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Abstract

The subsurface beneath the present southwestern Baltic Sea holds a unique geological
archive of the tectonic evolution of an intracontinental sedimentary basin strongly in-
fluenced by salt tectonics. By means of seismic imaging, this thesis investigates the
structural evolution of the Baltic sector of the North German Basin from Permian to
recent times, thus, covering a timespan of approx. 300 million years. Main stages dur-
ing the development of the North German Basin comprise initial Permo-Carboniferous
wrench faulting and volcanism followed by Permian to Middle Triassic thermal sub-
sidence, Late Triassic E-W extension, Middle Jurassic uplift, Late Cretaceous inver-
sion and Cenozoic extension and glaciation. The analysis of the formation and over-
printing of the North German Basin and its northern margin allowed a reassessment of
salt tectonics within the regional tectonic framework. The results contribute to a better
understanding of complex sedimentary basin evolution. This important aspect of geo-
logical research is relevant to socioeconomics due to the multitude of resources, po-
tential hazards and subsurface use capabilities of such sedimentary basins (e.g. for
carbon capture and storage, geothermal energy utilization or nuclear waste reposito-
ries).

Stratigraphic interpretation of the sedimentary subsurface is based on wells in combi-
nation with high-resolution 2D seismic data covering the marine area from the Bay of
Kiel up to north of Rigen Island. The presented seismic images, in traveltime and
depth, continuously image the subsurface from the seafloor down to the base Zech-
stein. Regional maps, in a stratigraphic subdivision unprecedented for the study area,
elucidate the Permian to recent structural development of the northeastern Gliickstadt
Graben, the salt structures within the Eastholstein-Mecklenburg Block and the fault
systems of Western Pomeranian Fault System at the northeastern basin margin.
Thereby, an update of the fault pattern including basement faults, is given. Mapping
of the Zechstein succession allows a revision of the geometry of salt structures in the
study area and reveals a novel salt pillow within the Little Belt.

In most parts of the Baltic sector of the North German Basin, mapping of the Buntsand-
stein and Muschelkalk units confirm the absence of salt movement during the Early to
Middle Triassic. An exception might be the Kegnaes Diapir at the northern basin mar-
gin where seismic interpretation indicates salt movement and faulting already during
deposition of the Buntsandstein. Furthermore, this work shows that major salt move-
ment began in the northeastern Gllckstadt Graben under regional E-W extension in
Ladinian — Carnian times. Coeval thin-skinned faulting at the northeastern basin mar-
gin is associated with transtensional movements within the Trans-European Suture
Zone. Thereby, a transtensional sub-basin formed at the northeastern basin margin
with intensified accumulation of Keuper and Jurassic deposits. In between the fault
systems of the northeastern basin margin and the northeastern Glickstadt Graben, the
Eastholstein-Mecklenburg Block formed a more stable transition zone where salt
movement had not started before latest Triassic — Early Jurassic times. This work pro-
poses a thin-skinned extensional mechanism as the trigger of Late Triassic — Early
Jurassic salt movement in the study area.




Abstract

Uplift and erosion caused by the Mid Jurassic North Sea Doming event resulted in a
regional stratigraphic gap encompassing the Middle Jurassic to Aptian. Sedimentation
resumed in the Albian followed by a phase of relative tectonic quiescence lacking salt
movement. This period ended with the Late Cretaceous inversion, whose onset in the
study area is specified to the Coniacian — Santonian. Inversion was expressed by uplift
of the Grimmen High, the reactivation of normal as reverse faults and the reactivation
of minor salt flow at the northeastern Gluckstadt Graben and in the Bay of Mecklen-
burg. Thin-skinned shortening is interpreted as the driving mechanism of Late Creta-
ceous salt movement. At the northeastern basin margin, salt flow driven by gravity
gliding induced by basin margin tilt, seems unlikely based on a detailed discussion.

Following large-scale domal uplift in the beginning of the Paleocene, the late Paleo-
cene to middle Eocene marked a renewed period of relative tectonic quiescence lack-
ing salt movement. In the late Eocene to Oligocene, salt flow was reactivated in the
northeastern Glickstadt Graben and local thickness variations of Cenozoic units sug-
gests contemporaneous major growth of salt structures within the bays of Kiel and
Mecklenburg. Cenozoic salt structure growth critically exceeded the growth during the
Late Cretaceous. The different structural style of major Cenozoic reactivation of salt
movement in the Gliickstadt Graben compared to minor flow during Late Cretaceous
inversion suggests a different driving mechanism for Cenozoic salt movement. This
thesis proposes that extension triggered the Cenozoic reactivation of salt flow. The
extensional event is possibly related to the coeval beginning development of the Eu-
ropean Cenozoic Rift System.

Overall, salt structure evolution in the study area is strongly controlled by regional
tectonics and phases of active salt movement correlate with periods of extension or
shortening. Such times of active salt movement were replaced by periods of relative
tectonic quiescence without salt movement, which were preceded by regional erosion
events.




Zusammenfassung

Der Untergrund der heutigen stdwestlichen Ostsee enthalt ein einzigartiges geologi-
sches Archiv der tektonischen Entwicklung eines intrakontinentalen Sedimentbe-
ckens, welches stark durch Salztektonik geprégt wurde. In dieser Arbeit wird mit Hilfe
von reflexionsseismischen Daten die strukturelle Entwicklung des Ostseeraums des
Norddeutschen Beckens vom Perm bis zur Gegenwart untersucht. Dies entspricht ei-
nem Zeitraum von ca. 300 Millionen Jahren. Wichtige Ereignisse in der Entwicklung
des Norddeutschen Beckens beinhalten: anfangliche permo-karbonische Blattver-
schiebungen und Vulkanismus gefolgt von thermischer Absenkung im Perm bis zur
Mittleren Trias, Ost-West Extension in der Spaten Trias, Hebung im Mittleren Jura,
Inversion in der Spaten Kreide und kanozoische Extension und Vergletscherung. Die
durchgefiihrte Analyse zur Entstehung und Uberpragung des Ostseeraums des Nord-
deutschen Beckens und des Beckenrandes ermdglicht eine Neubewertung der Salzte-
ktonik im Kontext regionaler Tektonik. Die Ergebnisse tragen zu einem besseren Ver-
stdndnis der Entwicklung komplexer Sedimentbecken bei. Dies ist aufgrund der Viel-
zahl von Ressourcen, Gefahrdungspotenzialen und unterirdischen Nutzungsmaglich-
keiten solcher Sedimentbecken ein wichtiger Aspekt der soziobkonomisch relevanten
geologischen Forschung (z.B. fiir die Speicherung von Kohlendioxid, geothermische
Energienutzung oder die Endlagerung von radioaktiven Abféllen).

Die stratigraphische Interpretation in dieser Arbeit basiert auf Bohrungen in Kombi-
nation mit hochauflosenden 2D seismischen Profilen. Der Datensatz deckt das Mee-
resgebiet von der Kieler Bucht bis ndrdlich der Insel Riigen ab. Die seismischen Ab-
bilder (in Zwei-Wege Laufzeit und Tiefe) bilden den Untergrund vom Meeresboden
bis zur Zechsteinbasis llickenlos ab. Regionale Karten in einer fur das Untersuchungs-
gebiet bisher einmaligen stratigraphischen Untergliederung verdeutlichen die permi-
sche bis rezente Strukturentwicklung des nordéstlichen Gliickstadt Grabens, der Salz-
strukturen des Ostholstein-Mecklenburg Blocks und der Stérungen des VVorpommer-
schen Stérungssystems am norddstlichen Beckenrand. Dadurch wird eine Aktualisie-
rung des Storungsmusters, einschlieRlich der Grundgebirgsstorungen, ermdglicht. Die
Kartierung des Zechsteins erlaubt eine Revision der Geometrie der Salzstrukturen im
Arbeitsgebiet und offenbart ein bisher unbekanntes Salzkissen im Kleinen Belt.

In den meisten Teilen des Ostseeraums des Norddeutschen Beckens bestatigt die Kar-
tierung des Buntsandsteins und des Muschelkalks das Fehlen von Salzbewegungen
wahrend der Frihen und Mittleren Trias. Eine Ausnahme kdnnte der Kegnaes Diapir
am nordlichen Beckenrand bilden. Hier gibt die Seismik Hinweise auf Salzbewegun-
gen und Stoérungsaktivitat bereits wahrend der Ablagerung des Buntsandsteins. Insge-
samt zeigt sich, dass wesentliche Salzbewegungen im norddstlichen Gliickstadt Gra-
ben wahrend des Ladiniums und Karniums einsetzten. In dieser Zeit war das Arbeits-
gebiet regionaler Ost-West Dehnung ausgesetzt. Die zeitgleiche Aktivierung von Sto-
rungen am nordostlichen Beckenrand, die teilweise durch das Zechsteinsalz vom
Grundgebirge entkoppelt sind, wird mit transtensionalen Bewegungen innerhalb der
Transeuropdischen Suturzone in Verbindung gebracht. Dadurch bildete sich ein trans-
tensionales Subbecken mit erhdhter Akkumulation von Keuper- und Juraablagerun-
gen. Zwischen den Stérungssystemen des norddstlichen Beckenrandes und dem
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nordostlichen Glickstadt Graben bildete der Ostholstein-Mecklenburg Block eine
stabilere Ubergangszone, in der Salzbewegungen erst in der Spaten Trias - Friihen Jura
einsetzten. Durch das Salz entkoppelte Extensionsbewegungen werden als Ausloser
fir die Anlegung der Salzstrukturen wahrend der Spaten Trias und im Frihen Jura
interpretiert.

Aufwdélbung und Erosion im Mittleren Jura fiihrten zur Ausbildung einer regionalen
stratigraphischen Licke, die das Mitteljura bis Aptium umfasst. Mit der Wiederauf-
nahme der Sedimentation im Albium folgte eine Phase tektonischer Ruhe ohne Salz-
bewegungen. Diese Phase endete mit der Inversion in der Spatkreide, deren Beginn
flr das Arbeitsgebiet auf das Coniacium - Santonium prézisiert werden kann. Die In-
version duf3erte sich in der Hebung des Grimmener Hochs, der Reaktivierung von Ab-
schiebungen als Aufschiebungen und geringer Salzbewegung im Gluckstadt Graben
und der Mecklenburger Bucht. Krustenverkirzung wird als Ausloser der kretazischen
Salzbewegung angesehen. Salzbewegung in der Mecklenburger Bucht und am nord-
oOstlichen Beckenrand, die durch gravitatives Gleiten angetrieben wird, erscheint nach
eingehender Diskussion unwahrscheinlich.

Nach regionaler Aufwdélbung zu Beginn des Paléozéns folgte eine erneute Periode re-
lativer tektonischer Ruhe ohne Salzbewegungen. Im spaten Eozén bis Oligozan wurde
der Salzfluss im norddéstlichen Gliickstadt Graben reaktiviert. Lokale Machtigkeitsun-
terschiede der kdnozoischen Einheiten implizieren gleichzeitiges Wiederaufleben der
Akkumulation von Salz in den Strukturen der Kieler und Mecklenburger Bucht. Das
Anwachsen der Salzstrukturen wéhrend des Kénozoikums Uberstieg jenes in der Spa-
ten Kreide deutlich. Die strukturellen Unterschiede zwischen der intensiven kanozoi-
schen Reaktivierung im Gluckstadt Graben im Vergleich zu dem geringen Ausmal an
Salzbewegung wéhrend der kretazischen Inversion, lassen auf einen anderen Antriebs-
mechanismus schlieRen. Diese Studie spricht sich flir eine Reaktivierung der Salzbe-
wegung im Kéanozoikum durch Extension aus. Dieses Extensionsereignis steht mog-
licherweise im Zusammenhang mit der gleichzeitig beginnenden Entwicklung des Eu-
ropaischen Kénozoischen Riftsystems.

Insgesamt wird die Entwicklung der Salzstrukturen im Untersuchungsgebiet stark von
der regionalen Tektonik kontrolliert. Phasen aktiver Salzbewegung korrelieren mit Pe-
rioden von Extension oder Verkilrzung. Solche Phasen aktiver Salzbewegungen wur-
den von Zeiten relativer tektonischer Ruhe ohne Salzbewegungen abgelést, denen je-
weils regionale Erosionsereignisse vorausgingen.

Vi
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1. Introduction

The North German Basin is a sedimentary intracontinental basin caused by prolonged
subsidence driven by tectonic activity in the lithosphere and where sediments accumu-
late (e.g. Allen & Allen, 2005). The accumulation and preservation of sediments over
long timespans make basins important geological archives of the Earth’s evolution.
The North German Basin is part of the superior Central European Basin System, which
Is known for its long and complex history of basin evolution since the Carboniferous.
The basin system contains numerous salt structures composed of Permian Zechstein
evaporites which have strongly overprinted the structural style of the post-Permian
sedimentary basin fill by salt tectonics (e.g. Peryt et al., 2010). The understanding of
the formation and subsequent overprinting of such complex intracontinental basins is
highly relevant to both basic research and socioeconomics due to the multitude of re-
sources, potential hazards and subsurface use capabilities of sedimentary basins.
Therefore, a profound understanding of basin evolution and its deep-rooted fault sys-
tems is an important aspect of research, especially for the usage of the deeper subsur-
face for e.g. Carbon Capture and Storage (CCS), geothermal energy utilization, storage
of renewable energy and the search for a nuclear waste repository. For decades, the
Central European Basin System has been a prime area of geological research where
numerous studies expanded the knowledge of the subsurface and its tectonic evolution
and thereby, significantly contributed to the fundamental understanding of geological
processes, especially in salt tectonics (Kockel, 1999; Maystrenko et al., 2008; Pharaoh
et al., 2010; Kukla et al., 2019.).

The North German Basin (NGB) covers the Danish and German mainland as well as
the North and Baltic Seas (Fig. 1.1). Important geological events throughout its basin
evolution compromise (1) initial Permo-Carboniferous wrench faulting accompanied
by volcanism and thermal subsidence, (2) late Permian deposition of the Zechstein
evaporites, (3) continuous late Permian to Mid Triassic thermal subsidence, (4) Late
Triassic E-W extension and basin differentiation, (5) Mid Jurassic uplift due to thermal
doming, (6) Late Cretaceous inversion, (7) Cenozoic rifting and glaciation (Pharaoh et
al., 2010). The Baltic sector of the North German Basin compromises the northern part
of the basin and the transition from Paleozoic consolidated crust, the West European
Platform, to the Precambrian East European Craton (Figs. 1.1 and 1.2). Main structural
elements in this area include the northeastern part of the Gliickstadt Graben, which
experienced intensive extension and salt movement during the Triassic, and the Mes-
ozoic Western Pomeranian Fault System, a series of Tornquist Zone related fault sys-
tems at the northeastern basin margin (Fig. 1.3) (Krauss & Mayer, 2004; Maystrenko
et al., 2005a, 2005b; Seidel et al., 2018). Within the Baltic sector of the North German
Basin, several marine geophysical studies conducted in the 1980s to early 2000s have
investigated the crustal structure and its influence on the tectonic evolution of the area
(EUGENO-S Working Group, 1988; BABEL Working Group, 1991, 1993; Schliiter
et al., 1997; DEKORP-BASIN Research Group, 1999; Krawczyk et al., 1999; Scheck
et al., 1999; Krawczyk et al., 2002). These studies focused on a better understanding
of the deep-rooted structural framework and the investigation of Caledonian defor-
mation. The Glickstadt Graben and adjacent areas were studied in the context of the
development of the “Tectonic Atlas of Northwest Germany and the German North Sea
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Sector (GTA)”, which investigated the structural setting of pre-Zechstein basement
blocks and the Permian to Cenozoic structural evolution (Baldschuhn et al., 2001 and
e.g. Frisch & Kockel, 1999; Kockel, 2002, 2003). Later on, the Mesozoic to recent
structural evolution of the Gliickstadt Graben was reassessed and the key role of salt
tectonics during the post Permian evolution was emphasized (Maystrenko et al., 2005a,
2005Db). Based on deep reflection seismic data, the development of Zechstein salt pil-
lows has been investigated in the context of the structural evolution of the northeastern
part of the NGB (Kossow et al., 2000; Kossow & Krawczyk, 2002). As part of the
USO project, the fault systems and the structural setting of the offshore area around
Riigen Island has been investigated based on reprocessed seismic data of the Petrobal-
tic database (Deutschmann et al., 2018; Seidel et al., 2018). Further marine reflection
seismic studies carried out over the course of the BaltSeis and Neobaltic projects added
insight into the post-Permian structural evolution of the southwestern Baltic Sea area.
The corresponding studies used a dense network of shallow high-resolution reflection
seismic data to investigate salt tectonic and neotectonic processes in the Baltic sector
of the North German Basin (Hibscher et al., 2004; Hansen et al., 2005; Hansen et al.,
2007; Hubscher et al., 2010; Al Hseinat & Hibscher, 2014; Al Hseinat et al., 2016;
Kammann et al., 2016; Al Hseinat & Hubscher, 2017; Hibscher et al., 2019).

The studies mentioned above discussed the regional tectonic framework and its impact
on salt structure evolution based on seismic imaging and mapping of post-Permian
units with a seismo-stratigraphic subdivision in the order of geological series. Data
gaps along the basin margin, incomplete seismic images, where either the shallow suc-
cessions or the deeper part including the base Zechstein were not imaged, and partly
limited spatial coverage of the available seismic data, have made a regional and com-
prehensive analysis of regional tectonics and salt movement challenging. Additionally,
the relatively spacious distribution of well data and lack of offshore wells within the
study area hampered a seismo-stratigraphic subdivision beyond the temporal scale of
geological series. In the scope of the MSM52 research expedition in March 2016, 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 ac-
quired the BalTec data, a network of 2D high-resolution multichannel reflection seis-
mic data spanning from the western Bay of Kiel up to Swedish and Polish territorial
waters northeast of Bornholm. Due to its profile network and acquisition parameters,
the BalTec data allow creating a continuous image from the base Zechstein up to the
seafloor and a regional connection of previous more local surveys (Hubscher et al.,
2016).
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In this thesis, the BalTec dataset is used in combination with seismic profiles from
other 2D marine seismic surveys in order to investigate the structural evolution of the
Baltic sector of the North German Basin from Permian to recent times. The main ob-
jectives and questions to be answered are:

e Refinement of the seismo-stratigraphic framework of the Mesozoic and Ceno-
zoic in the study area by using the regional network of high-resolution seismic
data and all available well data.

e Identification and mapping of fault systems and key horizons from the base
Zechstein to seafloor.

e Reassessing salt tectonics in the Baltic sector of the North German Basin under
consideration of the following questions:

» When did salt movement start and which active phases of salt move-
ment since the deposition of the Zechstein can be differentiated?

» Are there spatial differences in the timing of salt movement, especially
between the Gluckstadt Graben and adjacent areas?

» What triggered salt movement? Is the trigger mechanism of salt move-
ment basement-controlled or thin-skinned? Can gravity gliding explain
salt deformation at the northern basin margin?

» What is the impact of Late Cretaceous to Cenozoic inversion on salt
structures in the Baltic sector of the North German Basin?

» When exactly did inversion start?

» Is it possible to differentiate individual inversion events in the sedimen-
tary record?

The results of this thesis improve the understanding of the structural evolution of the
Baltic sector of the North German Basin with a special focus on the development of
salt structures in relation to regional tectonics. Besides the interest to geoscientific re-
search and usage of the subsurface, the results contribute to national and European
geological 3D modelling projects, such as the prospective offshore extension of the
recently published German TUNB geological overview model (TUNB Working
Group, 2021) or the 3D geomodelling for Europe (3DGEO-EU) (GeoERA Working
Group, 2022).
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1.1. Structure of the thesis and associated publications
This thesis is subdivided into six chapters, of which the chapters 3, 4 and 5 represent
scientific articles published in international geoscience journals.

Chapter 1 provides an overview of the study area and its geological evolution and
outlines the main research question, which are addressed in chapters 3-5.

Chapter 2 explains the basic concepts of the seismic imaging method and describes
the database used in this thesis as well as the applied seismic processing workflow.

Chapter 3 is based on an article published in the journal Tectonics: Ahlrichs, N., Hib-
scher, C., Noack, V., Schnabel, M., Damm, V., Krawczyk, C. M. (2020). Structural
evolution at the northeast North German Basin margin: From initial Triassic salt
movement to Late Cretaceous-Cenozoic remobilization. Tectonics, 39 (7), 1-26,
https://doi.org/10.1029/2019TC005927. This chapter analyses the Triassic to Ceno-
zoic structural evolution of the northeastern NGB margin based on a 170 km long
seismic transect running from the Bay of Mecklenburg to northeast Riigen Island. The
seismo-stratigraphic framework developed for the study area is described in detail and
the well-to-seismic tie is shown exemplary for three nearby onshore wells. Addition-
ally, the chapter discussed the evolution of salt pillows in the Bay of Mecklenburg in
the light of thick- and thin-skinned tectonics, gravity gliding and differential loading.

Chapter 4 is based on an article submitted to the journal Basin Research: Ahlrichs,
N., Noack, V., Seidel, E., Hlbscher, C. (2022). Triassic-Jurassic salt movement in the
Baltic sector of the North German Basin and its relation to post-Permian regional
tectonics. Basin Research, submitted for publication. This chapter focuses on the Tri-
assic-Jurassic structural evolution and salt movement in the Baltic sector of the North
German Basin and presents long seismic profiles across the northeastern, northern and
northeastern basin margin of the study area. A present-day Zechstein map shows the
structural setting of the unit and gives an update of basement fault in the bays of Kiel
and Mecklenburg. By using regional maps with a refined stratigraphic subdivision, the
onset of salt movement within the study area is shown and the Triassic-Jurassic devel-
opment of salt pillows is elucidated. This chapter describes and discusses spatial dif-
ferences in the evolution of salt structures in the study area and explains the develop-
ment of salt diapirs at the northern basin margin by extension and erosional unroofing.
Additionally, the tectonic evolution of the northeastern basin margin, including the
faults systems of the Western Pomeranian Fault System, is discussed.

Chapter 5 is based on an article published in the journal Basin Research: Ahlrichs, N.,
Noack, V., Hibscher, C., Seidel, E., Warwel, A., Kley, J. (2021). Impact of Late Cre-
taceous to Cenozoic inversion phases on salt structure growth in the Baltic sector of
the  North German Basin. Basin  Research, 34 (1), 220-250,
https://doi.org/10.1111/bre.12617. This chapter focuses on the Cretaceous to Ceno-
zoic structural evolution of the Baltic sector of the North German Basin based on seis-
mic depth images and regional maps of Late Cretaceous and Cenozoic units with a
refined stratigraphic subdivision. This allows investigating the nature and impact of
individual Late Cretaceous to Cenozoic inversion events on salt movement. The onset
of Late Cretaceous inversion is shown to have occurred in the Coniacian-Santonian

4
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accompanied by uplift and minor salt movement. The Paleocene event is characterized
by a large-scale domal uplift. The trigger mechanism of major Cenozoic salt move-
ment is discussed and it is concluded that a thin-skinned extensional control related to
opening of the European Cenozoic Rift System is likely. However, Cenozoic salt
movement could have also been triggered by Alpine/Pyrenean-controlled thin-skinned

compression.

Chapter 6 discusses the results of chapters 3-5, draws overall conclusions and pro-

vides an outlook to future work.
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Figure 1.1: Overview of the study area within the Central European Basin System. A: Outline of the
Central European Basin System as given by the present-day limit of the Permian deposits (modified
after Maystrenko & Scheck-Wenderoth, 2013). Red box indicates the study area of this thesis. B: Ba-
thymetry of the study area (Baltic Sea Hydrographic Commission, 2013).
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1.2. Study area: The Baltic sector of the North German Basin

The Baltic sector of the North German Basin (NGB) compromises the Danish and
German offshore area of the southwestern Baltic Sea, which includes the Little Belt,
Bay of Kiel, Langeland Belt, Fehmarn Belt, Bay of Mecklenburg, Kadet channel and
the Arkona Bay (Fig. 1.1). The crust below is made of a complex assemblage of ter-
ranes, namely the Paleozoic West European Platform (hereinafter just “Paleozoic Plat-
form) and its transition to the Precambrian East European Craton (Fig. 1.2) (e.g.
Guterch et al., 2010). These terranes amalgamated during the Ordovician-Silurian
Caldeonian Orogeny and Devonian-Carboniferous Variscan orogeny. During the Cal-
edonian Orogeny, the paleo-continents of East Avalonia, Baltica and Laurentia col-
lided forming the continent of Laurussia (e.g. Guterch et al., 2010). During the Var-
iscan Orogeny in Devonian-Carboniferous times, closure of the Rheic Ocean led to the
collision of Gondwana and Laurussia which caused the amalgamation of the Armori-
can Terrane to Laurussia and the formation of the supercontinent of Pangaea (Fig. 1.2)
(e.g. Maystrenko et al., 2008; Guterch et al., 2010 and references therein). The transi-
tion zone of the Paleozoic Platform to the East European Craton is termed the Trans-
European Suture Zone, which spans from the Caledonian Deformation Front in the
north to the Elbe Line in the south (Fig. 1.2) (Berthelsen, 1992; Guterch et al., 2010).
Within this zone, Avalonia crust was thrusted onto Baltica crust which progressively
thins southwards and wedges out towards the Elbe Line (DEKORP-BASIN Research
Group, 1999). Thereby, thrusted Ordovician rocks form an accretionary wedge that
developed in front of the advancing East Avalonia Terrane (DEKORP-BASIN
Research Group, 1999). The Caledonian Deformation Front marks the present north-
ernmost extent of the deformed Ordovician units, and thus, the northern limit of the
accretionary wedge (Guterch et al., 2010). The northern part of the Trans-European
Suture Zone spatially overlaps with the post-collisional Tornquist Fan, which is char-
acterized by a northwestward widening zone of Paleozoic faults (Thybo, 1997). A
prominent structural element in the northeastern part of the study area is the Tornquist
Zone, an approx. 2000 km long NW striking tectonic lineament, which is subdivided
into two branches, the southern Teisseyre-Tornquist Zone (TTZ) and the northern
Sorgenfrei-Tornquist Zone (STZ). The latter represents an intracratonic border within
the East European Craton separating the craton into a northeastern stable part and a
southwestern intensively faulted zone, which was inverted during the Late Cretaceous
(EUGENO-S Working Group, 1988; Erlstrom et al., 1997). In the past, the TTZ was
considered as a lithospheric weakness zone separating the Precambrian crust of the
East European Craton from the younger Paleozoic Platform, which was repeatedly re-
activated since the Caledonian Orogeny (e.g. Guterch et al., 1986; Berthelsen, 1992;
Thybo, 1997; Scheck-Wenderoth & Lamarche, 2005). Based on seismic, gravity and
magnetic data, some studies observed the continuation of the East European Craton
along the TTZ and correlated the TTZ with a crustal keel beneath undeformed lower
Paleozoic units (Mazur et al., 2015; Mazur et al., 2018). Thus, these authors regard the
TTZ as an intraplate feature of the East European Craton. However, a recent study
could not reveal the existence of the keel and invoked the necessity of further research
on the crustal structure of the TTZ (Janik et al., 2022).
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Above this crustal association, the intracontinental Central European Basin System
developed (Fig. 1.3). This system of sedimentary sub-basins covers the area from the
North Sea to Poland and from Norway to the German mainland. It can be subdivided
into the Northern Permian Basin and Southern Permian Basin, whereas the NGB is
part of the latter. Main structural elements of the NGB are the Ringkegbing-Fyn High,
Mgn High and Arkona High. This series of WNW-ESE trending basement highs
(sensu Peacock & Banks, 2020) mark the northern NGB margin and separate the NGB
from the Norwegian-Danish Basin in the north. The highs are characterized by ele-
vated Precambrian basement and a generally thin cover of Mesozoic and Cenozoic
sediments (EUGENO-S Working Group, 1988). During late Carboniferous — early
Permian WNW-ESE extension and transtension, the Ringkgbing-Fyn High experi-
enced less stretching and thus, relatively less subsidence than the adjacent strongly
subsiding North German and Norwegian Danish basins (Vejbaek, 1997). The western
part of the Baltic sector of the NGB includes the Gliickstadt Graben, one of the deepest
post-Permian structures within the Central European Basin System (Fig. 1.3)
(Maystrenko et al., 2005a). The Glickstadt Graben is a NNE-SSW trending Mesozoic-
Cenozoic graben system with up to 11 km of post-Permian sediment thickness, which
is strongly influenced by salt tectonics (Maystrenko et al., 2005b). The Eastholstein
Trough forms the eastern part of the Gluckstadt Graben and its northeastern part is
located within the western Bay of Kiel (Fig. 1.3). Adjoining the Gliickstadt Graben in
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the east, the Eastholstein-Mecklenburg Block marks the peripheral region between the
Gluckstadt Graben and the faulted northeastern basin margin. The Eastholstein-Meck-
lenburg Block includes the central and eastern Bay of Kiel and Bay of Mecklenburg,
where the post-Permian sedimentary thickness is decreased to 2 - 4 km and major
Mesozoic-Cenozoic faults are absent (Fig. 1.3) (Maystrenko et al., 2005b; Hansen et
al., 2007). The northeastern basin margin is characterized by a series of NW-SE to
NNW-SSE striking Mesozoic fault systems, collectively referred to as the Western
Pomeranian Fault System (Fig. 1.3, e.g. Werre Fault Zone, Prerow Fault Zone, Agric-
ola Fault System, Wiek Fault System). These faults often border Y-shaped grabens or
half-grabens, which formed during the Triassic by a reactivation of preexisting Paleo-
zoic faults (Krauss & Mayer, 2004 ).
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Figure 1.3: Structural overview of the northern North German Basin (Ahlrichs et al., 2022). AFS:
Agricola Fault System; EHMB: Eastholstein-Mecklenburg Block; PFZ: Prerow Fault Zone; STZ:
Sorgenfrei-Tornquist Zone; TTZ: Teisseyre-Tornquist Zone; WFZ: Werre Fault Zone; WPFS: Western
Pomeranian Fault System.

1.3. A brief overview of the basin evolution of the Baltic sector of the

North German Basin
At the end of the Variscan orogeny (late Carboniferous - early Permian), wrench fault-
ing destabilized the crust of the Variscan foreland causing intensive magmatic activity
and thermal thinning of the lithosphere (Ziegler, 1990a; Pharaoh et al., 2010). Follow-
ing the decay of the thermal doming during the early Permian, the crust began to sub-
side resulting in the formation of the Northern and Southern Permian basins (Inset of
Fig. 1.3) (Ziegler, 1990a; Van Wees et al., 2000). In the late Permian, several marine
transgressions flooded the basin, which was located at paleogeographic low latitudes.
Repeated restricted seawater influx under arid conditions led to extensive evaporation
and the deposition of the Zechstein evaporite succession which formed numerous salt
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structures during the Mesozoic and Cenozoic (Fig. 1.4) (Tucker, 1991; Strohmenger
et al., 1996; Pharaoh et al., 2010). The Zechstein succession is subdivided into seven
units with repeating sequences, referred to as cyclothems, that each consist of varying
amounts of clay/carbonates, anhydrite, halite and potash sequences (Z1: Werra; Z2:
Stassfurt; Z3: Leine; Z4: Aller; Z5: Ohre; Z6: Friesland; Z7: Fulda) (Tucker, 1991;
Strohmenger et al., 1996). However, the Friesland and Fulda cyclothems are only pre-
sent in the southern part of the Baltic sector of the North German Basin (Best, 1989).
The Werra cyclothem contains proportionally mostly anhydrite, which has a higher
viscosity than pure halite and thus, is less mobile. The Stassfurt, Leine, Aller and Ohre
cyclothems contain larger proportions of mobile halite with the largest proportion be-
ing found within the Stassfurt sequence, making the Stassfurt cyclothem the most im-
portant for salt tectonics in the study area (Kossow et al., 2000; Warren, 2010).

Thermal subsidence continued during Early and Middle Triassic times during deposi-
tion of the Buntsandstein and Muschelkalk units (Fig. 1.4) (Van Wees et al., 2000).
Locally, approximately E-W extension interrupted the tectonic quiescence by forming
a narrow graben in the central Glickstadt Graben caused by syndepositional faulting
accompanied by salt movement (Brink et al., 1992). During the Late Triassic, tectonic
activity increased throughout the study area. Late Triassic E-W extension widened the
Gluckstadt Graben causing intensive salt movement within the Gluckstadt Graben and
initiated salt structure growth in other parts of the study area (Fig. 1.4) (Brink et al.,
1992; Hansen et al., 2005; Maystrenko et al., 2005b; Hansen et al., 2007; Hubscher et
al., 2010; Al Hseinat et al., 2016). At the northeastern basin margin, Late Triassic ex-
tension and dextral transtensional movements within the Trans-European Suture Zone
led to a reactivation of preexisting NW-SE oriented Paleozoic faults and the develop-
ment of the Western Pomeranian Fault System (Krauss & Mayer, 2004; Seidel et al.,
2018). Furthermore, the study area was affected by Late Triassic erosion causing a
major unconformity, the Early Cimmerian Unconformity, within the Keuper succes-
sion (Fig. 1.4). At the northern and northeastern basin margin, Late Triassic erosion
partially removed the entire lower Keuper deposits (Beutler & Schuler, 1978; Clausen
& Pedersen, 1999).
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Figure 1.4: Lithostratigraphic chart of the North German Basin showing the key seismic reflectors,
dominant lithology, averaged thickness, main tectonic events and global eustatic sea-level curves (com-
piled after Ahlrichs et al., 2020; Ahlrichs et al., 2021a; Ahlrichs et al., 2022 and references therein).
Reflector abbreviations: b-Q: base Quaternary Unconformity; b-Mi: base Miocene; b-Ol: base Oligo-
cene; b-uEo: base upper Eocene; b-Eo: base Eocene; b-uPa: base upper Paleocene; b-CMa: base Upper
Cretaceous Maastrichtian; b-CCa: base Upper Cretaceous Campanian; t-CTu: top Upper Cretaceous
Turonian; b-uC: base Upper Cretaceous;b-C: base Cretaceous; b-1J: base Lower Jurassic; ECU: Early
Cimmerian Unconformity; b-TKe: base Triassic Keuper; b-TMU: base Triassic Muschelkalk; t-TSa:
top Triassic Salinarr6t; b-TBu: base Triassic Buntsandstein; b-PZ: base Permian Zechstein. Other ab-
breviations: Guadal.: Guadalupian; Lo.: Lower; Lop.: Lopingian; Oligo.: Oligocene; Paleo.: Paleocene;
Pl.: Pleistocene; Qu.: Quaternary.

From Middle Jurassic times until the Albian, basin subsidence was interrupted by a
period of uplift and non-deposition related to the Mid North Sea Doming event (Fig.
1.4) (Ziegler, 1990a; Underhill & Partington, 1993). Corresponding widespread ero-
sion removed much of the Jurassic and partly Upper Triassic deposits in the study area
(Hansen et al., 2007; Japsen et al., 2007; Hubscher et al., 2010). Apart from the east-
ernmost part of the study area, where Jurassic deposits are preserved to a higher degree,
Jurassic remnants are almost exclusively preserved in rim-synclines, which was inter-
preted as an indication for ongoing salt movement at least during the Early Jurassic
(Fig. 1.4) (Hansen et al., 2005). Rising sea-levels resumed sedimentation in the Albian
followed by a period of relative tectonic quiescence during the Cenomanian to Tu-
ronian (Fig. 1.4) (Kossow & Krawczyk, 2002; Vejbaek et al., 2010). This period ended
in the late Turonian to Santonian with the onset of the Africa-Iberia-Europe conver-
gence, which subjected the study area to compression (Kley & Voigt, 2008). Resulting
horizontal shortening induced during the Late Cretaceous caused uplift, erosion, the
reactivation of normal as reverse faults and a rejuvenation of salt flow within the study
area (Fig. 1.4) (Hansen et al., 2007; Hubscher et al., 2010; Al Hseinat & Hubscher,
2017). The Glickstadt Graben was only mildly inverted indicated by minor uplift of
diapir roofs and minor salt movement in the outer Gluckstadt Graben (Maystrenko et
al., 2005b, 2006). A large-scale domal uplift followed in the late Paleocene, which
removed lower Paleocene sediments (Fig. 1.4) (Vinken & International Geological
Correlation Programme, 1988; Ziegler et al., 1995). During early to middle Eocene
times, the study area underwent a period of relative tectonic quiescence which was
interrupted by revived E-W extension and reactivated salt movement in the Gluckstadt
Graben with thickest accumulation of syntectonic deposits in the marginal parts (Fig.
1.4) (Hinsch, 1986; Katzung, 2004; Maystrenko et al., 2005b; Al Hseinat et al., 2016).
Salt movement continued during the Oligocene in the eastern Gliickstadt Graben and
onshore eastern Germany (Hinsch, 1986; Katzung, 2004). Due to the temporal corre-
lation, this late Eocene-Oligocene period of revived salt movement was related to ap-
prox. N-S directed intraplate compression induced by the Alpine and Pyrenean oroge-
nies (Kley, 2018; Huster et al., 2020). In Miocene times, the North Sea Basin experi-
enced strong subsidence while the basin margins were uplifted causing uplift of the
Ringkgbing-Fyn High and adjacent areas (Fig. 1.4) (Rasmussen, 2009; Japsen et al.,
2015). Corresponding erosion removed much of the Miocene, Oligocene and partly
Eocene deposits in the study area while more complete stratigraphic sequences are
only preserved in the Gluckstadt Graben and onshore Germany (Hinsch, 1986, 1987;
Katzung, 2004). During the Quaternary, the study area was affected by at least three
extensive glaciations, which further eroded Neogene and Paleogene sedimentary units
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(e.g. Sirocko et al., 2008). Glacial isostatic adjustments from the last (Weichselian)
glaciation are still ongoing in the Baltic sector of the North German Basin (Lehné &
Sirocko, 2010).

1.4. Contributions from co-authors

Chapters 3, 4 and 5 are based on articles either published or submitted to scientific
journals. The articles were written in collaboration with co-authors mentioned at the
beginning of each article. Their individual contribution to each article is stated in the
following:

Chapter 3: Christian Hibscher, Vera Noack and Michael Schnabel contributed to the
interpretation and discussion of the results. Michael Schnabel contributed to the devel-
opment of the seismic data processing workflow applied to create the final images
published in the article. Volkmar Damm and Charlotte M. Krawczyk contributed to
data acquisition during the MSM52 cruise, which lay the foundation for this article.
All co-authors reviewed the manuscript.

Chapter 4: All co-authors (Christian Hibscher, Vera Noack, Elisabeth Seidel) con-
tributed to the interpretation and discussion of the results and reviewed the manuscript.

Chapter 5: Christian Hibscher, Vera Noack and Elisabeth Seidel contributed to the
interpretation and discussion of the results. Arne Warwel applied the refraction trav-
eltime tomography, extracted the velocity information and mainly wrote the paragraph
describing the methodology of the tomography in chapter 5.3.3. Jonas Kley contrib-
uted to the discussion of the results and their association with inversion events in Cen-
tral Europe. All co-authors reviewed the manuscript.
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2. Database and Methods

2.1.  Seismic and well data

The database used in this thesis consists of marine 2D reflection seismic profiles with
a total profile length of more than 10,000 km acquired during multiple seismic surveys
between 1976 and 2019 (Fig. 2.1). The database includes five industry 2D seismic
profiles kindly provided by ExxonMobil Production Deutschland GmbH (Fig. 2.1).
Furthermore, the database contains seismic data of the former consortium Petrobaltic,
which acquired a dense profile network of 2D reflection seismic data offshore Riigen
Island between 1978 and 1989 (Fig. 2.1). This data was partly reprocessed in the 1990s
(Rempel, 1992; Scheidt et al., 1995; Arndt et al., 1996; Schliter et al., 1997). Addi-
tionally, marine seismic reflection profiles of the DEKORP BASIN"96 campaign were
used (Fig. 2.1) (DEKORP-BASIN Research Group, 1999). All these surveys image
the deeper subsurface, however, the shallow part of the profile including the seafloor
is not resolved. The database includes seismic data from surveys of the Universities of
Aarhus and Hamburg, carried out between 1998 and 2004, which acquired high-reso-
lution 2D seismic profiles in the Danish and German Baltic Sea over the course of the
BaltSeis and NeoBaltic projects (Fig. 2.1) (Hubscher et al., 2004). Additional data was
added during annual student expeditions of the University of Hamburg between 2005
and 2019 (Hansen et al., 2005; Hansen et al., 2007; Hubscher et al., 2010; Al Hseinat
& Hubscher, 2014; Al Hseinat et al., 2016; Kammann et al., 2016; Al Hseinat &
Hibscher, 2017; Hubscher et al., 2019). This data has high-resolution and resolves the
shallow subsurface including the seafloor. However, the deeper subsurface is not im-
aged due to limited signal penetration. Furthermore, the database used in this thesis
includes the BalTec data, a 2D reflection marine seismic dataset acquired in 2016 over
the course of the MSM52 cruise 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 Re-
search Centre for Geosciences Potsdam (Fig. 2.1) (Hubscher et al., 2016). The BalTec
profiles span a network of high-resolution multichannel seismic data from the western
Bay of Kiel up to Swedish and Polish territorial waters northeast of Bornholm Island.
This data continuously images the Zechstein salt base up to the seafloor which allows
a connection of the previously mentioned rather local surveys both spatially and in
depth.

13
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Figure 2.1: Seismic and well database used in this study. The seismic database consists of multiple
surveys acquired between 1976 and 2016.

Each seismic survey had different acquisition parameters and setups, which are sum-
marized in table 2.1. Additionally, table 2.1 provides an estimation of the vertical res-
olution of each survey using a quarter of the wavelength (A/4) as an estimate for verti-
cal resolution and an interval velocity of 2 km/s to 5 km/s.

Stratigraphic interpretation of seismic units in this thesis is based on well data from
offshore and nearby onshore wells (Fig. 2.1). The well database consists of deep re-
search and hydrocarbon exploration wells, which are located in Germany, Denmark
and Poland (Nielsen & Japsen, 1991; Hoth et al., 1993; Schliter et al., 1997). Addi-
tionally, undisclosed industry well data from the western Bay of Kiel was used. Well
data includes stratigraphic markers, lithological records and well logs (gamma ray,
resistivity, for some wells sonic and density logs). Stratigraphic markers were con-
verted from depth to two-way traveltime using check shot and vertical seismic profil-
ing data.
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2.2. Seismic imaging

The method of reflection seismic imaging allows investigating the Earth”s subsurface
by artificially generated seismic waves which travel through the subsurface and are
reflected at geological layer boundaries due to contrasts of rock properties (Fig. 2.2)
(e.g. Hubscher & Gohl, 2014). During marine seismic data acquisition, a vessel drags
a source, such as an air-gun array, and receivers, usually several hydrophones built
into a streamer (Fig. 2.2). The seismic signal generated by the source is a pressure
wave travelling through the water column and within the subsurface. A small propor-
tion of the down-going signal is reflected at layer boundaries, while the rest is trans-
mitted into the deeper subsurface and thus, reflected at the subsequent layer bounda-
ries. Hydrophones within the streamer record the reflected signal which can be pro-
cessed to create an image of the subsurface with a good vertical and horizontal struc-
tural resolution. In a reflection seismic measurement, the distance between source and
receiver is small compared to the target depth implying that the recorded reflections
reach the surface at steep angles (Fig. 2.2) (Hubscher & Gohl, 2014). A seismic wave
that has been reflected only once before its recording is called a primary reflection
(black lines in Fig. 2.2). A wave reflected more than once, i.e., multiple times at the
sea surface, is called a multiple (grey lines in Fig. 2.2). Multiples are commonly un-
wanted signals as they might mask primary reflections.

Seismic processing is necessary in order to create a high-quality image of the subsur-
face enabling geological interpretation. To achieve this, seismic data processing makes
use of various available methods which generally aim to reduce or eliminate unwanted
components (noise) in the data (i.e. multiples), while enhancing signal carrying the
desired subsurface information (i.e. primary reflections from geological boundaries).
In the scope of this thesis, seismic data processing was done for the BalTec data while
seismic images of all other used profiles were provided as final processed sections.
Their processing and the applied processing routine of the BalTec data are briefly de-
scribed in the following. For a comprehensive theoretical and practical background of
the used routines, the reader is referred e.g. to Yilmaz (2001).
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Seismic

sources .
Streamer with hydrophones

Sediment layer 1

Acoustic basement

Figure 2.2: Schematic visualization of marine seismic imaging. Artificially generated seismic waves
travel through the subsurface and are reflected at geological layer boundaries due to contrasts of rock
properties. Black lines show exemplary ray paths of reflected waves, which are recorded by hydro-
phones built into a streamer. Grey lines show exemplary ray paths of multiple reflections, which rever-
berate within the water column. Modified after Hibscher & Gohl, 2014. Seismic data taken from
Ahlrichs et al. (2021b).

The processing routine applied to the BalTec data is visualized in Figure 2.3. A major
processing task was to remove surface multiples reverberating within the water col-
umn. Due to the shallow water of the Baltic Sea, these multiples have high amplitudes
and mask signals from the deeper subsurface. Effective multiple attenuation was
achieved using a combined approach including prestack predictive deconvolution in
the slant-stack (t-p) domain, surface-related multiple attenuation (SRME) (Verschuur,
2006) and poststack predictive deconvolution in the time domain. Time-variant fre-
quency filtering, both prestack and poststack, amplitude recovery, F-X deconvolution,
and muting of linear events enhanced the signal to noise ratio. An elaborate iterative
velocity analysis was performed on every hundredth CMP position, which improved
the results of the NMO correction and stacking. Furthermore, the data was migrated
using a Kirchhoff Time Migration algorithm.

17



2 Database and Methods

Workflow Additional info Key parameters
—= ~ y General setup in Hiibscher et al., 2016
Geometry setup Rebin to 12.5m
l Time [s] | Filter [Hz]
] . ) ) 02 [8/16/180/240
Frequency filtering Time-variant bandpass 23 18/16/160/220
‘ 3-4 8/16/140/200
4-5  |8/16/120/180
Direct wave mute If water depth > 40 m
epdaryand [ -p transformation | Deconvolution
Predictive deconvolution| . i Slowness [ms/km]|Operator 80 ms
Mute -p multiple attenuation |, Min 700 | Lag 20 ms
Bandpass filter § X X Mix 0
T-p inverse ‘ 2 Ve’OC‘tY anaIySIS Increment 1.7
=
(}aining n{ Sphercial divergence correction
[ \..>Velocity analysis
s Statics
! Mute lineas phiases Bulk shift 4.729 ms|
Source/receiver static : -
nu::gl;lt;;;;lri;"x e ‘ Matching Adaptive subtratction
Drodicth : . Start Time 30 Wi ¢ 500 ms
Prediction SRME multiple attenuation < '.Sl.m Time 30 ms 1f1d0\» length 00 ms
Unregularization ) Window length 500 ms [ Filter length 50 ms
Matching Vi i H Offset range  0-2700 m|Spatial averaging 250 m
s elocity analysis £ : Ll
Adaptive subtraction ‘ =1 Y Y Filter length 25 ms
NMO Alchabi long offset correction
Manual stretch mute

l

Stack Mean stack
l Time [s] | Filter [Hz]
0-1 8/16/180/240
Frcqucncy ﬁllcring Time-variant bandpass 1-2 [8/16/100/180
‘ 2-5  |8/16/60/120
Deconvolution
Multiple attenuation Predictive deconvolution Operator 80 ms
o = Lag 20 ms
I | Velocity smoothing 28Tl
§ Kirchhoff time migration
Migration @| Kirchhoff time migration Apertare 4000 m
[ I:LO.. Max dip 65 deg
F-X Wiener Levinson
F-X Deconvolution Wiener Levinson Horizontal window 5 tres  Filter samples 4
l Time window 1000 ms White noise 0 %
Overlap 200 ms
Scaling RMS Frequency range  1-160 Hz

Figure 2.3: Visualization of the processing workflow applied to the BalTec data including key param-
eters of the applied routines.

The industry data, data of the Petrobaltic, DEKORP, BaltSeis, NeoBaltic and student
cruise surveys all have been processed following standard processing procedures in-
cluding frequency filtering, trace muting, amplitude recovery, statics, F-K filtering,
NMO correction, stacking and migration. In order to attenuate multiples, a predictive
deconvolution in the time domain has been applied (for further information, see
BaltSeis, NeoBaltic, student cruises: Al Hseinat, 2016; DEKORP/PQ: Krawczyk et
al., 2002; Petrobaltic: Scheidt et al., 1995; Arndt et al., 1996). The profiles of the
Petrobaltic database have been partly reprocessed including enhanced multiple atten-
uation using radon filtering. A detailed report on the reprocessing is available at the
Federal Institute for Geosciences and Natural Resources, Hannover (Scheidt et al.,
1995; Arndt et al., 1996). In 2020, Tobias Hacker (University of Hamburg) has elabo-
rately reprocessed seismic profiles of the NeoBaltic database located in the Bay of
Mecklenburg and southeastern Bay of Kiel. Reprocessing included enhanced noise
removal techniques and multiple attenuation by t-p deconvolution and SRME.
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2.3. Deciphering salt flow: interpretation of the overburden geometry
In this study, seismic imaging is used to improve the understanding of the structural
evolution of sedimentary basins. Seismic data allows constructing a detailed image of
the subsurface, which visualizes the depth of geological layer boundaries. In combi-
nation with well data, reflectors of key layer boundaries can be identified and incor-
porated into the chronostratigraphic framework. Mapping identified reflectors allows
constructing structure maps (in two-way traveltime or depth) that visualize the depth
structure of the subsurface. The difference between the depth locations of identified
reflectors yields thickness information of stratigraphic units. In this study, seismic pro-
files, isochore maps (vertical thickness of a unit in meters) and isochrone maps (verti-
cal thickness of a unit expressed in two-way traveltime) are used to identify local and
regional thickness variations. To infer the geological history of a unit, spatial thickness
variations of a unit can be interpreted as an expression for differential sedimentation
or erosion caused by vertical tectonic movements, differential compaction and sedi-
mentation processes (see e.g. Betram & Milton, 1989).

Rock salt is a sedimentary rock originating from evaporation. Strictly speaking, it con-
sists purely of the mineral halite. However, pure halite sequences are rare in nature and
therefore, in salt tectonics, (rock) salt refers to rock composed mostly of halite even
though it incorporates other evaporites such as anhydrite or potash salts and even clas-
tic sediments (Jackson & Hudec, 2017). In geology, salt is quite special as its mechan-
ical properties differ from those of most clastic or carbonate rocks. Over geological
time scales, salt can flow like viscous fluid if the salt body experiences deformational
forces by differential loading. Major factors implying differential loading stem from
gravity (gravitational loading) and tectonics (displacement loading) (Jackson &
Hudec, 2017). A gravitational load is caused by differential sedimentation, thus lateral
differences in sediment deposition above the salt body which causes differences in
weight distribution and a corresponding downward force displacing the salt laterally.
Displacement loading refers to lateral forces on the salt body originating from regional
shortening or extension, which squeeze or stretch the salt body.

In the case of salt tectonics, the development of a salt structure can be inferred from
the sediments overlying the salt body, the so-called overburden. The timing of salt
movement can be determined by analyzing the geometric relationship between over-
burden and the salt body and the lateral thickness variations in the overburden across
the salt structure (e.g. Jackson & Hudec, 2017). Salt flowing from the surrounding area
into the salt structure causes the top of salt to subside which creates accommodation
space for more sediments above the area of salt withdrawal (Fig. 2.4). This results in
increased thickness of the unit deposited during salt flow (synkinematic unit) if com-
pared to adjacent areas without salt movement. Likewise, salt flowing into the salt
structure causes decreased accommodation space above the growing salt structure,
which leads to a decreased thickness of the synkinematic unit (Fig. 2.4) (Jackson &
Hudec, 2017). As a consequence, seismic reflectors within the synkinematic unit are
divergent above the area of salt withdrawal and converge towards the salt structure
(Fig. 2.4) (Serensen, 1986). The reflection pattern and thickness variations can be iden-
tified on seismic images and thus, allow timing of active phases of salt movement.
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Figure 2.4: Principles of interpretation of overburden geometry and thickness relationships across salt
structures. In this case, salt flow is triggered by extension, hence, displacement loading.
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3. Structural evolution at the northeast North German Basin mar-
gin: From initial Triassic salt movement to Late Cretaceous-
Cenozoic remobilization

Abstract

In this study, we investigate the regional tectonic impact on salt movement at the north-
eastern margin of the intracontinental North German Basin. We discuss the evolution
of salt pillows in the Bay of Mecklenburg in the light of thick- and thin-skinned tec-
tonics, including gravity gliding, and differential loading using seismic imaging. Strat-
igraphic and structural interpretation of a 170 km long, multichannel seismic line, ex-
tending from the Bay of Mecklenburg to northeast of Riigen Island, incorporates well
information of nearby onshore wells. This new high-resolution seismic line completely
images the stratigraphic and tectonic pattern of the subsurface, from the base of the
Zechstein to the seafloor. Our analysis reveals that subsidence during Late Triassic to
Early Cretaceous at the northeastern basin margin was associated with transtensional
dextral strike slip movement within the Trans-European Suture Zone. We reinterpret
the Werre and Prerow Fault Zones west of Rilgen Island as an inverted, thin-skinned
normal fault system associated with the formation of the Western Pomeranian Fault
System. Salt movement in the Bay of Mecklenburg was initiated in the Late Triassic
and lasted until the Early Jurassic. A second phase of salt pillow growth occurred dur-
ing the Coniacian until Cenozoic and correlates with compression related regional ba-
sin inversion due to the onset of the Africa-lberia-Europe convergence. Thin-skinned
extensional initialization of salt pillow growth and compressional salt remobilization
explains salt pillow evolution in the Bay of Mecklenburg. Additionally, we discuss an
impact of gravity gliding on salt pillow evolution induced by basin margin tilt.

3.1. Introduction

Salt structures within continental basins frequently form as a result of plate and in-
traplate tectonic deformation, often in the vicinity of prominent basement faults due to
extension or shortening (Vejbaek, 1997; Scheck-Wenderoth et al., 2008; Warren,
2008; Callot et al., 2012; Coleman et al., 2017; Krzywiec et al., 2019; Pichel et al.,
2019; Warsitzka et al., 2019). In the presence of a salt layer that effectively decouples
the overburden from the underlying basement faulting, thin-skinned deformation can
alternatively initiate the development of salt structures. Differential sediment load is
another important reason for the formation of salt structures (e.g. Trusheim, 1960;
Jaritz, 1973; Davis & Engelder, 1985; Vendeville & Jackson, 1992; Kockel, 1999;
Blanc et al., 2003; Hudec & Jackson, 2007; Stewart, 2007; Kukla et al., 2008; Callot
et al., 2012; Jackson & Hudec, 2017; Warsitzka et al., 2019). Salt tectonics at conti-
nental margins has been intensively studied because of the availability of high-quality
continuous seismic images from the basement up to the seafloor. Here along the pas-
sive margins, widely present gravity driven deformation by means of gravity gliding
and gravity spreading, dominates the scientific discussion about the principle salt tec-
tonic mechanisms. Gravity gliding refers to downdip gliding of the salt-sediment pack-
age caused by basin margin tilt, whereas gravity spreading is driven by differential
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3 Structural evolution at the northeast North German Basin margin

sediment load (Cobbold & Szatmari, 1991; Rowan et al., 2004; Jackson & Hudec,
2005; Brun & Fort, 2011, 2012; Rowan et al., 2012). The effect of gravity driven salt
flow in the Southern Permian Basin has been rarely studied and often remained spec-
ulative (overview by Warsitzka et al., 2019. Allertal: Best, 1996; North Sea: Stewart
& Coward, 1996; Thieme & Rockenbauch, 2001; Ems Trough: Mohr et al., 2005;
Rheinsberg Trough: Scheck et al., 2003; Polish Basin: Krzywiec, 2012). Therefore, a
detailed analysis of gravity driven deformation and its contribution to the salt tectonic
evolution in intracontinental basins remains an open task. The Baltic Sea sector of the
North German Basin (NGB) marks an excellent study area to further investigate the
impact of regional tectonics on salt mobilization. The major structural element bound-
ing the study area in the east is the Tornquist Zone. It consists of two segments, the
southern Tornquist-Teisseyre Zone (TTZ) and the northern Sorgenfrei-Tornquist Zone
(STZ). The latter represents the southwestern border between the stable Precambrian
East European Craton (EEC) and its southwestern intensively faulted part (EUGENO-
S Working Group, 1988; Erlstrom et al., 1997). The TTZ separates the EEC from the
Paleozoic crust of Central Europe (Berthelsen, 1992). However, recent studies by
Mazur et al. (2015) support the suggestion of Berthelsen (1998) that the TTZ repre-
sents a pseudo-suture and therefore can be regarded as an intraplate feature of the EEC.
Adjacent to the TTZ, the Permian-Mesozoic Polish Basin developed contemporane-
ously to the NGB. Both are parts of the Southern Permian Basin, which is included in
the Central European Basin System, a series of related intracontinental basins spread-
ing from Britain to the Polish mainland (Maystrenko et al., 2008; Pharaoh et al., 2010).
Within the central part of the NGB, the prominent Mesozoic-Cenozoic Gluckstadt Gra-
ben marks the western border of the study area (Fig. 3.1).

The structural style of post-Permian deposits in the NGB is strongly influenced by salt
tectonics resulting in many salt structures consisting of Upper Permian Zechstein evap-
orites. Several past marine geophysical studies, such as EUGENO-S Working Group
(1988), BABEL Working Group (1991, 1993), Petrobaltic (e.g. Rempel, 1992), SASO
(Schliiter et al., 1997) and DEKORP-BASIN Research Group (1999) documented ma-
jor tectonic events in the Baltic Sea sector of the NGB. These projects focused mainly
on a better understanding of deep-crustal structures. Studies carried out within the Ne-
obaltic project (Hubscher et al., 2004; Hansen et al., 2005; Hansen et al., 2007,
Hibscher et al., 2010; Al Hseinat et al., 2016; Al Hseinat & Hubscher, 2017) and stud-
ies by Kossow et al. (2000), Krawczyk et al. (2002), Kossow and Krawczyk (2002),
Maystrenko et al. (2005b); Maystrenko et al. (2013), Seidel et al. (2018) and
Deutschmann et al. (2018) provided further insight into Mesozoic and Cenozoic tec-
tonics. These authors discussed the salt tectonic evolution in the context of its regional
tectonic framework. However, they did not further elaborate on the causative processes
due to data gaps along the basin margin and incomplete seismic imaging from the base
of the Zechstein to the seafloor.

This study is part of the “StrucFlow” project, where we investigate the kinematic his-
tory of the northeast NGB margin from initial Triassic salt movement to Cretaceous-
Cenozoic basin inversion and salt remobilization by means of new high-resolution re-
flection seismic data. This dataset closes the gap between former surveys and studies
in terms of both seismic resolution and depth penetration in the study area. This allows
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3 Structural evolution at the northeast North German Basin margin

a first-time comprehensive analysis of emplacement and timing of salt movement from
deposition to present day in the offshore sector of the NGB. We start our studies by
stratigraphic interpretation, fault interpretation and analysis of local depocenters along
a 170 km long seismic profile in order to identify and date salt movements. The profile
Images a significant part of the northeast NGB covering the deeper basin towards the
basin margin. We discuss the impact of regional tectonics on salt movement at the
northeast NGB margin in the light of thin- and thick-skinned tectonics, differential
loading as well as an impact of gravity induced salt flow. This study provides new
insight into the interaction between reactivated deep-seated fault zones and salt move-
ment caused by regional tectonic stress. Our findings add to the understanding of the
complex structural evolution of salt-floored intracontinental basins in their marginal
domain.
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Figure 3.1: (a) Tectonic map of the North German Basin including major geological structures (based
on Vejbaek & Britze, 1994; Schliiter et al., 1997; Baldschuhn et al., 2001; Pharaoh et al., 2010; Al
Hseinat & Hilbscher, 2017; Seidel et al., 2018; Mazur et al., 2020). Inset shows approximate outline of
the northern and southern Permian Basin. Red line marks position of profile BGR16-254 analyzed in
this study. AF = Anklam Fault; AFS = Agricola Fault System; BF = Bergen Fault; CDF = Caledonian
Deformation Front; EL = Elbe Lineament; HF = Hiddensee Fault; MRB = Middle Rugen Block; NJF =
Nord Jasmund Fault; PD = Prerow Depression; PFZ = Prerow Fault Zone; SF = Strelasund Fault; SKF
= Skurup Fault; SRB = South Riigen Block; STZ = Sorgenfrei-Tornquist Zone; SVF = Svedala Fault;
TTZ = Tornquist-Teisseyre Zone; VDF = Variscan Deformation Front; WFZ = Werre Fault Zone; WF
= Wiek Fault; WPFS = Western Pomeranian Fault System. (b) Condensed geological cross section
along profile BGR16-254 analyzed in this study, showing main structures and stratigraphic features.
Seismic data acquired during cruise MSM52 (Hubscher et al., 2016).
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3 Structural evolution at the northeast North German Basin margin

3.2. Geological Setting

3.2.1. Regional geological setting of the North German Basin

The North German Basin (NGB) is part of the Southern Permian Basin, which extends
from Britain over central Europe to Poland (e.g. Maystrenko et al., 2008) (Inset of Fig.
3.1). The basin is an intra-continental basin with a complex structural development
from the Carboniferous to present. Its evolution began with WNW-ESE extension and
transtension in the latest Carboniferous-Permian accompanied by the deposition of
Carboniferous volcanics, coal and Lower Permian volcanics and clastics (Ziegler,
1990b; Bachmann et al., 2008; Maystrenko et al., 2008). Several marine transgressions
at paleogeographic low latitudes led to extensive evaporation and the deposition of the
Permian Zechstein (Wuchiapingian-Changshingian) evaporites. These evaporites
formed numerous salt structures during the Mesozoic-Cenozoic (Tucker, 1991,
Strohmenger et al., 1996; Maystrenko et al., 2008; Bachmann et al., 2010; Warsitzka
et al., 2019). Thermal subsidence and phases of E-W extension characterize the Trias-
sic basin evolution (Ziegler, 1990b; Van Wees et al., 2000; Maystrenko et al., 2008).
From Middle Jurassic to Late Jurassic, thermal doming in the North Sea (centered in
the Central Graben) caused large-scale uplift and erosion of Jurassic and partly Trias-
sic deposits in the North German Basin (Underhill, 1998; Graversen, 2006). In Late
Cretaceous times, NW-SE to N-S directed shortening changed the overall stress regime
to compressive. Compressional stress caused inversion of normal faults, the initiation
of reverse faults and folding. This compressive event marks the onset of the Africa-
Iberia-Europe convergence. Additional pulses of uplift and inversion followed in the
Early Paleocene and Late Eocene, accompanied by the development of E-W to NW-
SE oriented extension (Kley & Voigt, 2008; Maystrenko et al., 2008; Bachmann et al.,
2010; Kley, 2018).

3.2.2. The northeast North German Basin margin

Major structural elements bounding the North German Basin (NGB) are the Ringke-
bing-Fyn, Mgn and Arkona Highs in the north, and the Mid-Polish Swell (MPS) in the
east (Fig. 3.1). The study area covers the region from the eastern Gliickstadt Graben
in the west towards the MPS (Fig. 3.1). This area includes deeper parts as well as the
northeastern margin of the NGB. The northeastern basin margin developed partly
above the transition of the Paleozoic lithosphere of central Europe to the Precambrian
East European Craton. The crustal border marking this transition consists of a complex
assemblage of terranes. This zone is termed the Trans-European Suture Zone, which
spans between the Caledonian Deformation Front in the north and the Elbe Line in the
south (Berthelsen, 1992; Pharaoh, 1999; Guterch et al., 2010 and references therein)
(Fig. 3.1). The area around Rigen Island is characterized by the Western Pomeranian
Fault System, a set of smaller fault zones (e.g. Werre Fault Zone, Prerow Fault Zone,
Agricola Fault System, see Fig. 3.1 for location), whose development is associated
with the Trans-European Suture Zone (Krauss & Mayer, 2004). The crust within this
area consists of Caledonian and Variscan consolidated terranes (Brink et al., 1990;
Ziegler, 1990b; Berthelsen, 1992; Krawczyk, McCann, et al., 2008; Krawczyk,
Rabbel, et al., 2008; Maystrenko et al., 2008). Formation of the NGB began in the Late
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3 Structural evolution at the northeast North German Basin margin

Paleozoic and was associated with extensive volcanism, faulting, lithospheric thinning
and following thermal relaxation of the thinned lithosphere (Ziegler, 1990b; Benek et
al., 1996; Gast et al., 1998; Scheck & Bayer, 1999; Van Wees et al., 2000). The main
phase of thermal subsidence started in the Early Permian and lasted until Middle Tri-
assic times (Kossow et al., 2000; Van Wees et al., 2000). The lowermost basin fill at
the northeast basin margin consists of upper Carboniferous to Permian volcanics over-
lain by lower Permian sediments (Scheck & Bayer, 1999; GeiRler et al., 2008) (Fig.
3.2). Several marine transgressions of the epicontinental Zechstein Sea in combination
with repeatedly restricted seawater influx under arid climate conditions led to the dep-
osition of the Zechstein evaporites. The Zechstein succession involves seven cyclic
units (cyclothems) each consisting of clay/carbonates, anhydrite and halite sequences
(Tucker, 1991; Strohmenger et al., 1996). However, only five major cyclothems are
present in the study area. The Werra (Z1) cyclothem consists mostly of anhydrite,
which is less mobile than halite due to its higher viscosity. The Stassfurt (Z2), Leine
(Z3), Aller (Z4) and Ohre (Z5) cyclothems contain thicker layers of mobile halite and
less dominant anhydrite layers. A thicker anhydrite rich layer developed in the Leine
cyclothem (e.g. Kossow et al., 2000; Katzung, 2004; Warren, 2008). The Stassfurt (Z2)
sequence represents the most important cyclothem for salt tectonics in the study area
due to its thick halite sequence (Kossow et al., 2000; Warren, 2008). Thickness of the
Zechstein succession decreases towards the northeast NGB margin (Fig. 3.3). Mobile
halite segments gradually reduce and pinch out northeast of the Prerow Fault Zone
(Figs. 3.1 and 3.3). Near the west of Riigen Island, halite and anhydrite are absent
within the Zechstein. Here, carbonates and siltstones, mostly of the Stassfurt cy-
clothem, dominate the marginal Zechstein succession (Fig. 3.3) (Zagora & Zagora,
1997; Kaiser, 2001).

The overlaying Triassic Buntsandstein succession consists mostly of intercalated clay-
stone and siltstone deposited during accelerated basin subsidence (Hoth et al., 1993;
Van Wees et al., 2000; Kossow & Krawczyk, 2002). A regional rise in sea level in the
Middle Triassic led to the deposition of the Muschelkalk platform carbonates. Major
faulting and indications for halokinesis are absent in the study area within the
Buntsandstein and Muschelkalk units (Kossow & Krawczyk, 2002).

A eustatic sea level drop established terrestrial conditions in the Triassic Keuper
(Noldecke & Schwab, 1976; Scheck & Bayer, 1999). E-W directed extension occurred
in the Gllckstadt Graben resulting in salt movement in the surrounding area (Jaritz,
1987; Frisch & Kockel, 1999; Maystrenko et al., 2006). A major erosional event oc-
curred within the Keuper. Beutler and Schiler (1978) described the event as the “Alt-
kimmerische Hauptdiskordanz” (Early Cimmerian Unconformity in Bachmann et al.,
2010). Erosion of the entire Lower Keuper down to Muschelkalk deposits occurred at
the basin margin in the western Ruigen area. Towards the basin center, Lower Keuper
deposits are preserved (Fig. 3.4). This erosional event was contemporaneous to the
development of the NE-SW trending Western Pomeranian Fault System between the
Wiek and Anklam faults (Frisch & Kockel, 1999; Kossow et al., 2000; Beutler et al.,
2012; Seidel et al., 2018) (Fig. 3.1). The fault system consists of several fault zones
and smaller fault systems bordering Y-shaped graben structures such as the Werre and
Prerow Fault Zones and Agricola Fault System. Their formation is associated with
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3 Structural evolution at the northeast North German Basin margin

dextral transtensional movements above the Trans-European Suture Zone during the
Late Triassic to Early Cretaceous (Krauss & Mayer, 2004; Deutschmann et al., 2018;
Seidel et al., 2018). The authors attribute this Mesozoic dextral shear stress with NE-
SW extension to the reactivation of existing NW-SE oriented Paleozoic faults, which
were decoupled from the supra-salt succession by the partly overlying Zechstein salt.

A major transgression in the Rhaetian led to renewed sedimentation in shallow marine
conditions lasting throughout the Jurassic (Kossow et al., 2000). From Late Jurassic
times until the Albian, subsidence was interrupted by a period of uplift and non-depo-
sition at the northeastern basin margin. Erosion of almost the entire Jurassic sequence
and in some areas even Keuper units occurred. Lower Jurassic sediments preserved in
rim-synclines indicate active salt movement during this time (Kossow et al., 2000;
Maystrenko et al., 2005b). Due to an observed increasing amount of erosion from the
Bay of Mecklenburg in westward direction, Hibscher et al. (2010) and Al Hseinat and
Hibscher (2017) associate the uplift with the Central North Sea doming event (Ziegler,
1990b; Underhill & Partington, 1993; Graversen, 2006).

Rising sea levels during the Albian led to a major transgression and resumed sedimen-
tation (Vejbaek et al., 2010). Shallow marine conditions and rising eustatic sea level
prevailed until early Turonian times and mark a period of relative tectonic quiescence
(Scheck & Bayer, 1999; Kossow & Krawczyk, 2002; Vejbaek et al., 2010). Sea level
remained high until the Campanian. From the Santonian until the Cenozoic, the study
area underwent several pulses of uplift and inversion associated with major plate reor-
ganization and the onset of the Africa-Iberia-Europe convergence and Pyrenees and
Alpine orogenies (Kley & Voigt, 2008; Kley, 2018). Horizontal shortening induced
during the Late Cretaceous (late Turonian/Santonian to Maastrichtian) inversion pulse
reactivated preexisting basement faults leading to uplift and erosion at the northeastern
basin margin (Kossow & Krawczyk, 2002; Kley & Voigt, 2008; Kley, 2018). Uplift
of the Grimmen High resulted in complete erosion of the Cretaceous deposits so that
Cenozoic successions directly overlay Lower Jurassic sediments along this WNW
striking basin edge structure. The pinch out of mobile Zechstein salt northeast of the
Grimmen High is interpreted to have increased the basal friction between decoupled
overburden and the basement. This caused increased resistance against the northward
propagating overburden deformation, which resulted in uplift of the Grimmen High
(Kossow et al., 2000; Kossow & Krawczyk, 2002).
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3 Structural evolution at the northeast North German Basin margin

Figure 3.2: Lithostratigraphic chart show-
ing the dominant lithology and average
thickness within the study area. Main
phases of the development of the Central
European Basin System are shown to-
gether with main stress direction. (based
on Kossow & Krawczyk, 2002; Kley &
Voigt, 2008; Al Hseinat & Hubscher,
2017; Seidel et al., 2018. Average thick-
ness is based upon Hoth et al., 1993).

Further uplift events during the Ce-
nozoic occurred during the Paleo-
cene and late Eocene to late Oligo-
cene. However, their exact timing
and spatial extent is an aspect of re-
cent discussion (Kley, 2018). Ce-
nozoic sediments above salt pil-
lows in the Bay of Mecklenburg re-
veal quite strong thickness reduc-
tion and increased salt pillow
growth from Late Cretaceous to
Cenozoic. A change of stress orien-
tation from NE-SW to NW-SE di-
rected extension during the Neo-
gene caused another phase of inten-
sified salt movement and fault reac-
tivation (Hubscher et al., 2010;
Kammann et al., 2016; Al Hseinat
& Hibscher, 2017).
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Figure 3.3: Correlation of Zechstein cyclothems along the northeast North German Basin margin. Z1
= Werra; Z2 = Stassfurt; Z3 = Leine; Z4 = Aller; Z5 = Ohre. Well information compiled after Hoth et
al., 1993. Inset: salt structures after Reinhold et al. (2008). Numbers represent approximate distance
from the well to similar position regarding salt distribution on the profile BGR16-254 (see also Figure
3.1 for location).

3.2.3. Salt tectonic framework of the northeastern North German Basin margin
According to several previous studies, many salt structures in the North German Basin
were triggered and grew during multiple phases of extension. Salt structure growth is
linked to normal faulting of the sub-salt basement (e.g. structures within the Gluckstadt
Graben) (Jaritz, 1973; Kockel, 1999, 2002; Maystrenko et al., 2005b; Mohr et al.,
2005; Kukla et al., 2008; Warren, 2008). Salt structures in the northeastern part of the
NGB have been widely studied with respect to their distribution, geometry and timing.
Salt movement was analyzed as a function of the regional tectonic framework in the
context of early stage salt movement within a continental basin (Kossow et al., 2000;
Kossow & Krawczyk, 2002; Scheck et al., 2003; ZolIner et al., 2008; Hibscher et al.,
2010; Warsitzka et al., 2019). However, a direct link between salt structure distribution
and basement faults was not found.

The development of salt pillows in the Bay of Mecklenburg began after the deposition
of the Triassic Muschelkalk (Z6llner et al., 2008). Hubscher et al. (2010) showed a
Late Triassic initiation of salt pillow growth caused by E-W extension. This was
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followed by a phase of (salt) tectonic quiescence from Early to latest Cretaceous times.
A second phase of pronounced salt movements from the latest Cretaceous to Paleogene
is related to basin inversion caused by compression (Kossow & Krawczyk, 2002).
Crustal shortening induced basinwide tightening of pre-existing anticlinal structures,
which amplified salt pillows. However, the amount of shortening significantly de-
creases from south to north. Hence, the effect of shortening on salt structures close to
the northeastern basin margin remains quite unclear. Al Hseinat and Hibscher (2017)
identified three major fault trends affecting salt movement in the study area. The au-
thors relate NNE-SSW and N-S trending faults to the development of the Gliickstadt
Graben and the NW-SE trending faults to movement at the Tornquist Zone (Fig. 3.1).

3.3. Database and Methods

In March 2016, 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 Geo-
sciences Potsdam, acquired 3500 km of high-resolution multichannel seismic data
onboard RV Maria S. Merian, cruise MSM52, as part of the “BalTec” project (Hub-
scher et al., 2016). The seismic equipment consisted of an eight GI-Gun cluster (45/105
in3) allowing for deep signal penetration with a relatively wide frequency bandwidth
with a dominant frequency of 80 Hz. The streamer had an active cable length of 2700
m with a minimum offset of 33 m. In this study, a major processing task was to remove
strong, reverberating multiples caused by the shallow water of the Baltic Sea. We ap-
plied a combined strategy consisting of a t-p domain prestack predictive deconvolution
scheme, surface-related multiple attenuation (SRME) and poststack predictive decon-
volution to effectively attenuate multiples (Verschuur, 2006). High amplitude re-
fracted waves were muted. Further processing steps include frequency filtering, am-
plitude recovery, noise reduction and poststack time migration. Interval velocities in
the study area range from 1600 m/s (Quaternary) to 5100 m/s (Zechstein) (Schluter et
al., 1997; Hansen et al., 2007; Noack et al., 2018). This results in a seismic vertical
resolution in the order of 5-30 m. Horizontal resolution approximated by the width of
the first Fresnel Zone after migration is 20-100 m.

This study focuses on structural and stratigraphic interpretation of a regional reflection
seismic profile (BGR16-254) running from the Bay of Mecklenburg towards Riigen
Island across the NGB margin into the Arkona Basin (Figs. 3.1 and 3.4). Stratigraphic
interpretation of seismic units is based on information from nearby onshore wells (see
table in Fig. 3.4). Additionally, we used marine seismic profiles from the Rerik-See
area, kindly provided by Neptune Energy (Fig. 3.4), in order to validate our strati-
graphic correlation. The well information used in this study comprises well reports of
deep research wells and hydrocarbon exploration wells (Nielsen & Japsen, 1991; Hoth
et al., 1993; Schliter et al., 1997). For stratigraphic correlation, most important wells
are E Gv 1/78, E WuoRD 6/77, E Pew 1/65, E Pew 2/66, E Dke 1/68, E Rn 2/67, E Rn
3/63, E Rn 5/66 (Fig. 3.4). Well reports include well markers and in some cases well
logs (gamma ray, resistivity, sonic, density). Lithological information was taken from
the detailed geological profiles presented in the well reports. We converted strati-
graphic well markers to the time domain using check shot and vertical seismic
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3 Structural evolution at the northeast North German Basin margin

profiling data for the well-to-seismic tie. Thereby, we considered the position of the
well in the structural basin setting to constrain the correlation. Due to the distance to
the wells and their different structural positions, stratigraphic correlation is based on
thickness, represented by traveltime difference, rather than directly upon depth. In ad-
dition, the stratigraphic interpretation was linked to results of previous studies (Kat-
zung, 2004; Zollner et al., 2008; Bachmann et al., 2010; Hubscher et al., 2010;
Kammann et al., 2016; Al Hseinat & Hubscher, 2017; Deutschmann et al., 2018).
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Figure 3.4: Subcrop map of the Early Cimmerian Unconformity (ECU) (Base Norian; German: “Alt-
kimmerische Hauptdiskordanz,” Beutler & Schiler, 1978) including onshore wells used for strati-
graphic correlation. Table marks the approximate distance of most important wells to the interpreted
profile. Note the trend of the ECU resting on Muschelkalk deposits near northern Riigen Island to Lower
and Middle Keuper sediments toward the Bay of Mecklenburg. Compiled after Schliter et al., 1997;
Reinhold et al., 2008; Bachmann et al., 2010; Al Hseinat & Hubscher, 2017. TN = Trollegrund Nord
salt pillow; BN = Boltenhagen Nord salt pillow. Dashed black segments on the seismic profile BGR16-
254 (red line) are shown in Figure 3.6. Positions A-B and B-C mark segments of the seismic profile
shown in Figures 3.7a and 3.7b, respectively.
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3 Structural evolution at the northeast North German Basin margin

Thickness in this study is expressed in two-way traveltime (TWT) difference between
bounding reflectors of a seismic unit. Scaled by seismic velocity, increased traveltime
difference locally represents increased thickness. Within the two southwestern rim-
synclines adjacent to the salt pillows in the Bay of Mecklenburg, we examined local
lateral thickness variations (see Fig. 3.4 for location). By the term “local depocenter”,
we refer to the location of maximum thickness of a seismic unit within the rim-syncline
(Sarensen, 1986; Jackson & Hudec, 2017). Over time, local lateral thickness variations
occur due to salt movement. This causes an interpretable lateral migration in the local
depocenter. However, we are aware that this does not necessarily represent the actual
depocenter of that specific seismic unit as our analysis bases only on a single time
seismic section. Horizon flattening and changing vertical exaggeration helped to iden-
tify small local depocenter migrations, although in many cases an exact location is not
distinct. In this case, we picked a location vertically above the previous pick. Hence,
the analysis of the local depocenter migration is only qualitative and should be treated
with caution. Nevertheless, it was useful to get an idea of local lateral salt flow in the
study area.

a) sw ow EGv 1/78 (ca. 38 km off profile) NE
700 12100 12300 12500

E Pew 1/65 (ca. 7 km off profile)
sw b C: i b Quaternar
b) 17600 e 200, 184
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Quaternary
>-Q ECU
Neogene
Paleogene b-TKe ==
3 b-Pa
= Maastr. Muschelkalk|
= Campanian b-CC
E Santonian | ° 02 b-TMu =
Coniacian CT Bunt- b-TSa me
g Turonian | =" sandstein
=) b-TBu ==
Albian b-C t-PZAh
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Figure 3.6: Well-to-seismic tie for wells (a) E Gv 1/78, (b) E Pew 1/65, and (c) E Dke 1/68. For abbre-
viations, see Figure 3.5. Well information from Hoth et al., 1993. Location of sections of profile
BGR16-254 shown in Figures 3.1b and 3.4. “b” = base; “t” = top.

We developed a seismo-stratigraphic framework for the study area according to the
stratigraphic table of Germany (Menning, 2016). The seismo-stratigraphic framework
includes thirteen post-Carboniferous seismic units (Fig. 3.5). We use the term “seismic
unit” for a mappable interval of seismic reflectors, expressed by seismic reflections,
whose characteristics differ from those of adjacent seismic units. A seismic unit is
bounded by marker reflections, unconformities or correlative conformities. The inter-
preted seismic units correspond to Quaternary, Paleogene-Neogene, Maastrichtian-
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3 Structural evolution at the northeast North German Basin margin

Campanian, Santonian-Coniacian, Turonian to Lower Cretaceous, Jurassic, Rhaetian-
Norian, Carnian-Ladinian, Muschelkalk , Buntsandstein 1 (Myiogorian to Pelitrot),
Buntsandstein II (Salinarrét to Calvérde), Zechstein I (Werra to Leine anhydrite) and
Zechstein II (Leine anhydrite to Ohre) (Menning, 2016). Fig. 3.5 summarizes the
seismo-stratigraphy in this study and provides lithological information based upon the
well E Gv 1/78 (Hoth et al., 1993), seismic facies, terminations, key characteristic
features of each unit and a seismic example. Identified bounding reflectors are based
upon the seismo-stratigraphic framework in Reinhardt (1993). These are b-Q: base
Quaternary; b-Pa: base Paleogene; b-CCA: base Upper Cretaceous Campanian; t-CTu:
top Upper Cretaceous Turonian; b-C: base Cretaceous; b-1J: base Lower Jurassic;
ECU: Early Cimmerian Unconformity; b-TKe: base Triassic Keuper; b-TMU: base
Triassic Muschelkalk; b-TSa: base Triassic Salinarrot; b-TBu: base Triassic Buntsand-
stein; t-PZAh: top Permian Zechstein Anhydrite Zone within Leine cyclothem; b-PZ:
base Permian Zechstein.
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3 Structural evolution at the northeast North German Basin margin
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3 Structural evolution at the northeast North German Basin margin

3.4. Observations

3.4.1. Stratigraphic units and well correlation

Figure 3.6 shows examples of the well-to-seismic tie for the wells E Gv 1/78, E Pew
1/65 and E Dke 1/68. The Zechstein seismic unit is the deepest unit imaged in this
profile (Figs. 3.6 and 3.1b). The base Zechstein well marker of E Gv 1/78 does not
match the seismic reflector since the well is situated in the deeper part of the basin
(Figs. 3.6 and 3.4). For the wells E Pew 1/65 and E Dke 1/68, the well markers and
base Zechstein reflector (b-PZ) coincide (Figs. 6 b and ¢). The base Zechstein is over-
lain by a reflection free area, which represents the Stassfurt (Z2) cyclothem. It is bound
at the top by hummocky to chaotic high amplitude reflections (Figs. 3.6a and 3.7).
They correlate with the main anhydrite sequence in the Leine (Z3) cyclothem. The top
of this unit is marked by the Leine anhydrite zone reflector (t-PZAh). Towards the
basin margin, thickness of the Zechstein II (Werra to Leine anhydrite) unit decreases
(Fig. 3.7). This results in a thin Zechstein unit with high amplitude bounding reflectors.
Towards the basin margin, the Ohre and Aller cyclothems pinch out (Figs. 3.3 and
3.7). The Zechstein terminates against the base Buntsandstein reflector (b-TBu)
closely to the Wiek Fault in this profile (Fig. 3.7b).

The basal reflector (b-TBu) of the Buntsandstein II (Salinarrét to Calvérde) unit is in
agreement with the depth of all three well markers (Fig. 3.6). Reflection amplitude in
the southwest profile part is low due to the small seismic velocity contrast between
compacted Triassic claystone and underlying halite of the Zechstein Ohre cyclothem
(Fig. 3.7a). The Buntsandstein II unit shows maximum thickness in the southwest.
Thickness of the unit decreases towards the basin margin, where it terminates close to
the Wiek Fault in an onlap against the Zechstein. The Buntsandstein I unit (Myogorian
to Pelitrot) shows a high amplitude basal reflector (t-TSa), which corresponds with the
top of anhydrite deposits in the Salinarrét succession marked in the wells (Fig. 3.6).
Well markers correspond with the low amplitude base Muschelkalk (b-TMu) reflector
(Fig. 3.6). Intercalated limestone and anhydrite within the Middle Muschelkalk create
a set of prominent reflectors (Fig. 3.7). We subdivide the overlying Triassic Keuper
into an upper Rhaetian-Norian seismic unit overlying the lower Carnian-Ladinian unit.
The Early Cimmerian Unconformity (ECU), marking the top Upper Gipskeuper at the
base Norian, separates these units (Figs. 3.5 and 3.7). Towards the basin margin, the
Carnian-Ladinian seismic unit pinches out (Fig. 3.7b). Here, Muschelkalk lime-marl-
stones form the ECU subcrop and create a high impedance contrast. Well markers and
the ECU and base Keuper reflectors match in the Bay of Mecklenburg (Fig. 3.6).

Likewise, well markers are in agreement with the base Lower Jurassic (b-1J) reflector.
The Jurassic terminates as a toplap northeast of the Agricola Fault System (Fig. 3.7b).

The base Cretaceous reflector (b-C) is in agreement with the base Upper and Lower
Cretaceous markers in the wells (Fig. 3.6). Thickness of the Lower Cretaceous Albian
at the basin margin is 9 m (E Dke 1/68) and therefore below seismic resolution. A
distinct base Lower Cretaceous reflector is not observed (Figs. 3.6 and 3.7). The well
E Pew 1/65 shows a Lower Cretaceous thickness of 125 m with 110 m of pre-Albian
sediments. In the nearby E Pew 4/66 well, the Lower Cretaceous consists of only 8 m
of Albian sediments. Hence, the locally increased thickness in the E Pew 1/65 well is

37



3 Structural evolution at the northeast North German Basin margin

very isolated as no pre-Albian Lower Cretaceous sediments were drilled in the sur-
rounding wells. Deutschmann et al. (2018) interpreted a base Lower Cretaceous re-
flection, however with noting that it is mainly transparent. The increased thickness in
the E Pew 1/65 well could be either fault related, since it was drilled between the Werre
and Prerow fault zones (Deutschmann et al., 2018), or more likely the result of incor-
rect dating as also concluded by Hubscher et al. (2010) (Fig. 3.4).

The top Turonian reflector (t-CTu) corresponds closely with the marker in all three
wells (Fig. 3.6). The overlying Santonian-Coniacian seismic unit is bound by the base
Campanian reflector (b-CCA) and is truncated by the Quaternary at the flanks of the
Grimmen High (Fig. 3.8). The base Campanian reflector (b-CCA) separates a less to
higher stratified reflection pattern, which correlates to the base Campanian marker in
the wells E Gv 1/8 and E Dke 1/68. In the well E Pew 1/65, thickness of the Campanian
is decreased. At the Grimmen High, the reflector terminates in an onlap against the top
Turonian (Fig. 3.8). From the Grimmen High towards the SW, thickness of the Maas-
trichtian-Campanian unit increases and reflectors are divergent.

The overlying Neogene-Paleogene seismic unit terminates as a toplap against the Qua-
ternary in the Grimmen High area (Fig. 3.8). The base-Paleogene (b-Pa) reflector cor-
responds with the well marker of the well E Gv 1/78 (Fig. 3.6a). The angular uncon-
formity of the base Quaternary correlates with the base of glacial deposits, which over-
lie Cenozoic clay in the E Gv 1/78 and Cretaceous chalk in the wells E Pew 1/65 and
E Dke 1/68.
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3 Structural evolution at the northeast North German Basin margin

3.4.2. Faults

In the southwest part of the analyzed seismic profile, above the Trollegrund Nord salt
pillow, a set of crestal faults dipping towards the anticline center pierce the Upper
Cretaceous and eventually die-out within the Keuper (Fig. 3.7a).

In the central part of the profile (Fig. 3.7b, Werre Fault Zone), a prominent NE dipping
listric fault dissects almost the entire sedimentary cover from the Zechstein to the Qua-
ternary. It was identified as the Werre Fault in the literature (e.g. Deutschmann et al.,
2018). Normal faults pierce the base of the Zechstein in this area. In the overburden,
additional synthetic normal faults as well as a set of antithetic normal faults character-
ize the Werre Fault Zone. Normal faults in the SW part of the hanging wall form Y-
shaped grabens, while towards the northeast, normal faults dip SW. A precise analysis
of fault displacement is difficult for the Werre Fault Zone as reflectors are difficult to
trace. The Buntsandstein and Muschelkalk units show constant fault displacement at
the Werre Fault and constant thickness in the hanging wall. Thickness is increased in
the Keuper and Jurassic. Reflectors in these units show a divergent pattern towards the
Werre Fault, which indicates the extensional phase of activity of this fault zone. The
base Cretaceous in the hanging wall of the Werre Fault is located above the corre-
sponding reflector in the footwall (Fig. 3.8).

A set of listric faults in the northeast part of the profile correspond geographically with
the Agricola Fault System (e.g. Deutschmann et al., 2018) (Figs. 3.7b). One of them
could be identified as the Agricola Fault. All faults dip SW and pierce the pre-Zech-
stein to Jurassic successions. These faults show quite constant throw in the Zechstein,
Buntsandstein and Muschelkalk units. Fault displacement decreases in the Keuper and
Jurassic and vanishes in the Cretaceous units. Further northeast, we identified the Wiek
Fault (Krauss & Mayer, 2004; Seidel et al., 2018). Beyond this fault, Triassic deposits
are either absent, too thin to be resolved or masked by multiples.

3.4.3. Local depocenter analysis

The two rim-synclines in the Bay of Mecklenburg reveal a local, lateral migration
when comparing the local depocenter trace (Figs. 3.7a, red dotted lines). For the
Buntsandstein and Muschelkalk successions in the RM1 rim-syncline, the local depo-
center trace is nearly vertical. Within the Carnian-Ladinian successions, a NE migra-
tion of the local depocenter becomes visible. This NE migration continued with less
displacement within the Norian-Rhaetian until the base Jurassic. The Jurassic is only
preserved as a thin erosional remnant, which hampers the depocenter analysis. The
Cretaceous Santonian-Coniacian local depocenter was relocated further SW. It gradu-
ally migrated NE during the Santonian-Coniacian. Within the Maastrichtian-Campa-
nian, the local depocenter migrated further NE with enhanced displacement. In the
lower Cenozoic successions, the migration of the local depocenter trace decreases
slightly. In the upper part, it is no longer traceable. In total, we observe a migration of
approx. 880 m from Keuper to Jurassic times and 1.5 km from the Cretaceous to Ce-
nozoic within the RM1 rim-syncline.
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We observe similar variations at the RM2 rim-syncline (Figs. 3.7a). The location of
the local depocenter remained fixed in the Buntsandstein and Muschelkalk. In the Keu-
per Carnian-Ladinian unit, the local depocenter began migrating NE. Migration per-
sisted with a relatively large displacement within the Norian-Rhaetian. However, the
overall thickness variations in this area are minor, which limits accuracy. The Creta-
ceous local depocenter was relocated further SW and there is no observable lateral
migration from Cenomanian to Santonian times. Within the Maastrichtian-Campanian,
the depocenter trace shows a continuous NE migration within the unit until the lower
Cenozoic. In total, we interpret a lateral migration of roughly 2 km from Keuper to
Jurassic times and ca. 875 m within the Late Cretaceous within the RM2 rim-syncline.
However, the observed 2 km of lateral migration in the Keuper seem rather large.
Thickness variations within the RM2 rim-syncline Keuper succession are small, which
hampers a precise identification of the local depocenter. Therefore, the real lateral mi-
gration is especially uncertain in this area.

3.5. Interpretation and discussion

In this chapter, we discuss the interpretation of regional tectonic structures in terms of
their thick-skinned or thin-skinned character. Thick-skinned deformation involves the
subsalt successions and/or basement in an extensional (Vendeville & Jackson, 1992)
or compressional setting (Coward, 1983). In the presence of a detachment layer, e.g.
caused by salt, deformation is decoupled in the underlying and overlying successions.
Thin-skinned deformation refers to deformation within the detachment layer and its
overburden either in an extensional or compressional tectonic regime (Coward, 1983,
Vendeville & Jackson, 1992). In the following, we analyze the timing and activity of
faults and salt structures imaged on our seismic profile, describe their thick- or thin-
skinned characteristics, and discuss potential salt pillow growth mechanisms within
the regional geological context. In this study, by thick-skinned faults, we refer to faults
rooted in the pre-Zechstein successions.

3.5.1. Thick-skinned deformation

Major faults intersect the Zechstein succession in the northeast part of the profile (Fig.
3.7). Faults of the Wiek Fault System and Agricola Fault System (AFS) are thick-
skinned as they dissect the entire Jurassic, Triassic and Zechstein successions and are
rooted within the sub-Zechstein. In the Werre Fault Zone (WFZ), we interpret the main
Werre Fault as NE dipping listric fault, which dissects the Jurassic and Triassic. How-
ever, it is detached near the base Zechstein. Faults piercing the base Zechstein could
indicate that the fault zone is affected by thick-skinned deformation; however, its main
components are thin-skinned.

Thicknesses of the Zechstein, Buntsandstein and Muschelkalk units shown in the pro-
file gradually increase in southwest, basinward direction. This implies increased sub-
sidence towards the basin center, most pronounced in the Buntsandstein (Fig. 3.7).
These observations are in accordance with previous studies and the concept of thermal
subsidence from Permian to Middle Triassic times. Subsidence was highest in the
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basin center, which led to thicker sedimentary infill with Zechstein, Buntsandstein and
Muschelkalk deposits (Ziegler, 1990b; Scheck & Bayer, 1999; Van Wees et al., 2000)
(Fig. 3.9a).

Lower and, partly, Middle Keuper units are absent at the northeast basin margin in this
profile (Figs. 3.7b). Falling sea-levels during the Carnian and resulting falling sedi-
mentation base levels affected the sedimentation during this time (Ziegler, 1990b;
Katzung, 2004). This explains the observed lack of Lower to Middle Keuper sediments
caused by non-deposition and erosion along the relatively higher area of the Riigen
Swell and Arkona High (Figs. 3.7b). Here, the Early Cimmerian Unconformity (ECU)
directly overlies the Muschelkalk unit. In southwest direction, towards the Bay of
Mecklenburg, Lower Keuper and Middle Keuper units build the ECU subcrop. This
trend coincides with the Early Cimmerian Unconformity subcrop map (Fig. 3.4) and
allows the correlation of the ECU reflector. Therefore, its deposition marks the end of
a stratigraphic gap from the top Upper Gipskeuper (Weser Formation, close to the base
Norian) to base Steinmergelkeuper (Arnstadt Formation, in the Norian) (Beutler et al.,
2005). The ECU erosionally truncates Carnian-Ladinian reflectors in a toplap at the
Grimmen High and NE flank of the Prerow salt pillow (Fig. 3.8, CMP 15400-16400).
We associate this with the falling sea level during the Carnian (Katzung, 2004). How-
ever, the stronger erosion between the Grimmen High and Prerow salt pillow suggests
that this area experienced less subsidence.

The Agricola Fault System is characterized by a set of SW dipping normal faults on
this seismic transect (Fig. 3.7b). Thickness of the Buntsandstein and Muschelkalk are
uniform within the hanging wall and footwall of the Agricola Fault. The Carnian-
Ladinian seismic unit within the hanging wall appears increased and fault throw along
the Agricola Fault decreased from ca. 40 ms at the base Keuper to ca. 11 ms at the
ECU. However, as the seismic data is in time, true fault throw is scaled by velocity
and might be larger than visible in the data. The Rhaetian-Norian seismic unit shows
increased thickness in the hanging wall with slightly divergent reflections. This indi-
cates syndepositional faulting in the Late Triassic (Figs. 3.7b). Within the Prerow De-
pression, deposits of the Carnian-Ladinian as well as Rhaetian-Norian units show in-
creased thickness and reach a local maximum (Fig. 3.7b). Comparing this to Keuper
thickness further southwest, maximum Keuper thickness almost doubled in the Prerow
Depression and reaches ca. 650 m (480 ms TWT; ca. 2700 m/s; Schliter et al., 1997).
This indicates that the Prerow Depression experienced subsidence during the Late Tri-
assic and formed a local basin bound to the northeast by the contemporaneous active
AFS, which was also stated by Deutschmann et al. (2018) (Fig. 3.9b). Active faulting
and subsidence in the Carnian was coeval with E-W to ENE-WSW extension, related
to accelerated activity in the North Sea rift system and Gliickstadt Graben (Ziegler,
1990b). At the Carnian — Norian transition, rifting activity decreased (Schroder, 1982;
Ziegler, 1990b) and further subsidence within the Rhaetian-Norian is difficult to relate
to normal faulting caused by E-W extension. However, increased Rhaetian-Norian
thickness suggests ongoing faulting and subsidence in the Prerow Depression. We in-
terpret this in accordance to the results of Krauss and Mayer (2004) and Deutschmann
et al. (2018), who associated faulting within the AFS with the reactivation of Middle
Devonian-Early Carboniferous faults during Late Triassic and the contemporaneous
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formation of other fault zones included in the Western Pomeranian Fault System.
These faults were induced by NW-SE dextral strike slip movements within the Trans-
European Suture Zone, which were accompanied by approximately NE-SW directed
transtension (Erlstrom et al., 1997; Seidel et al., 2018). Faults of the AFS strike ca.
NNW-SSE, which is almost perpendicular to the main extensional stress. Therefore, a
reactivation of these faults is likely and could explain subsidence in the adjacent Pre-
row Depression (Fig. 3.9b). Indications of a general uplift of the Baltic Shield and
corresponding influx of clastics during the Rhaetian (Erlstrom et al., 1997) fit this
structural evolution by providing sufficient local basin fill.

Around Rugen, the Jurassic gradually thickens along the AFS and Prerow Depression
towards the WFZ and Grimmen High (Fig. 3.7b). Fault throw in the AFS further de-
creased suggesting syntectonic deposition and ongoing subsidence of the Prerow De-
pression. In the Bay of Mecklenburg, the Jurassic unit is strongly reduced and pre-
served strata concentrates in the rim-synclines. Uplift related to the Middle-Late Ju-
rassic North Sea doming event (Ziegler, 1990b; Underhill, 1998; Graversen, 2006)
caused erosion of most of the Jurassic, in some extent even Upper Triassic strata, from
westward direction in the Bays of Kiel and Mecklenburg (Hansen et al., 2005; Hansen
etal., 2007; Hubscher et al., 2010; Al Hseinat & Hiibscher, 2017). The thinned Jurassic
unit in the Bay of Mecklenburg corresponds with this interpretation. However, the
preservation of thicker Jurassic deposits in the Prerow Depression suggests ongoing
subsidence and thereby a different origin. Due to its closer position to the basin margin,
the Zechstein successions in the Prerow Depression lacks large amounts of mobile
halite (Figs. 3.3 and 3.7b). Therefore, we expect the effect of salt movement on lateral
thickness variations in this area to be minor. However, modelling results by Hansen et
al. (2007) show a locally increased tectonic subsidence in this area. Similar to
Deutschmann et al. (2018), we explain the increased subsidence and subsequent dep-
osition of the Jurassic in the Prerow Depression by ongoing normal faulting in the AFS
related to transtensional movements at the Trans-European Suture Zone (Fig. 3.9c).
The listric SW dip of the Agricola Fault suggests rotational block faulting possibly
caused by increased basement tilt. This is in accordance to basement subsidence rates
calculated by Kossow and Krawczyk (2002), which show relatively higher subsidence
rates towards the basin center from the Late Permian to Late Triassic. This suggests a
deepening of the basin resulting in increased basement tilt in the Late Triassic and
Jurassic. This could explain locally increased subsidence at the basin margin above the
rotated hanging walls of deep-seated basin margin faults, which could be detached
near the Paleozoic basement (Krawczyk et al., 2002).
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Figure 3.9: Sketch illustrating the tectonic evolution at the northeastern North German Basin margin

as derived from the presented analysis of profile BGR16-254.

Apart from the area of the WFZ, the Turonian-Cenomanian-Lower Cretaceous unit
has uniform thickness along the profile (Fig. 3.7). Major faulting is absent. We inter-
pret this in accordance to Kossow and Krawczyk (2002); Kley and Voigt (2008);
Hibscher et al. (2010); Al Hseinat and Hibscher (2017) as a period of tectonic quies-
cence and rising sea levels lasting from the Albian transgression until the Campanian
(Fig. 3.9c). Thickness of the Santonian-Coniacian unit slightly decreases from the
northeast towards the Werre Fault Zone (WFZ) (Figs. 3.7b and 3.8). From the south-
west towards the Grimmen High, thickness of the Santonian-Coniacian unit decreases
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and the base Campanian (b-CCA) onlaps to the Turonian-Lower Cretaceous. This in-
dicates synkinematic deposition and the onset of uplift of the Grimmen High (Fig. 3.8).
The Maastrichtian-Campanian unit is convergent with thinned deposits at both the NE
as well as the SW flank of the Grimmen High. At its center, the Maastrichtian-Cam-
panian is completely eroded, which suggests intensified uplift (Fig. 3.9d). It is a clear
indication for the onset of the basinwide inversion phase in the Late Cretaceous and
coeval uplift of the Grimmen High (Kley & Voigt, 2008; Kley, 2018) (Fig. 3.9a). In
contrast to Kossow and Krawczyk (2002) and Deutschmann et al. (2018), we observe
a thin Late Cretaceous remnant above the Grimmen High due to the improved imaging
of shallow successions. This suggests that the seismic profile images the western
boundary of the Grimmen High. Taking the Cretaceous succession at the northeast end
of the profile as a reference and assuming it did not experience erosion, thickness at
the Grimmen High prior to inversion was ca. 460 m (430 ms TWT, 2150 m/s, Schlter
etal., 1997). This represents a relative uplift of approx. 460 m. Kossow and Krawczyk
(2002) calculated the amount of erosion and relative uplift to approx. 500 m. The au-
thors however stated higher internal velocities for the Cretaceous ranging from 2000
m/s to about 3300 m/s. Assuming an average velocity of 2650 m/s yields a relative
uplift of 570 m for our data. Accordingly, the observed amount of uplift in this study
is in agreement with results of Kossow and Krawczyk (2002).

Kossow et al. (2000) and Kossow and Krawczyk (2002) interpreted the Grimmen High
as a drag-related anticline forming a fault-bend-fold geometry due to northward in-
creasing resistance against overburden deformation. As a cause, the authors mention
the pinch out of the decoupling Zechstein units, which caused increasing basal friction
and resulted in up-thrusting of the overburden onto the basin edge. The authors sug-
gested a possible strike slip and transpressive component based upon the similarity
with a positive flower structure. In principle, this study confirms the uplift of the Grim-
men High starting within the Coniacian-Santonian and intensifying in the Campanian-
Maastrichtian. However, we propose that the tilted basin margin configuration with
the Prerow Depression and AFS affected the uplift in the Baltic sector of the NGB.
NE-SW directed shortening possibly inverted southwest dipping older extensional
faults at the northeastern basin margin. This induced reverse faulting partially decou-
pled by the Zechstein salt. Compressional deformation caused uplift of rotated base-
ment blocks and was distributed within the overburden causing uplift and erosion of
the Cretaceous in the area of the Grimmen High and Prerow Depression (Fig. 3.9d).

3.5.2. Salt tectonics and thin-skinned deformation

In this study, the analysis of thin-skinned deformation deals with the detaching salt
layer and its supra-salt cover. Our analysis mainly focuses on thickness variations and
faulting of the overburden due to local lateral salt flow. The location of maximum
thickness of an individual unit corresponds with the local depocenter during this time
and we interpret a lateral migration as a consequence of lateral salt movement.

The observed internal seismic layering of the Zechstein unit with a lower rather reflec-
tion free part, which indicate halite rich formations, and a high amplitude upper part
corresponding with anhydrite rich successions at the top, is in good accordance with
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the Zechstein stratigraphic framework (Fig. 3.7) (Tucker, 1991; Strohmenger et al.,
1996; Katzung, 2004; Warren, 2008). The t-PZAh reflector marks the transition from
intercalated anhydrite within the Leine (Z3) salt to the main anhydrite formation of the
Leine cyclothem (Figs. 3.5 and 3.7). The high amplitude but disrupted reflections
within the anhydrite zone indicate internal deformation including boudinage and fold-
ing of the anhydrite layers similar to the Z3 stringer observed in the Netherlands (van
Gent et al., 2010; Strozyk et al., 2012). The underlying thick, almost reflection free
area of the Lower Zechstein unit accordingly corresponds with the Stassfurt and Werra
cyclothem. Well information suggests that its major portion is Stassfurt halite (Figs.
3.3 and 3.7a). Northeast of the Werre Fault Zone, thickness of the Zechstein decreases
accompanied by a facies change due to decreasing amounts of halite and anhydrite
towards the basin margin (Katzung, 2004). In the Rigen area, the high amplitude re-
flection characterizing the Zechstein seismic unit corresponds with increasing amount
of carbonates, especially of the Stassfurt cyclothem (Zagora & Zagora, 1997; Kaiser,
2001; Katzung, 2004).

3.5.2.1. Thin-skinned deformation in the Werre Fault Zone

The Werre Fault has a listric NE dipping shape with thinned Zechstein salt in the hang-
ing wall and a folded overburden. We interpret this as a rollover structure. Both the
Carnian-Ladinian and Rhaetian-Norian seismic units show increased thickness north-
east of the fault. This marks the infill of the syndepositional half-graben (Fig. 3.9b).
Many normal faults dip towards the center of the halfgraben. They were created in
response to the subsiding hanging wall of the Werre Fault. This evidences the initiation
of normal faulting at the Werre Fault during the Late Triassic. The development of the
half-graben continued during the Early Jurassic indicated by the increased thickness
of the Early Jurassic seismic unit (Figs. 3.7b and 3.9c).

To the northeast, this area is connected to an anticline associated with the Prerow salt
pillow (Reinhold et al., 2008; Pr in Fig. 3.7b and salt structure adjacent to E Pew 1/65
well in Fig. 3.4). Deutschmann et al. (2018) made similar observations based upon
seismic profiles closer to the coast. Here, the Prerow salt pillow is more pronounced.
However, the anticline on our profile is mainly caused by the absence of salt within
the Werre Fault Zone (WFZ) than actual salt accumulation as Zechstein thickness
southwest of the WFZ and within the anticline are nearly equal. Though, the anticline
on our profile could represent the edge of the Prerow salt pillow. Further, the absence
of salt in the WFZ could be caused by out of plane salt flow possibly accumulating in
the SE located central part of the salt pillow. Modeling results of Hansen et al. (2007)
show a SE increase in Zechstein thickness towards Rigen along the Werre Fault,
which is in accordance with our interpretation. The general increase of Zechstein thick-
ness southwest of Rigen Island shown by Hansen et al. (2007) can be explained by
increased primary thickness due to proximity to the basin center (Kossow et al., 2000)
as the basin margin bends northeast along southern Riigen Island (Katzung, 2004).
Therefore, we interpret only a local, minor fault-controlled salt flow between the WFZ
and Prerow Fault Zone.
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The exact timing of the initialization of the WFZ is an aspect of recent discussion.
Krauss and Mayer (2004) referred to the Werre and Prerow fault zones as a system of
NNW-SSE trending pull-apart graben structures due to Early Cimmerian (Late Trias-
sic) reactivation of basement faults of Caledonian and Variscan origin. Al Hseinat and
Hibscher (2017) mention that the E-W directed extensional tectonic regime affecting
the NGB reactivated deep-rooted basement faults in this area. Deutschmann et al.
(2018) proposed transtensional movements due to Cimmerian tectonics during the
Late Triassic to Early Jurassic and the formation of a rollover structure. Observations
by Seidel et al. (2018) northeast of Rligen agree with Krauss and Mayer (2004). They
associate the WFZ with en echelon structures of the Western Pomeranian Fault Sys-
tem, which developed during Mesozoic extensional tectonics. In principal our obser-
vations agree with recent studies, however, allow a more precise timing and complete
image of the fault zone. Our observations of active normal faulting in the Carnian-
Ladinian, Rhaetian-Norian and Jurassic seismic unit suggest that the initialization of
the WFZ was coeval with extension in the Late Triassic - Early Jurassic and corre-
sponding active faulting in the AFS and subsidence in the Prerow Depression (Fig.
3.9b and c). Decoupled by the mobile Zechstein salt, thin-skinned normal faulting at
the approx. NW-SE striking Werre Fault was caused by NW-SE dextral strike slip
movements and associated NE-SW directed transtension within the Trans-European
Suture Zone (Krauss & Mayer, 2004; Deutschmann et al., 2018; Seidel et al., 2018).
During Late Cretaceous basin inversion, the NE-SW compressional stress orientation
was perpendicular to the NW-SE trending Werre Fault, which made the fault espe-
cially prone to reactivation (Al Hseinat & Hubscher, 2017; Seidel et al., 2018). The
associated compression reactivated the Werre Fault resulting in the displacement of
the base Cretaceous reflector in the hanging wall above its counterpart in the footwall
(Fig. 3.9d). The related uplift caused erosion of almost the entire Cretaceous succes-
sions over an approx. 3 km wide area northeast of the Werre Fault. Accordingly, this
study provides a reinterpretation of the WFZ as an inverted thin-skinned normal fault
system.

The Prerow Fault Zone as mapped by Deutschmann et al. (2018) further southeast, is
not visible in our seismic data, which was acquired further to the northwest. Probably,
the Prerow Fault Zone merges with the WFZ to a combined fault system in this area.

3.5.2.2. Timing of salt movement in the Bay of Mecklenburg

In the Bay of Mecklenburg, two salt pillows are imaged by our profile, namely the
Trollegrund Nord (TN) and Boltenhagen Nord (BN) pillows (Fig. 3.4) (Reinhold et
al., 2008). Both analyzed depocenter traces within the adjacent rim-synclines (RM1
and RM2, Figs. 3.7b) nearly vertically transect the Buntsandstein and Muschelkalk
successions and no local thickness variations are observable. Hence, salt movement
was not yet triggered which is in accordance to previous studies (Kossow et al., 2000;
ZolIner et al., 2008; Hibscher et al., 2010; Al Hseinat & Hubscher, 2017).

The NE migration in the depocenters and thinning of the Keuper towards the pillow
crest evidence the initiation of salt movement and pillow growth during deposition of
the Keuper. The starting of the NE migration of the local depocenter traces suggest a
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Carnian-Ladinian triggering. However, larger Norian-Rhaetian thickness variations
within the RM1 rim-syncline beneath the overlaying thin Jurassic unit indicate that the
main phase of salt flow was during the Norian-Rhaetian (Figs. 3.7a). Therefore, this
study allows a more precise timing than the previously stated Late Triassic initiation
(Kossow et al., 2000; Zollner et al., 2008; Hubscher et al., 2010; Al Hseinat &
Hibscher, 2017). This timing correlates with the initiation of many other salt structures
in the southern part of the NGB (Meinhold & Reinhardt, 1967; Jaritz, 1973; Riihberg,
1976) and within the Polish Basin (e.g. Krzywiec et al., 2017).

The Jurassic sequence is strongly eroded in the Bay of Mecklenburg. This hampers
interpretation of salt movement during this time and requires consideration of addi-
tional adjacent seismic profiles. However, thicker remnants of Jurassic strata are pre-
served in both rim-synclines (Fig. 3.7a). Uplift in the Jurassic and resulting erosion
occurred on a larger scale as discussed in chapter 3.5.1. Therefore, assuming a local
similar degree of erosion above the pillow crest and rim-synclines during the Jurassic,
we suggest that thickness of the Jurassic was increased within the rim-synclines prior
to erosion. This indicates ongoing salt pillow growth at least in Early Jurassic times.
Thickness is uniform within the Lower Cretaceous to Turonian. Therefore, we inter-
pret a cessation of local salt flow during this time.

Changed depositional regimes possibly affected by basement tilt, as described in chap-
ter 3.5.1, relocated the local depocenter traces in the Late Cretaceous (Figs. 3.7a). The
observed NE depocenter migration in both rim-synclines marks a phase of renewed
salt flow and pillow growth beginning in the Santonian-Coniacian and lasting until the
Cenozoic. Local thinning of the Upper Cretaceous successions towards the TN pillow
center is overprinted by the general SW thickness increase caused by uplift of the
Grimmen High (Fig. 3.8). A set of normal faults piercing the Cretaceous above the
pillow crest remind of a crestal collapse graben structure. We associate this with over-
burden extension and bending as a result of rising salt. The Cenozoic is clearly thinned
above the TN pillow while thick successions within both rim-synclines express ongo-
ing salt movement. When exactly salt movement ceased is an aspect of future work
and requires a detailed stratigraphic subdivision of the Cenozoic.

In summary, we observed two phases of salt movement, which are coeval with phases
of increased regional tectonic stress. Initiation of salt pillow growth was in the Late
Triassic (mostly Rhaetian-Norian) with movement lasting at least throughout the Early
Jurassic. During this time, the study area was affected by extension. The second phase
took place from the Santonian-Coniacian until the Cenozoic. It correlates to the onset
of the Africa-lberia-Europe convergence and resulting phase of basinwide inversion,
the change of the regional stress field from extensional to compressional and associ-
ated uplift of the Grimmen High.

3.5.2.3. Pillow growth mechanisms

In a literature-based compilation, Warsitzka et al. (2019) summarized the salt tectonic
evolution of the Southern Permian Basin and mapped potential trigger mechanisms
that caused salt structure initiation. For the northeastern North German Basin margin,
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their compilation suggests a triggering either by gravity gliding or by thin-skinned or
minor basement involved extension. However, the referenced studies were rather spec-
ulative and partly far away from the actual basin margin in the Baltic Sea sector. In the
following, we revise potential trigger and salt pillow growth mechanisms for our study
area and discuss their compatibility with the regional tectonic interpretation described
above (Fig. 3.10). Besides the mechanisms mentioned by Warsitzka et al. (2019), we
further consider for completeness salt pillow growth driven by differential loading or
basement-involving faulting.
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Figure 3.10: Sketch illustrating salt pillow growth mechanisms. (a) Initial situation with salt layer and
prekinematic overburden. (b) Thick-skinned extension and subsequent thick-skinned shortening. (c)
Thin-skinned extension and subsequent thin-skinned shortening. (d) Differential loading. (e) Gravity
gliding. Based upon terminologies introduced by Stewart (2007); Warren (2008); Brun and Fort (2011)
and Jackson and Hudec (2017).

A basement involving fault-controlled salt structure evolution (as in Jackson et al.,
1994; Stewart & Coward, 1996; Withjack & Callaway, 2000; Warren, 2008) (Fig.
3.10b) is well-known to have created salt anticlines above basement faults in the
Southern Permian Basin, e.g. in the Gliickstadt Graben, and in other basins such as the
Levant Basin (e.g. Kockel, 1999; Warren, 2008; Reiche et al., 2014; Warsitzka et al.,
2019). However, our seismic profile does not show basement faults underneath both
salt pillows.

A thin-skinned salt pillow evolution (Fig. 3.10c) requires effective decoupling of the
overburden from the basement. Numerous authors stated this for the northeast NGB
margin (Kossow et al., 2000; Kossow & Krawczyk, 2002; Krauss & Mayer, 2004;
ZolIner et al., 2008; Hibscher et al., 2010; Al Hseinat & Hubscher, 2017). Triggering
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of the salt flow in the Bay of Mecklenburg occurred during E-W directed extension.
Major faults underneath the salt pillows are not visible. As discussed in chapter 3.4.1,
Norian-Rhaetian to Jurassic transtensional dextral strike slip movements within the
Trans-European Suture Zone affected the Werre Fault Zone ca. 50 km northeast of the
salt pillows. This correlates directly with the initiation of salt pillow growth in the Bay
of Mecklenburg. The Zechstein succession in the Bay of Mecklenburg contains rela-
tively thick Stassfurt halite units (Figs. 3.6a and 3.3). This allows effective decoupling
of sub-Zechstein induced deformation within the Trans-European Suture Zone and the
distribution of deformation within a relatively wide zone in the overburden (Richard
etal., 1991). Therefore, a thin-skinned reactive pillow growth is a possible mechanism.
During reactive growth, regional extensional stress, as evidenced in the Werre Fault
Zone, creates a tectonic differential load by thinning the overburden and forming gra-
bens or half grabens. Then, pressurized salt can flow into these structurally thinned
zones (as in Vendeville & Jackson, 1992; Hudec & Jackson, 2007) (Fig. 3.10c). Initial
normal crestal faults are not prominent in the Keuper successions imaged in our pro-
file. However, the base Cretaceous unconformity directly overlies the Norian-Rhaetian
deposits, which, therefore, were affected by Late Jurassic erosion that possibly re-
moved the records of initial normal faulting. The observed salt structures never
reached a diapiric stage and thick burial by undeformed Early to Middle Triassic suc-
cessions precludes an active stage. NW-SE transtensional strike slip movements within
the Trans-European Suture Zone were parallel to the present day dominant trend of
salt structures within the eastern part of the NGB (Scheck-Wenderoth et al., 2008)
(Fig. 3.1). This is in agreement with a thin-skinned pillow formation.

The second phase of salt pillow growth occurred from the Coniacian-Santonian to
early Cenozoic and eventually continued throughout the Cenozoic. Timing of salt pil-
low growth correlates with the phase of basinwide inversion and uplift of the Grimmen
High related to the onset of the Africa-lberia-Europe convergence. Associated NE-SW
directed compression induced horizontal shortening (Kley & Voigt, 2008). Due to the
decoupling, thin-skinned shortening inducing salt movement is a possible growth
mechanism during the second phase (as in Hudec & Jackson, 2007; Callot et al., 2012)
(Fig. 3.10c). As a result of compression, the salt’s overburden may buckle allowing
the salt to flow into the low-pressure cores of overburden anticlines. Preexisting struc-
tures are especially prone to be amplified by later shortening (Vendeville & Nilsen,
1995; Hudec & Jackson, 2007). Kossow and Krawczyk (2002) mention 8.5 km of
shortening of the supra-salt in the NGB, of which 70 % accumulated in thrusted struc-
tures at the southern NGB margin. The remaining amount of shortening distributes
over the northern basin area with decreasing deformation towards the northeastern ba-
sin margin. Uplift of the Grimmen High and inversion of the Werre Fault as a reverse
fault evidence compressional forces, which possibly induced overburden buckling
above the southwestern pillows. However, we do not observe any signs of thrust fault-
ing of the salt pillow overburden. This suggests that the mobile salt effectively pro-
vided the infill of detachment folds rather than creating thrusts faults (Stewart, 1996).
Whether shortening in the Bay of Mecklenburg was sufficient to induce salt pillow
growth requires further analysis. However, thin-skinned extension triggering salt pil-
low growth in the Late Triassic and subsequent remobilization by thin-skinned
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shortening in the Late Cretaceous is a possible scenario explaining salt pillow for-
mation in the Bay of Mecklenburg (Fig. 3.10c). The two observed phases of pillow
growth correlate with regional tectonic deformation and the thick halite units within
the Zechstein sequence allows effective decoupling.

Differential loading causing downbuilding of the salt pillows is another possible mech-
anism for pillow growth (e.g Jackson & Hudec, 2017) (Fig. 3.10d). The Buntsandstein,
Muschelkalk and lower Keuper show a locally relatively uniform deposition in the Bay
of Mecklenburg. Accordingly, the gravitational load prior to the deposition of the
Rhaetian-Norian seismic unit was rather equally distributed as evidenced by the locally
uniform thickness of underlying pre-Norian sediments. This contradicts a Late Triassic
triggering of salt movement by differential loading, as there is a lack of varying grav-
itational load between rim-synclines and pillow crest. However, after an initiation by
thin-skinned extension as described above, differential loading is a possible compo-
nent driving ongoing salt movement during the Late Triassic and Early Jurassic due to
the thicker deposits within the rim-synclines. This could have resulted in increased
pressure on the salt underneath the rim-synclines leading to salt expulsion and pillow
growth. The subsequent remobilization of salt movement in the Late Cretaceous does
not fit to the concept of differential loading, as the gravitational load after the sedi-
mentation during the Cretaceous tectonic quiescence was again rather uniform.

Gravity driven salt movements have been intensively studied at passive margins, how-
ever, its applicability to intracontinental basins is questionable. Gravity gliding (as in
Cobbold & Szatmari, 1991; Duval et al., 1992; Brun & Nalpas, 1996; Brun & Fort,
2011, 2012; Rowan et al., 2012) was discussed for some areas of the Southern Permian
Basin (e.g. Warsitzka et al., 2019) and in the following we discuss a possible effect on
the salt pillow evolution at the northeastern North German Basin (NGB) margin (Fig.
3.10e). The second phase of observed salt flow from the Santonian to Cenozoic corre-
lates with the phase of basinwide inversion and uplift of the basin margin including
the Grimmen High. This caused increased basin margin tilt at the northeastern margin.
The continuous NE migration of the local depocenter within both rim-synclines sug-
gest a SW directed down-dip salt flow (Fig. 3.7a). The base Zechstein reflector (b-PZ,
Fig. 3.7a) dips SW with approx. 1° in a length of ca. 90 km. Gravity gliding in the
Kwanza Basin, offshore Angola, occurred with slope dips below 1° over distances of
more than 150 km. Locally, gliding occurred at slopes of ca. 50 km length and angles
of roughly 2.5 ° (Jackson & Hudec, 2005). Brun and Fort (2011) used analog models
to calculate that margin tilt angles lower than 1° for wide basins (200-600 km), covered
by initial sedimentary cover thickness of up to 1 km, allow dominant gliding. Shorter
basins require steeper angles and less sedimentary cover. Based upon these estima-
tions, the basin configuration of the northeastern NGB margin with approx. 1° slope
angle over 90 km might allow gravity gliding in principle. However, the comparable
short slope length and thick sedimentary overburden contradict substantial gliding and
therefore might, if at all, allow only minor translation. Additionally, we need to con-
sider some major differences in the geological setting between the two basins. The
Kwanza basin is located at a passive continental margin. Sediment load concentrates
updip on the slope. Gravity gliding and gravity spreading induced forces both add up
in downdip direction. The NGB on the other hand is an intracontinental basin with
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maximum sediment load at the center. This load concentration induces counteracting,
updip forces which possibly further limit downdip salt translation. For the northeastern
basin margin, salt flow by gravity gliding would be downdip in southward direction.
The Bay of Mecklenburg would represent the contractional domain where shortening
causes salt pillow growth, whereas the Grimmen High and WFZ correspond with the
extensional domain of updip salt depletion. Zechstein thickness at the Grimmen High
is not entirely reduced compared to the salt pillows in the Bay of Mecklenburg (ca.
factor of 2-3). Additionally, there is a general SW thickness increase due to the closer
proximity to the basin center (e.g. Kossow et al., 2000). Hence, the overall small
amount of lateral thinning indicates minor actual salt flow. The total depocenter mi-
gration in this study is less than 2 km. This also fits to an interpretation of only minor
salt translation comparing to the relatively huge depocenter migrations of more than 5
km observed by Jackson and Hudec (2005) in the Kwanza basin. Their modeling re-
sults showed that a high ratio of aggradation rate to translation rate down the ramp
(A/T) results in steeply dipping depocenter traces while a low A/T ratio creates gently
dipping depocenter traces. The steeply dipping depocenter traces observed in the Bay
of Mecklenburg suggest a high A/T ratio. This is either caused by a high amount of
sedimentation or minor actual salt flow down the slope. Both are consistent with our
observations. A thick overburden overlies the Zechstein sequence and actual salt flow
seems minor due to considerations above. Based upon this discussion, gravity gliding
might not have played a dominant role at the northeastern NGB margin. Salt flow is
more likely controlled by thin-skinned extensional and compressional deformation.
However, gravity gliding could have temporally contributed and caused minor down-
dip salt flow. We propose a scenario of gravity gliding induced slow creeping down
the tilted basin slope during the Late Cretaceous to Cenozoic. This resulted in updip
salt depletion at the Grimmen High and accumulation within the investigated salt pil-
lows. Consequently, only minor updip thin-skinned extension without significant
faulting occurred.

We analyzed lateral salt flow based on a NE-SW directed seismic profile. Our results
provide valuable findings and mark a first step for further studies, where we strive for
a comprehensive reconstruction and timing of salt movements in the whole area of the
Baltic Sea sector by means of further available multichannel seismic data. This will
allow addressing lateral salt movement in all directions and their influence on the
structural development of the area. Depth conversion and section restauration of the
seismic profile analyzed in this paper will be part of future work.

3.6.  Summary

. For the first time, we present a complete image from the base of the Zechstein
to the seafloor ranging from the Bay of Mecklenburg to the northeast of Riigen Island.
The seismic section images Late Permian to recent Cenozoic deposits.

. The basin margin faults of the Agricola Fault System and associated Werre
Fault Zone initiated during ENE-WSW extension in the Late Triassic. In between,
subsidence in the Prerow Depression formed a marginal sub-basin. The main phase of
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subsidence attributes to the Rhaetian-Norian until Early Jurassic times, where transten-
sional dextral strike slip movements within the Trans-European Suture Zone domi-
nated.

. The Werre Fault Zone is reinterpreted as an inverted thin-skinned normal fault
zone forming a rollover structure detached close to the base Zechstein. Antithetic nor-
mal faults are associated with the Prerow Fault Zone and suggest thin-skinned defor-
mation related to the subsiding hanging wall of the Werre Fault. Faulting began in the
Late Triassic and is associated with the formation of the Western Pomeranian Fault
System.

. Major plate reorganization related to the Africa-Iberia-Europe collision led to
basin scale inversion and uplift of the Grimmen High at the northeastern North German
Basin margin. Uplift started in the Santonian-Coniacian with increased activity during
the Maastrichtian-Campanian and amounts to values ranging from 460 m to 570 m.
This led to erosion of much of the Cretaceous succession of the Grimmen High and
within the Werre Fault Zone. The Werre Fault was inverted as a reverse fault causing
uplift and erosion of the hanging wall.

. Salt pillow growth in the Bay of Mecklenburg initiated in the Late Triassic in
an extensional tectonic regime. Continuous growth until the Jurassic preserved thicker
Late Triassic and Early Jurassic deposits in the rim-synclines while thinning and partly
erosion occurred above the pillow crests. A second phase of salt pillow growth was in
the Late Cretaceous to Cenozoic correlating with the onset of basin inversion and re-
verse faulting in the Werre Fault Zone.

. We discussed salt pillow evolution in the Bay of Mecklenburg and invoked two
possible driving mechanisms. In the first scenario, a thin-skinned extensional initiali-
zation in the Late Triassic and Jurassic was followed by Late Cretaceous-Cenozoic
thin-skinned shortening which led to further salt pillow growth. The second scenario
discusses an effect of gravity gliding induced by basin margin tilt during the Late Cre-
taceous to Cenozoic. This could add to local salt flow by slow downdip creeping re-
sulting in updip depletion, downdip salt accumulation and pillow formation.
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4. Triassic-Jurassic salt movement in the Baltic sector of the
North German Basin and its relation to post-Permian regional
tectonics

Abstract

The formation and overprinting of complex intracontinental basin, like the North Ger-
man Basin, is a fundamental earth process, its understanding is not only of basic re-
search but also of socioeconomic importance because of its multitude of resources,
potential hazards and subsurface use capability. Major subsidence and structural dif-
ferentiation of the Central European Basin System occurred during the Triassic-Juras-
sic. A dense network of high-resolution 2D seismic data together with nearby wells
allow creating regional maps with refined stratigraphic subdivision of yet unprece-
dented spatial resolution, including an update of basement faults in the bays of Kiel
and Mecklenburg. Cross sections covering the NW, N and NE basin margin allow
reconstructing the structural evolution of the Zechstein salt and its overburden. At the
northern basin margin, near the Kegnaes Diapir, thinning of the Buntsandstein and
divergent reflectors indicate an Early Triassic stage of faulting and salt movement,
which suggests that the common concept of relatively quiet tectonic conditions during
Early Triassic thermal subsidence would have to be expanded. In the Late Triassic,
tectonic activity increased expressed by the onset of salt movement in the northeastern
Gluckstadt Graben, major growth of the Kegnaes Diapir and faulting at the northeast-
ern basin margin during deposition of the Keuper (Grabfeld, Stuttgart and Weser for-
mations). We explain the pillow to diapir transition of the Kegnaes Diapir by extension
and erosional unroofing during the Late Triassic. At the northeastern basin margin, we
interpret the accumulation of Keuper and Jurassic deposits as a transtensional sub-
basin, bordered by the Werre Fault Zone and Agricola Fault System. This area forms
the northwestern prolongation of the Western Pomeranian Fault System, where Late
Triassic transtension reactivated deep-seated Paleozoic structures. Between the Gliick-
stadt Graben and the northeastern basin margin, the Eastholstein-Mecklenburg Block
formed a more stable area, where salt movement first began the latest Triassic.

4.1. Introduction

The North German Basin forms part of the intracontinental Southern Permian Basin
and has a complex and long history of basin evolution from the Carboniferous to Qua-
ternary (see e.g. overviews: Ziegler, 1990a; Maystrenko et al., 2008; Pharaoh et al.,
2010). Important stages of the basin evolution can be summarized to the (1) initial
Permo-Carboniferous phase of wrench faulting, intense volcanism and thermal sub-
sidence, (2) late Permian deposition of the Zechstein evaporites, (3) continuous late
Permian to Mid Triassic thermal subsidence, (4) Late Triassic E-W extension and ba-
sin differentiation, (5) Mid Jurassic uplift due to thermal doming, (6) Late Cretaceous
inversion and (7) Cenozoic rifting and glaciation (Pharaoh et al., 2010). Even though
the overall basin evolution is well understood, the link between regional tectonics, salt
movement and inherited deep-rooted structures at a regional scale and the temporal
resolution of geological stages remains partly elusive. In times of growing interest in
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the usage of the deeper subsurface, e.g. for geoengineering projects like Carbon Cap-
ture and Storage (CCS), geothermal energy utilization, storage of renewable energy or
the search for a nuclear repository, a profound understanding of the evolution of the
basin and its deep-rooted fault systems is very important (Gill, 2017).

The Baltic sector of the North German Basin (NGB) covers the northern basin margin
at the transition from Variscan consolidated crust to the Precambrian East European
Craton (Guterch et al., 2010). This part of the basin includes a part of the northeastern
Gluckstadt Graben, which experienced intensive extension and salt movement during
the Triassic, and the Western Pomeranian Fault System at the northeastern basin mar-
gin, which developed due to Triassic transtensional tectonics (Fig. 4.1) (Krauss &
Mayer, 2004; Maystrenko et al., 2005a, 2005b). Many salt structures spread across the
entire area making the Baltic sector of the NGB an ideal study area to investigate the
impact of regional tectonics on salt movement. Among the salt structures in the Baltic
sector of the NGB are a set of four approx. WNW-ESE striking salt diapirs at the
northern basin margin, spreading across the island of Lolland towards Langeland (Fig.
4.1). Their isolated location at the basin margin, surrounded by salt pillows, is unique
within the NGB. The causative relation of salt tectonics, basin configuration and re-
gional tectonics, which led to the formation of these diapirs at the northern basin mar-
gin, remains unclear.

In the past, much research analyzing the post Permian sedimentary record has been
done in the Baltic sector of the NGB (Hubscher et al., 2004; Hansen et al., 2005;
Maystrenko et al., 2005a, 2005b; Hansen et al., 2007; ZélIner et al., 2008; Hibscher
et al., 2010; Al Hseinat & Hubscher, 2014; Al Hseinat et al., 2016; Kammann et al.,
2016; Al Hseinat & Hubscher, 2017; Deutschmann et al., 2018; Hiibscher et al., 2019;
Frahm et al., 2020; Huster et al., 2020; Schnabel et al., 2021). These studies used seis-
mic imaging and mapping of post-Permian units with a lithostratigraphic subdivision
representing a vertical resolution in the order of geological series to analyze the re-
gional tectonic and salt tectonic structural evolution. From this, four major post Per-
mian tectonic phases important for salt structure evolution were identified: (1) Late
Triassic — Early Jurassic extension triggering initial salt movement; (2) The Mid Ju-
rassic North Sea Doming event causing large-scale uplift and erosion; (3) Late Creta-
ceous inversion; (4) Paleogene-Neogene reactivation of salt movement. In a recent
study, Ahlrichs et al. (2021a) presented regional maps of the Baltic sector of the NGB
with a refined stratigraphic subdivision of Late Cretaceous and Cenozoic units to show
that the onset of Late Cretaceous inversion began alongside minor salt movement in
the Coniacian-Santonian. Furthermore, the authors stated that major salt flow restarted
in the late Eocene to Oligocene and that this phase of revived salt movement can be
attributed to extension. For the Triassic, such regional maps resolving the stratigraphic
subdivision beyond the level of the main lithostratigraphic units of the Germanic Tri-
assic (in German: “Germanische Trias”, compromising the Buntsandstein, Mus-
chelkalk, Keuper) are lacking in the Baltic sector of the North German Basin. Studies
carried out in the adjacent onshore areas (Denmark: Clausen & Pedersen, 1999; Glick-
stadt Graben and Lower Saxony: Frisch & Kockel, 1999; Baldschuhn et al., 2001,
Kockel, 2002; Warsitzka et al., 2016; Mecklenburg-Western Pomerania: Beutler et al.,
2012) have a refined stratigraphic subdivision of the Triassic units and specified that
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the onset of extensional tectonics and initial salt movement in the Late Triassic oc-
curred during deposition of the Grabfeld and Weser formations.

In this study, we focus on the Triassic-Jurassic phase of basin evolution to deepen both
the understanding of regional tectonics and the initial development of salt structures
prior to Late Cretaceous inversion. We use a dense network of high-resolution 2D
seismic data in combination with onshore and offshore wells to refine the stratigraphic
subdivision of the Triassic and create regional maps of the Triassic - Jurassic units,
which close the gap to adjacent onshore areas. We present key seismic profiles and
regional time-structure and isochron maps of the Zechstein, Buntsandstein, Mus-
chelkalk, Keuper II (Grabfeld, Stuttgart, Weser formations), Keuper I (Arnstadt, Exe-
ter formations) and Jurassic units to analyze the Triassic to Jurassic structural evolu-
tion of the region. Thereby, we strive for a detailed structural analysis of the basin
margin and its fault systems and propose an explanation for the development of salt
diapirs at the northern basin margin. Together with previous studies setting up the
stratigraphic framework (Ahlrichs et al., 2020) and investigating the Late Cretaceous
and Cenozoic development (Ahlrichs et al., 2021a), this study focuses on the Triassic
and Jurassic, which completes the analysis of the impact of regional post-Permian tec-
tonics on salt structure evolution in the Baltic sector of the NGB. Additionally, our
results contribute to a prospective offshore extension of the recently published 3D ge-
ological overview model of the onshore part of the NGB, which was developed to meet
the increasing demands on subsurface use in Germany (TUNB Working Group, 2021).
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Figure 4.1: Structural overview of the northern North German Basin (modified after Ahlrichs et al.,
2020; Ahlrichs et al., 2021a). Inset shows approximate outline of the northern and southern Permian
Basin (present day limit of Permian deposits after Maystrenko & Scheck-Wenderoth, 2013). Red box
shows study area. Salt structures were compiled after Vejbaek (1997); Dadlez and Marek (1998);
Reinhold et al. (2008); Warsitzka et al. (2019); Ahlrichs et al., 2021a. AFS: Agricola Fault System;
EHMB: Eastholstein-Mecklenburg Block; PFZ: Prerow Fault Zone; STZ: Sorgenfrei-Tornquist Zone;
TTZ: Teisseyre-Tornquist Zone; WFZ: Werre Fault Zone; WPFS: Western Pomeranian Fault System.
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4.2. Geological Setting

The study area is located at the northern margin of the North German Basin (NGB)
and spans from the Bay of Kiel in the west to the Bay of Mecklenburg and Riigen
Island in the east (Fig. 4.1). The crust below the Baltic sector of the North German
Basin consist of acomplex assemblage of terranes, the Paleozoic Platform, which com-
promise the Caledonian and Variscan consolidated crust of Central Europe, and its
transition to the Precambrian East European Craton (Fig. 4.1) (e.g. Guterch et al.,
2010). The transition from the Paleozoic Platform to the East European Craton is
termed the Trans-European Suture Zone and spans from the Caledonian Deformation
Front in the north to the Elbe Line in the south (Fig. 4.1) (Berthelsen, 1992; Guterch
et al., 2010). The northern part of the Trans-European Suture Zone overlaps with the
Tornquist Fan, a northwestward widening zone of dominantly Paleozoic faults south
of the Tornquist Zone (Fig. 4.1) (Berthelsen, 1992; Thybo, 1997). The Ringkgbing-
Fyn High, Mgn High and Arkona High are a WNW-ESE trending series of basement
highs (sensu Peacock & Banks, 2020), which separate the NGB and the Norwegian-
Danish Basin (Fig. 4.1). The highs are characterized by generally thin cover of Meso-
zoic and Cenozoic sediments and elevated Precambrian basement (EUGENO-S
Working Group, 1988). The Ringkabing-Fyn High formed during late Carboniferous
— early Permian WNW-ESE extension and transtension where the Ringkebing-Fyn
High experienced less stretching than the adjacent subsiding North German and Nor-
wegian Danish basins (Fig. 4.1) (Vejbaek, 1997). The Ringkabing-Fyn High remained
a high until the Late Cretaceous (EUGENO-S Working Group, 1988; Cartwright,
1990). In the western part of the study area, the NNE-SSW trending Mesozoic-Ceno-
zoic Glickstadt Graben formed a NGB depocenter with up to 11 km of post-Permian
sediment thickness strongly influenced by salt tectonics (e.g. Maystrenko et al., 2005a)
(Fig. 4.1). The Eastholstein Trough marks the eastern part of the Gliickstadt Graben
and partly extends into the western Bay of Kiel. The central and eastern Bay of Kiel
together with the Bay of Mecklenburg cover the peripheral region between the Glick-
stadt Graben and the northeastern basin margin (Eastholstein-Mecklenburg Block),
where the sedimentary cover is decreased to 2 — 4 km thickness (Fig. 4.1) (Maystrenko
et al., 2005b). The eastern part of the study area is characterized by the Western Pom-
eranian Fault System, a series of NW-SE to NNW-SSE striking fault systems within
the Mesozoic succession, often bordering Y-shaped grabens or half-grabens (e.g.
Werre Fault Zone, Prerow Fault Zone, Agricola Fault System, see Fig. 4.1) (Krauss &
Mayer, 2004).

Figure 4.2 briefly summarizes the development of the NGB showing the main tectonic
events together with the dominant lithology. In the late Carboniferous-early Permian,
basin formation began with wrench faulting, volcanism, lithospheric thinning and ther-
mal subsidence (Ziegler, 1990b). During the late Permian, repeated restricted seawater
influx under arid conditions led to extensive evaporation and the deposition of the lay-
ered Zechstein evaporite succession within the basin (Fig. 4.2). In the study area, it
consists of seven cyclothems (Z1: Werra; Z2: Stassfurt; Z3: Leine; Z4: Aller; Z5:
Ohre; Z6: Friesland; Z7: Fulda) with varying amounts of clay, carbonates, anhydrite,
halite and potash sequences (Peryt et al., 2010; Strohmenger et al., 1996). However,
the Friesland and Fulda cyclothems are only present in the southern part of our study
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area (Best, 1989). Due to the highest amount of mobile halite and less relatively im-
mobile anhydrite, the Stassfurt cyclothem is the most important for salt tectonics in
our study area (e.g. Kossow et al., 2000). Thermal subsidence lasted until the Middle
Triassic throughout the deposition of the Buntsandstein and Muschelkalk successions
(Fig. 4.2) (Van Wees et al., 2000). Locally, subsidence was interrupted by extension
forming a narrow graben in the central Gllckstadt Graben during the Early and Middle
Triassic (Brink et al., 1992).

An eustatic sea-level drop established terrestrial conditions in the Late Triassic during
deposition of the Keuper units (N6ldecke & Schwab, 1976). During the Late Triassic,
E-W directed extension widened the Gliickstadt Graben and caused intensive salt
movement (Brink et al., 1992; Maystrenko et al., 2005b). Contemporaneously, the
Zechstein salt started moving in the other parts of the study area and initiated salt
structure growth (Hansen et al., 2005; Hansen et al., 2007; Hubscher et al., 2010).
Covering the Glickstadt Graben and much of northwest Germany, Frisch and Kockel
(1999) refined the stratigraphic subdivision of the Keuper and observed discrete pulses
of E-W extension during deposition of the Grabfeld and Weser formations (Lower and
Upper Gipskeuper) (Fig. 4.2). With the deposition of the overlying Arnstadt Formation
(Steinmergelkeuper), tectonic activity abated (Frisch & Kockel, 1999). In the eastern
part of the study area, Late Triassic extensional and dextral transtensional movements
caused the development of the Western Pomeranian Fault System (WPFS) by reacti-
vation of preexisting NW-SE oriented Paleozoic faults, which were partly decoupled
from the supra-salt by the overlying Zechstein salt (Krauss & Mayer, 2004; Seidel et
al., 2018). Contemporaneously to the faulting in the WPFS, salt movement started in
the Bay of Mecklenburg (Ahlrichs et al., 2020). In the WPFS, first signs of active
faulting are indicated by increased thickness of the Grabfeld Formation within the gra-
ben structures (Beutler et al., 2012). A major erosional unconformity, termed the Early
Cimmerian Unconformity (“Altkimmerische Hauptdiskordanz” by Beutler & Schiiler,
1978), characterizes the Keuper succession in the study area. The unconformity forms
the base of the Arnstadt Formation (base Norian, Fig. 4.2) and is especially prominent
around Rigen Island, where in some areas the entire lower Keuper deposits are miss-
ing (Beutler & Schiler, 1978). The Rhaetian transgression reestablished shallow ma-
rine conditions lasting throughout the Early Jurassic (Kossow et al., 2000). From Mid-
dle Jurassic times until the Albian, the North Sea Doming event caused uplift and a
phase of non-deposition during which widespread erosion removed much of the Juras-
sic and partly Upper Triassic deposits in the study area (Fig. 4.2) (Ziegler, 1990b;
Underhill & Partington, 1993; Japsen et al., 2007; Hibscher et al., 2010). Jurassic de-
posits are almost exclusively preserved in rim-synclines of salt structures and mostly
of Early Jurassic age (Hoth et al., 1993; Baldschuhn et al., 2001; Hansen et al., 2005;
Zollner et al., 2008; Hibscher et al., 2010). Assuming a locally similar degree of ero-
sion, the correlation of thicker remnants of Jurassic deposits with the rim-synclines
could suggest ongoing salt movement during the Early Jurassic (Hansen et al., 2005;
Ahlrichs et al., 2020). Rising sea-levels led to resumed sedimentation in the Albian
(Fig. 4.2). The Cenomanian to Turonian succession was deposited in a period of rela-
tive tectonic quiescence (Vejbaek et al., 2010). In the late Turonian to Santonian, a
major plate reorganization and the onset of the Africa-lberia-Europe convergence
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subjected the study area to compressional stress leading to inversion at the northern
NGB margin (Fig. 4.2) (Kley & Voigt, 2008). Resulting horizontal shortening caused
uplift, erosion and fault reactivation (Hibscher et al., 2010; Al Hseinat & Hubscher,
2017; Ahlrichs et al., 2020). In the Bay of Mecklenburg, minor salt movement started
contemporaneous with inversion of the Werre Fault Zone and uplift of the Grimmen
High (Ahlrichs et al., 2021a). During the Paleocene, large-scale uplift caused a re-
gional unconformity, which was followed by a period of tectonic quiescence in the
Eocene (Ahlrichs et al., 2021a). In the late Eocene to Oligocene, intensified salt move-
ment restarted in the Glickstadt Graben and likely also in the rest of the study area,
whose underlying cause was interpreted to originate from revived E-W directed exten-
sion (Ahlrichs et al., 2021a). In Miocene times, regional uplift of the Ringkebing-Fyn
High and adjacent areas led to erosion of the Miocene, Oligocene and partly upper
Eocene deposits in the study area outside the Gliickstadt Graben (Hinsch, 1987;
Rasmussen, 2009; Japsen et al., 2015). Quaternary glaciation eroded further Neogene
and Paleogene sediments (e.g. Sirocko et al., 2008).
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Figure 4.2: Lithostratigraphic chart of the North German Basin showing dominant lithology, main tec-
tonic events, average thickness and lithostratigraphic subdivision of the Triassic and Jurassic (Compiled
from Clausen & Pedersen, 1999; Kossow & Krawczyk, 2002; Bachmann et al., 2008; Beutler et al.,
2012; STD 2016; Ahlrichs et al., 2021a). Reflectors modified after Ahlrichs et al. (2020). Seismic units
mapped in this study are also shown. Reflectors: b-Q: base Quaternary Unconformity; b-Mi: base Mio-
cene; b-Ol: base Oligocene; b-uEo: base upper Eocene; b-Eo: base Eocene; b-uPa: base upper Paleo-
cene; b-CMa: base Upper Cretaceous Maastrichtian; b-CCa: base Upper Cretaceous Campanian; t-CTu:
top Upper Cretaceous Turonian; b-uC: base Upper Cretaceous;b-C: base Cretaceous; b-1J: base Lower
Jurassic; ECU: Early Cimmerian Unconformity; b-TKe: base Triassic Keuper; b-TMU: base Triassic
Muschelkalk; t-TSa: top Triassic Salinarr6t; b-TBu: base Triassic Buntsandstein; b-PZ: base Permian
Zechstein. Other abbreviations: Bunter Sand.: Bunter Sandstone; Guada.: Guadalupian; Lo.: Lower;
Lop.: Lopingian; Oligo.: Oligocene; Paleo.: Paleocene; Pl.: Pleistocene; Qu.: Quaternary.

4.3. Database & Methods

4.3.1. Seismic database

The seismic database used in this study consists of high-resolution 2D seismic reflec-
tion data with a total profile length of more than 10,000 km acquired during multiple
surveys (Fig. 4.3). The database consist of seismic profiles of the BaltSeis and Neo-
Baltic projects (Hibscher et al., 2004, see Al Hseinat & Hilbscher, 2017 for a detailed
description), reprocessed profiles of the Petrobaltic database (Rempel, 1992; Schluter
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etal., 1997), profiles of the DEKORP-BASIN’96 survey (DEKORP-BASIN Research
Group, 1999) and industry profiles (kindly provided by ExxonMobil Production
Deutschland GmbH). These more local surveys were connected by the BalTec data
(HUbscher et al., 2016), a regional network of high-resolution 2D seismic data imaging
the subsurface continuously from the Zechstein salt base up to the seafloor (see
Ahlrichs et al., 2020 for a more detailed description).
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Figure 4.3: Seismic and well database used in this study (modified after Ahlrichs et al., 2021a). A:
Seismic profiles of the BalTec survey and locations of shown profiles in this study together with wells
in the study area. Distribution boundary of the Zechstein unit and pinch-out of mobile Zechstein units
simplified after Katzung, 2004; Peryt et al., 2010; Seidel, 2019 B: Complete database with all available
seismic profiles and wells used for mapping. Orange lines: seismic profiles of the BalTec survey. C:
Names of salt structures. 1: Waabs; 2: Bredgrund; 3: Plén; 4: Kieler Bucht; 5: Schleimiinde; 6: Lange-
land Siid; 7: Langeland; 8: Fliiggesand; 9: Vinsgrav; 10: Langeland Ost; 11: Kegnaes; 12: Fehmarn; 13:
Staberhuk Ost; 14: Fehmarnsund Ost; 15: Cismar; 16: Boltenhagen Nord; 17: Trollegrund Nord; 18:
Neobaltic; 19: Prerow; 20: Als Ost (discovered in this study).

4.3.2. Stratigraphy

Stratigraphic interpretation in this study is based upon the stratigraphic framework de-
scribed by previous publications, which were already carried out within the StrucFlow
project and used the same database (Ahlrichs et al., 2020; Ahlrichs et al., 2021a).
Within this framework, 18 seismic horizons were identified: base Quaternary Uncon-
formity, base Miocene, base Oligocene, base upper Eocene, base Eocene, base upper
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Paleocene, base Maastrichtian, base Campanian, top Turonian, base Upper Creta-
ceous, base Cretaceous, base lower Jurassic, Early Cimmerian Unconformity, base
Keuper, base Muschelkalk, top Salinarrét, base Buntsandstein, base Zechstein (Fig.
4.2). However, the base Cretaceous and base Upper Cretaceous reflectors cannot be
resolved as the thickness of the Albian unit between both reflectors is below seismic
resolution in the study area. The calibration of the seismic data with well information
from deep research and hydrocarbon exploration wells was set up for the Bay of Meck-
lenburg and the area west of Rigen Island (Nielsen & Japsen, 1991; Hoth et al., 1993;
Schliter et al., 1997, see Ahlrichs et al., 2020 for a detailed description). From there,
we traced the horizons across the study area using all available seismic data (Fig. 4.3).
Additional control on the well-to-seismic tie was provided by the Kegnaes-1 well in
the Bay of Kiel (Fig. 4.4) and further Danish wells northwest of the Island of Als (Fig.
4.3) (Nielsen & Japsen, 1991). Furthermore, we linked the stratigraphic interpretation
to previous onshore and offshore studies in the area (Michelsen, 1978; Clausen &
Pedersen, 1999; Baldschuhn et al., 2001; Hansen et al., 2005; Maystrenko et al., 2005a,
2005b; Hansen et al., 2007; Zo6lIner et al., 2008; Hubscher et al., 2010; Al Hseinat et
al., 2016; Deutschmann et al., 2018).

Figure 4.4: Well-to-seismic . Kegnaes-1 Intersection
tie for the Kegnaeas-1 well. Dlstance1(km) Fig. 5B
Markers show the base of the 0
units and are based on Nielsen
and Japsen (1991). For loca-
tion, see Fig. 4.3. See Fig. 4.2
for reflector abbreviations and
juxtaposition of German and
Danish lithostratigraphic units.
Fm: Formation; VE: vertical
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exaggeration. ;
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4.3.3. Mapping

In this study, we focus on mapping of the Zechstein, Triassic and Jurassic units to
identify episodes of increased tectonic activity and salt movement in the Baltic sector
of the North German Basin in the context of the regional Triassic-Jurassic basin evo-
lution. Using the same database, the Zechstein unit was already mapped by Ahlrichs
et al. (2021a). There, the BalTec, Petrobaltic, DEKORP-BASIN’96 and industry pro-
files contributed to the mapping of the Zechstein unit as these surveys have a deep
signal penetration and clearly image both the base and top Zechstein horizons. In this
study, we revisited all other profiles in the database, which image the shallow and
medium depth range, and refined the Zechstein maps by adding further horizon picks,
especially towards the basin margin, where the Zechstein unit is at shallower depth.
For the Triassic and Jurassic units, we used all available seismic profiles in the data-
base (Fig. 4.3b). The mapping procedure includes gridding using all available horizon
picks for each horizon to create two-way traveltime (TWT) structure maps by mini-
mum curvature spline interpolation with a grid cell size of 300 x 300 m. For the Cre-
taceous, we used the base Upper Cretaceous time-structure map of Ahlrichs et al.
(2021a). Only faults, which could be traced across multiple seismic profiles have been
included in the maps. For time-depth conversion, a precise velocity model covering
the entire study area is necessary. This is a challenging aspect of future work as veloc-
ity information is sparsely distributed due to the lack of offshore wells and seismic
depth data. Velocity information derived from migration velocity analysis has been
published for the Bay of Mecklenburg (Schnabel et al., 2021), however, for other parts
of the study area this is an open task. To give an idea of the depth range imaged by the
presented seismic profiles in this study, we labeled the right profile axis with depth
calculated using a constant velocity of 3 km/s. This velocity represents an average
velocity of the subsurface in the study area based on published velocity information
(Schnabel et al., 2021, see their table 1). We estimated the thickness of each mapped
unit by calculating isochron maps (vertical thickness in TWT) for the Zechstein,
Buntsandstein, Muschelkalk, Keuper II, Keuper I and Jurassic seismic units (see Fig.
4.2 for age constrains). We converted the thickness in TWT to thickness in meter by
using a constant velocity selected for each unit based on previous studies (Schliter et
al., 1997; Hansen et al., 2007; Schnabel et al., 2021). The chosen velocity is mentioned
in the respective figure legend.

In this study, we analyze seismic profiles and isochron maps to identify local and re-
gional thickness variations in the Triassic and Jurassic units. We interpret regional and
local thickness variations as an expression of differential sedimentation and erosion
caused by vertical tectonic movements, differential compaction and sedimentation
processes (Betram & Milton, 1989). During synkinematic sedimentation, the timing of
the growth of a salt structure can be read from the surrounding sediments by analyzing
the geometric relationship between overburden strata and the salt structure (e.g.
Jackson & Hudec, 2017). Over geological time scales, salt can flow like a viscous fluid
if the salt body experiences differential loading by e.g. a varying gravitational load
(e.g. by differential sedimentation) or displacement loading (e.g. by extension or short-
ening) (Jackson & Hudec, 2017). When salt flows from the surrounding area into the
salt structure, the top of salt subsides in the area of withdrawal, which creates
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additional accommodation space for more sediments. These processes lead to in-
creased thickness of the synkinematic unit if compared to adjacent areas without salt
movement (e.g. Jackson & Hudec, 2017). Likewise, the accumulation of salt decreases
accommodation space resulting in a thinner synkinematic unit above the salt structure.
When the regional sedimentation rate exceeds the rise rate of the salt structure, the
locally thickened synkinematic strata in the rim-syncline (peripheral sink, sensu
Jackson & Hudec, 2017) is characterized by converging and diverging layering (Saren-
sen, 1986). In the case of a regional sedimentation rate smaller than the rise rate of the
salt, angular unconformities between the layering of the peripheral sink and the pre-
kinematic overburden develop (Sgrensen, 1986).

4.3.4. Methodical uncertainties

Each step in the seismic imaging, mapping and interpretation procedure has inherited
uncertainty, which needs to be integrated to evaluate the uncertainty of the results. The
most important steps include acquisition, seismic processing, well-to-seismic-tie, hori-
zon picking, fault detection, gridding, and geological interpretation. Even though all
these steps are crucial for the results, they all contribute differently to the final degree
of uncertainty and are in some cases difficult to quantify and subjective (e.g. Thore et
al., 2002; Bond, 2015). In the following, we strive for a qualitative evaluation of un-
certainty in this study, without claim to completeness.

In this study, solely 2D seismic data is available, which requires for accurate imaging
that the incident and reflected signals are in the same plane. However, in the presence
of complex geological structures, signal from a structure out of the plane of the seismic
section can be apparent. Our seismic database consists of several seismic surveys with
different acquisition parameters, however, all of them are offshore acquisitions with
modern positioning systems and thus, positioning errors in the range of a few meters
only. Survey mis-ties were corrected and residual mis-ties are negligible. During seis-
mic processing, the most important sources for uncertainty stem from residual multi-
ples and from migration by inaccurate migration velocity. The latter is especially sen-
sitive to lateral velocity variations, which are known for the study area (Schnabel et
al., 2021). The vertical resolution of the BalTec data is in the range of ca. 5 — 30 m,
while horizontal resolution after migration approximated by the width of the first Fres-
nel Zone is approx. 20 — 100 m ((dominant frequency of ca. 80Hz, see Hibscher et al.,
2016; Ahlrichs et al., 2020). Uncertainty in the stratigraphic interpretation increases
with distance from the well locations and in this study, almost all available wells are
located onshore (Fig. 4.3). However, our dense seismic network allows tracing of the
main reflectors throughout the study area, which reduces uncertainty from the well-to-
seismic tie. Uncertainty from horizon picking and fault detection strongly depend on
structural complexity. For most parts of the study area, the used seismic data has very
good quality allowing an interpretation with a high degree of certainty. The level of
uncertainty increases in areas of high complexity, e.g. within fault zones. During the
mapping procedure, uncertainty mostly stems from the profile network. The final res-
olution of the gridded maps depends on the distance between profiles, the location of
the profile related to the imaged structures and the spatial extend of data gaps. Hence,
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some structures are only covered by few profiles, which might cross the structure in
an optimal way (Fig. 4.3). All this can lead to a locally varying uncertainty of the
mapped depth and thickness in the range of a few tens of meters. Identified areas show-
ing interpolation artefacts are marked within the final maps.
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Figure 4.5: Profile A and profile B, located at the northwestern basin margin (see Fig. 4.3). Uninter-
preted section in two-way traveltime and interpreted section. An approximated depth is shown at the
right axis of the profile to give an idea of the true depth conditions. Depth was calculated using a con-
stant velocity of 3 km/s. C: Zoomed in section of the Keuper I at the northern flank of salt structure “Als
Ost”, note the divergent reflector pattern denoted by the dashed lines. VA: velocity artefact; VE: vertical
exaggeration.
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4.4. Observations

We use key seismic profiles, time-structure and isochron maps of the Zechstein, Tri-
assic and Jurassic units to analyze the basin configuration, regional depositional pat-
terns and local thickness variations in order to identify phases of active tectonics dur-
ing the Triassic-Jurassic extensional stage of basin evolution. Thereby, we interpret
local thickness variations across salt structures, characterized by thinning of the over-
burden towards the crest and thickening of the overburden above the rim-syncline of
a salt structure as evidence for syndepositional salt movement and salt structure
growth. This includes a converging and diverging reflector pattern, respectively. Ac-
cordingly, locally uniform thickness across salt structures indicate the absence of salt
movement.

4.4.1. Northwestern basin configuration

In the northwestern part of the study area, two profiles, which run from the basin mar-
gin southwards into the Bay of Kiel, image numerous salt pillows (Fig. 4.5). The base
Zechstein dips gently towards the south. Faults pierce the base Zechstein at the basin
margin (Fig. 4.5a, profile km 13). South of the island of /&rg (Fig. 4.3), a prominent
fault offsetting the base Zechstein by ca. 300 ms TWT is visible (Fig. 4.5a, profile km
50). Between the islands of Als and Zrg, the profiles show an unknown salt pillow,
here named “Als Ost”, which is characterized by numerous faults in the Triassic-Ju-
rassic overburden (Fig. 4.5a and b). Thickness of the Buntsandstein and Muschelkalk
units gradually increases towards the south, and basin center, without any distinct local
thickness variations and thus, no signs for active salt movement (Fig. 4.5a and b).

Shown by the NW-SE running profile (Fig. 4.5a), the Keuper II unit is thin but uniform
in thickness close to the basin margin in the northwestern part of the profile. At the
SW flank of the salt pillow “Als Ost”, the Keuper I unit has increased thickness, which
indicates the onset of salt movement. Towards the southwest-located salt pillow
“Schleimiinde”, the ECU reflector erosionally truncates the Keuper II unit (Fig. 4.53,
profile km 50-55). Across the salt pillows “Schleimiinde”, “Langeland” and “Lange-
land Siid”, the Keuper II unit shows varying thickness by thinning towards the crest of
the structures indicating the syndepositional initiation of salt structure growth (Fig.
4.5a). Throughout most of the profile, the Keuper I unit is bound at the top by the Mid
Jurassic Unconformity, here expressed by the b-uC reflector. Thus, the unit is strongly
affected by postdepositional erosion and the imaged unit only represents the preserved
remnants (Fig. 4.5a). In the northwest, almost the entire Keuper I unit is missing while
thicker remnants are preserved towards the south (Fig. 4.5a). At the salt pillows
“Langeland” and “Langeland Siid”, residual thickness is increased above the rim-syn-
clines while the unit is thinner in the crestal part of the salt structures. Jurassic deposits
are only preserved in the rim-syncline at the southwestern flank of the salt pillow “Als
Ost” (Fig. 4.5a).

On the N-S profile (Fig. 4.5b), the Keuper II unit is thin and uniform in thickness in
the northern part of the profile. In the hangingwall of the listric fault north of the salt
pillow “Als Ost” (F1 in Fig. 4.5b), the Keuper II unit shows increased thickness.

67



4 Triassic — Jurassic salt movement in the Baltic sector of the North German Basin

Additionally, the Keuper II unit has increased thickness at the southern flank of the
structure and slightly thins towards the crest, which would suggest salt movement. As
observed in Fig. 4.5a, the Keuper I unit imaged by the profile is bound at the top by
the Mid Jurassic Unconformity throughout most of the profile and thus, only represents
remnants preserved from erosion (Fig. 4.5b). Residual thickness is especially reduced
above the salt pillow “Als Ost” and to a lesser extent above the salt pillow “Bredgrund”
(Fig. 4.5b). At the northern flank of the salt structure “Als Ost”, the reflection pattern
of the Keuper I unit is divergent towards the listric fault labelled with F1 in Fig. 4.5b
(close up in Fig. 4.5¢c, note divergence between dashed lines). This suggests syndepo-
sitional faulting and salt movement during the deposition of the Keuper I unit. In be-
tween the salt structures imaged by Fig. 4.5, a thin Jurassic unit is preserved.

4.4.2. Northern basin configuration and the Kegnaes Diapir

In the central part of the study area, a N-S striking profile runs from the basin margin
into the Bay of Kiel imaging the salt diapir “Kegnaes” (Fig. 4.6). The width of the
diapir is ca. 1 km at its top and 2.5 km at its stem. The narrow waist suggests that the
diapir was mildly squeezed during its development. The base Zechstein dips towards
the south. In the northern part of the profile, a normal fault pierces from the pre-Zech-
stein up into the Cretaceous overburden. Further south, there is an approx. 1.5 km wide
zone with highly disturbed reflection pattern and unsure stratigraphy (Fig. 4.6a, profile
km 8). North of the Kegnaes Diapir, the Zechstein unit is strongly reduced forming a
distinct rim-syncline (Fig. 4.6a and b). In this area, the Triassic-Jurassic overburden is
intensely faulted. Beneath, two basement step faults pierce the base Zechstein without
reaching further into the suprasalt overburden. The Buntsandstein unit shows a general
trend of gradually increasing thickness towards the south-directed basin center. The
exception to this trend is a zone, where the Buntsandstein locally thins towards the
south until reaching the northward dipping fault F2 (Fig. 4.6a and b, profile km 23 -
28). This local trend of thinning could suggest syndepositional uplift. Noteworthy, this
zone is located above the footwall of the basement step faults (Fig. 4.6a and b). Above
the northern rim-syncline of the diapir, the Buntsandstein unit within the hangingwall
of the F3 labelled fault shows divergent reflectors towards the fault, which indicate an
early phase of faulting and salt movement (Fig. 4.6¢). The Muschelkalk concordantly
overlies the Buntsandstein and shows relatively constant thickness across the profile
(Fig. 4.6a). The Keuper II unit has a relative uniform thickness in the northern part of
the profile. Between profile km 23 — 28, the Keuper II unit dips towards the south and
gradually thins. In this area, multiple conflicting dips cross the Keuper unit. These
conflicting dips are probably caused by out of plane reflections originating from the
adjacent lateral subsurface of the 2D profile (see e.g. Drummon et al., 2004). In the
fault zone north of the diapir, the Keuper II unit has increased thickness (Fig. 4.6b).
This zone represents the primary peripheral sink and indicates salt movement and nor-
mal faulting (Fig. 4.6b). Thus, the Keuper II unit marks the initial pillow stage of the
Kegnaes Diapir, whose crestal overburden was likely weakened by extension. At both
flanks of the diapir, the Keuper II terminates in a toplap against the ECU reflector,
which suggests that the ECU forms the unroofing unconformity (sensu Serensen,
1998) and the erosion marked by the ECU together with the prior extension allowed
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the diapir to pierce the overburden (Fig. 4.6b). Salt movement and faulting continued
during deposition of the Keuper | indicated by the increased thickness within the
faulted zone and at the southern flank of the diapir (Fig. 4.6b). Right there, Jurassic
deposits were preserved from erosion. The Cenomanian — Turonian and Coniacian —
Santonian units overly the Triassic-Jurassic deposits without visible thickness varia-
tions. (Fig. 4.6a, b).

4.4.3. Northeastern basin configuration

In the northeastern part of the study area, two profiles image the basin margin and the
pinch-out of the Zechstein unit (Fig. 4.7a, b). In the center of both profiles, there is a
southward dipping reflector terminating in a toplap against the Zechstein, which could
represent the base Upper Carboniferous. Thickness of the Zechstein unit increases to-
wards the south. In the northeastern part of the profiles, multiple basement faults pierce
the southward dipping base Zechstein (Agricola Fault System, Fig. 4.7). The Falster
Fault imaged by the profile in Fig. 4.7a only pierces the Mesozoic overburden while
in the profile located further east, the fault reaches into the pre-Zechstein (Fig. 4.7b).
This area marks the transition zone between basement-involved faulting at the basin
margin and thin-skinned faulting decoupled by the Zechstein. In the southwestern part,
faults of the Werre Fault Zone (WFZ) are purely thin-skinned as they only pierce the
Mesozoic overburden (Fig. 4.7). The Buntsandstein and Muschelkalk units gradually
increase towards the southward-directed basin center without local thickness varia-
tions, and thus, no signs of active faulting.

Both profiles image significant local thickness variations within the Keuper units. The
Keuper II unit in the hangingwall of the Falster Fault has increased thickness, which
suggests initial syndepositional faulting (Fig. 4.7a and b). The northeastern border fault
of the WFZ is a SW-dipping slightly listric fault forming a rollover structure during
deposition of the Keuper II indicated by the increased thickness in the hangingwall
(Fig. 4.7b). The overlying Keuper | unit is thin at the basin margin (northeast of the
Agricola Fault System) and southwest of the WFZ (Fig. 4.7a and b). In between the
WFZ and Agricola Fault System, the thickness of the Keuper I unit is approximately
doubled, which suggests increased subsidence in this area (Fig. 4.7a and b). Increased
thickness of the Keuper I unit in the hangingwall of the Falster Fault suggests ongoing
normal faulting (Fig. 4.7b). The Keuper I unit within the WFZ shows increased thick-
ness compared to southwest of the Werre Fault, however, the unit shows an almost
horizontal position (Fig. 4.7b). The fault dip gets steeper and thus, faulting evolved in
rather vertical direction. The Jurassic unit has maximum thickness in the southwestern
part and thins towards the basin margin, where it pinches out within the Agricola Fault
System (Fig. 4.7a and b).
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Figure 4.6: Profile crossing the northern basin margin (see Fig. 4.3). A: Uninterpreted and interpreted
section in two-way traveltime. An approximated depth is shown at the right axis of the profile to give
an idea of the true depth conditions. Depth was calculated using a constant velocity of 3 km/s. Stratig-
raphy in the light grey areas marked with “?”” (ca. profile km 58 and 25) unknown due to highly disturbed
reflection pattern. Exact extend of the roof and cover of the diapir unsure. Salt structures are marked on
top of the section. Reflectors labeled as in Fig. 4.2. B: Zoom as shown in A (with higher vertical exag-
geration). Note the erosional termination of the Keuper II unit at the flanks of the diapir. C: Zoomed in
section of B showing divergent reflections within the Buntsandstein north of the Kegnaes Diapir. D:
Conceptual sketch visualizing proposed evolution of the Kegnaes Diapir driven by extension and ero-
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exaggeration.
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4.4.4. Mapping

4.4.4.1. Zechstein

In the northern part of the study area, the base Zechstein shallows from 2900 ms TWT,
representing the central part of the basin, towards its pinch-out at the northeastern ba-
sin margin at ca. 500 ms TWT (Fig. 4.8a). West of Rigen Island, the NE-SW trend is
locally interrupted by an approx. 20 km wide depression (Fig. 4.8a). Across the basin
margin, multiple faults pierce the base Zechstein (Fig. 4.8a, faults marked with AFS,
PF, WF, PaF, AVF and faults near the islands of Langeland and Als). Further faults
with partly small offsets are visible northwest of the Grimmen High and northwest of
Fehmarn Island. In the western Bay of Kiel, a prominent fault showing a large offset
of the base Zechstein (as imaged by Fig. 4.5a) strikes N-S, parallel to the salt structures
Schonberg-Kieler Bucht (Fig. 4.8a). Therefore, this fault marks the eastern border of
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the Eastholstein Trough. Thickness of the Zechstein unit correlates well with the
known locations of salt structures (Fig. 4.8b). Mapping in this study reveals a new
small salt pillow, here named “Als Ost” (Fig. 4.8b and Fig. 4.5).
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Figure 4.8: Zechstein. A: base Zechstein time-structure map in TWT. B: Zechstein isochron map in
TWT. AFS: Agricola Fault System; AVF: Agricola-Svedala Fault; EHT: Eastholstein Trough; FF: Fal-
ster Fault; PaF: Parchim Fault; PF: Plantagenet Fault; WF: Wiek Fault; WFZ: Werre Fault Zone.
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4442, Buntsandstein and Muschelkalk

The base Buntsandstein and base Muschelkalk time-structure maps show the general
N-S to NE-SW trend from the shallow margin towards the deeper basin locally modi-
fied by the presence of Zechstein salt structures (Figs. 4.9a and 4.10a). Thickness of
the Buntsandstein and Muschelkalk units gradually increase towards the basin center
due to the higher degree of subsidence away from the basin margins (Figs. 4.9b and
4.10Db). Thickness variations are small (ca. 50 ms TWT) and do not correlate with the
salt structures suggesting that the salt did not move and thus, the Buntsandstein and
Muschelkalk units are prekinematic deposits. Between the Werre Fault Zone and
Agricola Fault System, the isochron map of the Buntsandstein unit reveals a zone of
locally increased thickness standing out from the general thickening trend towards the
south, which indicates locally increased subsidence (Fig. 4.9b). In the Muschelkalk,
this zone of increased thickness is not visible (Fig. 4.10b). A correlation of further
visible thickness variations within the Buntsandstein and Muschelkalk with other tec-
tonic structures cannot be observed from our maps.

4.4.4.3. Keuper

The base Keuper time-structure map shows a similar pattern as the base Muschelkalk
(Fig. 4.11a). The isochron map of the Keuper II unit reveals the general thickening
trend towards the south (Fig. 4.11b). At the northeastern basin margin, south of the
island of £ro and south of the Kegnaes Diapir, the Keuper II unit is eroded (Fig. 4.11a
and b). Further modifications to the general thickness trend are visible between the
Werre Fault Zone and Agricola Fault System, where the thickness of the Keuper II is
locally more than doubled (Fig. 4.11b, PD: Prerow Depression). This indicates in-
creased subsidence in this area. The graben within the Werre Fault Zone shows in-
creased infill with Keuper II sediments indicating syndepositional faulting (Fig.
4.11b). Furthermore, the Keuper II isochron map shows local thickness variations
across salt structures such as the thinned crest of the Fehmarn salt pillow and the de-
velopment of the northern peripheral sink of the Kegnaes Diapir, which is also in-
tensely faulted (Fig. 4.11b). In the Eastholstein Trough, the Keuper II shows increased
thickness indicating the onset of salt movement.

The ECU time-structure map shows the erosional truncation of the base Keuper at the
northeastern basin margin and south of the Kegnaes Diapir in the northwestern part of
the study area (compare Fig. 4.12a and Fig. 4.11a). In many parts of the study area,
the Keuper | is affected by erosion related to the Mid Jurassic Doming. Thus, when
interpreting thickness variations of the Keuper I, one needs to consider that in areas
where the Jurassic is missing, the top of the Keuper I unit is eroded too and the present
thickness represent the thickness preserved from erosion (Fig. 4.12b, white line and
Fig. 4.13). Between the Werre Fault Zone and Agricola Fault System, thickness of the
Keuper I is increased suggesting ongoing locally increased subsidence (Fig. 4.12D).
Compared to the Keuper II unit, the zone of increased thickness widened and the local
depocenter shifted northwest (compare area marked with PD in Fig. 4.12b and 4.11b).
Northwest of the Grimmen High, the Keuper I is thinned and the thickness trend shows
a local E-W direction (Fig. 4.12b). Northeast of the salt pillow “Trollegrund Nord” in
the Bay of Mecklenburg, the Keuper 1 is locally increased, which could resemble a
minor peripheral sink caused by salt movement (Fig. 4.12b). North of the Kegnaes
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Diapir, thickening of the Keuper | accompanied by faulting indicates ongoing salt
movement. In the Bay of Kiel, the top of the Keuper | is eroded which hampers a direct
interpretation of thickness variations. However, in the northernmost Eastholstein
Trough, the Keuper 1 is fully preserved and increased thickness indicates ongoing salt
movement and deepening of the rim-synclines in the outer Gliickstadt Graben (Fig.
4.12b).
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Figure 4.9: Buntsandstein. A: base Buntsandstein (top Zechstein) time-structure map in TWT. B:
Buntsandstein isochron map in TWT. AFS: Agricola Fault System; AVF: Agricola-Svedala Fault; EHT:
Eastholstein Trough; FF: Falster Fault; PaF: Parchim Fault; PF: Plantagenet Fault; PFZ: Prerow Fault
Zone; WF: Wiek Fault; WeF: Werre Fault; WFZ: Werre Fault Zone. GA: Gridding artefact caused by
either lack of seismic data in the area or velocity artefacts by e.g. shallow gas.
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Figure 4.10: Muschelkalk. A: base Muschelkalk time-structure map in TWT. B: Muschelkalk isochron
map in TWT. AFS: Agricola Fault System; AVF: Agricola-Svedala Fault; EHT: Eastholstein Trough;
FF: Falster Fault; PaF: Parchim Fault; PF: Plantagenet Fault; PFZ: Prerow Fault Zone; WF: Wiek Fault;
WeF: Werre Fault; WFZ: Werre Fault Zone. GA: Gridding artefact caused by lack of seismic data in
the area or velocity distortions due to e.g. shallow gas.

4.4.4.4. Jurassic

The base Jurassic time-structure map shows the strongly disrupted character of the unit
(Fig. 4.13a). Due to the Mid Jurassic erosion event, the mapped Jurassic unit represents
only the preserved remnants. Maximum thickness is visible between the Werre Fault
Zone and Agricola Fault System in the area of the Prerow Depression, where also the
Keuper deposits show increased thickness (Fig. 4.13b). Compared to the Keuper I unit,
this zone of increased thickness further widened and includes the area southwest of the
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Werre Fault Zone. In the Bay of Mecklenburg, the preserved Jurassic unit is thin and
completely eroded above the crest of salt structures (Fig. 4.13b). In the Bay of Kiel,
almost the entire Jurassic unit is missing. Across the study area, the Jurassic unit is
thin or reduced above the crest of salt structures while thicker Jurassic remnants are
located above rim-synclines (Fig. 4.13Db).
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Figure 4.11: Keuper II (Grabfeld, Stuttgart and Weser formations). A: base Keuper time-structure map
in TWT. B: Keuper II isochron map in TWT. Note the absence of Keuper II deposits adjacent to the
islands of /ro and Langeland and northwest of Rigen due to erosion causing the Early Cimmerian
Unconformity (ECU). AFS: Agricola Fault System; AVF: Agricola-Svedala Fault; PD: Prerow Depres-
sion; EHT: Eastholstein Trough; FF: Falster Fault; PaF: Parchim Fault; PF: Plantagenet Fault; PFZ:
Prerow Fault Zone; WF: Wiek Fault; WeF: Werre Fault; WFZ: Werre Fault Zone. GA: Gridding artefact
caused by lack of seismic data in the area or velocity distortions due to e.g. shallow gas.
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Figure 4.12: Keuper | (Arnstadt and Exeter formations). A: Early Cimmerian Unconformity (ECU)
time-structure map in TWT. B: Keuper | isochron map in TWT. White line shows area of preserved
Jurassic deposits, hence, where the Keuper | was spared from Mid Jurassic erosion. AFS: Agricola Fault
System; AVF: Agricola-Svedala Fault; PD: Prerow Depression; EHT: Eastholstein Trough; FF: Falster
Fault; PaF: Parchim Fault; PF: Plantagenet Fault; PFZ: Prerow Fault Zone; WF: Wiek Fault; WeF:
Werre Fault; WFZ: Werre Fault Zone. GA: Gridding artefact caused by lack of seismic data in the area

or velocity distortions due to e.g. shallow gas.
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Figure 4.13: Jurassic. A: base Jurassic time-structure map in TWT. B: Jurassic isochron map in TWT.
The entire Jurassic unit was affected by strong Mid Jurassic erosion and thus, mapped thickness only
represent preserved remnants. AFS: Agricola Fault System; AVF: Agricola-Svedala Fault; PD: Prerow
Depression; EHT: Eastholstein Trough; FF: Falster Fault; PaF: Parchim Fault; PF: Plantagenet Fault;
PFZ: Prerow Fault Zone; WF: Wiek Fault; WeF: Werre Fault; WFZ: Werre Fault Zone. GA: Gridding
artefact caused by lack of seismic data in the area or velocity distortions due to e.g. shallow gas.

4.5. Interpretation and Discussion

The south to southwest dip of the base Zechstein, pinch-out of the Zechstein unit at
the northeastern basin margin and location of salt structures within the study area (Figs.
4.5 - 4.8) are in agreement with the overall known basin configuration (Peryt et al.,
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2010). Our results revealed a new small salt structure east of the island of Als, which
we accordingly named “Als Ost” (Figs. 4.5 and 4.8).

The trend of increasing thickness of the Buntsandstein and Muschelkalk towards the
south-directed basin center without signs of salt movement (Figs. 4.9 and 4.10) is in
accordance with previous studies and likewise explained by thermal subsidence from
late Permian to Middle Triassic times (Baldschuhn et al., 2001; Kossow & Krawczyk,
2002; Hansen et al., 2005; Zollner et al., 2008; Hubscher et al., 2010). Thereby, sub-
sidence was highest in the basin center leading to increased sedimentary infill with
Buntsandstein and Muschelkalk deposits (Scheck & Bayer, 1999; Van Wees et al.,
2000). Local modifications of this trend could result from differential compaction, wa-
ter level fluctuations and sedimentation processes (Figs. 4.9 and 4.10) (Betram &
Milton, 1989). The Buntsandstein was mainly deposited in fluviatile to lacustrine en-
vironments whereas in the Muschelkalk the deposition of clastics and carbonates in
shallow marine conditions dominated (Bachmann & Kozur, 2004). Sequence strati-
graphic studies showed climate controlled cyclic sedimentation for the Buntsandstein
and eustatic and climatic control on the Muschelkalk deposition (e.g. Geluk &
Rohling, 1997; Franz et al., 2015). Besides imaging uncertainties, as discussed in chap-
ter 4.3.4, locally different depositional conditions could have contributed to the devel-
opment of the imaged local zones of increased or decreased thickness (some tens of
meters), e.g. for the Buntsandstein in the central Bay of Mecklenburg or for the Mus-
chelkalk northwest of Fehmarn (Figs. 4.9 and 4.10).

Mapping of the Keuper in this study shows the absence of the Keuper II unit northwest
of the island of Riigen due to erosion related to the ECU (Figs. 4.11, 4.12). This is in
accordance to previous studies (Beutler & Schiiler, 1978; Bachmann et al., 2010). Add-
ing to the existing maps (e.g. subcrop map of the ECU in Bachmann et al., 2010), we
observe erosion of the entire lower and middle Keuper unit underlying the ECU south
of the island of /ro, west of Langeland and south of the Kegnaes Diapir (Fig. 4.11).
Hence, the area affected by Late Triassic erosion seems to stretch across the entire
southern margin of the Ringkebing-Fyn, Mgn and Arkona highs, which fits to the ob-
servations of Clausen and Pedersen (1999) based on onshore seismic profiles and well
data.

This study provides an update to the published fault pattern for the Baltic sector of the
NGB and differentiates between subsalt and suprasalt faults (Figs. 4.8-4.13). For the
offshore area west of Rligen Island, the fault traces of the fault systems of the Western
Pomeranian Fault System (Wiek Fault, Parchim Fault, Plantagenet Fault, Agricola
Fault System, Prerow Fault Zone, Were Fault Zone) are generally in agreement with
published maps of the area (Schliiter et al., 1997; Hibscher et al., 2010; Al Hseinat &
Hibscher, 2017; Deutschmann et al., 2018). However, for some faults, we interpreted
slightly different location and strike of the faults. This study provides an update of the
strike and internal character of the Werre Fault Zone (Figs. 4.8 - 4.13). The Werre
Fault Zone is characterized by the NE dipping main Werre Fault and several antithetic
faults. In the southeast, the main Werre Fault forms a NE dipping rollover like structure
(Deutschmann et al., 2018; Ahlrichs et al., 2020), whereas in the northwest, the
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rollover structure dips southwest along the northeasternmost fault of the Werre Fault
Zone as shown in the profile in Fig. 4.7b. Northwest of the Grimmen High, we identi-
fied subsalt faults with partly small offsets at the base Zechstein. These faults likely
form the offshore prolongation of faults visible in the TUNB model onshore Mecklen-
burg-Western Pomerania (TUNB Working Group, 2021). In the northern Bay of
Mecklenburg, suprasalt faults mark the southern prolongation of NW-SE striking
faults in Denmark (Figs. 4.9 - 4.13) (Vejbaek, 1997). Northwest of Fehmarn Island,
our maps show a subsalt fault (Fig. 4.8), which coincides with a fault mapped by
Vejbaek (1997) and which was imaged on a seismic profile published by Ahlrichs et
al. (2021a) (see their Fig. 5). Furthermore, our fault analysis shows a prominent base-
ment fault in the western Bay of Kiel, which we interpret as the eastern border fault of
the Eastholstein Trough (Fig. 4.5 and 4.8). The fault trace coincides with maps of
Vejbaek (1997) and was imaged by Ahlrichs et al. (2021a) (their Fig. 5). The salt
structures “Kieler Bucht” and “Schonberg” strike parallel to the fault and are located
directly adjacent to it. Salt structures, which are underlain by basement faults are com-
mon in many parts of the Glickstadt Graben (e.g. Baldschuhn et al., 2001; Maystrenko
et al., 2005b). Hence, the Baltic part of the eastern Gluckstadt Graben represents an-
other example of salt structure growth controlled by basement detached extension orig-
inating from an underlying basement fault (e.g. Jackson & Hudec, 2017).

4.5.1. Timing of salt movement

In the literature, a triggering of salt movement in the Baltic sector of the North German
Basin driven by extension during the Late Triassic is well established (Clausen &
Pedersen, 1999; Hansen et al., 2005; Hansen et al., 2007; Z6lIner et al., 2008; Hiibscher
et al., 2010; Al Hseinat et al., 2016). Using a single seismic profile located in the Bay
of Mecklenburg, Ahlrichs et al. (2020) established a refined stratigraphic subdivision
of the Triassic, which revealed initial salt movement during deposition of the Keuper
IT unit (Grabfeld, Stuttgart, Weser formations). This study provides regional maps of
the Buntsandstein, Muschelkalk, Keuper and Jurassic units with the refined strati-
graphic subdivision established by Ahlrichs et al. (2020) to analyze the spatial charac-
ter of salt movement in the Baltic sector of the North German Basin.

45.1.1. Eastholstein Trough

The Buntsandstein and Muschelkalk units do not show local thickness variations and
thus, were deposited prior to the development of the salt structures (Figs. 4.9 and 4.10).
This prekinematic phase during the early and middle Triassic in the eastern Gluckstadt
Graben is in agreement with previous onshore and offshore studies (Hansen et al.,
2005; Maystrenko et al., 2005b; Al Hseinat et al., 2016; Warsitzka et al., 2016). Local
thickness variations of the Keuper II unit, compromising the Grabfeld, Stuttgart and
Weser formations, indicate initial salt movement in the Eastholstein Trough (Fig.
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4.11). This is in agreement with previous studies covering the Gliickstadt Graben and
northwest Germany, where discrete pulses of extension and salt movement were ob-
served in the early Late Triassic during deposition of the Grabfeld and Weser for-
mations (Frisch & Kockel, 1999; Kockel, 2002; Maystrenko et al., 2005b; Al Hseinat
etal., 2016). Salt movement continued during deposition of the Keuper I unit (Arnstadt
and Exeter formations) in the Eastholstein Trough (Fig. 4.12), even though extension
abated (Frisch & Kockel, 1999). We explain the ongoing salt withdrawal and corre-
sponding salt structure growth by differential loading induced by the foregone exten-
sionally triggered salt flow. Jurassic sediments were strongly affected by erosion re-
lated to the Mid Jurassic Doming event. Thus, the present day thickness represents the
thickness of the remnants preserved from erosion and cannot be used directly to infer
active salt flow. Preserved Jurassic deposits have increased thickness within the
Eastholstein Trough (Fig. 4.13). However, this only evidences salt movement prior to
erosion (without prior salt movement, Jurassic and Keuper deposits would be horizon-
tally deposited without local thickness variations). Whether the increased thickness of
Jurassic deposits in rim-synclines is solely an effect of salt movement during the Late
Triassic or by Late Triassic and Jurassic salt movement cannot be distinguished from
the sedimentary record. Maystrenko et al. (2005b) interpreted a Jurassic pulse of salt
movement, which temporally correlated with extension in the Lower Saxony Basin.
Sedimentation in the Glickstadt Graben during the Late Triassic was relatively high
(Bachmann et al., 2008), so assuming that sedimentation during deposition of the Keu-
per in the Eastholstein Trough exceeded or matched the accommodation space created
by deepening of the rim-synclines, we can expect that the peripheral sinks of the Keu-
per unit were completely synkinematically filled (Fig. 4.14a). Jurassic deposition with-
out salt movement would then yield horizontally layered strata affected by later ero-
sion. Then we would expect that the present-day remnants show no major local thick-
ness variations (Fig. 4.14a). Therefore, the preserved Jurassic depositional pattern in-
dicates ongoing salt movement in the early Jurassic prior to erosion (Fig. 4.14b).

Salt flow during deposition of Keuper I Salt flow during deposition of Keuper I
with postkinematic Jurassic and during deposition of lower Jurassic

= e —

: Buntsandstein ;
[ zechstein Iy ccheikar L Keuper I [77] Keuper I [Jll Jurassic

Mid Jurassic
erosion

Figure 4.14: Conceptual model assuming high sedimentation rate and syndepositional salt flow during
deposition of the Keuper | followed by postkinematic deposition of the Lower Jurassic (A) and with
ongoing salt movement in the early Jurassic (B). Model is based on the assumption that a high sedimen-
tation rate during deposition of the Keuper | exceeded salt rise and thus, the rim-synclines are com-
pletely filled with Keuper sediments. Black dashed line represents erosional surface due to the Mid
Jurassic North Sea Doming event.
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45.1.2. Eastholstein-Mecklenburg Block

Thickness variations of the Buntsandstein and Muschelkalk within the Eastholstein-
Mecklenburg Block (EHMB) do not correlate with the salt structures indicating their
prekinematic deposition, which is in agreement with previous studies (Hansen et al.,
2007; Zollner et al., 2008; Hibscher et al., 2010; Ahlrichs et al., 2020). Within the
EHMB, local thickness variations of the Keuper II unit hardly correlate with the salt
structures (Fig. 4.11). The crest of the “Fehmarn” salt pillow is slightly thinned, which
could indicate the onset of minor salt movement. Overall, the Keuper II thickness
within the EHMB shows the general thickening trend towards the south. During this
time, salt movement seems to be restricted to the Eastholstein Trough, Kegnaes Diapir
and Werre Fault Zone, whereas the salt structures of the EHMB remained quiet. In
much parts of the Bay of Kiel and above the crests of most salt structures, the top of
the Keuper | unit is eroded due to the North Sea Doming event. Thus, thickness vari-
ations of the Keuper I unit cannot be directly attributed to salt movement where the
overlying Jurassic is completely missing (white line in Fig. 4.12). Jurassic deposits are
preserved in large parts of the Bay of Mecklenburg and are only absent above the crest
of salt structures. Northeast of the salt pillow “Trollegrund Nord”, increased thickness
of the Keuper I unit and slightly divergent reflector suggests the beginning of salt
movement and development of a small peripheral sink (Fig. 4.12) (Ahlrichs et al.,
2020). The Jurassic in the EHMB is strongly affected by erosion and thicker remnants
are preserved in rim-synclines of salt structures (Fig. 4.13). In the absence of salt
movement, we would expect Jurassic and Keuper | deposits to be horizontally layered
without local thickness variations (Fig. 4.14a). Therefore, the pattern of erosion above
the crest of salt structures and increased thickness of preserved remnants for the Keu-
per I (mostly Bay of Kiel) and Jurassic units, evidences salt movement prior to erosion
(Fig. 4.14). Based on the only minor indications for salt movement during deposition
of the Keuper | in the Bay of Mecklenburg, we suppose that early Jurassic salt move-
ment dominated in the EHMB. Hence, the onset of salt movement in the EHMB was
considerably later than in the surrounding areas (Gluckstadt Graben and northeastern
basin margin). Therefore, the EHMB acted as a more stable transition zone between
the Glickstadt Graben and Tornquist controlled Western Pomeranian Fault System
west of Rigen Island.

45.1.3. Kegnaes Diapir

The here proposed development of the Kegnaes Diapir is sketched in Fig. 4.6d. Our
seismic profile suggests first tectonic activity and salt movement already during dep-
osition of the Buntsandstein. Above the northern rim-syncline, the Buntsandstein
shows divergent reflectors suggesting initial suprasalt faulting and salt movement (Fig.
4.6¢). This contradicts the within the study area generally accepted concept of thermal
subsidence in relatively quiet tectonic conditions, where apart from the central Gliick-
stadt Graben, the salt did not move before the Late Triassic (e.g. Brink et al., 1992;
Maystrenko et al., 2005b; Hansen et al., 2007; Hibscher et al., 2010; Warsitzka et al.,
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2016). A visible increase in thickness of the Lower Triassic above the northern rim-
syncline of the Kegnaes Diapir shown by Bialas et al. (1990) further supports our ob-
servations of salt movement during the Buntsandstein. Additionally, the reduced thick-
ness of the Buntsandstein above the hangingwall of the basement faults suggests active
tectonics during this time (Fig. 4.6¢). Faulting along the two basement step faults dur-
ing deposition of the Buntsandstein could have triggered salt withdrawal from the
northern rim-syncline and suprasalt faulting (Fig. 4.6d — no. 2). Uplift of the footwall
by a flexural cantilever model could explain the reduced thickness of the Buntsand-
stein (Fig. 4.6d — no. 2) (Kusznir & Ziegler, 1992). The location of the basement step
faults north of the Kegnaes Diapir coincides with two NW-SE striking top pre-Zech-
stein faults visible in fault maps of Vejbaek (1997), which formed during Late Car-
boniferous — early Permian transtension (Fig. 4.1) (Thybo, 1997). Pre-Quaternary
maps of Denmark show WNW-ESE striking faults crossing the Lolland Island
(Hakansson & Pedersen, 1992). These faults appear roughly parallel to the basin mar-
gin. During deposition of the Buntsandstein, the central parts of the basin experienced
higher subsidence while the basin margins, where the Kegnaes Diapir is located, were
less subsided. Stress induced by this differential subsidence could explain a reactiva-
tion of the Late Carboniferous — early Permian faults at the basin margin during the
early Triassic. The velocity pull-up directly below the diapir masks the base Zechstein
in this area and thus, a basement fault directly below the diapir as interpreted by Bialas
et al. (1990) cannot be confirmed by our profile (Fig. 4.6). The Muschelkalk deposits
show a relatively constant thickness, which suggests that the tectonic activity abated
and salt movement ceased (Fig. 4.6b and d — no. 3). During deposition of the Keuper
IT unit, salt movement restarted indicated by the thick accumulation of Keuper II sed-
iments north of the diapir (Fig. 4.6b). This time marks the major phase of salt structure
growth during the pillow stage of the Kegnaes salt structure, which occurred under
approx. E-W regional extension (Maystrenko et al., 2005b). Thereby, extension likely
thinned the overburden of the Kegnaes salt structure (Fig. 5.6d — no. 4).

At the flanks of the present diapir, the Keuper II terminates in a toplap against the ECU
reflector suggesting that erosion related to the ECU further affected the roof of the
Kegnaes salt structure (Fig. 4.6b and d - no. 5). Thus, we interpret the ECU as the
unroofing unconformity, which allowed piercing of the overburden and the transition
to diapiric growth. The appearance of the Triassic successions south of the Kegnaes
Diapir is very similar to the DSW diapir located in the Inez sub-basin within the Nor-
wegian-Danish Basin (Sgrensen, 1998), supporting a similar development of the two
structures. Salt movement continued during deposition of the Keuper | unit with pas-
sive diapirism and faulting within the overburden of the northern rim-syncline (Fig.
4.6d — no. 6). Preserved Jurassic deposits are restricted to the overburden above the
rim-synclines north and south of the diapir (Fig. 4.6). Following the same argumenta-
tion for the Jurassic as described in chapter 4.5.1.1, we interpret the preservation of
Jurassic deposits in the rim-synclines of the Kegnaes Diapir as a sign of ongoing salt
movement during the early Jurassic at least prior to Mid Jurassic erosion (Fig. 4.14).
The Cenomanian to Santonian units do not show signs of salt movement, which is in
accordance to findings from other salt structures in the study area (Ahlrichs et al.,
2021a). The narrow waist of the Kegnaes Diapir suggests that the diapir was mildly

83



4 Triassic — Jurassic salt movement in the Baltic sector of the North German Basin

squeezed (e.g. Callot et al., 2012).This likely occurred during Late Cretaceous inver-
sion and is known from many other salt structures in the NGB (e.g. Kockel, 2003).

Based on the here proposed structural evolution of the Kegnaes Diapir, the develop-
ment of salt diapirs at the northern basin margin was only possible due to the reduced
overburden thickness and significant Late Triassic erosion. The diapiric breakthrough
by erosional unroofing explains the isolated location of the Kegnaes Diapir and possi-
bly of the other three diapirs onshore Lolland, while the absence of major Late Triassic
erosion and increased overburden thickness of the salt structures located within the
Bays of Kiel and Mecklenburg did not allow diapirism. Such erosional initiation of
diapirism is known from other parts of the Southern Permian Basin, such as the south-
ern North Sea (Stewart & Coward, 1995).

4.5.2. Faulting at the northeastern basin margin

Between the Werre Fault Zone and Agricola Fault Zone, mapping of the Zechstein unit
shows a local depression of the base Zechstein (Fig. 4.8a), whose location coincides
with a zone of increased thickness of the Buntsandstein, Keuper and Jurassic succes-
sions (Figs. 4.8, 4.9, 4.11, 4.12 and 4.13). Noticeably, this zone of increased thickness
is not visible in the Muschelkalk (Fig. 4.10). The presence of this zone of increased
thickness is well known in the literature (Buntsandstein: Scheck & Bayer, 1999; Keu-
per and Jurassic: Hansen et al., 2007; Hibscher et al., 2010; Deutschmann et al., 2018,
the latter named this zone “Prerow Depression” (PD)). Our maps with refined strati-
graphic subdivision show that the onset of faulting in the Werre Fault Zone began in
the Late Triassic during deposition of the Keuper II unit (Grabfeld, Stuttgart, Weser
Fm.) (Fig. 4.11). Faulting in the Agricola Fault System began contemporaneously
(Ahlrichs et al., 2020). In between the Werre Fault Zone and Agricola Fault System,
the PD forms a narrow NW-SE elongated zone, which is approx. parallel to the basin
margin and Agricola Fault System (Fig. 4.11). This indicates increased subsidence of
the PD forming a local depocenter in the Late Triassic bound by the Agricola Fault
System in the northeast and by the Werre Fault Zone in the southwest (Fig. 4.11)
(Deutschmann et al., 2018; Ahlrichs et al., 2020). The onset of faulting was coeval
with faulting in other regions of the Western Pomeranian Fault System, where initial
faulting occurred during deposition of the Grabfeld Formation (Krauss & Mayer, 2004;
Beutler et al., 2012), and with E-W extension in the Gliickstadt Graben (Figs. 4.7 and
4.11) (Maystrenko et al., 2005b). Late Triassic faulting within the Western Pomeranian
Fault System is attributed to the reactivation of Middle Devonian-Early Carboniferous
faults by NW-SE dextral strike slip and NE-SW transtensional movements within the
Trans-European Suture Zone (Erlstrém et al., 1997; Krauss & Mayer, 2004; Seidel et
al., 2018). Active faulting in the Werre Fault Zone and Agricola Fault System persisted
during deposition of the Keuper I unit (Fig. 4.12) (Ahlrichs et al., 2020). In this unit,
the PD became wider and included the entire area between the Werre Fault Zone and
Agricola Fault System, which suggests ongoing subsidence (Fig. 4.12). Faults of the
Werre Fault Zone and Agricola Fault System remained active in the Jurassic (Hubscher
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et al., 2010; Ahlrichs et al., 2020). The Jurassic deposits show a different pattern with
a NE-SW elongated zone of increased thickness, which further broadened and addi-
tionally included the area southwest of the Werre Fault Zone (Fig. 4.13). This indicates
that the area continued to subside.

A possible explanation for the development of the PD would be rotational block fault-
ing along deep-seated Paleozoic faults, which were reactivated in the Triassic and early
Jurassic. These deep-seated faults have listric character and are detached near the
Paleozoic basement (Krawczyk et al., 2002). During fault reactivation, the subsiding
hangingwalls possibly rotated creating locally increased subsidence at the basin mar-
gin (Ahlrichs et al., 2020). However, the depositional pattern of the Keuper II unit
shown in this study contradicts this explanation. Although, the elongated zone of in-
creased thickness of the Keuper II is parallel to the basin margin, the local depocenter
is located in the center between the Werre Fault Zone and Agricola Fault System and
not directly adjacent to the basin marginal faults of the Agricola Fault System, where
we would expect the maximum subsidence of the hangingwalls (Fig. 4.11). The depo-
sitional pattern of the Keuper units fits better to the development of a local transten-
sional sub-basin, bordered by the Agricola Fault System and Werre Fault Zone. The
transtensional basin started as a narrow zone during deposition of the Keuper II unit
(Fig. 4.11) and subsequently became wider during ongoing transtensional faulting in
latest Triassic and early Jurassic times (Fig. 4.12 and 4.13). Interestingly, the location
of the Keuper II depocenter within the PD correlates with the pinch-out of mobile
Zechstein units (Fig. 4.11). This could indicate that extensional stress localized here
as it could no longer be transferred within the detachment horizon, similar to the model
suggested by Krawczyk et al. (2002). The PD is part of a NW-SE oriented transten-
sional shear zone centered around Riigen Island (Deutschmann et al., 2018; Seidel et
al., 2018). During the Triassic — Early Cretaceous, this area was affected by NW-SE
dextral transtensional movements, which led to the development of a series of NW-SE
to NNW-SSE striking fault systems within the Mesozoic succession, known as the
Western Pomeranian Fault System (WPFS) (Krauss & Mayer, 2004). In the southeast-
ern part of the WPFS, numerous en echelon faults formed in between the major fault
zones. The Agricola Fault System and Werre Fault Zone mark the northwestern pro-
longation of the WPFS (Krauss & Mayer, 2004). Contrary to the southeastern part, en
echelon fault are absent and it seems that shearing was restricted to the faults of the
bordering fault systems, while the area in between subsided without being further
faulted (Figs. 4.11 — 4.13). This could be related to the northwestward widening of the
Tornquist Fan and thus, wider distribution of shear stress in the northwestern part of
the WPFS than in the southeast (e.g. Thybo, 1997; Seidel et al., 2018). A connection
of the PD system to deeper Paleozoic structures is evident by the reactivation of the
deep-rooted northern bordering faults of the Agricola Fault System. The southwestern
border has a different character, as the Werre Fault Zone is a thin-skinned fault system
decoupled by the Zechstein. An influence from deep-rooted structures seems likely but
needs further investigations by improved subsalt imaging in the area. Furthermore, the
visible local depression of the base Zechstein below the PD suggests a connection to
underlying Paleozoic structures (Fig. 4.8). Whether the locally increased thickness of
the Buntsandstein indicates an earlier

85



4 Triassic — Jurassic salt movement in the Baltic sector of the North German Basin

fault reactivation or early minor salt movement at the basin margin remains unclear
(Fig. 4.9).

4.6. Conclusions

This study presents high-resolution 2D seismic profiles together with regional time-
structure and isochron maps of the Baltic sector of the North German Basin in order
to analyze the Triassic to Jurassic structural evolution of the region. Stratigraphic in-
terpretation incorporates well information from research and hydrocarbon wells in the
study area and was linked to previous studies. Presented time-structure and isochron
maps of the Zechstein, Buntsandstein, Muschelkalk, Keuper II (Grabfeld, Stuttgart,
Weser Formations), Keuper | (Arnstadt, Exeter Formations) and Jurassic are created
from a dense network of high-resolution 2D seismic data. Mapping of the Zechstein
unit revealed a previously unknown small salt structure east of Als Island, which we
named “Als Ost”. The fault pattern of the study area is updated including a differenti-
ation between subsalt and suprasalt faults. The refined stratigraphic subdivision of the
Keuper allowed a more precise analysis of episodes of increased tectonic activity in
the pre-inversion phase of the North German Basin. The main conclusions are:

e We explain the development of salt diapirs at the northern basin margin based
on the development of the Kegnaes Diapir by growth of a salt pillow, which
reached the diapiric breakthrough by erosional unroofing during the Late Tri-
assic. Thereby, the Kegnaes Diapir could only pierce the overburden because
of its location close to the basin margin, and thus reduced overburden thickness
when compared to other salt structures closer to the basin center, and Late Tri-
assic erosion affecting the northern basin margin.

e At the northern basin margin, we observed first indications for salt movement
and faulting at the Kegnaes Diapir already during deposition of the Buntsand-
stein. This is in contrast to common observations from other salt structures in
the study area, where the Buntsandstein and Muschelkalk were deposited prior
to salt movement and salt structure growth did not start before the Late Trias-
sic. Accordingly, the concept of relatively quiet tectonic conditions character-
ized by thermal subsidence during the Early and Middle Triassic would have
to be expanded.

e Tectonic activity strongly increased in the Late Triassic during deposition of
the Keuper II unit (Grabfeld, Stuttgart, Weser Formations). Tectonic activity
includes the onset of salt movement in the northeastern Gliickstadt Graben,
major salt movement at the Kegnaes Diapir (pillow stage), faulting at the north-
eastern basin margin (Werre Fault Zone, Agricola Fault System) and corre-
sponding development of the Prerow Depression. The onset of tectonic activity
occurred under regional approx. E-W directed extension.

e During deposition of the Keuper I (Arnstadt and Exeter Formations) and Lower
Jurassic units, salt movement continued in the northeastern Gliickstadt Graben
and at the Kegnaes Diapir, which reached the diapir stage by erosional
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unroofing. The Early Cimmerian Unconformity marks the unroofing uncon-
formity of the Kegnaes Diapir. Faulting at the Werre Fault Zone and Agricola
Fault System persisted and the local depocenter in between (Prerow Depres-
sion) became wider.

e Inthe Triassic, the Eastholstein-Mecklenburg Block formed a more stable area
at the transition between the Glickstadt Graben and the fault systems of the
northeastern basin margin. Major faulting is absent and salt movement started
only in the latest Triassic with its dominant phase presumably in the early Ju-
rassic.

e We interpreted the thick accumulation of Keuper and Jurassic deposits west of
Rigen (Prerow Depression) as a transtensional sub-basin, bordered by the
Agricola Fault System and the Werre Fault Zone. The sub-basin forms the
northwestern prolongation of the Western Pomeranian Fault System and is
connected to deeper Paleozoic structures. In this area, Late Triassic extension
induced transtensional movements by a reactivation of deep-seated Paleozoic
faults at the northeastern basin margin. This caused increased subsidence of the
Prerow Depression and corresponding accumulation of Keuper and Jurassic
deposits.
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5. Impact of Late Cretaceous inversion and Cenozoic extension
on salt structure growth in the Baltic sector of the North Ger-
man Basin

Abstract

The Late Cretaceous to Cenozoic is known for its multiple inversion events, which
affected Central Europe’s intracontinental sedimentary basins. Based on a 2D seismic
profile network imaging the basin fill without gaps from the base Zechstein to the
seafloor, we investigate the nature and impact of these inversion events on Zechstein
salt structures in the Baltic sector of the North German Basin. These insights improve
the understanding of salt structure evolution in the region and are of interest for any
type of subsurface usage. We link stratigraphic interpretation to previous studies and
nearby wells and present key seismic depth sections and thickness maps with a new
stratigraphic subdivision for the Upper Cretaceous and Cenozoic covering the eastern
Gluckstadt Graben and the Bays of Kiel and Mecklenburg. Time-depth conversion is
based on velocity information derived from refraction traveltime tomography. Our re-
sults show that minor salt movement in the eastern Gliickstadt Graben and in the Bay
of Mecklenburg started contemporaneous with Late Cretaceous inversion in the Coni-
acian-Santonian. Minor salt movement continued until the end of the Late Cretaceous.
Overlying upper Paleocene and lower Eocene deposits show constant thickness with-
out indications for salt movement suggesting a phase of tectonic quiescence from the
late Paleocene to middle Eocene. In the late Eocene to Oligocene, major salt movement
recommenced in the eastern Gluckstadt Graben. In the Bays of Kiel and Mecklenburg,
late Neogene uplift removed much of the Eocene-Miocene succession. Preserved de-
posits indicate major post-middle Eocene salt movement, which likely occurred coeval
with the revived activity in the Gllckstadt Graben. Cenozoic salt structure growth crit-
ically exceeded salt flow during Late Cretaceous inversion. Cenozoic salt movement
could have been triggered by Alpine/Pyrenean-controlled thin-skinned compression,
but is more likely controlled by thin-skinned extension, possibly related to the begin-
ning development of the European Cenozoic Rift System.

5.1. Introduction

The inversion of the Permian intracontinental sedimentary basins in Central Europe
and its controlling processes have been studied for about 100 years. (e.g. Lamplugh,
1919; Schuh, 1922a; b; c; Voigt, 1962; Ziegler, 1987; Kockel, 2003; Kley & Voigt,
2008; Doornenbal & Stevenson, 2010; Kley, 2018). Intraplate compressional stress,
often transmitted over large distance, can invert former extensional sedimentary
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basins by compressional reactivation of their fault systems and uplift and folding of
the basin fill and basin floor (Ziegler et al., 1995; Brun & Nalpas, 1996; Krzywiec,
2006). The term “basin inversion” refers to a change from subsidence to uplift in a
basin controlled by a fault system due to a change in the tectonic regime from exten-
sion to shortening (Cooper & Williams, 1989). A mobile salt layer present at the basin
floor may decouple the suprasalt sedimentary overburden from subsalt basement de-
formation, which influences the structural style of both extensional and compressional
deformation within the overburden (e.g. Letouzey et al., 1995; Withjack & Callaway,
2000). During basin inversion, preexisting salt structures are preferentially reactivated
as halite is weaker than the other laterally adjacent sedimentary rocks. Thereby, even
shortening exerted during the earliest stages of basin inversion can remobilize the salt
by squeezing the salt structures and arching their roofs (Mohr et al., 2005; Rowan &
Vendeville, 2006; Callot et al., 2012; Jackson & Hudec, 2017).

Multiphase uplift and inversion pulses affected the North German Basin (NGB) and
other sub-basins of the large intracontinental Southern Permian Basin (Fig. 5.1). After
a long-lasting tectonic period of thermal subsidence and extensional deformation since
the Carboniferous, shortening and inversion followed from Late Cretaceous times on-
wards (e.g. Ziegler et al., 1995; Maystrenko et al., 2008). Past publications often con-
sidered four major distinct inversion events throughout the history of the Southern
Permian Basin. These uplift and inversion events are commonly associated to com-
pressional intraplate stress transmitted within the European foreland during Africa-
Iberia-Europe convergence and subsequent Alpine and Pyrenean orogenies (Ziegler et
al., 1995; Vejbaek & Andersen, 2002; de Jager, 2003; Kockel, 2003; Krzywiec, 2006;
Kley & Voigt, 2008). The first event in the Late Cretaceous (Subhercynian, between
90 and 70 Ma) is widely accepted and has been investigated in most parts of the South-
ern Permian Basin (e.g. Ziegler et al., 1995; Kley, 2018). Compressional stress during
this event induced significant shortening of the basement and caused basin-scale uplift,
erosion, large reverse movements along basin-bounding faults and thin-skinned fold-
ing of Mesozoic strata detached along the salt layers (Ziegler et al., 1995; de Jager,
2003; Kockel, 2003; Kley & Voigt, 2008; Kley, 2018). The second event occurred in
the late Paleocene (Laramide, around 60 Ma) and acted strongest in most Dutch basins.
This event is characterized by a widespread unconformity associated to large-scale
domal uplift in Central Europe (Ziegler et al., 1995; de Jager, 2003; Deckers & van
der Voet, 2018). However, recent studies doubt that far-field effects originating from
Africa-lberia-Adria-Europe convergence caused the unconformity. Instead, these stud-
ies suggested sea level fluctuations (Kockel, 2003) or thinning of the mantle litho-
sphere and dynamic topography driven by mantle plumes as a possible cause of the
unconformity (Kley, 2018; von Eynatten et al., 2021). Following inversion pulses in
the late Eocene to Oligocene (Pyrenean, 40-30 Ma) and late Oligocene to Miocene
(Savian, 30-20 Ma) are documented for the southern North Sea and west of it (Ziegler
et al., 1995; Kley, 2018). However, lacking timing constraints hamper a precise sepa-
ration of the two events in many areas (Kley, 2018).

The terms to distinguish Late Cretaceous to Cenozoic inversion events (“Subhercyn-
ian”, “Laramide”, “Pyrenean”, “Savian”) are named after regions, whose context to
inversion in Central Europe is partly misleading (e.g. Laramie mountains in North
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America, the river Save in Slovenia). However, these inversion events can also be
temporally distinguished (e.g. de Jager, 2003; Doornenbal & Stevenson, 2010). There-
fore, we refer to the individual inversion events (“Subhercynian”, “Laramide”, “Pyre-
nean”, “Savian”) discussed in the following based upon the geological time when they
occurred (Late Cretaceous, late Paleocene, late Eocene- Oligocene, late Oligocene -
Miocene).

The dating of basin inversion is challenging where corresponding uplift and following
erosion partly removed the sedimentary record obliterating parts of its inversion his-
tory. According to Warsitzka et al. (2019), regions affected by mild inversion and thin-
skinned shortening can be identified by the analysis of salt structures and the reactiva-
tion of salt flow. Krzywiec (2006) analyzed peripheral salt structures in the Mid Polish
Trough (MPT) and showed that peripheral salt structures respond readily to regional
shortening by revived growth even during the early stages of basin inversion. In con-
trast to many other areas in the North German Basin (NGB), the Baltic sector of the
NGB contains a relatively complete Cretaceous and Cenozoic sedimentary record. Our
study area covers the peripheral region of the NGB and contains numerous salt struc-
tures, which formed prior to inversion (Fig. 5.1) (e.g. Hansen et al., 2007; Hubscher et
al., 2010). Thus, the Baltic sector of the NGB is an ideal site to identify active phases
of Late Cretaceous to Cenozoic inversion and analyze their impact on the sedimentary
record.
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Figure 5.1: Structural elements of the northern North German Basin (modified after Ahlrichs et al.,
2020). Inset shows approximate outline of the northern and southern Permian Basin. Red box marks the
study area. Salt structures after Vejbaek, 1997; Dadlez & Marek, 1998; Reinhold et al., 2008; Warsitzka
etal. (2019). AFS: Agricola Fault System; EHMB: Eastholstein-Mecklenburg Block; PFZ: Prerow Fault
Zone; STZ: Sorgenfrei-Tornquist Zone; TTZ: Teisseyre-Tornquist Zone; WFZ: Werre Fault Zone;
WPFS: Western Pomeranian Fault System.
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Previous studies analyzed salt structure evolution in the Baltic sector of the NGB as a
function of the regional tectonic framework by means of seismic imaging and regional
mapping (Kossow & Krawczyk, 2002; Hansen et al., 2005; Hansen et al., 2007;
Zollner et al., 2008; Hubscher et al., 2010; Al Hseinat & Hiibscher, 2014; Al Hseinat
et al., 2016; Al Hseinat & Hiibscher, 2017). These authors identified four major post-
Permian tectonic phases affecting salt structure evolution: (1) Late Triassic — Early
Jurassic extension triggered salt movement. (2) A phase of uplift and erosion related
to the North Sea Doming event followed from Middle Jurassic to Early Cretaceous
times. (3) Sedimentation resumed towards the end of the Early Cretaceous and the
study area experienced a phase of relative tectonic quiescence without salt movement
in the Late Cretaceous. (4) At the Late Cretaceous to Cenozoic transition, shortening
induced by the onset of Africa-Iberia-Europe convergence lead to basin inversion and
reactivated salt flow. However, these studies lack a detailed stratigraphic subdivision
to date the onset of basin inversion and to identify individual inversion events. In a
local study analyzing a crestal graben above a salt wall of the eastern Gliickstadt Gra-
ben, Huster et al. (2020) used a refined Cenozoic stratigraphy to identify Paleogene
and Neogene fault reactivation, which the authors associated with compressional stress
induced by the Alpine and Pyrenean orogenies. In the most recent study, Ahlrichs et
al. (2020) used a regional seismic transect from the “BalTec” expedition (Hibscher et
al., 2016). The acquisition parameters of the “BalTec” survey allowed to overcome
problems of shallow water, low vertical resolution, stretch mute effects caused by large
source to receiver distances and sparse well data. As a result, the authors presented a
high-resolution gapless seismic image from the base of the Zechstein salt to the sea-
floor and derived a detailed seismostratigraphic concept for the northeastern NGB
margin, which allowed specification of the onset of Late Cretaceous inversion to the
Coniacian-Santonian.

In this study, we integrate the “BalTec” database with other 2D seismic surveys from
the study area to refine the seismostratigraphy of the Upper Cretaceous and Cenozoic.
We present a key two-way traveltime seismic section from the Eastholstein Trough
and three key seismic depth sections with an unprecedented a level of vertical resolu-
tion for the study area. We focus on mapping of the Upper Cretaceous and Cenozoic
reflectors to investigate salt movement during Late Cretaceous to Cenozoic basin in-
version. By using refraction traveltime tomography for constraining the time-depth
conversion, this results in thickness maps of Upper Cretaceous and Cenozoic units
with an unprecedented detailed stratigraphic subdivision for the study area (Cenoma-
nian-Turonian, Coniacian-Santonian, Campanian, Maastrichtian-Danian, upper Paleo-
cene, Eocene-Miocene). The aim of this study is to identify and date phases of salt
movement and explain their association with Late Cretaceous to Cenozoic tectonic
events along the northern margin of the NGB. Based on our refined stratigraphic sub-
division of the Upper Cretaceous and Cenozoic, we differentiate between individual
episodes of increased tectonic activity during the Late Cretaceous to Cenozoic, which
is novel for the Baltic sector of the NGB. Thereby, the results of this study contribute
to a better understanding of the evolution of salt structures in relation to regional tec-
tonics in the NGB, which is of great interest for the usage of the deeper subsurface
(e.g. for CO2 storage (CCS), geothermal energy or nuclear waste repository). Besides,
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our findings contribute to a prospective offshore extension of the recently published
3D geological overview model (TUNB Working Group, 2021) that has been developed
according to increasing demands on subsurface use in Germany.

5.2. Geological Setting

The study area comprises the Baltic Sea sector of the North German Basin (NGB) from
the Bay of Kiel in the west to the Bay of Mecklenburg and Riigen Island in the east
(Fig. 5.1). The western Bay of Kiel covers the Eastholstein Trough marking the eastern
part of the NNE-SSW trending Mesozoic-Cenozoic Gliickstadt Graben, which formed
a NGB depocenter with up to 11 km of post-Permian sediment thickness (Maystrenko
et al., 2005b). In contrast, the central to eastern Bay of Kiel and the Bay of Mecklen-
burg cover the Eastholstein Mecklenburg Block, the peripheral region between Gliick-
stadt Graben and the northeastern basin margin towards Rigen Island. Here, the post-
Permian sediment thickness is decreased to 2 — 4 km and affected by the Western
Pomeranian Fault System (Bachmann et al., 2010). An approximately E-W running
set of basement highs (sensu Peacock & Banks, 2020), the Rinkgbing-Fyn High, Mgn
High and Arkona High, mark the northern basin margin. The Grimmen High is located
at the northeastern basin margin and forms a WNW striking uplifted zone where the
Cretaceous cover is absent or strongly reduced. On a regional scale, the basin floor in
the study area dips gently towards the south.

5.2.1. Late Permian to Early Cretaceous evolution

Basin formation began in the Late Paleozoic with extensive volcanism, faulting, lith-
ospheric thinning and subsequent thermal subsidence (Ziegler, 1990b; Maystrenko et
al., 2008). In late Permian times, repeated restricted seawater influx under arid condi-
tions led to the deposition of the Zechstein layered evaporite sequence. In the study
area, the Zechstein succession consists of seven cyclothems with varying amounts of
clay, carbonates, anhydrite, halite and potash sequences (Strohmenger et al., 1996;
Peryt et al., 2010). While the Werra (Z1) cyclothem contains mostly less mobile an-
hydrites and carbonates, mobile halite components are frequent in the Stassfurt (Z2),
Leine (Z3), Aller (Z4) and Ohre (Z5) cyclothems. The Friesland (Z6) and Fulda (Z7)
cyclothems consist of mostly lacustrine and continental sediments and are only present
in the southern part of the study area (e.g. Best, 1989; Peryt et al., 2010). Throughout
the complex, multiphase basin evolution, the presence of the thick Zechstein evaporite
sequence led to the formation of numerous salt structures including salt pillows, salt
diapirs and salt walls (Fig. 5.1).

Thermal subsidence lasted until the Middle Triassic in the study area. During Early to
Middle Triassic times, the Buntsandstein and Muschelkalk successions were depos-
ited. These units consist of interlayered mudstones and carbonates (Fig. 5.2) (Van
Wees et al., 2000; Kossow & Krawczyk, 2002). In Early to Middle Triassic times,
thermal subsidence was locally interrupted by extension, which formed a narrow gra-
ben in the central Gliickstadt Graben (Brink et al., 1992). In the Late Triassic, E-W
directed extension widened the Gliickstadt Graben and triggered intensive salt move-
ment in the study area (Hansen et al., 2005; Maystrenko et al., 2005b; Hansen et al.,
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2007; Hubscher et al., 2010). In the Bay of Mecklenburg, salt movement began con-
temporaneously to the formation of the NW-SE trending Western Pomeranian Fault
System and was associated with dextral transtensional strike slip movements at the
Tornquist Zone (Ahlrichs et al., 2020). From Middle Jurassic to Albian times, uplift
induced by the central North Sea Doming event interrupted sedimentation in the study
area and eroded much of the Jurassic and partly Upper Triassic deposits (Fig. 5.2)
(Underhill & Partington, 1993; Hansen et al., 2007; Hlbscher et al., 2010; Schnabel et
al., 2021). Rising sea levels in the Lower Cretaceous led to resumed sedimentation in
the Albian.
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5.2.2. Late Cretaceous to recent evolution

After the resumed sedimentation in the Albian, a relatively quiet tectonic phase with
long lasting deposition of horizontally layered chalk units in shallow to deep marine
conditions persisted from the Cenomanian until the Turonian (Kossow & Krawczyk,
2002; Vejbaek et al., 2010). In the late Turonian to Santonian, major plate reorganiza-
tion and the onset of the Africa-lberia-Europe convergence transmitted compressional
stress into the European foreland (Kley & Voigt, 2008). Resulting horizontal shorten-
ing led to uplift and erosion and renewed salt movement at the northern NGB margin
(Kossow & Krawczyk, 2002; Hansen et al., 2007; Hubscher et al., 2010). The uplift of
the Grimmen High started in the Coniacian to Santonian and reached its peak in the
Campanian-Maastrichtian (Kossow & Krawczyk, 2002; Ahlrichs et al., 2020). This
was coeval with salt movement in the Bay of Mecklenburg and fault reactivation at
the Werre Fault Zone and within the Western Pomeranian Fault System (Al Hseinat &
Hibscher, 2017; Deutschmann et al., 2018; Seidel et al., 2018; Ahlrichs et al., 2020).
At the Grimmen High, corresponding erosion removed almost the entire Cretaceous
succession while only upper Maastrichtian deposits are missing in most other parts of
the study area (Hoth et al., 1993; Katzung, 2004; Ahlrichs et al., 2020). Compressional
stress caused only mild inversion of the Glickstadt Graben indicated by slight uplift
of diapir roofs and minor salt movement in the marginal parts of the graben
(Maystrenko et al., 2005b, 2006). Inversion-generated topographic highs along the
Tornquist Zone influenced depositional patterns in the Chalk Sea through contour cur-
rents (HUbscher et al., 2019; and references therein).

Paleogene conditions remained shallow to deep marine with Scandinavia serving as a
sediment source since its uplift in Paleocene to Oligocene times (Nielsen et al., 2002;
Japsen et al., 2007). In the study area, Paleogene successions were deposited relatively
far from the paleo coastline (Hinsch, 1986; Japsen et al., 2007). Paleocene deposits in
the study area comprise Danian chalk and upper Paleocene (Thanetian) claystones
(Fig. 5.2) (Hinsch, 1986; Katzung, 2004). Due to a large-scale domal uplift in the late
Paleocene (Ziegler et al., 1995), Selandian sedimentary units are missing and Danian
chalk is only preserved in the Eastholstein Trough in the western Bay of Kiel and in
the northwestern, Danish part of the study area. Upper Paleocene claystones overlie
the corresponding widespread unconformity and are largely preserved west of the
Grimmen High (Vinken & International Geological Correlation Programme, 1988).

A phase of relative tectonic quiescence followed in the early to middle Eocene (Hin-
sch, 1986; Katzung, 2004). In late Eocene times, almost E-W directed extension re-
started salt movement in the Gliickstadt Graben with thickest sediment accumulation
and salt withdrawal in the marginal parts (Maystrenko et al., 2005b). In the Easthol-
stein Trough in the western Bay of Kiel, salt flow was reactivated in the late Eocene
to Oligocene; this was accompanied by faulting above the outer salt wall (Al Hseinat
etal., 2016). Huster et al. (2020) noticed that this Eocene phase of salt tectonics started
contemporaneous to resumed approx. N-S directed late Eocene to early Miocene in-
traplate compression related to the Alpine and Pyrenean orogenies (Kley, 2018).

Shallow marine conditions prevailed in the Oligocene to earliest Miocene with ongo-
ing salt movement in the eastern Glickstadt Graben and onshore eastern Germany
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(Hinsch, 1986; Katzung, 2004). In Miocene times, the principal horizontal stress re-
gime in the study area changed to NW-SE extension (Kley et al., 2008; Al Hseinat &
Hibscher, 2017). This change is associated with reactivation along preexisting struc-
tural elements as e.g. the Ringkebing-Fyn High, and related to intraplate stress trans-
mitted into the European foreland by the Alpine Orogeny (Rasmussen, 2009). At this
time, the North Sea Basin was reshaped and the hinterland uplifted, which resulted in
regional uplift of the Ringkebing-Fyn High and adjacent areas by ca. 600 m (Rasmus-
sen, 2009; Japsen et al., 2015). Corresponding erosion removed much of the Miocene,
Oligocene and partly upper Eocene deposits in the study area. More complete strati-
graphic sequences are only preserved in peripheral sinks adjacent to salt structures in
the Gllckstadt Graben and onshore Germany (Hinsch, 1986, 1987; Katzung, 2004).
Pliocene sediments were not deposited (Hinsch, 1987; Katzung, 2004; Japsen et al.,
2015). Quaternary glacial erosion removed further Neogene and Paleogene sedimen-
tary units (e.g. Sirocko et al., 2008).

5.3. Database and Methods

5.3.1. Seismic database

In this study, we use a 2D high-resolution seismic reflection dataset with a total profile
length of more than 10.000 km acquired during several surveys in the past decades
(Fig. 5.3). The dataset consist of seismic profiles acquired between 1998 and 2004 by
the Universities of Aarhus and Hamburg as part of the BaltSeis and NeoBaltic projects
(Hubscher et al., 2004). Additional seismic data was acquired during multiple student
field exercise cruises of the University of Hamburg between 2005 and 2019 (Hansen
et al., 2005; Hansen et al., 2007; Hibscher et al., 2010; Al Hseinat & Hiibscher, 2014;
Al Hseinat et al., 2016; Kammann et al., 2016; Al Hseinat & Hubscher, 2017; Huster
et al., 2020). Furthermore, we use reprocessed seismic profiles of the Petrobaltic data-
base (Rempel, 1992; Schluter et al., 1997), profiles of the PQ2 cruise of the DEKORP-
BASIN’96 campaign (DEKORP-BASIN Research Group, 1999) and lines of the
GSI76B survey (kindly provided by ExxonMobil Production Deutschland GmbH,
1976). These individual and more local surveys were connected using the “BalTec”
2D seismic dataset collected during the MSM52 cruise 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 (BGR & UHH, 2016;
Hibscher et al., 2016). The “BalTec” dataset consists of a network of high-resolution
multichannel seismic data (dominant frequency of 80 Hz, vertical resolution of ca. 5-
30 m) from the western Bay of Kiel up to Bornholm Island (Fig. 5.3a). Acquisition
parameters and seismic data processing, including elaborate multiple attenuation and
denoising, allowed continuous imaging from the Zechstein salt base up to the seafloor
(see Ahlrichs et al., 2020 for a detailed description).
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Figure 5.3: Maps showing the location of seismic profiles and wells used in this study. A: Seismic
profiles from the BalTec survey and location of shown profiles in this study. B: Complete database with
all available seismic profiles and wells used for mapping. Orange lines: seismic profiles of the BalTec
survey. C: Names of salt structures in the Bays of Kiel and Mecklenburg. 1: Waabs; 2: Schleimiinde; 3:
Kieler Bucht; 4: PI6n; 5: Langeland; 6: Kegnaes Diapir; 7: Langeland Ost; 8: Vinsgrav; 9: Fehmarn;
10: Fehmarnsund Ost; 11: Staberhuk Ost; 12: Neobaltic; 13: Trollegrund Nord; 14: Boltenhagen Nord.
Salt structures after Vejbaek, 1997; Dadlez & Marek, 1998; Reinhold et al., 2008; Hiibscher et al., 2010;
Warsitzka et al. (2019). EHT: Eastholstein Trough (between salt structures 1 and 2-3-14); EHMB:
Eastholstein Mecklenburg Block (east of salt structures 2-3-14).

5.3.2. Stratigraphy

Stratigraphic interpretation of seismic units in this study follows the extended strati-
graphic framework described in detail in Ahlrichs et al. (2020). Seismic data was cal-
ibrated with well information of nearby deep research and hydrocarbon exploration
wells (Fig. 5.3) (Nielsen & Japsen, 1991; Hoth et al., 1993; Schluter et al., 1997). We
linked the stratigraphic interpretation to previous studies in the area, both onshore and
offshore (Baldschuhn et al., 2001; Lykke-Andersen & Surlyk, 2004; Hansen et al.,
2005; Hansen et al., 2007; ZolIner et al., 2008; Hlbscher et al., 2010; Deutschmann et
al., 2018; Huster et al., 2020). To further refine the seismo-stratigraphy, especially for
the Cenozoic, we tied seismic profiles to undisclosed industry well data in the western
Bay of Kiel (Fig. 5.4). We interpreted 17 seismic horizons namely base Quaternary
Unconformity, base Miocene, base Oligocene, base upper Eocene, base Eocene, base
upper Paleocene, base Maastrichtian, base Campanian, top Turonian, base
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Cretaceous, base lower Jurassic, Early Cimmerian Unconformity, base Keuper, base
Muschelkalk, top Salinarrét, base Buntsandstein, base Zechstein (Fig. 5.2). However,
we could only trace the horizons base Miocene, base Oligocene and base upper Eocene
within the Eastholstein Trough (Fig. 5.1). The Albian unit is too thin to be resolved
throughout the study area so that the base Upper Cretaceous and base Cretaceous re-
flectors cannot be differentiated.

5.3.3. Depth imaging and refraction traveltime tomography

We focused our velocity analysis on three key profiles: one crossing the Bay of Kiel
in E-W direction and two lines crossing the Bay of Mecklenburg in NW-SE and NE-
SW direction, respectively (Figs. 5.5, 5.7 and 5.8, see Fig. 5.3 for location). For these
profiles, we derived a spatially variant velocity field by migration velocity analysis
(MVA). In the MVA procedure, common offset gathers are prestack depth migrated
(Stork, 1992). In a top-down approach, the overlying velocity field of a selected hori-
zon is stepwise adjusted until reflections in the common offset gathers are flat (see
Schnabel et al., 2021). The derived velocity fields were used for prestack depth migra-
tion, which resulted in gapless depth images overcoming imaging artifacts like veloc-
ity pull-ups below salt structures (Figs. 5.5 t0 5.9).

For the three key seismic depth sections, we derived velocity information using re-
fracted first arrival P-waves (recorded by 2700 m long streamer cable) by performing
a traveltime tomography (Figs. 5.5, 5.7 and 5.8). The tomography uses the PStomo_eq
algorithm developed and described by Tryggvason (1998). The forward problem is
solved by finding a first order finite difference solution to the Eikonal equation result-
ing in afirst arrival traveltime field (Podvin & Lecomte, 1991). The ray paths are found
by back tracing the rays from the receivers to the source (Hole, 1992). The inversion
uses the iterative LSQR conjugated gradient algorithm (Paige & Saunders, 1982) to
minimize the objective function (Eqg. 13 in Tryggvason, 1998). Frahm et al. (2020)
proved the applicability of this method to the “BalTec” data.

We analyzed the derived velocity field to identify lateral velocity variations within the
seismo-stratigraphic units. Beyond the expected velocity increase with depth, the to-
mography shows no significant lateral velocity variations for the Upper Cretaceous,
Paleogene and Neogene successions (Figs. 5.5, 5.7 and 5.8). Table 5.1 summarizes the
results from published velocity information together with the velocity range and aver-
aged interval velocities of individual units based on the results of the refraction tomog-
raphy of all three profiles.
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5.3.4. Mapping

We mapped Upper Cretaceous and Cenozoic units to identify episodes of salt move-
ment and their possible relationship to Late Cretaceous to Cenozoic tectonic inversion
events. To correlate Late Cretaceous and Cenozoic thickness variations with salt struc-
tures, we also mapped the Zechstein succession. Base and top of the Zechstein unit are
only imaged by the BalTec, Petrobaltic, DEKORP-BASIN’96 and GSI76B surveys
and thus only these profiles contributed to the Zechstein mapping procedure. For map-
ping of the Upper Cretaceous (Cenomanian — Maastrichtian) and Cenozoic (Paleocene
— Miocene) units, we used all available seismic profiles in the dataset (Fig. 5.3b). Us-
ing the available horizon picks for each horizon, we created two-way traveltime-struc-
ture maps by minimum curvature spline interpolation with a grid cell size of 300x300
m. For the Quaternary, we used the base Quaternary Unconformity time-structure map
from Al Hseinat and Hibscher (2017). We created isochron maps (vertical thickness
in two-way time) for the Zechstein, Cenomanian-Turonian, Coniacian-Santonian,
Campanian, Maastrichtian-Danian, upper Paleocene, Eocene-Miocene units (provided
in the supporting information, Ahlrichs et al., 2021b). We converted the isochron maps
to isochore maps in meters by using constant interval velocities derived from averag-
ing the results of the refraction traveltime tomography (table 5.1). We chose this con-
stant velocity conversion as a first approach because the tomography requires long
streamer cables to record refracted waves and, thus, this was only possible for the Bal-
Tec data. Accordingly, velocity information is sparsely distributed and creating a so-
phisticated area-covering laterally variable velocity model is a challenging task of fu-
ture work.

We interpreted thickness maps, seismic profiles and flattened sections to identify local
and regional thickness variations. Besides vertical tectonic movements, differential
compaction, water level and sedimentation processes influence the sediment thickness
(e.g. Betram & Milton, 1989). For our study area, we assume that sediment thickness
variations reflect differential sedimentation and erosion caused by vertical tectonic
movements such as uplift/subsidence, faulting and salt movement. Based on the geo-
logical conditions during Cretaceous and Paleogene deposition (sedimentation in ra-
ther stable shallow to deep marine conditions after large-scale erosion caused by Mid-
Jurassic North Sea Doming, see chapter 5.2.), we expect mainly horizontally layered
deposition modified by post-depositional vertical tectonic movements and less domi-
nant effects of differential compaction and sea level fluctuations. However, we cannot
fully exclude effects of differential compaction and sea level fluctuations, especially
for the Neogene since falling sea levels and uplift in early Miocene times likely
changed the depositional environment in the study area (Hinsch, 1986, 1987;
Rasmussen, 2009).
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Figure 5.4: Profile AL526-20, covering the Eastholstein Trough in the western Bay of Kiel: Time mi-
grated section with well tie to undisclosed industry well data. Well markers converted to time by check
shot data. Note the black arrows pointing out the divergent upper Eocene and Oligocene units with
increasing thickness towards the Eastholstein Trough. Note the Quaternary incision at profile distance
2.5 km. For profile location, see Fig. 5.3a. VE: vertical exaggeration. Reflectors (see also Fig. 5.2): b-
Q: base Quaternary Unconformity; b-Mi: base Miocene; b-Ol: base Oligocene; b-uEo: base upper Eo-
cene; b-Eo: base Eocene; b-uPa: base upper Paleocene; b-CMa: base Upper Cretaceous Maastrichtian;
b-CCa: base Upper Cretaceous Campanian; t-CTu: top Upper Cretaceous Turonian; b-uC: base Upper
Cretaceous;b-C: base Cretaceous.

5.4. Observations

Based on key seismic profiles and thickness maps of the Zechstein, Upper Cretaceous
and Cenozoic successions, we analyze local thickness variations in the Upper Creta-
ceous — Cenozoic overburden to identify phases of salt movement during inversion
phases. In the following sections, we interpret increased thickness of a unit in the over-
burden above the rim-syncline of a salt structure (peripheral sink, sensu Jackson &
Hudec, 2017) and thinning of the overburden towards the crest of a salt structure, pos-
sibly affected by the development of crestal faults as evidence for syndepositional salt
movement and salt structure growth. Accordingly, we interpret relatively uniform
thickness across salt structures as an indication for no salt movement during this time.
For location and names of discussed salt structures, see Fig. 5.3c.

5.4.1. Key seismic profiles
Crestal faulting during Late Cretaceous and late Eocene salt movement in the eastern
Gluckstadt Graben:

At the eastern Gliickstadt Graben in the western Bay of Kiel, faults form a prominent
crestal graben above the salt pillow “Kieler Bucht” at the transition from the Easthol-
stein Trough to the Eastholstein-Mecklenburg Block (Fig. 5.5). The eastern bounding
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fault pierces the overburden from within the upper Zechstein up to the Quaternary
successions. The profile shows further smaller salt pillows towards the east. The
Buntsandstein and Muschelkalk units have uniform thickness throughout the profile.
The Keuper unit thins and reflectors converge towards the pillow crests indicating the
initiation of salt pillow formation. Jurassic deposits are only preserved in the eastern
part of the profile above rim-synclines of salt structures. The Cenomanian-Turonian
unit has a quite constant thickness characterized by concordant reflections, which in-
dicates a phase of salt tectonic quiescence (Fig. 5.6). The flattened section at base
Campanian shows minor thickness variations in the Coniacian-Santonian and Campa-
nian at the flanks of the salt pillow “Kieler Bucht” (Fig. 5.6b). Thickness of the Maas-
trichtian-Danian unit slightly increases towards the Eastholstein Trough. The overly-
ing upper Paleocene is concordant and with only ca. 50 m thickness quite thin. Apart
from the crestal zone of the salt pillow “Kieler Bucht”, the upper Paleocene has uni-
form thickness, which suggests ceased salt movement (Fig. 5.6¢). Above the crestal
zone, the unit is missing, which we explain by post-depositional erosion. The Eocene-
Miocene unit, bound at the top by the erosional base Quaternary Unconformity, shows
increased thickness at the flanks of the salt pillow “Kieler Bucht”, especially within
the western peripheral sink (Eastholstein Trough, Fig. 5.6¢). Within the crestal graben,
thicker Eocene-Miocene deposits are preserved indicating revived growth of the salt
pillow “Kieler Bucht” and reactivation of the crestal faults at least during the Eocene-
Miocene.
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5 Impact of Late Cretaceous inversion and Cenozoic extension on salt structures

Late Eocene — Oligocene salt movement in the Eastholstein Trough:

The central part of the Eastholstein Trough, in the western Bay of Kiel, contains a
relatively complete succession of Paleogene and Neogene sedimentary units (Fig. 5.4).
Upper Paleocene and lower Eocene units show rather uniform thickness characterized
by concordant reflections, which indicates a phase of relatively tectonic quiescence
without salt movement. The upper Paleocene and lower Eocene units contain numer-
ous small-scale faults, which remind of polygonal faults. Upper Eocene and Oligocene
units are divergent towards the center of the Eastholstein Trough, which indicates re-
commencing salt movement in the late Eocene (Fig. 5.4, compare black arrows). To-
wards the east, thickness of the upper Eocene unit decreases while Oligocene and Mi-
ocene units are truncated by the base Quaternary Unconformity.

EHMB—>

A €—EHT
w

Kieler Bucht
10

Langeland Ost

Langeland pjstance (km)
A 20 25

EHMB—>

Kieler Bucht Langeland pistance (km)
5 20 25

Rel. Depth (m) |

Kieler Bucht EHMB—>

Langeland pjstance (km) Langeland Ost E
20 25

Rel. Depth (m)

Flattened base Campanian|. N —
Cenozoic Late Cretaceous Jurassic  Triassic

Quaternary Maastrichtian-Danian Coniacian-Santonian - Keuper
Eocene-Miocene Campanian Cenomanian-Turonian
upper Paleocene incl. Alblan

Muschelkalk

Buntsandstein
Figure 5.6: Zoom of profile BGR16-232 (Fig. 5.5), located in the bay of Kiel. Note the increased
vertical exaggeration. B and C show flattened section at base Campanian and base late Paleocene re-
spectively. Note the small velocity pull-ups due to high-velocity channel infill near the seafloor (marked
with grey “*” symbols along the distance axis. See Frahm et al., 2020 for further details). EHT: Easthol-
stein Trough; EHMB: Eastholstein-Mecklenburg Block. VE: vertical exaggeration. Reflectors labeled
asin Figs. 5.2 and 5.5.
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5 Impact of Late Cretaceous inversion and Cenozoic extension on salt structres

Late Cretaceous and Eocene-Miocene salt movement in the Bay of Mecklenburg:

Fig. 5.7 shows a NW-SE profile in the Bay of Mecklenburg imaging the salt pillow
“Staberhuk Ost” and adjacent rim-synclines. Multiple faults with partly small offsets
characterize the base Zechstein. The Buntsandstein and Muschelkalk units show uni-
form thickness throughout the profile, whereas convergence and crestal erosion of
Keuper strata denote the initiation of salt pillow development. The Jurassic unit is only
preserved above the rim-synclines. The Cenomanian-Turonian unit shows gradually
increasing thickness from the NW to SE reflecting a thickness increase towards the
basin center as the profile is not exactly parallel to the basin margin. Local thickness
variations within the Cenomanian-Turonian around the salt pillow as well as crestal
faults are not visible. Thus, we interpret this as a phase of salt tectonic quiescence.
Minor local thickness variations (50 to 60 m) in the Coniacian-Santonian and Campa-
nian between the pillow crest and above the adjacent rim-synclines indicate the devel-
opment of small peripheral sinks and revived salt movement (Fig. 5.7). Minor salt
pillow growth continued in the Maastrichtian-Danian represented by increased thick-
ness of the unit above the rim-synclines and thinning and erosion towards the crest of
the salt pillow “Staberhuk Ost”. The upper Paleocene unit shows uniform thickness
suggesting ceased salt movement during this time. Preserved Eocene-Miocene depos-
its above the rim-synclines show concordant internal reflections, which are truncated
by the base Quaternary Unconformity above the pillow crest. Assuming a locally con-
stant amount of Neogene and Quaternary erosion, increased thickness of the Eocene-
Miocene unit above the rim-synclines indicates salt withdrawal from the rim-synclines
during the Cenozoic, where the observed remnants of the Eocene-Miocene unit are
prekinematic.

Late Cretaceous and Eocene-Miocene salt movement in the Bay of Mecklenburg at the
transition to the Grimmen High:

The SW-NE profile shown in Fig. 5.8 crosses two salt pillows in the Bay of Mecklen-
burg. Multiple faults offset the base Zechstein in the northeastern part of the profile.
The thickness of the Buntsandstein and Muschelkalk increases gradually towards the
southwest, in the direction of the basin center. The Keuper unit shows local thickness
variations around the salt pillows, especially in the upper part, indicating the initiation
of salt movement and pillow growth, which is in accordance to the observations from
Fig. 5.7. In the SW part of the profile, preserved Jurassic strata have slightly increased
thickness while the unit terminates in a toplap towards the crest of the salt pillow
“Trollegrund Nord”. Towards the Grimmen High, the Jurassic unit shows increased
thickness. The Cenomanian-Turonian unit has uniform thickness and relatively con-
cordant layering (Fig. 5.9). Coniacian-Santonian units thin and reflectors converge to-
wards the Grimmen High, whereas thinning becomes more prominent in the Campa-
nian and Maastrichtian-Danian (Fig. 5.9b). Above the crest of the salt pillows, the Co-
niacian-Santonian and more prominent the Campanian and Maastrichtian-Danian units
show reduced thickness compared to the flanking peripheral sinks, which evidences
salt pillow rise by salt withdrawal from the rim-synclines. At the salt pillow “Trol-
legrund Nord”, numerous crestal faults with relatively small throw dissect the Upper
Cretaceous units. They likely developed in response to the rising salt. The upper
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5 Impact of Late Cretaceous inversion and Cenozoic extension on salt structures

Paleocene unit shows relatively uniform thickness. Numerous small-scale faults pierce
this unit (Fig. 5.9¢). Thickness of the Eocene to Miocene unit is increased in peripheral
sinks while reduced thickness is visible towards the salt structures. However, the Eo-
cene-Miocene unit lacks internal diverging reflectors (Fig. 5.8c).
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Figure 5.7: Profile BGR16-230, located in the Bay of Mecklenburg: Uninterpreted prestack depth
migrated section showing velocity results from the traveltime tomography (top) and intepreted section
(bottom). For location, see Fig. 5.3a. Salt structures are marked on top of the section. Values within
Coniacian-Santonian and Campanian units denote approximate thickness at the black arrow location.
Faults at the base Zechstein with question mark are uncertain as the small offsets could also be velocity
artefacts. Note the small velocity pull-ups due to high-velocity channel infill near the seafloor (marked
with grey “*” symbols along the distance axis. See Frahm et al., 2020 for further details). VE: vertical
exaggeration. Reflectors labeled as in Figs. 5.2 and 5.5.
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A sw

Boltenhagen Nord Distan c e (km) Trollegrund Nord Grimmen High NE
10 15 20 35 40 45 50 55 65 __75

2400 1400
Boltenhagen Nord Distance (ki m) Trollegrund Nord Grimmen High NE

D d5 20" 35 40 65 70 80

— Velocity pull-up

2 . due to channel fill
Late Cretaceous Jurassic
Maastrichtian-Danian -
Campanian

Cenozoic
Quaternary
Eocene-Miocene

Coniacian-Santonian

upper Paleocene

Cenomanian-Turonian
incl. Albian

Triassic Paleozoic

Keuper Zechstein
Muschelkalk Pre-Zechstein

Buntsandstein

Rel. Depth (m) Depth (m)

Flattened base upper Paleocene

Figure 5.8: Profile BGR16-254, located in the Bay of Mecklenburg: A: Uninterpreted prestack depth
migrated section showing velocity results from the traveltime tomography. B: Intepreted section. For
location, see Fig. 5.3a. Salt structures are marked on top of the section. Fault at the base Zechstein with
question mark is uncertain as the small offset could also be velocity artefacts. C: Zoomed in section of
Eocene-Miocene unit. Note the concordant internal layering of the Eocene-Miocene unit and missing
of diverging strata. Note the small velocity pull-ups due to high-velocity channel infill near the seafloor
(marked with grey “*”” symbols along the distance axis. See Frahm et al., 2020 for further details). VE:
vertical exaggeration. Reflectors labeled as in Figs. 5.2 and 5.5.
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Figure 5.9: Zoom of profile BGR16-254 (Fig. 5.8), located in the Bay of Mecklenburg. See Fig. 5.3 for
location. Note the increased vertical exaggeration. B and C show flattened section at base Campanian
and base upper Paleocene respectively. D: 3D view from the southeast on the Trollegrund Nord (TN)
salt pillow in the Bay of Mecklenburg in order to visualize small crestal faults above the pillow. Grey
lines mark crestal faults piercing the Upper Cretaceous units. Mint-green line above the faults outlines
the location of the crestal fault picks and is displayed accordingly in map view in Figs. 5.11 and 5.12.
Note the small velocity pull-ups due to high-velocity channel infill near the seafloor (marked with grey
“~” gymbols along the distance axis. See Frahm et al., 2020 for further details). VE: vertical exaggera-
tion.

5.4.2. Thickness maps

54.2.1. Zechstein

Due to the basin configuration, Zechstein thickness shows a general trend of increasing
thickness from the basin margin in the north towards the south (Fig. 5.10). Areas of
locally increased thickness coincide well with the published locations of Zechstein salt
structures (Vejbaek, 1997; Reinhold et al., 2008; Hubscher et al., 2010; Warsitzka et
al., 2019). However, for three structures in the Bay of Kiel and one in the Bay of
Mecklenburg, our new mapping reveals a slightly different location and shape. The
better coverage of the subsurface by the new BalTec data imaging the deeper subsur-
face leads to a more circular outline of the salt structures “Kieler Bucht”, “Langeland”,
“Langeland Siid” and “Staberhuk Ost” (compare dashed yellow and adjacent dashed
black lines in Fig. 5.10). We did not modify the shape for salt structures that where not
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well covered by seismic profiles, as only a subset of the database imaged top and base
Zechstein (inset of Fig. 5.10, e.g. salt pillow “Neobaltic”), or where the thickness map
does not show a distinctively different shape. Northeast of the Werre Fault Zone, a
zone of increased Zechstein thickness trending parallel to the fault is visible (Prerow
anticline in Fig. 5.10).
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Figure 5.10: Zechstein isochore map (isochrone map converted using a constant interval velocity of
4500 m/s. Yellow dashed lines mark modified outline of salt structures based on mapped thickness in
this study. Pinchout of mobile Zechstein after Katzung (2004); Pharaoh et al. (2010). Inset shows input
profiles for Zechstein mapping (top and base Zechstein are only imaged by subset of the database).
WFZ: Werre Fault Zone.

54.2.2. Upper Cretaceous

The Cenomanian-Turonian isochore map (Fig. 5.11a) shows relatively uniform thick-
ness throughout the study area. While the mean thickness of the unit is approx. 80 m
within the Bay of Kiel, mean thickness in the Bay of Mecklenburg is with approx. 100
m slightly higher. Thickness variations do not correlate with the location of salt struc-
tures. The variations are small and occur across large distances.

The mean thickness of the Coniacian-Santonian unit is approx. 150 m, both in the Bay
of Kiel and Bay of Mecklenburg (Fig. 5.11b). The NE-SW trend of increasing thick-
ness resembles the basin configuration. Minor local thickness variations are observed
in the Eastholstein Trough, whereas no local thickness variations are observed in the
eastern Bay of Kiel. In the Bay of Mecklenburg, we observe minor local thickness
variations around salt structures. From the Bay of Mecklenburg towards the Grimmen
High, the Coniacian-Santonian unit thins out (Fig. 5.11b). We interpret the thinning as
a result of syndepositional uplift of the Grimmen High in response to the onset of basin
inversion.

The Campanian has a mean thickness of approx. 180 m in the Bay of Kiel and 160 m
in the Bay of Mecklenburg (Fig. 5.11c). Increased thickness of the Campanian unit
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within the Eastholstein Trough and south of the salt pillow “Kieler Bucht” indicate the
development of peripheral sinks and revived salt movement in the Gluckstadt Graben.
However, thickness variations are only in the range of several tens of meters, thus,
representing only minor salt movement. The eastern Bay of Kiel shows the typical
NNE-SSW trend of increased thickness reflecting the basin configuration. Above the
crests of salt pillows in the Bay of Mecklenburg, thickness of the Campanian is re-
duced. Adjacent areas of slightly increased thickness suggest the development of mi-
nor peripheral sinks, which indicates at least minor salt movement (Fig. 5.11c). Thin-
ning towards the Grimmen High is evident from both the southwest and northeast. An
approx. 25 km wide zone of eroded Campanian forms the northwestern flank of the
Grimmen High, which suggest ongoing uplift of the Grimmen High during the Cam-
panian.

The Maastrichtian-Danian unit has a mean thickness of 105 m in the Bay of Kiel and
approx. 70 m in the Bay of Mecklenburg (Fig. 5.11d). Danian chalk is only preserved
in the Eastholstein Trough in the western Bay of Kiel and in the northwestern study
area (note blue dashed line in Fig. 5.11d). Thus, the mapped thickness represents
mainly Maastrichtian deposits in most parts of the study area. The isochore map shows
local thickness variations in the Eastholstein Trough and adjacent areas with slightly
increased thickness adjacent to the salt structures. These areas coincide with increased
thickness visible in the Campanian. In the eastern Bay of Kiel, the depositional trend
seems to have changed from previously NNE-SSW increasing thickness as e.g. visible
for the Campanian to NW-SE in the Maastrichtian-Danian. However, the thickness
variations are minor over a large distance. Note the NNE-SSW striking contour line
west of Fehmarn. In the Bay of Mecklenburg, areas of locally increased thickness ad-
jacent to salt structures coincide with those in the Campanian. The Maastrichtian-Da-
nian unit is thinned or partly eroded above salt pillow crests, which indicates ongoing
salt movement accompanied by the development of peripheral sinks.
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5.4.2.3. Cenozoic

The upper Paleocene unit is relatively thin and uniform in thickness throughout the
study area (Fig. 5.12a). The mean thickness is approx. 70 m. The NW-SE thickness
trend of the Maastrichtian-Danian unit prevails in the upper Paleocene. Above many
salt pillows, the upper Paleocene thickness is reduced due to crestal erosion. Where
the top Paleocene is preserved, the unit shows relatively constant thickness. Deepening
of peripheral sinks is not visible. Thus, the crestal erosion must have been post-depo-
sitional and salt movement ceased during the late Paleocene.

The Eocene-Miocene unit shows comparable large thicknesses (Fig. 5.12b, note the
higher contour interval of 50 m). Within the Eastholstein Trough, more than 700 m of
Eocene to Miocene deposits accumulated, whereas thickness of the unit ranges be-
tween 0 m and 100 — 200 m above the adjacent salt structures. In the northeastern Bay
of Kiel, thickness variations are small and do not clearly correlate with the salt struc-
tures “Langeland Ost” and “Vinsgrav”. In the southeastern Bay of Kiel and within the
Bay of Mecklenburg, we observe increased thickness adjacent to salt structure, while
the unit shows reduced thickness above the crests. Though, overall thickness within
the peripheral sinks is smaller than in the Eastholstein Trough. Throughout the study
area, local thickness variations clearly correlate with the salt structures and indicate
salt withdrawal from rim-synclines due to revived salt movement during the Eocene
to Miocene in the Eastholstein Trough, southern Bay of Kiel and Bay of Mecklenburg.

5.4.3. Faults

Multiple faults cut the Upper Cretaceous and Cenozoic units (Figs. 5.11 and 5.12). At
the western boundary of the Eastholstein Trough, a crestal graben formed above the
salt wall “Waabs”. At the eastern border of the Eastholstein Trough, two prominent N-
S striking faults cut the Upper Cretaceous and Cenozoic units and form a crestal graben
above the salt structures “Schleimiinde”" and “Kieler Bucht” (Fig. 5.11). At least the
eastern boundary fault is detached in the Zechstein (Fig. 5.5). The thickness of the
Upper Cretaceous and Paleocene units within the crestal graben is relatively similar to
the graben shoulders. The top part of the crestal graben is filled with Eocene-Miocene
deposits, which leads to a locally increased thickness within the graben comparing the
adjacent area (Figs. 5.5 and 5.12b). This indicates a reactivation of the crestal faults
within the Eocene to Miocene.

Above the salt structures “Langeland” (Bay of Kiel), “Staberhuk Ost”, “Neobaltic”,
Fehmarnsund Ost” and “Trollegrund Nord” (all Bay of Mecklenburg), many small
faults pierce the Upper Cretaceous and Cenozoic units. We outlined the area where
these small-scale crestal faults are visible (Fig. 5.9d and mint line in Figs. 5.11 and
5.12). They are restricted to the crest of salt pillows, which suggests they developed
during the growth of the salt structures.
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Figure 5.12: Isochore maps of Paleogene and Neogene units (isochrone maps converted using a con-
stant interval velocity). A: upper Paleocene, B: Eocene-Miocene. EHT: Eastholstein Trough. Pinchout
of mobile Zechstein after Katzung (2004); Pharaoh et al. (2010).

5.5.
In this section, we interpret and discuss our observations derived from seismic imaging
and mapping of the Zechstein, Upper Cretaceous and Cenozoic units in the context of
the structural evolution and tectonic framework of the North German Basin (NGB)
and adjacent areas. Special emphasis is put on identification and characterization of
basin inversion phases. Common criteria of inversion tectonics include the reactivation
of normal faults as reverse faults as well as folding and uplift of sedimentary units.
Furthermore, inversion induced compression can reactivate salt movement including
squeezing, arching of the roofs and growth of salt structures. This leads to the

Interpretation and Discussion
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development of peripheral sinks and thinned overburden above the crest of the salt
structure (e.g. Cooper & Williams, 1989; Letouzey et al., 1995; Jackson & Hudec,
2017). In the following, we interpret and discuss phases of salt movement and their
relation to phases of Late Cretaceous to Cenozoic inversion. Thereby, we use the ter-
minology explained in the introduction to refer to the individual inversion events
(“‘Subhercynian”, “Laramide”, “Pyrenean”, “Savian”) based upon the geological time
when they occurred (Late Cretaceous, late Paleocene, late Eocene- Oligocene, late Ol-
igocene - Miocene).

We presented thickness (isochore) maps of the Zechstein, Upper Cretaceous and Ce-
nozoic units, which represent isochrone maps converted by a constant interval velocity
(table 5.1). As the velocity of sedimentary units in the overburden generally increases
with depth due to higher compaction, the converted maps underestimate the thickness
of the Upper Cretaceous and Cenozoic units in an area, which experienced higher bur-
ial depth, e.g. above the rim-syncline of salt structures. Similarly, for areas which ex-
perienced less burial, e.g. above the crest of a salt structure, the thickness is overesti-
mated. Therefore, we can expect that the true local thickness variations around salt
structures are slightly more pronounced than shown by Fig. 5.11 and 5.12. Zechstein
interval velocity varies by composition based on the relative content of halite. Interval
velocity increases in rim-synclines, where halite is depleted and mechanically stronger
portions of the Zechstein succession dominate (mostly anhydrite and non-evaporite
rocks). In salt structures, where halite accumulated, the Zechstein interval velocity
converges to the interval velocity of pure halite (4500 m/s) (Schnabel et al., 2021).
Thus, we underestimate Zechstein thickness for areas with major salt depletion (Fig.
5.10).

During the mapping procedure, we analyzed and traced visible faults in the Upper
Cretaceous and Cenozoic units (Fig. 5.11 and 5.12). Thereby, the extended seismic
dataset allowed a reevaluation of previously published fault traces in the study area
(Al Hseinat & Huibscher, 2017).

5.5.1. Late Cretaceous: from tectonic quiescence to inversion

The study area wide relatively uniform thickness and concordant layering of the Ceno-
manian-Turonian unit resulted from the relatively quiet tectonic conditions persisting
until the Coniacian to Santonian. This is in good accordance with the results of previ-
ous studies (Baltic sector of the NGB: e.g. Hansen et al., 2007; Hubscher et al., 2010;
onshore Mecklenburg-Western Pomerania: e.g. Kossow & Krawczyk, 2002; Glick-
stadt Graben: e.g. Maystrenko et al., 2006).

At the northeastern basin margin, mapping of the Upper Cretaceous units with a de-
tailed stratigraphic subdivision allowed to date the uplift of the Grimmen High and
define its northwestern, offshore, spatial extent (Fig. 5.11). The uplift started in the
Coniacian-Santonian and persisted in the Campanian. Thus, the uplift occurred con-
temporaneous to the onset (90-70 Ma) of the Africa-Iberia-Europe convergence and
the corresponding inversion in adjacent sub-basins of the Southern Permian Basin
(Ziegler et al., 1995; Kley & Voigt, 2008; Kley, 2018; Harz mountains: Voigt et al.,
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2004; Lower Saxony: Kockel, 2003; Netherlands: de Jager, 2003; Poland: Krzywiec,
2006; Denmark: Vejbaek & Andersen, 2002). The direction of shortening during this
Late Cretaceous inversion event was rather uniformly in NNE-SSW direction (Kley &
Voigt, 2008). The Grimmen High strikes NW-SE, which is almost perpendicular to
the direction of shortening, which further supports a causative relation (Kossow &
Krawczyk, 2002).

In the Eastholstein Trough and in the Bay of Mecklenburg, minor local thickness var-
iations of the Coniacian-Santonian when comparing the overburden above salt struc-
tures and their vicinity suggest revived salt movement coeval with uplift of the Grim-
men High and the onset of basin inversion (Figs. 5.6, 5.7, 5.9 and 5.11). Thickness
variations become more prominent in the Campanian and Maastrichtian, which sug-
gests increased salt movement. In the eastern Bay of Kiel, local thickness variations of
Upper Cretaceous units are smaller suggesting less salt movement in the transition
between Glickstadt Graben and the northeastern basin margin.

Because of the observed uniform thickness of the Cenomanian-Turonian, we can ex-
clude that differential loading caused the reactivation of salt movement in the Baltic
sector of the NGB. The horizontal layering and tectonic quiescence in the Cenoma-
nian-Turonian requires a tectonic trigger for salt movement in the Coniacian-Santo-
nian. The coeval onset of basin inversion makes a thin-skinned reactivation of salt
structures driven by compressional intraplate stress related to the Africa-lIberia-Europe
convergence reasonable. Minor basement shortening and corresponding reverse move-
ments at inverted basement faults could be sufficient to induce thin-skinned shortening
and minor reactivation of preexisting salt structures. Kossow and Krawczyk (2002)
estimated about 1 km of subsalt and 3 km of suprasalt shortening for the area north of
the Gardelegen Fault up to the northeastern basin margin with progressively decreas-
ing deformation intensity towards the NE (see Fig. 3 in Kossow & Krawczyk, 2002).
The expected minor deformation intensity is in accordance to minor salt movement in
the Baltic sector of the NGB. At the northeastern basin margin, uplift of the Grimmen
High and fault reactivation of the thin-skinned Werre Fault Zone (Ahlrichs et al., 2020)
evidence compressional deformation. Onshore Mecklenburg-Western Pomerania, at
the southwestern flank of the Western Pomeranian Fault System (WPFS, Fig. 5.1), a
recently published 3D geological overview model shows numerous NW-SE striking
faults at the base Zechstein (TUNB Working Group, 2021). These faults are decoupled
from the overburden and reach at least partly from the onshore mainland up to the
eastern coast of the Bay of Mecklenburg. Faults dissecting the base Zechstein in the
northeastern part of Fig. 5.8 might represent the offshore prolongation of these onshore
faults. The NW-SE orientation of the base Zechstein faults is favorable for a reactiva-
tion during Late Cretaceous shortening and similar to the reactivated faults of the
WPFS further north, where mobile Zechstein units are absent (Deutschmann et al.,
2018; Seidel et al., 2018). Further visible offsets of the base Zechstein imaged by seis-
mic data in the Bay of Mecklenburg could represent additional basement faults (Figs.
5.7 and 5.8). However, the partly small offsets might also represent velocity artefacts,
which needs further investigations to verify this assumption.

115



5 Impact of Late Cretaceous inversion and Cenozoic extension on salt structures

In the outer Gliickstadt Graben, a thin-skinned compressional reactivation of salt
movement due to Late Cretaceous inversion was already interpreted by Maystrenko et
al. (2006). These authors observed squeezed salt diapirs with arched roofs. However,
indications for Late Cretaceous basement shortening in the Gliuckstadt Graben are
lacking and the link of thin- and thick-skinned deformation needs further investigation
(Warsitzka et al., 2016). Our interpretation of minor salt movement caused by thin-
skinned compression in the Eastholstein Trough and Bay of Kiel is in agreement with
Maystrenko et al. (2006). In contrast to the faults of the WPFS, Late Cretaceous con-
traction acted almost parallel to the approx. NNE-SSW trending salt structures and
underlying basement faults of the Gliickstadt Graben (Fig. 5.1), which explains the
small intensity of salt flow in the Eastholstein Trough (Fig. 5.11). Thereby, the eastern
Bay of Kiel and the area around Fehmarn Island represents a transition zone from the
influence of the Gliickstadt Graben in the west to higher influence of the basin margin
faults of the WPFS in the east.

5.5.2. Late Paleocene: large-scale uplift

The upper Paleocene thickness map shows only small variations with large wave-
lengths in the study area (Fig. 5.12a). In comparison with the NNE-SSW to NE-SW
trend of increasing thickness of the Upper Cretaceous units (Fig. 5.11), the upper
Paleocene trend is rather NW-SE with a NE-SW elongated zone of increased thickness
around Fehmarn Island. However, thickness variations are small and the mapped area
might not display the true regional pattern. Thickness variations do not correlate with
salt structures in the Bays of Kiel and Mecklenburg. Missing peripheral sinks and con-
cordant layering (see flattened sections in Figs. 5.6 and 5.9) approve that post-deposi-
tional erosion caused the thinned overburden above salt structure crests (Fig. 5.12a).
Furthermore, lower and middle Eocene deposits imaged in the Eastholstein Trough are
likewise relatively uniform in thickness, which indicates ceased salt movement and
relative tectonic quiescence during the late Paleocene to middle Eocene (Fig. 5.4).

There are different views in the literature concerning a late Paleocene inversion phase
within the Southern Permian Basin. While some authors considered a fault-controlled
uplift (e.g. Nalpas et al., 1995; de Jager, 2003) or proposed a domal uplift mechanism
by lithospheric folding (e.g. Nielsen et al., 2005; Deckers & van der VVoet, 2018), oth-
ers questioned the existence of late Paleocene inversion and suggested that sea-level
fluctuations caused the unconformity (Kockel, 2003). Recent studies explain the un-
conformity by large-scale domal uplift caused by thinning of the mantle lithosphere
and dynamic topography driven by mantle plumes (Kley, 2018; von Eynatten et al.,
2021). For the study area, well information and paleogeographic maps prove a strati-
graphic gap between Danian chalk and preserved upper Paleocene claystones
(Thanetian) (Vinken & International Geological Correlation Programme, 1988; Hoth
et al., 1993). Assuming that fault-controlled uplift caused the stratigraphic gap, we
would expect local thickness variations and thin-skinned compressional reactivation
of salt movement similar to the Late Cretaceous inversion event. However, the struc-
tural style of deformation of the Paleocene is quite different to the Late Cretaceous
inversion. The lack of salt movement and the regional unconformity overlain by upper

116



5 Impact of Late Cretaceous inversion and Cenozoic extension on salt structres

Paleocene deposits of relatively uniform thickness are in better accordance with a
large-scale domal uplift. The structural style in the Paleocene is similar to the Mid
Jurassic North Sea Doming event, where large-scale uplift and erosion in the Jurassic
was followed by a period of relative tectonic quiescence in the Albian to Turonian
(Hansen et al., 2007; Hubscher et al., 2010). The temporal correlation of the strati-
graphic gap in the study area (ca. 66 - 59 Ma) with the late Paleocene domal uplift in
other parts of the Southern Permian Basin suggests a causative relation (Central Eu-
rope, 75 - 55 Ma: von Eynatten et al., 2021; southern North Sea, 62 - ca. 59 Ma:
Deckers & van der Voet, 2018; British Isles, 65 - 55 Ma: Holford et al., 2009 ).
Thereby, the Baltic sector of the NGB could mark the northeastern prolongation of the
domal uplift in central Germany (von Eynatten et al., 2021).

5.5.3. Cenozoic salt movement

Diverging upper Eocene strata and development of a large peripheral sink in the
Eastholstein Trough evidence the reactivation of salt movement and renewed activity
in the outer Glickstadt Graben (Figs. 5.4 and 5.12). Salt movement persisted during
the late Eocene to Miocene indicated by the development of peripheral sinks and
crestal faulting above the salt structures “Schleimiinde” and “Kieler Bucht” with in-
creased infill of the crestal graben with Eocene-Miocene deposits. This is in accord-
ance to previous studies investigating the eastern Glickstadt Graben (onshore:
Baldschuhn et al., 2001; Maystrenko et al., 2005a; offshore: Hansen et al., 2005; Al
Hseinat et al., 2016; Huster et al., 2020).

Outside of the Eastholstein Trough, we observe eroded or thinned Eocene-Miocene
strata above salt structure crests, whereas the unit shows increased thickness above
rim-synclines (Fig. 5.12b). These local thickness variations clearly correlate with the
salt structures in the Bays of Kiel and Mecklenburg. This suggests salt withdrawal
from rim-synclines and subsidence of the overlying overburden, while corresponding
growth of salt structures subjects the crestal overburden to a higher degree of erosion.
However, the preserved Eocene-Miocene unit lacks divergent strata, even above rim-
synclines, that would directly date the salt movement (Figs. 5.7, 5.8 and 5.9). Neogene
uplift and erosion and subsequent Quaternary glacial erosion (Sirocko et al., 2008;
Rasmussen, 2009) removed much of the Eocene-Miocene deposits in the Baltic sector
of the NGB. Well information and pre-Quaternary maps of the study area and adjacent
onshore regions indicate that preserved sedimentary units are mostly of early to middle
Eocene and partly late Eocene, Oligocene and early Miocene age (wells onshore
Mecklenburg Western Pomerania: Hoth et al., 1991; Pre-Quaternary maps of Schles-
wig Holstein and Mecklenburg - Western Pomerania: Hinsch, 1991; Schulze, 1995).
The latter occur mostly above rim-synclines of salt structures. Therefore, we can as-
sume that outside of the Eastholstein Trough, our mapped Eocene-Miocene unit com-
prises mostly lower to middle Eocene deposits. Based on a conceptual model (Fig.
5.13), we propose that the reactivation of salt movement took place in post-middle
Eocene times due to the following considerations:

The Albian and Upper Cretaceous units were deposited above a major erosional un-
conformity (Fig. 5.2). During deposition, relative tectonic quiescence persisted with
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uniform thickness distribution and horizontal layering. During Late Cretaceous inver-
sion, minor salt movement led to minor local thickness variations. Thus, we can still
consider layering as approx. horizontal at the Late Cretaceous-Danian to late Paleo-
cene transition, especially as large-scale late Paleocene erosion presumably re-flat-
tened the paleo-relief (Fig. 5.13a). Assuming no salt movement occurred during the
Cenozoic, we would expect horizontally layered sedimentary units deposited in Eo-
cene to early Miocene shallow to deep marine conditions. Neogene and Quaternary
erosion removed sedimentary units but a more or less horizontal layering would remain
(Fig. 5.13b). However, seismic images show that the Eocene-Miocene unit is folded
across the salt structures (Figs. 5.5, 5.7 and 5.8), which requires a post-middle Eocene
phase of salt movement that overprinted prior horizontal layering of upper Paleocene
to middle Eocene deposits (Fig. 5.13c). Neogene and Quaternary erosion then removed
synkinematic divergent strata (Fig. 5.8c), leaving behind mostly the prekinematic
lower to middle Eocene (Fig. 5.13c). We cannot fully exclude that the reactivation of
salt movement in the Cenozoic was during the Neogene. However, the observed re-
newed salt movement in the eastern Gluckstadt Graben during the late Eocene to Oli-
gocene makes a coeval reactivation of the salt structures of the Eastholstein Mecklen-
burg Block likely. Local thickness variations of the Eocene-Miocene units exceed
those of Upper Cretaceous units by far (Figs. 5.4, 5.11 and 5.12b). Hence, after the
initial growth of salt structures in the Triassic and Jurassic, the second major phase of
salt movement and growth of salt structures was likely in the late Eocene to early Mi-
ocene.
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Figure 5.13: Conceptual model visualizing the necessity of a Cenozoic phase of salt movement. A:
Initial situation at Late Cretaceous-Danian to late Paleocene transition. B: Present-day situation without
Cenozoic salt movement. Note that only postkinematic strata is eroded. C: Present-day situation with
post-middle Eocene salt movement. Note the eroded prekinematic strata, prekinematic remnants and
the eroded synkinematic (divergent) strata.

5.5.4. Cause of Cenozoic reactivation of salt movement

The uniform thickness of the upper Paleocene unit suggests a phase of salt tectonic
quiescence that ended in the late Eocene. In the following, we discuss potential trigger
mechanism for the late Eocene salt remobilization.

The late Eocene to Oligocene reactivation of salt movement was contemporaneous to
recommencing northward movement of Iberia and increasing rates of Africa-lberia-
Adria-Europe convergence associated to the Pyrenean and Alpine orogenies (e.g.
Handy et al., 2010). This resulted in approx. N-S directed shortening in the European
foreland and a further phase of inversion in the Southern Permian Basin (e.g. Kley,
2018). The direction of compression is similar to the Late Cretaceous inversion event
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and almost parallel to the NNE-SSW striking Gliickstadt Graben. As discussed before,
this makes the structures unfavorable for compressional reactivation. At the northeast-
ern basin margin, shortening during the late Eocene-Oligocene inversion event acted
oblique to the NW-SE striking faults of the WPFS (Fig. 5.1) and further SW located
base Zechstein faults (shown in a 3D geological overview model, see TUNB Working
Group, 2021). Here, we cannot exclude a contribution to salt movement driven by
compression. However, salt movement in post-middle Eocene times exceeded the salt
flow during the Late Cretaceous. It is therefore questionable why similar directed com-
pressional stress would result in a quite different response of the salt structures in the
study area, especially in the Glickstadt Graben (minor Late Cretaceous vs. major late
Eocene movement), in particular as shortening during the Late Cretaceous event was
stronger than during the Paleogene (e.g. Vejbaek et al., 2010).

Coeval with the late Eocene-Oligocene revived activity in the Glickstadt Graben, Cen-
tral Europe experienced rifting and the development of the European Cenozoic Rift
System (ECRIS, Fig. 5.14) (Dézes et al., 2004). Development of the northern part of
the ECRIS, namely the Upper Rhine Graben, the Roer Graben and the Hessian gra-
bens, began during the late Eocene (Dézes et al., 2004). The authors attributed opening
of the rifts to transtensional reactivation of older crustal discontinuities controlled by
orthogonal N to NE directed compressional stress originating in the Alpine and Pyre-
nean collision zones. However, missing strike-slip deformation of upper Eocene-Oli-
gocene deposits, as well as poorly constrained dating of compressional deformation,
in the Upper Rhine Graben and the Massif Central grabens led Michon and Merle
(2005) to question an Alpine control. They interpreted the late Eocene-Oligocene de-
velopment in terms of passive rifting due to E-W to ESE-WNW extension (Fig. 5.14).

The Glickstadt Graben is located approx. 500 km north of the Upper Rhine Graben
(Fig. 5.14). In contrast to the Rhine Rift System, it is floored by thick Zechstein salt.
Maystrenko et al. (2005a) noted that the rapid subsidence in the Gliickstadt Graben
during the Paleogene to Neogene coincided with subsidence of the North Sea and was
likely related to E-W extension. An E-W extensional event acted almost perpendicular
to the graben axis, thus making a reactivation favorable. This is in agreement with a
higher degree of salt movement compared to the Late Cretaceous and the observed
reactivation of the N-S striking crestal graben in the western Bay of Kiel (Fig. 5.12b).
Moreover, the development of a N-S striking normal fault, which pierces from the
basement into the Paleogene successions, proves E-W extension (Scheck-Wenderoth
et al., 2008). This fault is located at the eastern border of the Eastholstein Trough,
below the onshore part of the salt structure “Plon” (Figs. 5.1 and 5.3). In the Bay of
Kiel, a thick-skinned fault like this is not visible and thin-skinned faulting predomi-
nates. The coeval activity of the ECRIS and similar favorable orientation makes an
extensional trigger for Cenozoic salt movement in the southwestern Baltic sector of
the NGB plausible and suggests a causative relationship to the development of the
ECRIS (Fig. 5.14). At the northeastern basin margin, an extensional reactivation of the
approx. NNW-SSE striking basement faults, south to southeast of the Bay of Meck-
lenburg, could also induce a reactivation of salt movement by thin-skinned extension.
However, whether these faults were reactivated during the Cenozoic is unclear. To
validate this, further research, including improved images of the subsalt, is needed.
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Figure 5.14: Regional sketch map showing late Eocene to Oligocene stage of structural evolution of
the European Cenozoic Rift System (ECRIS) in relation to the Gllckstadt Graben and salt structures in
the study area. Arrows indicate kinematics. Areas affected by Late Cretaceous and late Eocene to Oli-
gocene (Miocene) inversion are also shown. Compiled after Michon et al., 2003; Dezes et al., 2004;
Mazur et al., 2005; Kley et al., 2008; Kley, 2018. Fault pattern simplified and without claim to comple-
teness. BG: Bresse Graben; EG: Eger Graben; HG: Hessian grabens; LG: Limagne Graben; GG:
Gluckstadt Graben; Roer Graben; URG: Upper Rhine Graben.

5.6. Conclusions

We analyzed the Late Cretaceous and Paleogene evolution in the Baltic sector of the
North German Basin margin using a dense network of high-resolution 2D seismic data.
Stratigraphic interpretation was linked to previous studies and nearby wells. We pre-
sented key prestack depth migrated seismic profiles and thickness maps of the Zech-
stein, Upper Cretaceous and Cenozoic units with refined stratigraphic subdivisions that
are novel for the study area. We used a refraction traveltime tomography to estimate
an averaged interval velocity for key Upper Cretaceous and Cenozoic units, which we
used to constrain constant velocities for time-depth conversion. The Zechstein thick-
ness map allowed redefining the geometry of four salt structures in the Bays of Kiel
and Mecklenburg. The refined stratigraphic subdivision allows differentiating between
episodes of increased tectonic activity during the Late Cretaceous and Cenozoic. The
main conclusions are:

e Late Cretaceous basin inversion in the Baltic sector of the North German Basin
started coevally with neighboring sub-basins in the Coniacian-Santonian with
increased activity in the Campanian. Shortening induced by Africa-lberia-
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Europe convergence caused uplift of the Grimmen High and contemporaneous
minor movement of Zechstein salt in the outer Gluckstadt Graben and Bay of
Mecklenburg. However, salt movement leading to growth of salt structures and
the development of peripheral sinks was relatively small compared to later Ce-
nozoic movements.

e Upper Paleocene thickness variations are minor and have large wavelengths in
the study area. Salt movement ceased during the Paleocene without further
growth until the middle Eocene. The regional unconformity at the base of the
upper Paleocene unit is in accordance with a large-scale domal uplift in the late
Paleocene. The structural style is similar to the Jurassic/early Cretaceous,
where large-scale erosion due to the North Sea doming event was followed by
a phase of tectonic quiescence.

e Upper Eocene and Neogene successions in the eastern Gliuckstadt Graben
proof salt movement by increased sediment accumulation and diverging reflec-
tors within peripheral sinks. The reactivation of salt movement began in the
late Eocene and lasted to early Miocene times.

e Outside the Glickstadt Graben, eroded Paleogene deposits hamper direct evi-
dence for late Eocene salt movement in the Bays of Kiel and Mecklenburg.
However, thickness variations of preserved strata and missing synkinematic
strata indicate significant salt movement in post-middle Eocene times. We pro-
pose that this phase of intensified salt movement was coeval and causally re-
lated to the salt flow in the eastern Gliickstadt Graben during the late Eocene
to Oligocene. However, we cannot fully exclude a phase of Neogene salt move-
ment. Salt structure growth during the Cenozoic exceeded growth during Late
Cretaceous inversion and represents the phase of major growth since the Late
Triassic to Jurassic initial salt structure growth.

e Cenozoic salt movement in the study area is coeval with renewed compres-
sional stress in Central Europe induced by the Pyrenean and Alpine orogenies.
Thin-skinned compressional salt movement induced by a reactivation of base-
ment faults at the northeastern basin margin could explain the reactivation of
salt movement in the Cenozoic in the Bay of Mecklenburg. For the Glickstadt
Graben, a compressional reactivation seems unlikely. The different structural
style of minor Late Cretaceous and major Cenozoic movement suggests that
compression is not the best explanation for the reactivation of salt flow during
the Cenozoic, especially for the Gliickstadt Graben. An E-W directed exten-
sional event possibly related to the development of the European Cenozoic Rift
System is more suitable as a driver of Cenozoic salt movement in the south-
western Baltic sector of the North German Basin. Whether salt movement at
the northeastern basin margin might also be induced by an extensional reacti-
vation of basements fault at the basin margin needs further analysis.
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6. Discussion and Conclusions

This thesis represents a comprehensive evaluation of the structural and salt tectonic
evolution of the Baltic sector of the North German Basin from Permian to recent times
using a regional dense network of 2D high-resolution reflection seismic profiles in
combination with onshore and offshore wells. The presented results improve the un-
derstanding of regional tectonics and its impact on salt structure evolution in the north-
ern North German Basin over the course of late Permian deposition of the Zechstein
salt, Triassic initial salt movement until Late Cretaceous and Cenozoic reactivation of
salt flow.

In the scope of this thesis, the Mesozoic — Cenozoic stratigraphic framework of the
study area was refined to a stratigraphic subdivision beyond the level of geological
series. Using the 2D high-resolution seismic profiles of the BalTec data, previous more
local seismic surveys could be connected and incorporated into a regional dense net-
work of multichannel seismic data covering the area from the western Bay of Kiel up
to northeast of Rugen Island. As a starting point, stratigraphic correlation of key seis-
mic horizons with nearby onshore well data was established using a 170 km SW-NE
regional seismic transect extending from the Bay of Mecklenburg to northeast of
Rugen Island (Chapter 3). Subsequently, identified post-Permian horizons were traced
across the entire study area and further well-control was added which resulted in a for
the study area unprecedented seismo-stratigraphic subdivision of Triassic to Cenozoic
units (Triassic — Jurassic: Chapter 4, Late Cretaceous — Cenozoic: Chapter 5,). The
derived regional maps of post-Permian units visualize the depth structure and thickness
of the Zechstein to Cenozoic subsurface. Thereby, fault analysis differentiated between
subsalt and suprasalt faults and yielded an update of basement faults and of the supras-
alt faults of Mesozoic — Cenozoic fault systems in the study area. Mapping of the
Zechstein unit revealed a novel salt structure in the Little Belt and provided an update
of the shape and location of salt structures in the bays of Kiel and Mecklenburg.

Collectively, the articles in the framework of this thesis provide a comprehensive re-
assessment of salt tectonics in the Baltic sector of the North German Basin. The results
specified the temporal episodes of salt movement and their spatial differences across
the study area and allowed a conclusive interpretation of the underlying driving mech-
anisms. In most parts of the study area, no indications for salt movement during the
Early and Middle Triassic could be observed. However, at the Kegnaes Diapir, located
at the northern basin margin, seismic interpretation revealed indications for salt move-
ment and faulting in Early Triassic times during deposition of the Buntsandstein. This
is in contrast to common interpretations of relatively quiet tectonic conditions and the
absence of salt movement during Early to Middle Triassic thermal subsidence suggest-
ing that this concept of quiet tectonic conditions characterized by thermal subsidence
would have to be at least expanded for the northern basin margin. In the Late Triassic,
major salt movement began at the northeastern Gliickstadt Graben during deposition
of the Grabfeld, Stuttgart and Weser formations (Ladinian — Carnian times) under re-
gional E-W extension. At the northeastern basin margin, thin-skinned faulting was ob-
served coeval with the onset of salt movement. Thin-skinned faulting is associated
with transtensional movements within the Trans-European Suture Zone and
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corresponding reactivation of deep-seated Paleozoic faults. Transtensional faulting
caused increased subsidence at the northeastern basin margin which formed a local
sub-basin characterized by increased accumulation of Keuper and Jurassic deposits. In
between the Gliickstadt Graben and the Tornquist Zone controlled fault systems of the
northeastern basin margin, the salt structures located within the Eastholstein-Mecklen-
burg Block do not show indications for salt movement earlier than the latest Triassic
— Early Jurassic. Accordingly, this area marks a more stable transition zone which
likely experienced less extension. Basement faults are absent underneath the salt struc-
tures of the Eastholstein-Mecklenburg Block. Due to the temporal correlation of initial
salt movement and regional E-W extension, thin-skinned extension is interpreted as
the trigger mechanism for the Triassic initial development of salt structures. The Mid
Jurassic North Sea Doming event subjected the study area to erosion causing a wide-
spread hiatus. When sedimentation resumed in the Albian, the study area experienced
a phase of relative tectonic quiescence without salt movement until the Turonian.

Seismic imaging in this thesis allowed specifying the onset of Late Cretaceous inver-
sion to the Coniacian - Santonian. Late Cretaceous inversion in the study area is ex-
pressed by uplift of the Grimmen High, reactivation of normal as reverse faults at the
northeastern basin margin and the reactivation of minor salt flow in the northeastern
Gluckstadt Graben and Bay of Mecklenburg. However, salt movement lasted only un-
til the end of the Late Cretaceous. Thin-skinned shortening most likely caused the re-
activation of salt flow during the Late Cretaceous. Based on a detailed discussion, a
significant contribution to salt structure growth by gravity gliding induced by basin
margin tilt seems unlikely. A minor contribution to salt accumulation by slow downdip
creeping and updip depletion could be possible.

Further postulated Cenozoic inversion events temporally correlate with increased tec-
tonic activity in the Baltic sector of the North German Basin. In the Paleocene, regional
and relatively uniform erosion of upper Paleocene units without indications for fault
reactivation and salt movement suggest that the study area experienced large-scale do-
mal uplift rather than inversion. Overlying upper Paleocene and lower to middle Eo-
cene deposits evidence a renewed phase of relative tectonic quiescence lacking salt
movement. In the late Eocene to Oligocene, major reactivation of salt movement oc-
curred at the northeastern Glickstadt Graben and regional mapping indicated contem-
poraneous reactivation of salt flow within the Eastholstein-Mecklenburg Block. This
Cenozoic phase of salt structure growth critically exceeded growth during Late Creta-
ceous inversion. The different structural style of minor Late Cretaceous and major Ce-
nozoic salt movement in the northeastern Glickstadt Graben contradicts a compres-
sional control of Cenozoic salt flow even though it temporally correlates with inver-
sion events which are associated to rebuilding N-S directed compressional stress in
Central Europe induced by the Pyrenean and Alpine orogenies. For the Baltic sector
of the North German Basin, late Eocene to Oligocene extension is a better explanation
for major reactivation of salt flow in the Gliickstadt Graben and this extensional event
is possibly related to the contemporaneous development of the European Cenozoic
Rift System.
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Overall, this thesis shows that salt structure evolution in the Baltic sector of the North
German Basin is strongly controlled by regional tectonics. Periods characterized by
increased salt movement correlate with phases of extension or shortening. These peri-
ods of active salt movement in the Late Triassic —Early Jurassic and Cenozoic (begin-
ning in late Eocene) were triggered by extension while Late Cretaceous salt movement
started with the onset of regional shortening. In between, phases of relative tectonic
quiescence lacking salt movement have been documented. These periods without salt
movement were each preceded by regional erosion events (e.g. erosion due to Middle
Jurassic North Sea Doming and Paleocene large-scale domal uplift), which seemed to
have balanced the differential load driving salt movement.
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7. Outlook

While the results of this thesis provide a comprehensive evaluation of the structural
evolution of the Baltic sector of the North German Basin from Permian to recent times,
there are still open questions and further research topics regarding the structural evo-
lution of the area. Some aspects of future research are briefly highlighted below.

This thesis provided an analysis of the fault pattern in the Baltic sector of the North
German Basin and revealed repeated reactivation of faults during the Mesozoic and
Cenozoic basin history. In seismic data analyzed in this work, many faults could be
traced up to the base Quaternary. However, whether these faults reach into the Qua-
ternary deposits and were active during the Quaternary glaciations could not be shown
due to the limited resolution of the shallow strata in most seismic profiles. Future re-
search could strive for an improved imaging of the Quaternary unit and its internal
geometry. Incorporating high-resolution seismic data and sediment echosounder data
would allow imaging the seafloor and uppermost sedimentary layers This could help
to identify shallow faults within the Quaternary deposits. In combination with the
dense seismic database in the Baltic sector of the North German Basin, these shallow
Quaternary faults can be interpreted within the Mesozoic — Cenozoic structural frame-
work to investigate the impact of glaciation on fault reactivation and a possible impact
on underlying salt structures.

Another aspect of future research is the reassessment of Pre-Permian tectonics using
the BalTec data. The large offsets of this dataset (active cable length of 2700 m) allow
improved subsalt imaging by e.g. inverse Q filtering, prestack depth migration or mul-
tiparameter stacking (CRS). Based on these improved images, the basement geometry
and the presence of basement faults can be investigated to better understand the influ-
ence of preexisting basement structures on the Mesozoic — Cenozoic development of
salt structures and fault systems.

Future research could further integrate the findings of this thesis into the tectonic
framework of Central Europe. Open questions remain especially regarding the Ceno-
zoic tectonic evolution of Central Europe. While Paleogene and Neogene inversion
and uplift are reported e.g. for the Dutch basins, the Channel region and the Danish
North Sea (e.g. de Jager, 2003; Rasmussen, 2009; Kley, 2018), other adjacent areas
like the NGB have undergone simultaneous extension (e.g. the Gliickstadt Graben as
reported in this study or the grabens of the European Cenozoic Rift System, e.g.
Michon et al., 2003; Dezes et al., 2004; Scheck-Wenderoth et al., 2008; Ahlrichs et
al., 2021a). These events of extension or shortening are commonly associated with far-
field stress originating from the Alpine Orogeny, which is transferred within the Eu-
ropean foreland. Additionally, parts of Central Europe experienced large-scale domal
uplift related to mantle processes such as dynamic topography during the Paleocene
and Neogene (e.g. von Eynatten et al., 2021; Green et al., 2022). The exact timing and
spatial extent of these domal uplift events remain partly unclear and require further
regional mapping efforts. Future research, which aims to better understand the under-
lying mechanisms of extension, shortening and domal uplift during the Cenozoic
would need to incorporate the different local to regional observations into a European-
wide tectonic framework to establish a consensus tectonic model of the Cenozoic
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structural evolution of Central Europe. Combining geological data used in sedimentary
basin analysis with global mantle circulation models would help to better understand
the impact of mantle processes on the stress transferred within the crust of Central
Europe.
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