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In this study we investigate the Late Cretaceous to recent tectonic evolution of the southwestern Baltic Sea based
on a dense grid of seismic reflection profiles. This area covers the Baltic Sea sector of the salt influenced North
German Basin and its transition to the salt free Baltic Shield across the Tornquist Zone. The Upper Cretaceous
to recent structural evolution is discussed by means of individual seismic sections and derived high-resolution
time-structure maps of the main horizons, i.e., the Upper Cretaceous, Tertiary and Pleistocene. The Upper Creta-
ceous and Tertiary layers reveal numerous significant faults throughout the study area. Several of these faults
propagate upwards across the unconsolidated Pleistocene sediments and occasionally penetrate the surface.
The salt influenced North German Basin reveals three major fault trends: NW-SE, N-S and NNE-SSW. Several of
these faults are located directly above basement (sub-salt) faults and salt pillows. The majority of these faults
are trending N-S to NNE-SSW and parallel the direction of the Glückstadt Graben faults. In the salt free Tornquist
Zone, we identify twomajor shallow fault trends, which are NW-SE and NE-SW. The majority of these faults are
located above basement faults, following the direction of the Tornquist Zone. We conclude that generally base-
ment tectonics controls activation and trends of shallow faults. If salt is present, the ductile salt layer causes a lat-
eral shift between the sub- and supra-salt faults. Major plate reorganisation related to the Africa-Iberia-Europe
convergence and the subsequent Alpine Orogeny caused reactivation of pre-existing faults and vertical salt
movement in the Late Cretaceous. The change of stress orientation from NE-SW to a NW-SE during Neogene
caused another phase of fault and salt tectonic reactivation. We explain that the ice-sheet loading and/or pres-
ent-day stress field may have acted in combination, causing the recent tectonics and upward extension of the
faults.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The study area is located in the southwest Baltic Sea, covering the
North German Basin and the transition zone to the Baltic Shield (Figs.
1 and 2a). Severalmarine geophysical studies carried out in the past de-
cades have documented multiple tectonic events throughout the geo-
logical history of the region, for example the BABEL (BABEL working
group, 1991, 1993), DEKORP-BASIN (e.g., DEKORP-BASIN Research
Group, 1999; Krawczyk et al., 1999; Meissner and Krawczyk, 1999),
EUGENO-S (EUGENO-S working group, 1998) and POLONAISE '97
(e.g., Grad et al., 1999; Guterch et al., 1999) projects. These projects
mainly aimed on a better understanding of the deep-crustal structures
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therein. The overall tectonic evolution of the study area included five
main periods, which are collision events during the Paleozoic, Permian
rifting, extension during much of the Mesozoic, inversion during Late
Cretaceous-Paleogene times and NW-SE extension since the Neogene.
Repeated glaciation/deglaciation processes during Pleistocene times
further had a significant impact on the evolution of northern Germany
and surrounding areas (Reicherter et al., 2005). The advance and retreat
of large ice sheets causes lithospheric depression and rebound in areas
beneath and marginal to the ice, as the lithosphere equilibrate with
the changing ice load (e.g., Sirocko et al., 2008).

This so called glacial isostatic adjustment (GIA) describes the re-
sponse of the solid Earth to mass redistribution during a glacial cycle
(e.g., Bergsten, 1954; Cathles, 1975; Ekman, 1991a, 1991b; Ekman,
2009; Ekman and Mäkinen, 1996; Johansson et al., 2002; Kaufmann
and Wolf, 1999; Kierulf et al., 2014; Klemann and Wolf, 2005;
Lambeck et al., 1998a; Mitrovica, 1996; Mörner, 1979; Plag et al.,
1998; Spada et al., 2011; Steffen et al., 2006; Steffen and Wu, 2011;
Whitehouse, 2009; Wolf, 1993; Wu and van der Wal, 2003). The
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Fig. 1. Tectonicmap of the Central European Basin Systemwith the approximate location of themain structureswithin the study area (compiled from Baldschuhn et al., 1991; Bayer et al.,
1999; Clausen and Pedersen, 1999; Krauss, 1994; Kossow et al., 2000; Lokhorst et al., 1998;Maystrenko et al., 2005a; NIA, 2000; Reicherter et al., 2008; Schlüter et al., 1997; Thomas et al.,
1993; Vejbæk, 1997). The present-day stress field orientation is based on Kley et al. (2008) and Kley and Voigt (2008). AGF: Agricola Fault; AKF: Adler-Kamien Fault; CF: Carlsberg Fault;
CGG: Central Glückstadt Graben; EHT: Eastholstein Trough; EHMB: Eastholstein Mecklenburg Trough; JF: Jasmund Fault; LF: Langeland Fault; ØF: Øresund Fault; PF: Prerow Fault; RF:
Romeleasen Fault; SF: Samtens Fault; SKF: Skurup Fault; STZ: Sorgenfrei-Tornquist Zone; SVF: Svedala Fault; TF: Trzebiatow Fault; TTZ: Teisseyre-Tornquist Zone; VF: Vomb Fault;
WEF: Werre Fault; WHT: Westholstein Trough; and WSB: Westschleswig Block.
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rebound's influence of the last glacial advance is still happing and will
continue for another few thousand years (e.g., Kumar and Sunil Singh,
2012; Le Meur, 1996; Steffen and Wu, 2011).

There is strong theoretical and empirical support for the idea that
loading by major ice sheets does not only cause large-scale subsidence
and lithospheric flexure, but also regional and local vertical and hori-
zontal movements, which may be accommodated by faulting (e.g., Al
Hseinat and Hübscher, 2014; Al Hseinat et al., 2016; Arvidsson, 1996;
Brandes et al., 2012a, 2012b; Dyke et al., 1991; Fenton, 1994;
Johnston, 1987; Kujansuu, 1964; Lagerbäck, 1978; Lagerbäck and
Sundh, 2008; Lang et al., 2014; Muir-Wood, 2000; Munier and Fenton,
2004; Olesen, 1988; Quinlan, 1984; Sandersen and Jørgensen, 2015;
Sauber and Molnia, 2004; Shilts et al., 1992; Steffen et al., 2014a,
2014b, 2014c, 2016; Stewart et al., 2000; Turpeinen et al., 2008; Wu et
al., 1999). The effect of the ice loads on pre-existing faults and/or salt
tectonics has been described in several studies (e.g., Al Hseinat and
Hübscher, 2014; Al Hseinat et al., 2016; Brandes and Tanner, 2012;
Lang et al., 2014; Lehné and Sirocko, 2007, 2010; Liszkowski, 1993;
Sirocko et al., 2008; Stackebrandt, 2005). Reicherter et al. (2005) point-
ed out that the post-glacial landscape evolution in northern Germany
shows significant fault reactivation.

Several geophysical studies in thewestern Baltic provided evidences
for Tertiary tectonics, but the too low vertical resolution hampered
studying shallow subsurface faulting and therewith recent tectonics
(neotectonic) (e.g., Kossow and Krawczyk, 2002; Krawczyk et al.,
2002; Krzywiec et al., 2003).

The availability of a large (~20.000 km) high-resolution,multi-chan-
nel seismic dataset collected between the Little Belt northwest of the
Bay of Kiel and the Tornquist Zone provides the unique chance to
close that gap (Fig. 2a). It adds valuable information to the understand-
ing of the Late Cretaceous to recent structural evolution. The compari-
son of the Pleistocene faults map with deep-rooted faults will give a
first idea about the driving forces, e.g., plate tectonics, salt tectonics or
ice-load induced tectonics.

2. Tectonic evolution and main structural elements

Located along the northern margin of the Central European Basin
System (CEBS) in the southwestern Baltic Sea, the study area has been
long influenced by severalmajor tectonic events from Paleozoic to pres-
ent-day (Fig. 1). These include: the Caledonian and Variscan Orogenies
(Late Cambrian-Late Carboniferous), rifting phases (Early Permian),
subsidence duringmuch of theMesozoic, Late Cretaceous-Early Tertiary
inversion and post-glacial isostatic adjustment since Late Pleistocene
times.

During the Caledonian Orogen, the closure of the Tornquist Ocean
was in the Ordovician-Silurian (Smit et al., 2016) resulting in accretion
by oblique convergence and collision between Avalonia microcontinent



Fig. 2.Map of the study area (for location, see Fig. 1). (a) Shows the positions of the seismic sections as well as exploration and scientific wells. (b) Shows the distribution of salt walls and
pillows (from Lokhorst et al., 1998), the locations of shown seismic profiles andMesozoic-Cenozoic faults (compiled fromAlHseinat andHübscher, 2014; AlHseinat et al., 2016;Hansen et
al., 2005; Bayer et al., 1999; Hübscher et al., 2010; Schlüter et al., 1997, 1998). AKF: Adler-Kamien Fault; CF: Carlsberg Fault; CGG: Central Glückstadt Graben; EHT: Eastholstein Trough;
EHMB: Eastholstein Mecklenburg Trough; NRD: North Rügen Fault; ØF: Øresund Fault; RF: Romeleasen Fault; SVF: Svedala Fault; VF: Vomb Fault; and TF: Trzebiatow Fault.
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and the Early Paleozoic passive margin of Baltica (Krawczyk et al.,
2002). The prominent NW-SE striking Tornquist Zone is the longest
pre-Alpine tectonic lineament of Europe and includes two segments,
the Sorgenfrei-Tornquist Zone and Teisseyre-Tornquist Zone
(Maystrenko et al., 2008). The Sorgenfrei-Tornquist Zone is considered
as being the southwestern border of the Baltic Shield (Erlström et al.,
1997; Gregersen et al., 2002, 2005; Shomali et al., 2006). The
Teisseyre-Tornquist Zone separates Precambrian East European crust
from Paleozoic crust of Central Europe (Berthelsen, 1992). During the
Late Ordovician-Early Silurian, East Avalonia accreted to Baltica causing
the formation of the Caledonian Deformation Front (Pharaoh et al.,
1997), while Cocks et al. (1997) preferred the Elbe Lineament as the
major contact zone. The Variscan Orogeny began towards the end of
the Early Carboniferous and reached its maximum towards the end of
the Late Carboniferous (Krauss, 1994). It consisted of compressional
and extensional stress impulses, leading to an intensive fracture tecton-
ic deformation of the Upper Devonian-Lower Carboniferous carbonate
platform.

The Adler-Kamien Fault System is a thrust fault that is associated
with the Teisseyre-Tornquist Zone. Based on the structure map of
Bayer et al. (1999), the northern prolongation of this fault connects
with the Skurup Fault, which is a NW-SE striking normal fault (Fig. 1).
Both, the Adler-Kamien and Skurup Faults represent the transition
from the Arkona Block to the Skurup Block (Fig. 1). The Adler-Kamien
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Fault was originated by synsedimentary distensional faults of Permo-
Carboniferous rift system and is presently active (Schlüter et al.,
1998). The Skurup and Arkona Blocks (Fig. 1) constitute more or less
horizontal uniform crustal blocks undisturbed by major faults
(Erlström et al., 1997). The Agricola-Svedala Fault System represents
the northwest border of this complex (Krauss, 1994). The formation of
the Vomb Fault, Romeleasen Fault, Agricola-Svedala Fault System,
North Rügen Fault, Rønne Graben and the southward half grabens,
such as Gryfice Graben and Kolobrzeg Graben, result from an extensive
phase related to Variscan tectonics (Figs. 1 and 2b: Krauss, 1994; Krauss
and Mayer, 2004; Schlüter et al., 1998). According to Vejbaek (1985),
the Rønne Graben is genetically comparable with the Höllviken Graben
west of Scania; bothwere initiated by regional crustal extension causing
subsidence of the Danish-Polish Trough in Late Carboniferous-Early
Permian times. The Øresund Fault System is an extensional basement
fault borders the Höllviken Graben (Fig. 1). The NNW-SSE trending
Carlsberg Fault Zone is located east of the Ringkøbing-Fyn High and it
is active at least since the break-up of Pangea in Triassic times
(Kammann et al., 2016).

The NW-SE striking Trzebiatow Fault is a thrust fault, separating the
Gryfice Graben in the west from the Kolobrzeg Graben in the east (Figs.
Fig. 3. Lithostratigraphic table (modified after Kossow et al., 2000) showing the dominant lit
northern margin of the North German Basin. Kinematic regime was summarized from Kley et
Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upp
1 and 2b: Pokorski, 1990). The NW or NNW trending fault systems like
Wiek Fault, Bergen Fault, Samtens Fault, Stralsund Fault, Prerow Fault or
Werre Fault (Fig. 2b) are caused by the reactivation of pre-existing
faults of the pre-Permian, Variscan and Caledonian basement during
Triassic and Early Cretaceous times (Krauss and Mayer, 2004).

During the Early Permian times, a regional tectono-magmatic event
developed accompanied by themain phase of thermal subsidence of the
CEBS (Fig. 3; Kossow et al., 2000; vanWees et al., 2000). It is most likely
responsible for the formation of the basement highs therein, such as the
Ringkøbing-Fyn High (Cartwright, 1992). During the Early-Middle
Permian times, nonmarine clastics (Rotliegend unit) were deposited
acrossmuch of theNorth German Basin and the southwest Baltic region
(Scheck and Bayer, 1999). Deposition of the Zechstein succession result-
ed frommultiple marine transgressions from the north after a period of
terrestrial conditions (Kossow et al., 2000; Taylor, 1998; Ziegler, 1990).
This unit played a significant role during post-Permian times when the
sedimentary infill of the sub-basins of the CEBSwas strongly complicat-
ed by movements of Permian evaporate (Maystrenko et al., 2008).
Three Permian-Mesozoic basins emerged in the study area: the North
German Basin, the Norwegian-Danish Basin and the Polish Trough
(Fig. 1). The Ringkøbing-Fyn High separates the North German Basin
hologies, main tectonic events and the ages of the major horizons interpreted along the
al. (2008) and Kley and Voigt (2008). BJ: Base Jurassic; BMT: Base Middle Triassic; BPU:
er Triassic; MJU: Mid Jurassic Unconformity; and TZ: Top Zechstein.
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from the Norwegian-Danish Basin in the southern North Sea across
Denmark to Baltic Sea (Fig. 1; Cartwright, 1992; Clausen and Pedersen,
1999).

Several rifting phases affected much of northwest Europe, initiated
in the Early Triassic period (Fig. 3; Ziegler, 1990). Subsidence continued
throughout the Jurassic and Early Cretaceous times (Liboriussen et al.,
1987). At the transition between theMiddle and Late Triassic, a regional
E–W directed extension created N-S trending depocentres, as well as
the associated salt structures, such as the Glückstadt Graben (Figs. 1
and 2b). The Glückstadt Graben is one of the sedimentary basins
where the sedimentary cover has been strongly affected by salt tecton-
ics. It is subdivided into three main domains (Fig. 1): (i) the Central
Glückstadt Graben; (ii) the marginal Eastholstein, Westholstein and
Hamburg Troughs; and (iii) the outer Westschleswig and
Eastholstein-Mecklenburg blocks at the Glückstadt Graben flanks
(Maystrenko et al., 2008).

The development of the central North Sea Dome due to mantle
plume activity caused a period of uplift and non-deposition during the
Middle Jurassic to Early Cretaceous (Fig. 3; Underhill, 1998; Ziegler,
1990). This event led to the removal of parts of the Lower Jurassic and
Upper Triassic successions in most parts of the study area (Kossow et
al., 2000; KossowandKrawczyk, 2002; Scheck et al., 2003a). Riftingdur-
ing the latest Middle Jurassic to Late Jurassic resulted in reactivation of
the sub-basins-bounding fault systems, supra-salt faulting and further
growth in salt structures (Maystrenko et al., 2011). These authors point-
ed out that the eastern SW–NE trending marginal Eastholstein Trough
evolved during this rifting phase. Based on Al Hseinat and Hübscher
(2014), the almost N-S striking Kossau Fault within the Bay of Kiel rep-
resents a north prolongation of the EastholsteinMecklenburg Block (Fig.
2b).

Sediment deposition associated with slow (thermal) subsidence re-
sumed at the end of the Early Cretaceous (Albian) and continued with-
out major tectonic activity until the Late Cretaceous (Fig. 3; Ziegler,
1990). In the latest Cretaceous Africa-Iberia-Europe collided, causing
the formation of the Alpine Orogen (Kley and Voigt, 2008; Krauss,
1994; Maystrenko et al., 2008; Thybo, 2001; Ziegler, 1990). The colli-
sion-induced compressional stresses affected the whole Europe. Some
basins underwent contraction and inversion like the Subhercynian
Basin at the southern margin of the CEBS (Brandes et al., 2013;
Stackebrandt, 1986; Voigt et al., 2006; von Eynatten et al., 2008). In con-
trast to other basins of the CEBS, the Glückstadt Graben was essentially
not inverted (Grassmann et al., 2005; Maystrenko et al., 2005a), with
upward salt movement (Bayer et al., 1999; Kley and Voigt, 2008;
Krauss, 1994; Scheck-Wenderoth and Lamarche, 2005; Ziegler, 1990).
While the basement controlled Grimmen High was inverted with uplift
values up to 500 m (Fig. 2b; Kossow et al., 2000). The Tornquist Zone
and adjoining faults were reactivated and inverted accordingly (Kley
and Voigt, 2008; Maystrenko et al., 2008; Thybo, 2001). As summarized
by Kley et al. (2008), the kinematics in the Neogene are quite complex.
Between the Late Eocene and Middle Miocene in the North German
Basin (Figs.1 and 2b), the principal horizontal stress orientation
changed from a NE-SW to a NW-SE, the present-day orientation, and
oblique to the Glückstadt Graben (Grassmann et al., 2005; Kley et al.,
2008). Kaiser et al. (2005) calculated actual slip rate of ~0.014 mm/a
for this graben.

The analysis of the time-isochore maps of post-Permian strata in the
Bays of Kiel and Mecklenburg suggested a causative correlation be-
tween tectonic evolution of the North German Basin and halokinetics
(Hansen et al., 2005; Hübscher et al., 2010). In contrast to the salt pil-
lows which emerged above Triassic fault systems in the Bay of Kiel,
the Cenozoic salt movement activity is most pronounced in the Bay of
Mecklenburg (Hübscher et al., 2010). Similar study focusing on the
pre-Alpine evolution have been carried out in the Bay of Mecklenburg
by Zöllner et al. (2008), based on a very dense reflection seismic profile
grid. Tertiary to recent halokinetics and faulting in the supra-Zechstein
succession in the southwest Baltic Sea are due to the Neogene to recent
NW-SE directed extension, the present-day orientation (Figs. 1 and 3; Al
Hseinat and Hübscher, 2014; Al Hseinat et al., 2016).

Since the mid-Quaternary times, the study area and adjacent areas
have experienced at least three extensive glaciations: the Elsterian,
Saalian and Weichselian ice sheets (Fig. 4; Ehlers et al., 2011; Hughes
et al., 2016; Roskosch et al., 2015). During the last glacial maximum,
the Weichselian ice sheet covered eastern and northern Denmark,
northeastern Germany, northern Poland and northern Britain (Fig. 4;
Bowen et al., 1986; Cameron et al., 1987; Ehlers and Wingfield, 1991;
Long et al., 1988; Pasierbski, 1979). The icemovement directionwas ap-
proximately perpendicular to the present shoreline of the Baltic Sea
Basin (Fig. 4; Piotrowski, 1997; Piotrowski and Tulaczyk, 1999). Since
the last deglaciation, the development of the entire Baltic Basin has
been closely related to balance between eustatic sea-level rise and iso-
static uplift of the Fennoscandia (Lemke et al., 1994). The decay of the
ice sheets is likely to have changed the equilibrium situation in the
crust and upper mantle (Sirocko et al., 2008). The elastic response to
the temporal and spatial varying ice-loads is considered to be instanta-
neous, whereas the viscoelastic response of the mantle is much slower
and is active even thousands of years after the ice retreat (Stewart et
al., 2000). These authors showed how the ice sheet loading/unloading
may modulate not only the deep-seated viscoelastic response of the
Earth, but also the nature and incidence of upper-crustal faulting, in ad-
dition to earthquake generation. Based on seismic data, Brandes et al.
(2011) developed a tectonic model showing the reactivation of base-
ment faults as a consequence of ice sheet loading. Brandes et al.
(2011) also pointed out that the advancing ice sheet caused far field ex-
tensions within northwestern Germany, which might have reactivated
the pre-existing normal faults.

Recent fault movements are still being recorded in the CEBS and the
southwest Baltic Sea (e.g., Al Hseinat and Hübscher, 2014; Al Hseinat et
al., 2016; Brandes et al., 2011; Brandes et al., 2012a; Brandes et al., 2015;
Cloetingh et al., 2005; Kammann et al., 2016; Lehné and Sirocko, 2010;
Ludwig, 1995). These authors stated that the deformation was most
likely caused by an ongoing glacial isostatic adjustment since time of
the Late Pleistocene Weichselian maximum.

3. Database

3.1. High-resolution multi-channel seismic

During 1998–2004, the Universities of Aarhus and Hamburg collect-
ed parts of the high-resolution multi-channel seismic sections used in
this study as part of the BaltSeis and NeoBaltic projects (Fig. 2a;
Hansen et al., 2005, 2007; Hübscher et al., 2004, 2010). Further reflec-
tion seismic sections were collected during multiple student field exer-
cises of the University of Hamburg between 2005 and 2014. Seismic
sections cover large scale area within the southwest Baltic Sea, mostly
between the Bay of Kiel and the Tornquist Zone with a total length of
~20.000 km. For a general description of the marine seismic method
see Hübscher and Gohl (2014).

The seismic data acquisitionswere completedwith different sources
on the different surveys, i.e. the airgun and sparker sources. For the
airgun seismics, a sleeve-gun cluster consisting of four synchronized
guns with a total volume of 1.1 l, pressured at 100 bar or a single GI-
gun with a 0.7 l Generator and a 1.7 l Injector chamber volume were
used. The dominant frequency of these sources is ~100 Hz. The active
length of the seismic cable was 100–600 m. Analog streamer data
were recorded digitally with a sample interval of 1 ms. The overall
good penetration lies in between 1.5 s and 2 s two-way travel time
(TWT). Vertical stratigraphic resolution of the seismic data is between
8 and 10 m whereas the horizontal resolution is in the order of 20–
25 m. For the sparker seismics, three electrode pairs with distances of
~1.2 m were fired with 1800 kJ. The main signal frequency was
~250 Hz and the sample rate was 0.5 ms. All data were post-stack
time migrated.



Fig. 4. Approximate maximum extent of the Middle and Late Pleistocene ice sheets (modified after Ehlers et al., 2011; Hughes et al., 2016; Roskosch et al., 2015).
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Amplitude losses were compensated by a power function of TWT,
which gradually enhanced reflection amplitudes with travel time. The
post-stack time migrated seismic data were uploaded to the IHS “King-
dom” interpretation system for structural interpretation. The vertical
exaggeration (VE) in the shown seismic data is calculated with a con-
stant interval velocity of 1500 m/s.

3.2. Well data correlation

Several exploration and scientific wells were correlating the differ-
ent interpreted horizons on the seismic profiles (Fig. 2a). The explora-
tion wells include: (i) Danish wells; the onshore Varnæs-1, Søllested-
1, Ørslev-1, Rødby-1 and Rødby-2 (Nielsen and Japsen, 1991) and the
offshore Kegnæs-1 (Gearhart Geo Consultants, 1985), Margretheholm-
2 (Dong Efterforskning og Production, 2003), Pernille-1 and Stina-1
(Schlüter et al., 1997); (ii) German wells; the onshore Grevesmühlen-
1, Prerow-1, Dranske-1, Dranske-2, Rügen-2 and Rügen-5 (Hoth et al.,
1993) and the offshore H2, H9, G14 and K5 (Schlüter et al., 1997); and
(iii) Polish wells; K1 and K9 (Schlüter et al., 1997). The scientific wells
include the Danish wells; BSB-3 and BSB-4 (Andren et al., 2012).

3.3. Seismo-stratigraphic framework

The seismo-stratigraphic description is mainly based on previous
studies by Hansen et al. (2005, 2007), Hübscher et al. (2010) and
Lykke-Andersen and Surlyk (2004). Additional seismic lines were also
measured strategically nearby well sitesto obtain a better stratigraphic
calibration (Fig. 2a). The signal-noise ratio allowed identifying the fol-
lowing major seismic stratigraphic units across the entire southwest
Baltic Sea: Lower Triassic (Buntsandstein), Middle Triassic
(Muschelkalk), Upper Triassic (Keuper), Jurassic, Lower Cretaceous,
Upper Cretaceous (Base Chalk Group), Tertiary, Pleistocene and, locally,
Holocene. The successions are bound by prominent unconformities and
their correlative conformities include: the Base Middle Triassic; BMT,
Base Upper Triassic; BUT, Base Jurassic; BJ, Mid Jurassic Unconformity;
MJU, Base Upper Cretaceous; BUC, Base Tertiary; BT, Base Quaternary
Unconformity (here: Base Pleistocene Unconformity; BPU) and the sea-
floor horizon (Figs. 5–17). The Top Zechstein surface (Base Lower Trias-
sic) is traceable on only a few seismic sections (e.g., Fig. 8). We used the
following interval velocities of Hansen et al. (2007) for the calculation of
fault displacements: Pleistocene: 1800 m/s, Tertiary: 2000 m/s, Creta-
ceous: 2400m/s, Jurassic-Upper Triassic: 2600m/s andMiddle Triassic:
3500 m/s. Seafloor depths were corrected with a constant interval ve-
locity of 1500 m/s.

The angular unconformity (MJU) at depths between 600 m and
1200 m separates the Cretaceous and Cenozoic sediments from older
strata (Figs. 5–17). It corresponds with the major transgression of
Albian age fromnon-deposition to shallowmarine conditions (Gearhart
Geo Consultants, 1985; Kossow et al., 2000). Hübscher et al. (2010) de-
scribed the same unconformity within theMecklenburg Bay as the Base
Cretaceous Unconformity. The BUC horizon is the well traceable Base
Cenomanian reflection close to the top of the Albian transgression
(MJU).

The MJU and BUC horizons mark the base and the top of the Lower
Cretaceous unit, respectively (Figs. 5–17). The succession consists of cal-
careous sediments, primarily red marls (Scheck and Bayer, 1999). This
unit represents a thin succession of uniform thickness of ~48 m
(40 ms TWT), traceable over the entire study area.

The Upper Cretaceous unit overlies the BUC horizon and is at the top
bounded by the BT horizon northwest of the North German Basin (Figs.
5–12) and by the BPU reflection northeast of it (Figs. 13–17). The unit
consistsmainly of chalk sediments deposited during shallowmarine be-
coming open marine conditions (Scheck and Bayer, 1999). Several par-
allel internal reflections (IUC1 and 2) can, however, be seen within this
unit (Figs. 8–14). Based on comparison to H2 and H9 exploration wells
(Schlüter et al., 1997), it was possible to identify the Base Santonian and
Base Maastrichtian horizons within the eastern part of the study area
(Figs. 15 and 16).

The Tertiary unit overlies the BT horizon and extends upwards to the
BPU reflection (Figs. 5–12). The unit consists mainly of brackish marine
clay-silt sediments (Scheck and Bayer, 1999). Two internal reflections
(IT1 and 2) are another characteristic of this succession (e.g., Fig. 9).

In the entire study area, the BPU represents an onlap or downlap
surface which truncates the underlying Tertiary deposits (e.g.,
Fig. 8). This erosional surface formed during Pleistocene times. The
limited vertical resolution of the seismic data hampers the identifica-
tion of Holocene strata in most regions with the exception of the Lit-
tle Belt.

4. Time-structure and time-isochore maps

4.1. Methods

All profiles shown in Fig. 2a were used for the mapping procedure.
The time-structure maps show the present-day vertical depth in TWT



Fig. 5. S-N time-migrated seismic section (for location, see Fig. 2b) and interpreted section in northern prolongation of the Central Glückstadt Graben. Two major faults are cutting the
strata from Triassic into the Holocene deposits. These faults penetrate the seafloor horizon. Black lines mark fault systems. BH: Base Holocene; BMT: Base Middle Triassic; BPU: Base
Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upper Triassic; IUC 1: Internal Upper Cretaceous 1; IUT 1 and 2: Internal Upper Triassic 1 and 2;
IT 1 and 2: Internal Tertiary 1 and 2; and MJU: Mid Jurassic Unconformity.
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to the specific surfaces, i.e., the BUC, BT and the BPU (Figs. 18–20). These
maps allow identifying the locations and trends of different fault sys-
tems that cut the above-mentioned surfaces. Only faults that can be
traced from line to line across the survey have been included into the
time-structure maps. The time-isochore map in Fig. 21 shows the pres-
ent-day vertical time-interval in TWT of the Pleistocene unit, bounded
by the BPU horizon (base) and seafloor (top). This map allows the
discussion of thickness variations of the Pleistocene deposits through-
out the southwest Baltic Sea. Due to shallow water depth and the com-
bined interpretation of several datasets, which have been collectedwith
different streamers and seismic sources, the TWT of the seafloor reflec-
tion was not always consistent with the detailed bathymetry grid of
Seifert et al. (2001) (Fig. 22). Miss-ties between different profiles result-
ed, e.g., from streamer static or inaccurate determined distances



Fig. 6. SW-NE time-migrated seismic section (for location, see Fig. 2b) and interpreted section north of the marginal Eastholstein Trough. Several normal faults cut the entire succession.
From the western part, some of these faults intersect the BPU horizon and propagate upwards into the seafloor horizon. The seafloor horizon falls down between these faults. Black lines
mark fault systems. BH: BaseHolocene; BJ: Base Jurassic; BMT: BaseMiddle Triassic; BPU: Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upper
Triassic; IUC 1: Internal Upper Cretaceous 1; IT 1 and 2: Internal Tertiary 1 and 2; IUT 1 and 2: Internal Upper Triassic 1 and 2; and MJU: Mid Jurassic Unconformity.
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between the seismic source and the hydrophone groups. In order to
overcome these inaccuracies, we converted the bathymetry into a
time-structuremap (measured in TWT) by using a constant interval ve-
locity of 1500 m/s. The time-structure map of the Base Pleistocene has
been calculated by subtracting the TWT interval between seafloor and
BPU reflections from the TWT corrected bathymetry (Fig. 20). The
corrected Pleistocene time-isochore map (Fig. 21) was produced by
adding the TWT converted bathymetry to the corrected Base Pleisto-
cene time-structure map.

Afterwards, the time-structure and time-isochore grids were
exported and re-gridded in ArcMap (ESRI version 10.0) allowing a bet-
ter interpolation between different seismic lines and to enhance the res-
olution of the final output images. For all grids, Ordinary-Kriging
interpolationmethodwith 100m cell sizewas applied. A 50ms contour



Fig. 7. SW-NE time-migrated seismic section (for location, see Fig. 2b) and interpreted section crossing theN-S sub-salt fault related to theCentral GlückstadtGraben. An anticline structure
above the Zechstein salt is observed.Within the central anticline, a set of normal faults cut the entire succession. Seafloor topography is cut by faulting. Black lines mark fault systems. BJ:
Base Jurassic; BMT: Base Middle Triassic; BPU: Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upper Triassic; IUC 1 and 2: Internal Upper
Cretaceous 1 and 2; IT 1: Internal Tertiary 1; IUT 1 and 2: Internal Upper Triassic 1 and 2; and MJU: Mid Jurassic Unconformity.
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interval was used for both, the Base Cretaceous and the Base Tertiary
time-structure maps while a 25 ms contour interval was used for the
Pleistocene time-structure and time-isochore maps. The outer bound-
aries of the maps have been constrained by data coverage and seismic
profiles running along the 10 m isobaths close to the northern coasts
of Germany.

4.2. Observations

The Lower and Upper Cretaceous sediments are present through-
out the entire study area (Figs. 5–17). Assuming an average interval
velocity of the Cretaceous of 2400 m/s (Hansen et al., 2007), the
Lower Cretaceous succession shows a more or less constant thick-
ness of ~48 m. Hence, no correlation of this layer was carried out
using seismic interpretation of this study. The time-structure map
of the BUC surface (Fig. 18) shows an increasing depth of the layer
towards the North German Basin, particularly in the Bays of
Eckernförde and Mecklenburg. Major and minor topographic highs
are observed above the salt pillows within the Bays of Kiel andMeck-
lenburg (Fig. 18). It is seen that they are more pronounced in the
Mecklenburg Bay. In general, the shallowest parts of these sediments
are observed north of the Grimmen High and within the Pomeranian
Bay.

Tertiary sediments are only preserved north-west of the North Ger-
man Basin (Fig. 19). The maximum depth of the BT reflection ranges
between ~64 m and 1180 m. It generally deepens towards the centre
of the North German Basin in the south. Like the previously described
Upper Cretaceous succession, several major and minor topographic
highs are observed above salt pillows within the Bays of Kiel andMeck-
lenburg and they are more pronounced within the Mecklenburg Bay
(Fig. 19).

Pleistocene sediments are present in the entire study region
(Fig. 20). The maximum depth of the BPU horizon is ranging between
~18mand32m. Seismic data interpretations show that the BPU surface
was affected by glacial erosion during Pleistocene times (e.g., Figs. 8 and
9). The BPU time-structure map exhibits several topographic lows
marked “a-g” in Fig. 20: (a) the BPU reveals high depth values in the Lit-
tle Belt between Als and Fyn Islands; (b)marks a N-S trending erosional
valley corresponds to the interpreted valley in Fig. 8; (c) shows an elon-
gated topographic low corresponds with the Kossau tunnel valley
(Fig. 9) described by Al Hseinat and Hübscher (2014); (d) shows an E-
W striking topographic low in Fehmarn Belt; (e) here, an E-W trending
erosional valley in the centralMecklenburg Bay could bemapped over a
length of ~17 km; (f) marks a SW-NE directed minor topographic low
northeast of DarßIsland could be mapped over a distance of 34 km de-
scribed by Lemke et al. (1994); and (g) marks the Arkona Basin north-
east of Rügen Island.

The time-isochoremap (Fig. 21) gives a volumetric estimation of the
Pleistocene sediments in the entire southwest Baltic Sea. It is generally a
thin successionwith a thickness ranging between ~1m and 280m. This



Fig. 8.W-E time-migrated seismic section (for location, see Fig. 2b) and interpreted seismic section running through thenorthwest part of theBayofKiel. The section crosses aNW-SEstriking sub-
salt basement fault. The entire post-Permian succession reveals anticline between offsets 23,358mand 24,510m. A deep erosional valley is observed above the anticline. A near-vertical fault cuts
throughout the anticline from Zechstein into the Pleistocene deposits. Several faults are cutting the entire succession at least fromMuschelkalk into the Pleistocene deposits. Some of them even
pierce the seafloor. Black linesmark fault systems. BJ: Base Jurassic; BLT: Base Lower Triassic; BMT: BaseMiddle Triassic; BPU: Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper
Cretaceous; BUT: Base Upper Triassic; IUC 1 and 2: Internal Upper Cretaceous 1 and 2; IT: Internal Tertiary; IUT 1 and 2: Internal Upper Triassic 1 and 2; and MJU: Mid Jurassic Unconformity.
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map also shows several major and minor anomalies marked “a-g” in
Fig. 21: (a) major anomalies in the Little Belt between Als and Fyn
Islands; (b) high anomalies along the erosional valley shown in
Fig. 8; (c) high anomalies along the Kossau tunnel valley; (d)
minor anomalies in Fehmarn Belt; (e) high anomalies within the ero-
sional valley in the central Mecklenburg Bay; (f) minor anomalies
with ~48–60 m thick corresponds to the tunnel valley northeast
Darß Island; and (g) marks minor anomalies within the Arkona
Basin northeast of Rügen Island.
5. Structural style

In the following, we briefly describe the several fault systems. Details
as length of the fault systems, fault offsets etc. are summarized in Table 1.

5.1. Fault systems

The seismic section in Fig. 5 runs S-N in the Little Belt and therewith
parallel to the northern prolongation of the Central Glückstadt Graben



Fig. 9.W-E time-migrated seismic section (for location, see Fig. 2b) and interpreted section crossing the S-N striking Kossau Fault. The entire post-Permian succession reveals anticline. A
deep erosional valley (Kossau Tunnel valley) is observed directly above the anticline. The Kossau fault cuts the strata from Triassic into the Pleistocene deposits. It is also piercing the
seafloor horizon. Black lines mark fault systems. BJ: Base Jurassic; BMT: Base Middle Triassic; BPU: Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous;
BUT: Base Upper Triassic; IUC 1 and 2: Internal Upper Cretaceous 1 and 2; IT 1 and 2: Internal Tertiary 1 and 2; IUT 1 and 2: Internal Upper Triassic 1 and 2; and MJU: Mid Jurassic
Unconformity.
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(Fig. 2b). It shows two near-vertical faults cutting the entire succession
from Triassic up to the seafloor. At offset 2830m, a normal fault cuts the
upper part of the Upper Cretaceous across the Pleistocene and propa-
gates up to the seafloor (Fig. 5). Several other normal and near-vertical
faults cut the BUC, BT and BPU surfaces.

Further east in the Little Belt, the seismic profile in Fig. 6 strikes SW-
NE north of themarginal Eastholstein Trough (Fig. 2b). It shows a set of
normal and near-vertical faults cut through the post-Permian succes-
sion. Four of them even intersect the BPU horizon and reach upwards
into the Holocene deposits.

The SW-NE seismic section (Fig. 7) crosses the almost N-S striking
sub-salt basement fault of the Central Glückstadt Graben in the Flens-
burg Fjord (Figs. 1 and 2b). The entire post-Permian succession forms
an anticline above the Zechstein salt pillow. A set of normal faults cut
through the entire supra-salt succession from Triassic rocks across the
Pleistocene deposits and pierce the seafloor.

In Fig. 8, the seismic section runs W-E and crosses a salt pillow that
emerged above a NW-SE striking sub-salt basement fault (Figs. 1 and
2b). At offset 15,000 m, several supra-salt normal faults cut the succes-
sion above the Zechstein pillow (Fig. 8). Two of them reach upwards
across the Pleistocene deposits and pierce the seafloor. Furthermore,
at offsets 30,500 m and 33,500 m two normal faults dissect the succes-
sion from the Triassic strata into the Tertiary deposits. One of them
reaches at least from Muschelkalk into the Pleistocene sediments and
pierces the seafloor.

TheW-E seismic profile in Fig. 9 crosses theN-S to NNE-SSWstriking
Kossau Fault (Fig. 2b), which has been interpreted as the northward
prolongation of the marginal Eastholstein Mecklenburg Block by Al
Hseinat and Hübscher (2014). An anticline of b2000 m in width
underlies an erosional valley, referred to as the Kossau Tunnel valley
(Atzler, 1995).

North of the Caledonian Deformation Front (Fig. 1), the seismic sec-
tion in Fig. 10 runs SSW-NNE northeast of the Langeland Island within
the Store Belt (Fig. 2b). Between offsets 44,000 m and 47,000 m, two
conjugate normal faults cut the strata from Triassic into the Pleistocene,
causing a graben structure. Both are growth faults. Within the central
graben, a set of normal faults cut the upper part of the Upper Cretaceous
succession into the Tertiary sediments. One of these faults reaches up-
wards across the Pleistocene deposits penetrating the seafloor horizon.
Several normal faults occur in both sides of the grabenwithin the Trias-
sic sediments. At offset 43,000 m, other normal fault intersects the en-
tire succession at least from Muschelkalk into the Tertiary deposits.

Near the north-eastern margin of the North German Basin within
the Fehmarn Belt, the seismic profile in Fig. 11 runs W-E and crosses a
salt pillow that emerged above a NW-SE striking sub-salt basement
fault (Figs. 1 and 2b). Between offsets 18,500mand 22,500m, the entire
post-Permian succession reveals two V-shape anticlines with a width of
~800 m.Within these anticlines, the TWT interval of the reflections de-
creases slightly with depth. In the centre of each anticline, a fault cuts
through the entire succession at least fromMuschelkalk into the Tertia-
ry sediments.

Near the northern margin of the North German Basin, the seismic
section shown in Fig. 12 runs W-E and crosses the NW-SE striking
Langeland Fault described by Baldschuhn et al. (1996) and NIA (2000)
(Figs. 1 and 2b). Between offsets 23,000 m and 27,500 m, this section
shows two conjugate normal faults cutting the entire succession from
Buntsandstein into the Pleistocene sediments. The eastern fault of this
structure reveals growth (Fig. 12). It causes the BUT, BJ, BUC and BT



Fig. 10. SSW-NNE time-migrated seismic section (for location, see Fig. 2b) and interpreted section northeast of Langeland Island. Two conjugate faults cut the succession from Triassic into
Pleistocene deposits. They reach upwards across the Pleistocene sediments, piercing the seafloor horizon. Black linesmark fault systems. BMT: BaseMiddle Triassic; BPU: Base Pleistocene
Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upper Triassic; IUC 1 and 2: Internal Upper Cretaceous 1 and 2; IUT 1 and 2: Internal Upper Triassic 1 and 2; and
MJU: Mid Jurassic Unconformity.
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horizons to fall by ~270m, 240m, 180m and 115m, respectively. More
faults are present further west.

The SW-NE seismic section in Fig. 13 is located north of theGrimmen
High, crossing the Werre and Prerow fault systems (Fig. 2b). Between
offsets 14,000mand17,500m, twomajor conjugate faults cut the entire
succession from Triassic into Pleistocene sediments, forming a graben
structure (Fig. 13). These faults correspond to the Werre and Prerow
fault systems (Krauss andMayer, 2004). Both faults propagate upwards
and cut the BPU horizon.

The seismic profile in Fig. 14 strikes SW-NE, crossing the Agricola
Fault system described by Krauss and Mayer (2004) (Fig. 2b). It
shows several normal faults are cutting the strata from the
Jurassic-Triassic rocks into the Pleistocene deposits. At offset
38,000 m, one of these faults reaches upwards, penetrating the sea-
floor (Fig. 14). Some other faults intersect the succession from Ju-
rassic-Triassic into the Upper Cretaceous sediments. The Agricola
Fault system is mostly concentrated on the pinch out of the salt
(Fig. 18).

The Skurup, Romeleasen and Vomb Faults are imaged in Fig. 15. At
offset 82,500m, one reverse fault represents the northern prolongation
of the Vomb Fault as described by Schlüter et al. (1998). The fault cuts
the entire succession from Jurassic-Triassic rocks across the Upper Cre-
taceous unit and penetrants the BPU horizon. The BUC horizon shows a
vertical displacement of ~625 m, accordingly. Further to the west, the



Fig. 11. W-E time-migrated seismic section(for location, see Fig. 2b) and interpreted section from the northwestern margin of the North German Basin. The eastern part of the section
crosses the NW-SE salt pillow. Two V-shape anticlines are observed in the western part of the section. In the central of each anticline, a normal fault cuts through the entire succession
from Muschelkalk into the Tertiary sediments. The eastern fault reaches upwards and cuts the BPU horizon. Several other faults cut through the entire succession and mostly intersect
the Pleistocene sediments. BJ: Base Jurassic; BMT: Base Middle Triassic; BPU: Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upper Triassic;
IJ 1 and 2: Internal Jurassic 1 and 2; IUC 1 and 2: Internal Upper Cretaceous 1 and 2; IUT 1 and 2: Internal Upper Triassic 1 and 2; and MJU: Mid Jurassic Unconformity.
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Romeleasen Fault (Schlüter et al., 1998) cuts the succession from Juras-
sic-Triassic rocks into the Lower Maastrichtian deposits. At offset
42,500 m, the Skurup normal fault cuts the entire succession from the
Paleozoic unit across the Upper Cretaceous layer and pierces the BUP
horizon.

The seismic section in Fig. 16 crosses both the Adler-Kamien and
Wiek Faults (Fig. 2b; Schlüter et al., 1998). The Wiek normal fault
cuts the succession from Jurassic-Triassic rocks into the Pleistocene
deposits. The eastern faults represent the Adler-Kamien thrust fault
system that cuts the entire succession from Jurassic-Triassic rocks
across the Upper Cretaceous and penetrants the BPU horizon. The
Adler-Kamien Fault penetrates the BPU horizon only in this particu-
lar seismic line (Fig. 16).

At offset 14,500 m, theWiek normal fault cuts the entire succession
at least from the MJU horizon across the Upper Cretaceous into the
Pleistocene deposits (Fig. 16). Blind faults are abundant within the
Upper Cretaceous strata in both Figs. 15 and 16.

The seismic line in Fig. 17 runs SW-NE and is located above the
NW-SE trending Øresund Fault. It also crosses the Carlsberg Fault
with its eastern part (Fig. 2b). The Carlsberg Fault cuts the entire suc-
cession from Triassic rocks up to the seafloor (Fig. 17). Here, the sea-
floor horizon reveals depression. East of it, another normal fault cuts
the strata at least from the Santonian into the Pleistocene deposits.
This fault propagates upwards, penetrating the seafloor. Two normal
faults are cutting the strata from Triassic into Cretaceous. Between
offsets 5000 m and 15,000 m, several other faults intersect the
Upper Cretaceous succession and are more abundant within the
Maastrichtian sediments. For example, at offset 15,000 m, one of
these faults reaches upwards across the Pleistocene deposits and
pierces the seafloor.
5.2. Anticlines, near-vertical faults and tunnel valleys

Mesozoic and Tertiary deposits reveal anticlines, which are quite
similar to those described by Al Hseinat and Hübscher (2014). The anti-
clines aremore abundant in the northern Bays of Kiel andMecklenburg,
which is near the northwestern margin of the North German Basin
(Fig. 23).

The shape of the observed anticlines varies from triangular (e.g.,
Figs. 8 and 9) to concentric (e.g., Fig. 11). They have a width of
~700 m to 3000 m. In most cases, their height decreases slightly with
depth (e.g., Fig. 9). Assuming an average interval velocity of 2000 m/s
to 3000m/s (Hansen et al., 2007), the height of the anticlines ranges be-
tween ~ 20 m and 75 m. Their length ranges between ~2 km to 50 km
(Fig. 23).

Some of the anticlines are associated with an erosional valley above
(e.g., Figs. 8 and 9). As observed by Al Hseinat and Hübscher (2014)
there is no relationship between the width of the anticline and the val-
ley. In the salt influencedNorthGermanBasin, several anticlines are also
associated with normal faults (Figs. 8, 9 and 23). It is notable that none
of these anticlines is located above known salt pillow.
5.3. Major trends

Fig. 24 shows the basement faults compiled from previous studies
(Baldschuhn et al., 1991, 1996, 2001; Bayer et al., 1999; Clausen and
Pedersen, 1999; Krauss, 1994; Kossow et al., 2000; Lokhorst et al.,
1998; Maystrenko et al., 2005a; NIA, 2000; Schlüter et al., 1997;
Thomas et al., 1993; Vejbæk, 1997) and shallow faults based on this
study. Basement faults in the study area are trending NW-SE, N-S



Fig. 12. W-E time-migrated seismic section (for location, see Fig. 2b) and interpreted section from the northern margin of the North German Basin. In the middle of the section, two
conjugate normal faults cut the entire succession from Buntsandstein into the Pleistocene sediments. The eastern fault reveals growth. Other normal faults cut the entire succession
into the Pleistocene sediments. BJ: Base Jurassic; BMT: Base Middle Triassic; BPU: Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upper
Triassic; IJ 1 and 2: Internal Jurassic 1 and 2; IUC 1 and 2: Internal Upper Cretaceous 1 and 2; IUT 1 and 2: Internal Upper Triassic 1 and 2; and MJU: Mid Jurassic Unconformity.
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(NNE-SSW) and minor NE-SW. The main structural elements are NW-
SE directed: the Tornquist Zone, Caledonian Deformation Front, Adler-
Kamien Fault and Elbe Lineament (Fig. 1). Minor NW-SE striking faults
are the Langeland, Prerow and Werre Faults (Fig. 1). Several other
major faults are trending N-S and parallel the Glückstadt Graben faults.
Two major faults, the Agricola and Svedala Faults, have a NE-SW
trending.

The salt influenced North German Basin reveals threemajor fault di-
rections (Figs. 18–20): NW-SE, N-S and NNE-SSW, following the domi-
nant direction of the major faults in the region. Several of these faults
are located directly above basement (sub-salt) faults and salt pillows.
The majority of these faults in the Bays of Kiel and Mecklenburg are
trending N-S to NNE-SSW and parallel the direction of the Glückstadt
Graben faults. Minor E-W faults are mapped in the Bay of Kiel above
the almost E-W trending salt pillow. Similar faults were previously de-
scribed by Hansen et al. (2005). Along the Store Belt, a group of E-W
striking faults observed for the first time. Comparisonwith Fig. 1 reveals
that this group of fault traces parallels the trend of the Caledonian De-
formation Front.

The salt free Tornquist Zone (Pomeranian Bay) reveals two major
fault trends of the Cretaceous and Pleistocene faults (Figs. 18 and
20): NW-SE and NE-SW. The majority of these faults are located
above basement faults following the trend of the Tornquist Zone
(Fig. 18). Also, the N-S to NNE-SSW directed Pleistocene tunnel val-
leys parallel the dominant trend of major faults e.g., “b” and “c” in
Fig. 20. Other trends of the Pleistocene tunnel valleys are observed:
(i) an E-W trending tunnel valleys in the Mecklenburg Bay and
Arkona Basin marked “e” and “g” in Fig. 20; and (ii) a NE-SW striking
tunnel valley northeast of Darß Island.

As mentioned in the previous section, anticline structures are
only observed within the salt influenced North German Basin, partic-
ularly within the Bays of Kiel and Mecklenburg (Fig. 23). The main
anticlines, such as a and b in Fig. 23, run N-S to NNE-SSW and show
apparent coincidence with the N-S direct fault pattern of the
Glückstadt Graben.
6. Interpretation and discussion

The Upper Cretaceous and Tertiary layers reveal numerous faults
throughout the southwest Baltic Sea (Figs. 18–19). Several of these
faults cross the entire sedimentary succession from Triassic up to the
Pleistocene (Figs. 5–17). The spatial density of those faults is more
abundant in the salt influenced North German Basin than in the salt
free Tornquist Zone (Pomeranian Bay).

Previous studies of the southern Baltic have focused on theMesozoic
structural evolution (Hansen et al., 2005, 2007; Hübscher et al., 2010;
Krauss and Mayer, 2004; Schlüter et al., 1997, 1998). Consequently,
we will discuss these events briefly and will focus on the discussion of
the Late Cretaceous to recent structural evolution.



Fig. 13. SW-NE time-migrated seismic section (for location, see Fig. 2b) and interpreted seismic section crosses theWerre and Prerow Faults. These faults are conjugate faults cut the entire
succession from Triassic into Pleistocene sediments, causing a graben structure. Both faults reach upwards, cutting the BPU horizon. Several faults intersect the PBU horizon. BJ: Base
Jurassic; BMT: Base Middle Triassic; BPU: Base Pleistocene Unconformity; BT: Base Tertiary; BUC: Base Upper Cretaceous; BUT: Base Upper Triassic; IJ 1, 2 and 3: Internal Jurassic 1, 2
and 3; IUC 1: Internal Upper Cretaceous 1; IUT 1: Internal Upper Triassic 1; LTU: Late Triassic Unconformity; and MJU: Mid Jurassic Unconformity.
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6.1. Triassic extension and Jurassic uplift

During the early Late Triassic and Early Jurassic, a regional E–W
directed extensional tectonic regime affected the North German
Basin and adjacent areas (Fig. 3; Ziegler, 1990) and created the
deep-rooted basement faults. The extension is indicated near the
Glückstadt Graben by accelerated subsidence and basement-affected
normal faulting (e.g., Fisher and Kockel, 1999; Fisher and Mudge,
1998; Scheck et al., 2003b; Ziegler, 1990) within the salt influenced
basin (Fig. 2b). Salt diapirism initiation within the Bays of Kiel and
Mecklenburg was interpreted as a result of this extensional event
(Al Hseinat and Hübscher, 2014; Al Hseinat et al., 2016; Hansen et
al., 2005, 2007; Hübscher et al., 2010). Accordingly, we interpret
salt diapirism initiation in Figs. 7 and 8 and vertical salt movement
with a pillow-like structure due to the ongoing regional extension
during the early Late Triassic and Early Jurassic.
Later on, the development of the centralNorth SeaDome (Middle Ju-
rassic to Early Cretaceous), due to a mantle plume (Underhill, 1998;
Ziegler, 1990), caused a period of uplift and non-deposition. Conse-
quently, parts of the Jurassic and Upper Triassic sedimentary succes-
sions in the region were eroded (Al Hseinat and Hübscher, 2014;
Hansen et al., 2005; Hübscher et al., 2010; Kossow et al., 2000). In this
study, this event is marked by a clear angular unconformity (MJU) evi-
dent in all seismic sections (Figs. 5–17). The subsequent Early Creta-
ceous period was a time of tectonic quiescence and rising sea levels
(Kossow and Krawczyk, 2002).

6.2. Late Cretaceous-Early Paleogene inversion

A prominent change in the regional stress field, from extension to
compression, took place at the Late Cretaceous-Early Paleogene transition
(Ziegler, 1990). It resulted from two phases: major plate reorganisation



Fig. 14. SW-NE time-migrated seismic section (for location, see Fig. 2b) and interpreted seismic section crosses the Agricola Fault system. Several normal faults are observed.Most of them
intersect the strata from the Jurassic-Triassic rocks into the Pleistocene deposits. One fault even propagates upwards, piercing the seafloor horizon. BPU: Base Pleistocene Unconformity;
BUC: Base Upper Cretaceous; IUC 1:Internal Upper Cretaceous 1; and MJU: Mid Jurassic Unconformity.
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related to the Africa-Iberia-Europe convergence and the subsequent Al-
pine Orogeny (~90 Ma) (Bayer et al., 1999; Kley and Voigt, 2008;
Krauss, 1994; Scheck-Wenderoth and Lamarche, 2005; Ziegler, 1990).
The compression affected all of Europe. Reactivation of pre-existing fault
systems, vertical salt movements and inversion of former basins or
troughs are believed to be the result of the combination of the previously
mentioned plate motions (Kockel, 2003; Kley and Voigt, 2008). Clausen
and Huuse (1999) described a Late Cretaceous-Paleogene inversion of
the basement structures south of the Ringkøbing-FynHigh that deformed
most of the Upper Cretaceous and Tertiary successions in a compression
event. According toHansen et al. (2005), theNE-SWtoNNE-SSWdirected
compressive stress field (Late Cretaceous-Early Tertiary) confirms that
the N-S striking supra-salt fault above the salt pillow within the Bay of
Kiel developed thin-skinned as a result of halokinesis. We interpret the
tectonic evolution of the supra-salt faults within the salt influenced
North German Basin accordingly (Figs. 7 and 8).

The calculated Base Upper Cretaceous time-structure map
(Fig. 18) shows that the area between Darß and Falster Islands



Fig. 15. SW-NE time-migrated seismic section (for location, see Fig. 2b) and interpreted seismic section crosses the transition from Arkona block to Skurup Block. This section also shows
the Skurup Fault, Romeleasen Fault and Vomb Faults. The Skurup and Vomb Faults cut the Upper Cretaceous succession and reach upwards piercing the BPU horizon. Several faults
intersect the Upper Cretaceous succession and at least two of them propagate, penetrating the BPU. BLM: Base Lower Maastrichtian; BPU: Base Pleistocene Unconformity; BS: Base
Santonian; BUC: Base Upper Cretaceous; BUM: Base Upper Maastrichtian ILM: Internal Lower Maastrichtian; and MJU: Mid Jurassic Unconformity.
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Fig. 16. SW-NE time-migrated seismic section (for location, see Fig. 2b) and interpreted seismic section crosses theGryficeGraben. It also shows theWiek Fault and two faults of theAdler-
Kamien Fault System. BM: Base Maastrichtian; BPU: Base Pleistocene Unconformity; BS: Base Santonian; BUC: Base Upper Cretaceous; BUM: Base Upper Maastrichtian IM: Internal
Maastrichtian; and MJU: Mid Jurassic Unconformity.

45M. Al Hseinat, C. Hübscher / Tectonophysics 708 (2017) 28–55
(Kadett Channel) reveals uplift, which is consistent with the
observations made by others (Hübscher et al., 2010; Kossow and
Krawczyk, 2002).
However, in contrast to other basins of the CEBS, the Glückstadt Gra-
ben was essentially not inverted (Grassmann et al., 2005; Maystrenko et
al., 2005a). We speculate that the absent inversion is a consequence of



Fig. 17. SW-NE time-migrated seismic section (for location, see Fig. 2b) and interpreted seismic section crossing theØresund Fault. It is also crosses the Carlsberg Fault. Carlsberg Fault cuts
the entire suction from Triassic into the Pleistocene deposits. It is also piercing the seafloor horizon. BJ: Base Jurassic; BLM: Base LowerMaastrichtian; BPU: Base PleistoceneUnconformity;
BS: Base Santonian; BUC: Base Upper Cretaceous; BUM: Base Upper Maastrichtian; and MJU: Mid Jurassic Unconformity.
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the almost rectangular angle between the Glückstadt Graben and the in-
traplate contraction between Africa and Europe. Considering the contrac-
tion as σ1, one would expect extension in σ3 direction, which would
result in the extension of the Glückstadt Graben rather than an inversion.

Recent studies within the southwest Baltic Sea related Cretaceous
evolution of some faults, initiation of vertical salt movement and
supra-salt faulting to the Late Cretaceous-Early Tertiary inversion-
induced reactivation of a deep-rooted fault (e.g., Al Hseinat and
Hübscher, 2014; Al Hseinat et al., 2016; Kammann et al., 2016).
Significant displacement of the Upper Cretaceous sediments (Figs.
12 and 16) can be related to the same inversion event. This is in good
agreement with the observations made by others (e.g., Hübscher et al.,
2010; Schlüter et al., 1997, 1998). Similar observations were made by
Brandes et al. (2012a, 2013) in the Subhercynian Basin at the southern
margin of the CEBS.

We therefore explain the Late Cretaceous reactivation of older fault
systems within the study area and initiation of the supra-salt faults by
the Late Cretaceous-Early Tertiary compressional events.



Fig. 18. Time-structure map of the Base Upper Cretaceous surface inms TWT. Contour interval is 50ms. The distribution of salt walls and pillows are from Lokhorst et al. (1998). The red-
orange colors show the shallowest parts of the surface, whereas the blue color shows the deepest parts. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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6.3. Upper Tertiary extension

Several Cretaceous and Tertiary faults show upward extension into
the unconsolidated Pleistocene sediments (Figs. 11–16 and 19). The up-
ward extension of these faults most likely reflects the Neogene to recent
NW–SE directed extension of the CEBS. This observation is in good agree-
mentwith Grassmann et al. (2005) and Kley et al. (2008) interpretations.

The absence of Tertiary deposits above a salt diapir that rests on
an N-S trending fault related to the Glückstadt Graben documents
Fig. 19. Time-structure map of the Base Tertiary surface in ms TWT. Contour interval is 50 ms.
colors show the shallowest parts of the surface, whereas the blue color shows the deepest
referred to the web version of this article.)
a halokinetic phase during Tertiary in the central Bay of Kiel
(Hansen et al., 2005). Grassmann et al. (2005) and Maystrenko et
al. (2005a) discussed the evolution of the eastern margin of the
Eastholstein Trough by means of reflection seismic data. They ob-
served a vertical displacement of the BT horizon of ~1 s TWT,
which corresponds to N1000 m assuming an average interval veloc-
ity of the Tertiary of N2 km/s. Furthermore, Al Hseinat and Hübscher
(2014) and Al Hseinat et al. (2016) attributed Tertiary to recent
halokinetics and faulting in the supra-Zechstein succession in the
The distribution of salt walls and pillows are from Lokhorst et al. (1998). The red-orange
parts. (For interpretation of the references to color in this figure legend, the reader is



Fig. 20. Time-structuremap of the Base Pleistocene surface inms TWT. Contour interval is 25ms. The distribution of salt walls and pillows are from Lokhorst et al. (1998). Black rectangles
(a–g)markmajor topographic lows. The red-orange colors show the shallowest parts of the surface,whereas the blue color shows thedeepest parts. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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southwest Baltic Sea to the Neogene to recent NW-SE directed ex-
tension of the Glückstadt Graben.

6.4. Pleistocene until Upper Holocene tectonics

Varied stratigraphic observations strongly suggest that fault
evolution continued during the Pleistocene until today (Figs. 5–
Fig. 21. Time-isochore map of the Pleistocene succession (time-interval map) in ms TWT. Blac
There d-orange colors show the thickest parts, while the yellow-blue colors show the thinne
referred to the web version of this article.)
17). It is notable that the density of subsurface (shallow) faults
is much higher in the salt influenced North German Basin
compared to the salt free Tornquist Zone (Pomeranian Bay)
(Fig. 19).

This finding raises the question as to what is actual the cause of re-
cent tectonics. There are two possible candidates: Ice-load induced tec-
tonics and present-day stress field.
k rectangles (a–g) mark major and minor thickness anomalies. Contour interval is 25 ms.
st parts. (For interpretation of the references to color in this figure legend, the reader is



Fig. 22. Bathymetry of the study area (based on Seifert et al., 2001). Pleistocene faults are based on this study. Contour interval is 5m. The blue color shows the deepest parts, while the red
color shows the shallowest parts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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6.4.1. Ice-loading/unloading induced tectonics
The prevailing regional tectonic stress in North Europe is caused by

the ongoing Alpine collision and the spreading in the Central Atlantic,
overprinted by glacial stresses (Roth and Fleckenstein, 2001). The ice
movement direction was approximately NE-SW to NNE-SSW and per-
pendicular to the present shoreline of the Baltic Basin (Fig. 4;
Piotrowski, 1997; Piotrowski and Tulaczyk, 1999). Repeated ice sheet
loading and unloading during the Pleistocene caused vertical and hori-
zontal stress variation, which led to a change in the equilibrium situa-
tion of the lithosphere and mass movements in the upper and lower
mantle (e.g., Al Hseinat and Hübscher, 2014; Arvidsson, 1996; Brandes
et al., 2012a, 2012b; Dyke et al., 1991; Fenton, 1994; Johnston, 1987;
Table 1
Characteristics (fault type, displacement, length, possible correlation with deep rooted fault sys
locations, see Figs. 1 and 2b).

Fig.
number

Location Salt Correlated basement fault system Directio

5 Lille Belt Yes TF/RFH NW-SE
6 Lille Belt Yes TF/RFH NW-SE
7 Flensburg Fjord Yes GG NNW-S
8 Bay of Kiel Yes EHB NNE-SS
9 Bay of Kiel Yes EHMB N-S
10 Store Belt Yes CDF E-W
11 Fehmarn Belt Yes TF/RFH NW-SE
12 Mecklenburg Bay Yes Langeland Fault NW-SE
13 Between Darß and

Falster
Yes Grimmen High (Prerow and Werre

Faults)
NW-SE

14 Northwest of Rügen No AFS NE-SW
15 Arkona Block No VF SKF RF NW-SE

16 East of Rügen No AK F NW-SE
WF

17 South of Copenhagen No ØF + CF NNW-S

AFS: Agricola Fault System; AKF: Adler-Kamien Fault; CDF: Caledonian Deformation Front; CF:
Glückstadt Graben; Ju: Jurassic; ØF: Øresund Fault; Pal: Paleozoic; Pl: Pleistocene; RFH: Ringkøb
Cretaceous; VF: Vomb Fault; and WF: Wiek Fault.
Kujansuu, 1964; Lagerbäck, 1978; Lagerbäck and Sundh, 2008; Lang et
al., 2014; Munier and Fenton, 2004; Muir-Wood, 2000; Olesen, 1988;
Quinlan, 1984; Sandersen and Jørgensen, 2015; Sauber and Molnia,
2004; Shilts et al., 1992; Steffen et al., 2014a, 2014b, 2014c, 2016;
Steffen and Wu, 2011; Stewart et al., 2000; Turpeinen et al., 2008; Wu
et al., 1999).

As combined by GIA models, the rebound's influence of the last gla-
cial advance is still happing and will continue for another few thousand
years (e.g., Kumar and Sunil Singh, 2012; Le Meur, 1996; Steffen and
Wu, 2011). According to Stewart et al. (2000), the glacio-isostatic recov-
ery from the glaciations therefore potentially had an impact on large
areas not only within limits former ice sheet but also hundreds of
tem) of those shallow faults that propagate into Pleistocene deposits or up to seafloor (for

n Max. length
(km)

Fault type Affected
units

Max. offset
(m)

11 Normal Tr-SF 5
30 Normal Tr-SF 5

SE 2 Normal Tr-SF 30
W 25 Normal Tr-SF 130

50 Reverse Tr-SF 7
8 Normal Tr-SF 50
15 Normal Tr-SF 60
32 Normal Tr-SF 270
36 Crestal Collapse Graben

(strike-slip?)
Tr-SF 80

70 Normal Ju-Pl 36
32 Reverse Ju-Pl 625

Normal Pal-Pl 25
Normal Pal-UC

70 Reverse Ju-UC 625
40 Normal Ju-Pl 12

SE 8 Normal Tr-SF 120

Carlsberg Fault; EHT: Eastholstein Trough; EHMB: Eastholstein Mecklenburg Trough; GG:
ing-FynHigh; RF: Romeleasen Fault; SF: seafloor; TF: Tornquist Fan; Tr: Triassic; UC: Upper



Fig. 23.Anticline structures in northwesternmargin of theNorth GermanBasin. The approximate location of themajor faults is compiled fromBaldschuhn et al. (1991), Bayer et al. (1999),
Clausen and Pedersen (1999), Krauss (1994), Kossow et al. (2000) andMaystrenko et al. (2005a). Cretaceous faults are from this study. The distribution of salt walls and pillows are from
Lokhorst et al. (1998). The anticlines marked “a” and “b” are from Figs. 8 and 9, while “c” and “d” are from Fig.11. BUC: Base Upper Cretaceous; and BT: Base Tertiary.
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kilometres beyond. They also pointed out how the ice sheet cycles may
modulate not only the deep-seated viscoelastic response of the Earth,
but also the nature and incidence of upper-crustal faulting, in addition
to earthquake generation. Sirocko et al. (2008) introduced several con-
ceptual models for the interaction between ice-loading/unloading and
subsurface faults. One of these models describes how diapir rise is hin-
dered and how faults are blocked during glaciation. After the ice sheets
retreat, the salt rises once again and faults are reactivated. Recent out-
comes of Al Hseinat and Hübscher (2014) and Lang et al. (2014) offer
possible explanations for recent faulting by ice-load induced salt flow
and fault reactivation without sub-salt tectonics. That effect on the salt
wall stopped once ice grew over the whole structure, at which time
the wall subsided because of ice loading. The salt wall and faults were
reactivated again once the ice front retreated so that the ice loaded
only one side of the structure.

Recent surface deformation of severalmillimetres per year along lin-
eamentswas observed in northern Germany (Lehné and Sirocko, 2010).
Some of these lineaments coincide with the normal faults of the
Glückstadt Graben and salt structures above (Fig. 2b). Lehné and
Sirocko (2010) suggested that the deformation was most likely caused
by an ongoing GIA since the Late Pleistocene Weichselian glacial maxi-
mum. By means of seismic data, Brandes et al. (2011) developed a tec-
tonic model showing the reactivation of pre-existing faults within
north-western Germany as a consequence of ice sheet loading/
unloading.

Faults' reactivation due to GIA ismore likely if the ice sheet advances
normally in relation to the fault (Brandes et al., 2011; Stewart et al.,
2000). According to these authors, faults that are orientated perpendic-
ular to the orientation of the horizontal stress induced by ice sheet are
believed to have a higher probability of being reactivated. Thus, the al-
most NW-SE, NNE-SSW and N-S striking faults within the southwest
Baltic Sea are optimally orientated for ice-loading/unloading induced
reactivation. This study suggests that this is valid for basically all faults
trending more or less perpendicular to the elongated Baltic Basin.
These observations are also in good agreement with Al Hseinat and
Hübscher (2014) and Al Hseinat et al. (2016) who related the Pleisto-
cene tectonics and subsurface (shallow) faulting in the southwest Baltic
Sea to ice-load induced reactivation of older fault systems. In addition,
the observed position of the Pleistocene faults directly above the Creta-
ceous and Tertiary faults confirms this assumption (Figs. 18–20).

Reicherter et al. (2005) and Stewart et al. (2000) calculated the ap-
proximate 3:1 ratio between ice thickness and lithospheric depression
in the North German Basin (Fig. 25). As an example, according to this
ratio, a 300 m thick ice layer generates a subsidence of 100 m. It is,
therefore, a plausible assumption that even a relatively thin ice sheet
of a few hundred metres thickness triggers subsurface faults. After ice
retreats, the direction of the faults is inverted. Although this zero-
order approximation oversimplifies the geological reality because it im-
plies that the differential ice-load most likely reactivated pre-existing
faults.

Faulting and folding beneath the ice sheet created a weakness zone
that facilitated erosion by pressurized glacial and subglacial melt-
water, which is the primary explanation for tunnel valley evolution
(Al Hseinat and Hübscher, 2014; Huuse and Lykke-Andersen, 2000;



Fig. 24. Faultmap of basement faults of the southwest Baltic Sea based on (Baldschuhn et al., 1991, 1996, 2001; Bayer et al., 1999; Clausen and Pedersen, 1999; Krauss, 1994; Kossow et al.,
2000; Lokhorst et al., 1998; Maystrenko et al., 2005a; NIA, 2000; Schlüter et al., 1997; Thomas et al., 1993; Vejbæk, 1997) and shallow faults according to this study. STZ: Sorgenfrei-
Tornquist Zone; and TTZ: Teisseyre-Tornquist Zone.
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Jørgensen and Sandersen, 2004; Piotrowski, 1997). Recently, Al Hseinat
and Hübscher (2014) related the formation and evolution of the Kossau
Tunnel valley, marked “c” in Fig. 21, as a result of the interplay of ice-
load induced tectonics and sub-glacial melt-water erosion. We may
therefore conclude that the almost N-S directed tunnel valley, marked
b in Fig. 21 was formed due to the same processes.

In contrast, the SW-NE orientated tunnel valley, marked “f” in Fig.
20, is previously interpreted as part of the drainage system at the begin-
ning of the Baltic Ice Lake transgression (~11,500 years BP) (Lemke et
al., 1994). It is described as the main water discharge system in the pe-
riod immediately after retreating of the ice sheet. However, our avail-
able seismic information shows that the W-E and SW-NE directed
tunnel valleys marked “e” and “f” in Fig. 20 are not connected.

The time-structure map of the Base Pleistocene shows that tunnel
valleys are deeper if located directly above fault, e.g., “b” and “c” in Fig.
20. This is in agreement with the interpretations of Salomonsen
(1993, 1995), who also observed a vertical correlation between Pleisto-
cene tunnel valleys and faults beneath in the Danish North Sea Sector.
Other authors have stated that the underlying structures may have
had a local influence on the orientation of some valleys (e.g., Huuse
Fig. 25. Relation of the lithospheric depression and ice-loading (modified after Reicherter et al.,
the North German Basin. Weichselian ice thicknesses are after Piotrowski and Tulaczyk (1999)
and Lykke-Andersen, 2000; Lykke-Andersen et al., 1993; Sandersen
and Jørgensen, 1998; Schwarz, 1996).

Normal faults associated with an anticline, as observed at the west-
ern margin of the North German Basin (Fig. 23), in the Triassic to Lower
Tertiary strata could be interpreted as ice-load induced tectonics (e.g., Al
Hseinat and Hübscher, 2014). These authors developed a conceptual
model explaining the origins of a fault–anticline structure underneath
the Kossau Tunnel valley within the Bay of Kiel as a consequence of
ice-load induced tectonics above a pre-existing fault system.

6.4.2. Present-day stress field induced tectonics
Inherited fault planes of ancient tectonic deformations can be

reactivated if they are either favorably or unfavorably oriented relative
to the subsequent stress regimes (e.g., Bartholomew et al., 2002). Any-
how, the Pleistocene faults are more abundant within the salt influ-
enced North German Basin than in the salt free Tornquist Zone (Fig.
19). One could speculate that the current NW-SE directed extension
(Kley et al., 2008) should result in increased extension of all normal
faults perpendicular to σ3. We assume that this is valid for essentially
all faults trending more or less perpendicular to the elongated Baltic
2005; Stewart et al., 2000). Note the delay of lithospheric relaxation,which is still lasting in
and Elverhøi et al. (1993).
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Basin. This assumption is consistent with the analysis of the time-
isochore maps of post-Permian strata in the Bays of Kiel and Mecklen-
burgmade byHansen et al. (2005) andHübscher et al. (2010). These au-
thors suggested a causative correlation between tectonic evolution of
the basin and halokinetics. In contrast to the salt pillows, which
emerged above the Triassic fault systems in the Bay of Kiel, the Cenozoic
salt movement activity is most pronounced in the Bay of Mecklenburg
(Hübscher et al., 2010). Thus, it is a reasonable assumption that the
present-day NW-SE directed extension stress field in the region caused
faulting of the inherited sub-salt faults triggering diapirism and
halokinetics.

These findings may offer possible explanations for recent supra-salt
faulting (halokinetics) induced by sub-salt tectonics, such as in Figs. 7, 8
and 12, caused by the current stress field. However, both studies
(Hansen et al., 2005; Hübscher et al., 2010) did not discuss the impact
of ice sheets on salt structures within the North German Basin.

6.4.3. Ice-loading/unloading and present-day stress field interaction
The present-day stress field in the study area, primarily due to plate

motion, is generally directed NW-SE (Kley et al., 2008), while the hori-
zontal stresses acting during the retreating of the Fennoscandia ice
sheet would have orientated NE-SW to NNE-SSW (Piotrowski, 1997;
Piotrowski and Tulaczyk, 1999). According to Muir-Wood (2000),
some destructive interference are expected since these forces are al-
most moving perpendicular to each other. Accordingly, we suggest
that recent tectonics and upward propagation of the faults resulted
from differential ice-sheet loading and/or present-day stress field inter-
action. We also propose that the NW-SE, N-S and NNE-SSW striking
faults within the southwest Baltic Sea are optimally orientated of
being reactivated as a result of this interaction. This findingmay explain
why the lateral continuity of reflections between IUC1 and BPU is dis-
turbed to both sides of the faults in Fig. 5.

As stated earlier, the spatial density of shallow faults is much higher
in the salt influenced North German Basin compared to the salt free
Tornquist Zone. In the salt free Tornquist Zone, two major fault trends
are observed: NW-SE and NE-SW striking faults. The majority of these
faults are located above basement faults that follow the direction of
the Tornquist Zone (Fig. 19).While in the salt influenced North German
Basin, themaximumPleistocene faults show apparent linkwith the N-S
to NNE-SSW striking fault pattern related to the Glückstadt Graben
faults. Several of these faults are located directly above basement
(sub-salt) faults and salt pillows. The majority of these faults in the
Bays of Kiel andMecklenburg are trendingN-S toNNE-SSWand parallel
the direction of the Glückstadt Graben faults (Fig. 24). Other Pleistocene
faults show coincidence with the NW-SE striking basement fault, such
as the Langeland and Prerow Faults (Fig. 1). These observations are in
good agreement with Reicherter et al. (2005) interpretation. These au-
thors studied satellite and morphological lineaments in northern Ger-
many and concluded that these features show coincidence with the
NW-SE and NNE-SSW striking basement faults therein. Based on our in-
terpretation, we conclude that basement tectonics controls supra-salt
tectonics, but the ductile salt layer causes an offset between the sub-
and supra-salt faults (Fig. 24).

A correlation between salt structures, glacigenic features and
faulting of Pleistocene deposits above salt structures and pre-existing
faults has been recognized in many places of the formerly glaciated
areas in northern CEBS and attributed to GIA (e.g., Al Hseinat and
Hübscher, 2014; Brandes et al., 2015; Brandes and Tanner, 2012; Craig
et al., 2016; Lang et al., 2014; Lehné and Sirocko, 2007, 2010;
Liszkowski, 1993; Sirocko et al., 2008; Stackebrandt, 2005).

The interactions of ice sheets and salt structures are complex and af-
fected by factors as GIA and the regional stress field on a larger scale and
permafrost and subsurface salt dissolution on a more local scale (cf.,
Grassmann et al., 2010; Lang et al., 2014). These authors discussed var-
ious aspects of lateral salt flow and fault reactivation, triggered by ice-
load applied onto a salt source layer during the glaciation. Based on
high-resolution multi-channel seismic data, Al Hseinat et al. (2016)
discussed subsurface faulting and salt tectonics by ice-load induced
salt flow and fault reactivation within the southwest Baltic Sea. They
suggested a 3D–conceptual model describing reactivation and upward
propagation of the supra-salt faults in the Pleistocene.

We suggest that both factors, the ice-sheet loading and/or present-
day stress field, may have acted in combination, since faults oriented
perpendicular to the orientation of the horizontal stress induced by
the deglaciation are believed to have a higher probability of being
reactivated (Brandes et al., 2011; Sandersen and Jørgensen, 2015;
Stewart et al., 2000).

The number of shallow faults increases further within the salt influ-
enced North German Basin and towards the Glückstadt Graben in the
western Bay of Kiel. We therefore explain that the ice-load induced tec-
tonics and/or present-day stress field have a particular strong impact on
halokinetics, e.g., caused by supra-salt faulting or salt movement due to
ice-load. The latter interpretation has been corroborated by digital
models by others (e.g., Lang et al., 2014). Al Hseinat et al. (2016) also
pointed out a three phase response of salt structure to ice-sheet loading
which depends on the location of the ice margins relative to salt struc-
ture during maximum ice advance. If salt structures are affected by
faulting due to GIA, salt flow will be triggered (Al Hseinat and
Hübscher, 2014) which would add to the deformation of the strata
above a salt structure.

Since the Baltic Sea emerged in the Holocene, the findings are not
just valid for the marine realm. Most likely, shallow and recently active
faults are also present in the hinterland of northern Germany, Poland
and southern Denmark. Exogenous processes and anthropogenic activ-
ities may have overprinted surface near faults. However, the combina-
tion of ice-load induced tectonics and the present-day stress field are
good candidates, e.g., for the actual vertical movement of Schleswig-
Holstein (Northern Germany) as measured by Lehné and Sirocko
(2005, 2007, 2010).

7. Conclusions

• Numerous faults dissect Upper Cretaceous and Tertiary strata in
the southwestern Baltic. Several of these faults propagate upwards
across the unconsolidated Pleistocene deposits and occasionally
pierce the seafloor.

• In the salt influenced North German Basin, most of the faults are
approximately located above basement (sub-salt) faults and salt
pillows. N-S to NNE-SSW fault trends relate to the Glückstadt Gra-
ben and NW-SE trending faults relate to the Tornquist Zone.

• Basement (sub-salt) tectonics controls supra-salt tectonics, but the
ductile salt layer causes a lateral shift between the sub- and supra-
salt faults.

• In the salt free Tornquist Zone (Pomeranian Bay), the two major
trends of the faults are NW-SE and NE-SW. The majority of these
faults are located above basement faults and following the trend
of the Tornquist Zone.

• Reactivation of inherited faults and vertical salt movement results
frommajor plate reorganisation related to the Late Cretaceous Af-
rica-Iberia-Europe convergence and the subsequent Alpine Oroge-
ny. A later phase of fault reactivation between Late Eocene and
MiddleMiocene occurredwhen the principal horizontal stress ori-
entation changed from aNE-SW to aNW-SE direction,which is the
present-day orientation.

• Ice-sheet loading and unloading, large-scale glacial isostatic ad-
justment as well as the present-day stress field combined to
cause Late Pleistocene to recent faulting.

• The spatial density of shallow faults is much higher in the salt influ-
encedNorthGermanBasin compared to the salt free Tornquist Zone,
because ductile salt layers are particular susceptible to ice-load.

• All conclusions are presumably valid for the coastal areas and the
hinterland of the marine study area.
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