faster
decrease of the horizontal stresses. At some point during
ice retreat, the minimum horizontal stresses (S3) become
extensional again, which results in an increase of the
Mohr circle and thus positive ACFS values are possible.
This change from compressional to extensional stresses
happens first for the area that was closer to the ice margin
during the glacial maximum, and thus location 1 (purple)
is represented by a larger Mohr circle compared to
location 2 (red). In addition, the change from compres-
sional to extensional stresses for the minimum principal
stress occurs only for regions close to the former ice
margin. Nowadays, compressional stresses are prevail-
ing, which leads to stable conditions. Please note that this
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Fig 7. Polar plots with CFS variations for a critically stressed crust depending on the strike direction and dip angle of optimal (yellow stars) and
non-optimal faults. Strike-slip (upper panel) and thrust/reverse (lower panel) faulting background stress regimes are differentiated, as well as three
stress ratios (column-wise), illustrated with the corresponding Mohr diagrams (modified after Steffen & Steffen 2021b). The strike direction can be
measured at the outer circle with 0° at the top and increasing angle in a clockwise direction. The dip angle increases from the outer part of the circle
(0°) towards the centre (90°). Faults are presented in Fig. 6. Symbols with a black fill are potentially reactivated faults, white filled symbols represent
faults with no potential for fault reactivation according to our calculations. Faults within the reddish area have a high chance of reactivation due to

GIA stress changes.

is only valid for a strike-slip faulting stress regime and
other results can be expected for a normal- and
thrust/reverse-faulting stress regime.

Relating the above to our study region, we find that the
western region of the southern Baltic Sea was covered by

a thick ice sheet during the Late Saalian advances,
inducing increased compressional stresses, which led to a
small increase in ACFS when the ice retreated — thus
being equivalent to location 2 (red) in Fig. 8. In contrast,
the same region was at the edge of the ice sheet during the
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Fig. 8. Conceptualsketch of the relationship of glacially induced stresses in a strike-slip-faulting stress regime at two locations with respect to theice
margin (A-E). We discuss two scenarios in the text. The first scenario mimics stresses in the southwestern (purple) and southeastern (red) Baltic Sea
during the Weichselian glaciation. In the second scenario, only stresses in the southwestern Baltic Sea are compared but during the Saalian (red) and
Weichselian (purple) glaciations. The Mohr diagram illustrates the induced stresses.

Weichselian glaciation and thus was equivalent to
location 1 (purple) in Fig. 8. At this location dominantly
extensional stresses were induced, leading to large ACFS
values during both ice advance and retreat. Similarly,
fault locations FID 2 and FID 66 can be correlated with
locations 1 (purple) and 2 (red) (Fig. 8), respectively, for
all glaciations. The eastern region of the southern Baltic
Sea was covered by a thick ice sheet during the Saalian
and Weichselian glaciations leading to very low ACFS
during these glaciations. Only during the MIS 4 and MIS

3ice advances was the eastern part of the southern Baltic
Sea close to the ice margin, leading to more unstable
conditions during and after ice retreat. The western
region of the southern Baltic Sea had only a very thin ice
cover during these advances, which also becomes visible
in increased ACFS values during ice advance and
maximum glaciation as dominantly extensional stresses
prevailed at these times.

Differences in the ACFS curves for the Late Saalian
advances with respect to the more recent ice advances
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also stem from the fact that the latter are better known
and have a much finer spatial as well as temporal
resolution in the ice model ANU-ICE by Lambeck
et al. (2010) than the former. To summarize, the location
of the fault with respect to the ice sheet is very important
to consider when analysing glacially induced stresses,
and this study shows the importance of detailed ice
models to understand their potential to reactivate pre-
existing faults. It is expected that ice models of the next
generation that are constrained with more and better
input data will provide more accurate results.

The earth models considered in this study cover
different aspects of horizontal and vertical subsurface
variations that are discussed in the GIA-related litera-
ture; thus, the resulting curves of temporal stress
behaviour can be considered to roughly envelop results
from other earth model variations not addressed here.
However, the used earth models are still rather coarse and
omit interesting details; for example, our models do not
include a layer of salt or any other sedimentary and
tectonic structures (e.g. layers or graben).

Additional uncertainties for the glacially induced
stresses stem from the estimation of the background
stresses. The ACFS is obtained under the assumption
that the crust is critically stressed before glaciation
started (CFSpefore glacation =0 MPa). While this is
observed for various regions in the world (e.g. Okla-
homa; Walsh & Zoback 2015), this might have not been
the case for the study region prior to the Saalian
glaciation. However, stresses must have been close to a
critical state in northern Europe before the glaciations as
otherwise earthquakes during the Holocene (e.g. Bran-
des et al. 2012, 2015, 2018; Pisarska-Jamrozy et al. 2019,
2022; Grube 2019a, b; Miiller et al. 2020) could not be
explained. A small deviation from this assumption would
lead to a shift of all curves, but reactivations would still be
happening due to the high glacially induced stresses
modelled here (up to 7.5 MPa in positive ACFS). The
pore-fluid pressure was also not considered in the stress
calculation as it has several uncertainties. The variation
in this pressure over time, especially in areas that have
undergone ice-sheet growths and shrinking, is unknown
to date. Thus, only a constant pore-fluid pressure could
be used, which would has, due to its physical definition,
no effect on the ACFS (Wu 2021).

Is there a certain stress and GIA model combination for
which many faults indicate potential glacially induced fault
reactivation in the southwestern Baltic Sea?

Various parameters (earth model, stress parameters)
were tested here to analyse the stress changes for the
southern Baltic Sea. Considering that the studied region
is relatively small, measuring 375km (east-west)
by 175 km (north—south), the earth model as well as the
stress parameters (R ratio and direction of the maximum
horizontal stress Su,,) are not expected to vary
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Fig 9. Number of faults that show positive ACFS at 20 ka ago, based
on the stress ratio R, the orientation of Sy, (measured from east in
clockwise direction) and the earth model in a strike-slip background
stress regime. A black symbol means no fault has been reactivated.
Earth model code: 1 = L090_U520_L221; 2 = L090_U520_L222;
3=140_U520_L221;4=01140_U520_L222;5=Llat_U520_L221;6=
Llat U520_1222; 7 = L120_SMEAN2; 8 = L160_SMEAN?2 (sece
Table 2 for explanation of the earth model parameters).

significantly within this region. Thus, we can assume
that one combination (of all model-stress parameters)
gives a positive ACFS for all the faults in the study area
that show a displacement in the Quaternary. From the
144 different model-stress combinations of all input
parameters tested for each measuring point, we identi-
fied certain parameter combinations that could have led
to many fault reactivations. Figure 9 summarizes exem-
plarily the NCFR for each model-stress combination at
20 ka ago.

The highest number of fault locations that have
positive ACFS values at 20 ka ago can be found for a
strike-slip background stress regime with a Sy,
orientation of 60° (northwest—southeast, measured from
east in a clockwise direction) and a R ratio of 0.05. The
latter means that the magnitude of the vertical stress is
almost the same as the magnitude of the maximum
horizontal stress and thus, sufficiently large stress
changes (e.g. due to ice advances) could lead to a fault
reactivation with normal faulting. A northwest—
southeast orientation of Sy,, in northern Germany
was also obtained by Ahlers et al. (2021). They found a
change in the stress regime from strike-slip-faulting near
the surface to normal-faulting for depths below 1500 m.
This could be explained by a low R ratio where the stress
regime can change even with small stress undulations.

Analysing all results over all timesteps, the highest
number of potentially reactivated faults is achieved with
the earth model Llat_520_1.222, a 3D earth model that
considers the rheological variability along the suture
zone. This suggests that GIA models with a 3D
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lithosphere structure should be preferred in glacially
induced stress analyses, especially if the potential
Quaternary activity of the faults as indicated by this
model can be independently confirmed.

Do the results correlate with other glacially induced
reactivations discussed in Germany and Denmark?

Most faults in our study area were very likely reactivated at
least once during the glaciations of the last 200 ka.
However, this requires a strike-slip background stress
regime with Sy, orientated northwest-southeast (Sy,,,
60°, or to a lesser extent, even 75°) and a R ratio of 0.05.
Glacially triggered earthquakes were also suggested for
the Jasmund Peninsula (Riigen Island, Dwasieden) and
the Gnitz Peninsula (Usedom Island), which are located
onshore in the southern Baltic Sea area (Pisarska-Jamrozy
et al. 2019, 2022). A reactivation between 24.5 and 23.5 ka
for Riigen Island and between 23.6 and 21.5ka for
Usedom Island was obtained with OSL dating of soft-
sediment deformation structures and ACFS changes from
GIA modelling in combination with the same stress field
parameters. According to Kenzler eral. (2017), the
Jasmund Peninsula (Riigen Island) was reached by the
first late Weichselian ice advance at 2242 ka. Hence, the
fault reactivation as dated by Pisarska-Jamrozy
etal. (2019, 2022) presumably took place during the ice
advance, in front of the ice margin. Also, our results, e.g.
for the Nord Jasmund Fault (Fig. S7), the southern part of
the Adler-Kamien Fault and west of Riigen Island at the
Werre Fault Zone, indicate a reactivation before and after
the MWG 1 (Brandenburg advance), and thus support the
onshore findings.

Moreover, Pisarska-Jamrozy et al. (2022) tested fur-
ther input parameters during their GIA modelling.
Similar to our results, the authors inferred a R ratio of
0.05 and a north-northwest to south-southeast orienta-
tion of Sy, with the highest probability for Usedom
Island. Furthermore, northwest-southeast trending
faults with a dip angle between 60°-75° (cf. polar plots
in Fig. 7) showed the most convincing results (Pisarska-
Jamrozy et al. 2022).

Brandes et al. (2018, 2022) dated the fault reactivation
at the Borglum Fault (Denmark, northern boundary of
STZ) pointing to an activity between 14.5-12.0 ka ago
(decay of the ice sheet), which agrees with modelling
results based on a strike-slip-faulting background stress
regime. According to Brandes et al. (2022) faults within
the STZ show repeated fault activation. Our results
support a polyphase glacially induced fault reactivation
at the STZ.

Al Hseinat et al. (2016) and Huster et al. (2020) inves-
tigated the 2-km-wide vertex grabens above the Waabs salt
wall (Eckernforde Bay). Both studies revealed a Pleisto-
cene fault reactivation due to the advancing and retreating
glaciers. Al Hseinat et al. (2016) and Huster et al. (2020)
also suggested that this Pleistocene fault reactivation was

BOREAS

accompanied by vertical movements of the salt wall due to
ice loading. This idea is supported by other methodolog-
ical studies, e.g. by Lang and Hampel (2023). Our earth
models do not include local crustal differences, for
example salt structures. Therefore, we cannot make any
statements about glacially induced salt tectonics. How-
ever, the crestal graben-terminating faults are represented
by our FIDs 16 and 17 (cf. Fig.5). The ACFS/time
diagram (Fig. S7) showed clear indicators of an activa-
tion, after the Late Saalian advance, in front of the
advancing MIS 4 and MIS 3 (both show only a minor ice
cover, thus the faults were located within the peripheral
bulge), during the advancing MWG 1 and some curves
also show a fifth peak during the MWG 2. Thus, our
results support a polyphase reactivation of these crestal
faults during the Pleistocene and especially during the
Late Saalian and Weichselian ice advances as well.

Faults at a greater distance from the former ice margin
arein the peripheral bulge and show an activation during
the ice retreat and after the deglaciation (Harz Boundary
Fault: Miiller ezal 2020; Osning Thrust: Brandes
et al. 2012). However, both previously mentioned studies
assumed a thrust/reverse faulting background stress
regime and optimally orientated faults, which differs
from our parameters.

How does a possible reactivation of this multitude of faults
fit into the picture of the palaeoseismicity of the area and
the present seismicity?

To illuminate this question, we use our best model-stress
combination to investigate the ACFS development in the
next 1000 years (strike-slip background stress regime with
SH,,, orientation of 60°, R ratio of 0.05, and the 3D earth
model Llat_520_1.222). The ice repeatedly advanced and
retreated over the area during the last 200 ka. This affected
the peripheral bulge, which migrated at some distance from
the ice margin. Hence, the individual faults were exposed to
all stress scenarios (Fig. 8A-E) at some point in time.
During the last glaciation stage, all were situated in the
peripheral bulge, which explains their recent potential for
fault reactivation (cf. Fig. 2.7 D3 in Steffen ez al. 2021b). A
remaining positive ACFS and thus a potential for fault
reactivation is indicated for the dominantly northwest—
southeast-striking inversion zone (northwest and south-
east of Bornholm Island), the Nord Jasmund Fault, some
localities of the Werre and Falster Fault Zones, and further
measuring points in the northwestern part of the Bay of
Kiel (Fig. 10). Interestingly, within the Baltic region this
pattern agrees with some recent earthquakes (since AD
800; Deutscher Erdbebenkatalog, OBGR, Hannover 2012,
e.g. in the Werre Fault Zone and along the Colonus Shale
Trough. The reader should be aware that the plotted
earthquake localities in Fig. 10 differ in depth and are of
tectonic origin in general. Hence, the present and near
future seismicity in the southwestern Baltic Sea might be, to
some extent, related to the last glaciation and the ongoing
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the NCFR -red dots represent unstable fault conditions. Only earthquakes of tectonic origin are shown, according to Deutscher Erdbebenkatalog,
©BGR, Hannover (2012). For abbreviations and references see Fig. 1, and Fig. S6 for close-ups.

GIA processes. Of course, there are many other processes
that can also affect seismicity, but, at least according to our
calculations, GIA cannot be fully excluded as one of the
potential trigger mechanisms.

Conclusions

In this study, we determined the strike and dip properties
of 44 faults at 76 localities from seismic reflection data
collected within the southwestern Baltic Sea and
investigated their potential glacially induced reactivation
in the last 200 ka. For certain locations, we tested
different dip angle values as no precise angle could be
determined from the seismic data or the dip angle of a
fault changed with increasing depth. The closer the dip
angle gets toward the optimum orientation (resulting
from the background and glacially induced stresses), the
higher the number of combinations that point to
potential fault reactivation (NCFR). The maximum
NCFR are shown in Fig. 5C. However, the actual angle
could deviate from the measured value (within the range
shown in Table S1) and thus also the NCFR. This study
focusses on comparing and studying the interactions
between fault orientation and position, as well as GIA-
influenced background stress laterally and temporally.

Using the recommended strike-slip tectonic back-
ground stress regime, most of the faults in our study area
show a reactivation due to glacial isostatic adjustments
(GIA), such as the deep-rooted horst-and-graben
structure, close to the Tornquist Zone and the Western
Pomeranian Fault System, faults east of Langeland
Island, and crestal faults above salt structures, related to
the Gliickstadt Graben. The strike of these faults differs
between northwest and north-northeast, and their dip is
steeper than 45°. However, the northeast-trending Gat
Fault (west of the Ronne Graben), and the east-west
trending Arkona Fault show no activation. As the
orientation of Sy, of the tectonic stress field varies
between 60° and 90°, optimally orientated faults in a
strike-slip-faulting stress regime would have a strike
angle of 120°-210° or 300°-30°, and a dip angle of 90°
(Fig. 7).

Besides the strike and dip parameters, there are other
factors to be considered in the calculation of the ACFS.
The highest potential for fault reactivation occurs when
we consider a strike-slip background stress regime with
a Su,, orientation of 60° (northwest—southeast), a R
ratio of 0.05 and a 3D earth model with a varying
lithospheric thickness especially over the Tornquist
Zone (Fig.9).
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The ACFS/time diagrams indicated four to five
different reactivation phases in the working area
(Fig. 6): Late Saalian phase (170-135ka), MIS 4 and
MIS 3 (70-60 ka, 45-38 ka) and LGM (26-14 ka), all
Weichselian advances. However, due to the reduced ice
thickness in the southern working area, the LGM is
divided into several ice advances (in this study summa-
rized as MWG 1 and 2; with complete ice retreat in
between in the south of the study area). Thus, a fifth
phase affecting the northern mainland of Germany
(south of the working area) is indicated by the diagrams
and conceivable. Our results indicate that the activation
of faults takes place in front of the ice margin and within
the peripheral bulge, primarily during ice retreat, and
only secondly during the ice advance.

The highest GIA-induced stress changes occur in the
western part of the southern Baltic Sea, during the
Weichselian and especially during the MWG 1 glaciation
(ACFS up to 7.5 MPa). In the northeast, during the Late
Saalian advance and the LGM we find a reduced ACFS,
which is increased in the MIS 4 phase (ACFS up to
2 MPa). The number of combinations indicating a fault
reactivation varies across the whole area with no clear
tendency. However, e.g. the Werre Fault Zone, and the
crestal grabens above salt structures show the highest
NCFR.

A potential fault reactivation is influenced by an
interplay of fault orientation, their location with respect
to the ice margin and the type of background stress
regime (Fig.8). The direction of ice advance is also
decisive. As the Quaternary ice sheets iteratively
advanced from the north and northeast through the
Baltic depression, most of the on-average northwest—
southeast orientated faults were prone to reactivation.

Furthermore, glacially induced faulting is not (intu-
itively) predictable (Fig.10). Detailed earth and ice
models, as well as stress parameters, are necessary. We
tested several reasonable model-stress combinations,
and our results clearly show that a glacially induced
influence on the current seismicity pattern in the
southwestern Baltic Sea cannot be excluded. A fault
reactivation during future glaciations, however, is still
only imperfectly predictable due to knowledge gapsin the
potential ice distribution and large uncertainties regard-
ing background stress parameters used here (e.g. stress
direction and ratio) and beyond (e.g. pore-fluid
pressure).

The fault systems studied here could be examined in
detail thanks to the high seismic data density that can be
achieved at sea. As the fault systems continue into the
hinterland of Denmark, Germany, Poland, and Sweden,
a reactivation of the faults in the hinterland and during
the coming ice ages by GIA can also not be excluded.
Moreover, one may even argue that it is highly likely. It
will have to be examined whether a potential reactivation
ofthe faults could have an influence on long-term storage
facilities for highly radioactive waste if they are planned
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to be set up at locations that will be covered with several
hundred metres of ice again in the future.
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Fig. S1. A. Glacially induced fault reactivation in the
southern Baltic Sea, due to ice advances 140 ka ago
(Warthe glaciation). The two scales below represent
the ice thickness in metres (based on the ice model by
Lambeck et al. 2010) and the number of combina-
tionswith potential reactivation (NCFR) for the sites.
Black dots indicate stable conditions at the fault
locations. B. Glacially induced fault reactivation in
the southern Baltic Sea, due to ice advances 62 ka ago
(MIS 4). The two scales below represent the ice
thickness in metres (based on the ice model by
Lambeck et al. 2010) and the number of combina-
tionswith potential reactivation (NCFR) for the sites.
Black dots indicate stable conditions at the fault
locations. C. Glacially induced fault reactivation in
the southern Baltic Sea, due to ice advances 38.5 ka
ago (MIS 3). The two scales below represent the ice
thickness in metres (based on the ice model by
Lambeck ez al. 2010) and the number of combina-
tions with potential reactivation (NCFR) for the sites.
Black dots indicate stable conditions at the fault
locations. D. Glacially induced fault reactivation in
the southern Baltic Sea, due to ice advances 25 ka ago
(Main Weichselian glaciation 1). The two scales below
represent the ice thickness in metres (based on the ice
model by Lambeck et al. 2010) and the number of
combinationswith potential reactivation (NCFR) for
the sites. Black dots indicate stable conditions at the
faultlocations. E. Glacially induced fault reactivation
in the southern Baltic Sea, due to ice advances 20 ka
ago (Main Weichselian glaciation 2). The two scales
below represent the ice thickness in metres (based on
theice model by Lambeck et al. 2010) and the number
of combinations with potential reactivation (NCFR)
for the sites. Black dots indicate stable conditions at
the faultlocations. F. Glacially induced fault reactiva-
tion in the southern Baltic Sea, due to Main
Weichselian glaciation 2 ice retreat (13 ka ago last
ice retreat). The two scales below represent the ice

BOREAS

thickness in metres (based on the ice model by
Lambeck ez al. 2010) and the number of combina-
tions with potential reactivation (NCFR) for the sites.
Black dots indicate stable conditions at the fault
locations.

Fig. S2. Comparison between the results for a change in
Coulomb failure stress (ACFS) during the last
200 ka assuming a strike-slip faulting (left) and
thrust/reverse faulting tectonic background stress
regime (right) for three different examples of fault
locations. The fault number is labelled in the figure,
for location see Fig. 3. Strike and dip angles are
given as measured value and in parentheses the
grouped value for calculation.

Fig. S3. Close-ups of the measurement sites according to
Fig. 3. Structural units are redrawn according to
Vejbek & Britze (1994), Schliiter etal. (1997),
Krzywiec et al. (2003), Nielsen (2003), Krauss &
Mayer (2004), Seidel et al. (2018), Warsitzka et al.
(2019), Ahlrichs et al. (2021, 2023b and citations
therein), and Ponikowska eral. (2024). AB =
Arnager Block; AF = Arkona Fault; AFS =
Agricola Fault System; AKFZ = Adler-Kamien
Fault Zone; BB = Bornholm Block; ChB =
Christianse Block; CT = Colonus Shale Trough;
DB = Dartowo Block; EHMB = Eastholstein—
Mecklenburg; EHT = Eastholstein Trough; FF =
Falster Fault; FyF = Fyledalen Fault; GF = Gat
Fault; GFZ = Gryfice Fault Zone; GG =
Gliickstadt Graben; HB = Hano Block; HF =
Hiddensee Fault; HG = Hollviken Graben; KF =
Koszalin Fault; KRAF = Kullen-Ringsjon-
Andrarum Fault; LFZ = Langeland Fault Zone;
MPA = Mid-Polish Anticlinorium; NJF = Nord
Jasmund Fault; PaF = Parchim Fault; PeF =
Pernille Fault; PF = Plantagenet Fault; PFZ =
Prerow Fault Zone; RF = Renne Fault; RG =
Ronne Graben; RoF = Romeledsen Fault; SF =
Skurup Fault; SvF = Svedala Fault; STZ =
Sorgenfrei-Tornquist Zone; SvI = Svaneke
Trough; TFZ = Trzebiatéw Fault Zone; TTZ =
Teisseyre-Tornquist Zone; WB = Wolin Block; WF
= Wiek Fault; WFZ = Werre Fault Zone; WPFS =
Western Pomeranian Fault System; VT = Vomb
Trough.

Fig. S4. Close-ups of the number of combinations that
point to potential fault reactivation (NCFR) in
relation to the strike and dip angles assuming a
strike-slip background stress (according to Fig. 5A).
For abbreviations and references see Fig. S3.

Fig. S5. Close-ups of the maximum number of combi-
nations that point to potential fault reactivation
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Fig.

Fig.

(NCFR) at the different measuring sites, assuming a
strike-slip background stress (according to Fig. 5C).
For abbreviations and references see Fig. S3.

S6. Close-ups of locations where potential fault
reactivation could be possible within the next
1000 years, calculated with our best model-stress
combinations, according to Fig. 10. Dots show the
number of combinations that point to potential
fault reactivation (NCFR) — red dots represent
unstable fault conditions. Only earthquakes of
tectonic origin are shown, according to Deutscher
Erdbebenkatalog, OBGR, Hannover2012. For
abbreviations and references see Fig. S3.

S7. Further examples of fault reactivation (for
location see Fig. 5). For explanations on how to
interpret these diagrams see Fig. 6 and the according
chapter ("Results").

Table S1. Measurement points and the estimated

properties for identified faults sorted according to
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their serial number (FID). Each fault has its own
number and vertex IDs, in case there had been
several measurements at different locations along
one fault track (EPSG: 25833, ETRS89/UTM zone
33 N). Measured strike and dip angles were grouped
in 15° multiples (see main text). Blue dip angles have
been calculated (cf. Eq. 1). NCFR = number of
combinations with potential reactivation for the
tested dip angles.

Movie S1. Ice motion vs. fault reactivation during the past

200ka. Panel A represents the advancing and
retreating Scandinavian and British—Irish Ice sheets.
Panel B shows the close up of the study area. The ice
thickness is given in metres, black dots show stable
conditions at the fault locations, red dots indicate a
positive Coulomb failure stress change and the
potential for fault reactivation. The results are based
on a strike-slip background stress regime with Sy,
orientation of 60°, R ratio of 0.05, the 3D earth
model Llat_520_1.222, and the ice model by
Lambeck et al. (2010).
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