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Abbreviations

BIIS British -Irish Ice Sheet

BKIS Barents-Kara Ice Sheet

BSW Brine-enriched shelf water

cal ka BP calendar thousandyears before present (1950)

EPV Elbe Palaeovalley

GZWs Grounding zone wedge

IRD Ice-drafted debris

KMF Kveithola Trough Mouth Fan

LAT Lowest Astronomical Tide

LGM Last Glacial Maximungnearly all ice sheets at their maximum position (26.519
calkaBP)

MIS Marine oxygenisotope stage

MSGL Megascale glacial lineation

SIS Scandinavian Ice Sheet
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Summary

Continental shelves with their largescaledepositional and erosional sedimentary structures are
governed by the complex interplay between shelf physiography, hydrodynamic regime, sediment
flux, and climatedriven eustatic changes. They hold, therefore, detailed archives of past climate
and environmental conditions, that in turn are the building stone for understanding the influence
of changing climate and sedevel, and for constructing future scenarios or testing palaeo
constructions and-models. The main aim of this thesis is tanvestigate palaeo-environmental
organizations recorded in the elongated depressions and confined depocenteligs the
southeasternNorth Sea andhorthwestern Barents Seaboth of which were affectedthe Eurasian

Ice-Sheet Complexduring Late Weichselian

Along thesub-aerially exposed periglacial environment in the southern North Sea during the late
Weichselian, Elbe Palaeovalley (EPV) carried meltwater from southern margin of the
Scandinavian ice sheet along with drainage from rivers of North European plain. Althglu this
extremely wide valley was a crucial member in the sensitive North Atlantic climate systetwy
contributing freshwater, but alsqin environmental organization of North Sea shelfthere are only

a couple of studies having dealt with the EPV up to novAnalysis of sediment ech@ounder and
multichannel seismicdata along with the sedimentological sampling enabled the identification
EPV morphology, up to 5 m deep incisions at its basnd EPV infill in detail for the first time. The
base of EPV situates between 40z80 m below the present sedevel, and the braided style
palaeodrainageis inferred to have been established during the MIS 2 sea level fall andr
lowstand in a periglacial environment.However, EPV had encountered a sudden gradient change
onits downstream part, probably reflecting the southern margin of the confluencef ice sheets in
the North Sea during late WeichselianThemoraine ridgesflanking the valleyprobably represent
an extension of theLate Weichselian ice sheefrom the western Denmark towards Dogger Bank.
In fact, around 26:m thick stiff clay succession likely reflecting glaciogenic origin,is spatially
mappedin the southeastern Dogger Bankand supports the earlier speculations on theexistence
of anice-dammedIake south of Dogger BankMoreover, this lake provides a further evidence for
SIS sourced meltwater found in the Bay of Biscay between 2I® ka BP. Ashe ice blockagewas
supposed to have been collapsedround 18.5 ka BPthe northwestward continuation of EPV, via
East Dogger Deepmight have transferred meltwater (possibly from lake discharge)towards

Norwegian Channel and endured its main path towards northerly latitudes. This northerly
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segment of the base EPV (between 880 mbsl) is characterizedby significantly lessoccurrence

of incisions in contrast to its southern segment.

With the subsequent Late PleistocergEarly Holocene sea level rise, successive depocenters
established within the EPV, reflects the evolving hydrodynamic regime in tide and wave
dominated environment until present. With the first marine influence during the Early Holocene
EPV became an estuary with tributaries, intertidal and subtidal flatsAfter the drowning of EPV
around 10 ka BP., the southern North Seabecame ashallow micro-tidal basin that is constricted
by Dogger Bankisland. This stage indicatesthat EPVwas the major sedimentary trap of the
southern North Seafor easterly sediment transport With the arrival of Atlantic Water (ca. 8 ka
BP) increased strength of curents (tidal and wind-driven) caused dsturbance of the main valley
infill leading to persistent erosion/non-deposition zone around the western rim of EPV
Coinciding with the deceleration in the sea level risehe accommodation space dEPV was almost
filled by ca. 5.&a BP Briefly, under the control of climate, sea level rise and associated changes
in hydrodynamic regime,five stages of the shelf organization are recorded iBPV (1) bradided
river system, (2) estuary (3) shallow basin with restricted connections for Atlantic water (10-8
ka), (4) the southwestern connection establishment with the Dover Strai(8-5.8 ka), and (5) open

marine environment (5.8 ka BP) with the drow ning of Dogger, respectively.

Moving towards high-latitude continental shelffrom North Seg another key region in the North
Atlantic realm is the western Barents Sea close to the center of water mass exchange between
North Atlantic and the Arctic Ocean. Here, a high latitude sediment drift (the Kvhola Drift)
located confined to a glaciallycarved trough in the northwestern Barents Sea. Drift deposits is
generally regarded as excellent palaeenvironmental repositories, as they provide high lateral
continuity and relatively high accumulation ratestogether with restricted occurrence of hiatuses.
However, there is need to better understad the relationship between bottom current circulation

and internal drift geometry, that is linked to paleoclimatic variations. The drift was investigated

by denselyspaced acoustic data along with lithological and sedimentological investigations in

I OAAO O AgAiETA AOEAEAOGO A@OAOT Al AT A EIT OAOT Al
morphology of the drift is characterized by a main and a minor drift body, two driftenses in the
outer part of the trough, drift patches in the innermost part and small perched sediment patches
in a structurally-controlled channel to the north. The drift morphological and internal
characteristics, an abrupt northward pinchout forming atypical drift moat, and gradual tapering

to the south, and sedimentary facies with strongly bioturbated sediments, abundant silty/sandy

iTO601 AG AT A OEAIT AOACIi AT OO OOCCAOO A o001 1T ¢ Al
trough. The formation of Kvathola Drift is inferred to be driven by production of Brine-enriched
OEAl £ xAOAO j"37Qq AOOET ¢ OEA xET OAO OAAOTT ATA
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cascading the continental slope. As the onset of the drdeposition started around 13ka BP, BSW
formation must have started around the same time, indicating that the presence of coastal

polynyas and increased storminess and/or atmospheric cooling of the surface waters.
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Kurz fassung

+1 17 OET AT OA1 OAEAT £ZA O1 A E EWA Erdgionssu@iGréniwergeA von ! A1 ACA
einem komplexen Zusammenspiel der ScheRhysiographie, des hydrodynamischen Regimes, der

UO EAARAAT AT OAAEIT AT OROAT ‘uvodUmiehidetinguihe® undFodiczA T CAT A
einem wichtigen Baustein um die Auswirkungen von Klimaund Meeresschwankungen zu

AT OOAEIT | OOAI 1-Prayhose AA OOE AT KEDAD AUx8 0AIl BriodelleET T OO OC
UO POi £ZAT 8 $A0 : EAIl AKRAGRORS IARDIOD LAAARBOEOAIT ROIOI
ET AATh AOOAE AEA %OOAOEOAEAT wEOEAPPAT UOO : Al
$ADOAOGOEI T AT OT A AACOAT UOAT ' A1 ACAOOT COUAT OOAT
nordwestlichen Barentsee zu utersuchen.

TREOAT A AAO 3PROXxAEAEOAI x OOAA 3AEI Al UxAOOGAO OI
NWEOEADDAI i 3AAT AET AOGEAI )y AA 3EAAON 3)3q CAI AE
. T OAAAOOOAEAT 4EAEAAAT A AT O1 AT ¢ AAO O GkéhAOEOAE/
.1 OAOGAA EiI O0AIl RT Gdovalles, £PVARIAE LD DfohDMeBes 8ehribreite Tal

AET xEAEOECAO "AOOAT AOCAET &£ O AEA 3Ii hxAOOAOOAOO
einen signifikanten Einfluss auch das empfindliche Klima sowitAEA 6 AORT AAOOT C
Umweltbedingungen des Nordseeschelfs hatte, gibt es bisher nur wenige Studien, die sich mit dem

EPV auseinander setzen. Zum ersten Mal hat die detaillierte Analysen von Sedimentecholot und

mehrkanalseismischen Daten in Kombination mtAAET AT OT 1 1 CEOAEAT 0071 AAT A
%06 -1 OPEITTCEA TEO AEO UO v I OEAMEAT wET OAET EO
identifizieren und kartieren. Der Talboden des EPV liegt zwischen 40 und 80 m unter dem
EAOOECAT - AAOAOCORBEABAI AET OmAOMRATAOAET ACAOUOOAI

(braided-OOUI Aq EAAT OEZEZEUEAOOh xAl AEAOG OEAE OAOI 00l E,
und/oder ztiefstandes in einer periglazialen Umgebung gebildet hat. Des Weiteren zeigt das EPV

im Teil lusOAAxROOO AET A DI EOUI EAEA 21 ARAOOT ¢ AAO ' O4
6 AOAET ECOT ¢ AAO wEOEADDPAT ET AAO .1 OAOGAA UlbO
-EORTATEI CAT h xAl AEA AAO 4A1 I ATEEAOAT h OADPORO
von7 AGO $RrRT Ai AOE AEO UOO $ICCAO "ATE8 %ETA 'AZElIIC
OI 1T xAEOOAEARET I EAE Cl AUECAT AO (AOEODT £6 xOOAA COIi
Oi A1 EAE AAO $T1CCAO "ATE8 ! OhAOAAI 1 EAEAOO AEA ¢
Einstrom von SIS Schmelzwasser in den Golf von Biscaya zwischen 23 und 19 ka BP. Da die
%EOAT T AEAAA OAOI 001 EAE O1 1 didfodwestliche Fatsetzidhddes I 1 1 AA |
o06h AT Ol ATc AAO $1 CCAO 4EAEOh 3AEI Al UxAOOAO jiE
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.1 OxACEOAEAO +AT Al AAACAEI EOO EAAAT 8 31T1 EO xRBOA
AOEAIT OAT CAAI E A ATAlbogensedgimkrOdeOEPY GWdskterE6a End 80 m unter dem
EAOOECAT - AAOAOOPEACAI q xAEOOO EI 6 AOCI AEAE U
Einschneidungen auf.

TREOAT A AAO AT OAEIT EANQNTERAITT 13URI OB AEOIAMEACAT AT C
sukzessive Ablagerungszentren im EPV, welche die Entwicklung des hydrodynamischen Regimes

in einer gezeiten und wellendominierten Umgebung bis heute wiederspiegeln. Zum Zeitpunkt

AAO AOOOAT 1 AOET AT %ET £l OOOAO xREOAT A0BABMHO &IOE G E
CAAAT £l T OOATON AOTOCEAMROETAMMO AT &1 RAEAT AT OxEAEAT 08 . |
pmt EA xOOAA AEA Oi Al EAEA - Gemitertbdclen, Wwéches Burch fie /£l AAE
Dogger Bank Insel begrenzt wurde. Diese Phase deutet darairi, dass das EPV eine bedeutende

SAAET AT OZEAT T A £ O AAT 1T OOxROOECAT 3AAEI AT OOO0AT OF
AAO 'TEOT £O AAO ! OI AT OEOAEAT 7A00A00 j-Grid0O AEOA
xET ACAOOEAAAT AT 3 0BCEOAT OAAARRAEEDORBREDAAI ACAOOT ¢
einer lang anhaltenden Phase der Erosion/Nichtablagerung entlang des westlichen Rands des

EPV. Gleichzeitig mit der Verlangsamung des Meeresspiegelanstieges wurde der

I AT ACAOOT COOAOI ERE%CA A REAUOI CAEOBRE vy EA "08
i1 £ 30AAEAT AARAO 3AEAI £AT OxEAEI OT ¢ Ei %06 AT EOI A
EETTATd jpaq AET OAOAEI T AEOGAT AO &1 OOOOUOOAI h j¢cq A
: OCAT Gas AHAnGschA Wasser (1@ 8 ka BP), (4) die Etablierung einer Verbindung mit der
300ARA O t5.8%a EPR Sowip () offene Meeresbedingungen (seit 5.8 Jahren) mit der

Flutung der Dogger Insel.

YT EEEAOAT ridetdie Bakent§ee Aadhddes\Zentrums des Wassermassenaustauschs
UxEOAEAT . 1T OA 1 01 AT OGEE O1T A | OEGEOGAEAI [/ UAAT C!
T1T OAAOI AT OEOAEAT 2ACEI A8 )1 AET Al OOAI AOGET AT 1A

Barentseeerstreckt, befindet sich hier ein Sediment Drift (der Kveithola Drift). Durch ihre hohe

I AGAOAT A +11 OET OEORO OT A 3AAEI AT OAOEIT T OOAOAT Ol >

Hiati, gelten solche Driftablagerungen im Allgemeinen als exzellente Archivel D

OAT RT Of xAl OAAAET ¢OT CAT 8 %E T AAOOAOAO 6AOOORT A
"1 AAT OOOEI O1T ¢cAT OT A AARAO EIT OAOT AT $OEAZAOCAT I AOGOE,
6 AOEAOETT AT EOO AAEAO TEOECc8 :0i AOOOAT -Al xO
Kveithola Drift anhand von einem engen Netz an akustischen Profilen sowie lithologischer und

OAAEI AT OT 1T CEOAEAO $AO0OAT O1 OAOOOAEO8 $EA ET I PIAQ
von einem Haupt O1T A AET Ai . AAAT AOE AZOEE ODPA Ofieil des Adls, $ OE Al

Ol OACAT IiRnhEGCAT $OEAOO AT OI AT ¢ AAO ETTAOAT 4AEIO
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Bereichen in einem strukturkontrolliertem Kanal im Norden. Die Drift Morphologie und internen

Merkmale beinhalten ein abruptes Auskeilen gen Nordenyelches den Drifttypischen Graben

i AAT O1T cATT AT OAT -1 AOQ A& Oi Oh AET COAAGAITAO :C
OAAEI AT OROA &AUEAO8 (ROEEC O1T OET i1 AT AAO 3EI OFT3AIl
starken Einfluss eines Bodenstroms inndralb des Tals hin. Die Enstehung des Kveithola Drifts

wurde vermutlich durch die Produktion von salzwasserreichem Schelfwasser (Brirenriched

OEAIl £ xAOAOh "37QqQ xREOAT A AAO 7ET OAOO AT CAOOEAA
Moats bevore es den KoOET AOAT EAT ¢ EAOAA 0OOi U088 $A AAO
Ol OOAOOOEAEOI EAE O11 po EA AET OAOUOAR 1 06000 AEA
xOOAA OAET 8 $SEAO AAOOAO AOA AEA O0OROGAT U O 1T EI O

SturmakOE OEOR O O1 A¥1T AAO AOi 1 OPEROEOAEAO +i EI O ¢ AAO
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Thesis outline & contribution declaration

The work conducted for this thesiss presentedasfive chapters.In Chapterl the motivation and
objectives of this study are described, and general introduction regarding Late Quaternary
glaciation and deglaciation history of Euasian ice sheetsglacial structures ancturrent controlled
sedimentary processen the cortinental shelves and sealevel rise are introduced. Thereafter,
overview of the data acquired during associated cruiseand explanations of the methodology
used are presented The next three chapters (Chapter 2, 3, and 4nd Appendix (A and B)
comprise manuscriptsof the doctoral thesis Chapte 2 and 3 are pendingfor submission to the
relevant journal; while Chapter 4, Appendix A, and Appendix B aqgublished in peerreviewed

journals.

Chapter?2 presentsthe environmental re-organization that took placein the southeastern North
Sea shelsince the Last Glacial Maximurwith the main emphasis on the Elbe Palaeovalleand its

sedimentary infill. This chapter consists of the manuscript belovand it is ready for submission

From an ice-marginal spill -way to a sedimentary trap (Elbe Palaeovalley , SE North
Sea)

1 0l g vUi AOGAI A (ATTT +AEI R S$ATEAI 18 (APDh
- E Q\blkhard Spiess
To be submitted to theQuaternary Science Reviews

Author _contribution : Acquisition of multi-channel seismic and sediment echeounder
AAOAh OEAEO POI AAOGOGET ¢ AT A ET OAOPOAOAOET I

AT A POADPAOAOEIT 1T A& All AEECOOAO8 4EA -3#, Al Of
(ADP8 4EA OAI PIAO A& O OEA pt# AAOEVGthex AO OAI

help and utilities provided by H. Lantzsch. Draft versions were reviewed by H. Keil, T.

Schwenk, D. Hepp and H. Lantzsch. Allaathors participated in the discussion of results.

Chapter 3 unravels for the first time the northward continuation of the Elbe Padeovalleyin the
eastern North Seawith regards to late Weichselian ice sheet extension anpaleoceanograhic
developmentof the areafollowing the deglaciation. This chapter consists of the manuscript below

and it is ready for submission
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The pathway of Elbe Palaeovalley and late Quaternary sedimentary succession in

the eastern North Sea
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To be submitted to theMarine Geology
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prepared figures, wrote and organizedthe manuscript. T. Schwenk, H. Keil and D. Hepp

provided suggestions and feedback

Chapter 4 deals with the glacially originated Kveithola Trough in the NW Barents Sea and its
sedimentary succession after deglaciation with specific focus on the bottom current cowlted

sedimentation. This chapter consists of the manuscript below:

Evolution of a high -latitude sediment drift inside a glacially -carved trough based on

high -resolution seismic stratigraphy (Kveithola, NW Barents Sea)

Michele Rebesco, Agy Uil AOAT h 21 CAO 50CAI AOh $AT EAIT A
2i OEAOh - TotrdivAJAum@ IHopatt AAndrea Caburlotto, Hendrik Lantzsch, Till J.J.
Hanebuth

Published inQuaternary Science Reviews

Author _contribution : Parasound sediment echosounder data acquisition, handling and

stratigraphical interpretation of profiles were doneby! 8 v Ui AOAT h AO x Al

of MSCL measurements and sedimentological information into the Parasound profiles

during a research stay in Italy under the supervision of M. Rebesco. The version of
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chapters about methods and results were written by Ay UT AOAT h xET DOADPAOA

figures apart from Fig. 4.2 and 4.9 and gavnput to the discussion part Final version was
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Finally, Chapter5 summarizes the main results conclusionglerived from three study areas along

with the suggestions/recommendations for further research that could be conducted.

Appendix Ais a further work in the German North Seaepresenting the first controlled source
electromagnetic survey results and a comparison of resistivity model to reflection seismic data

from this area. It is published in the peerreviewed journal as:

oE O



Trans -dimensional Bayesian inversion of controlled -source electromagnetic data

in the German North Sea

Romina A. S. Gehrmann, Jan Dettmer, Katrin Schwalenberg, Martin Engels, Stan E. Dosso
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Author contribution : Seismic data acquisition and processing were conducted by A.
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AppendixBis a urther work regarding Kveithola areathat is presented in Chapter 4This chapter
focuses on the submarine glacial landforms thatare imprinted on the modern seafloor,and

published in the peerreviewed journal as:

Grounding zone wedges and megascale glacial lineations in Kveithola Trough,

Barents Sea
-8 2AAAOATh 28 50CAT AOGh 18 vUI AOAT Q #/2)"12
Published inAtlas of Submarine Glacial Landforms: Modern, Quaternary and Ancient

Author contribution : Parasound sediment echosounder data acquisition, handling and
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Continental shelves with their largescale depositional and erosionasedimentary structures are
governed by the complex interplay between shelf physiography (e.g. geodynamics),
hydrodynamic regime (waves, tides, and currents) sediment fux (e.qg. rivers and estuaries)and
climate-driven eustatic changes (Fig. 1.1)They hold, therefore, detailed archives of past climate
and environmental conditions, that in turn are the building stone forunderstanding the influence
of changing climateand sealevel. This understanding is a key element for modelingThe
Quaternary period, with its fluctuating climate and associated global eustatic selevel changesis
characterized either by roughly similar setting to that of the present day during interglacial
periods, or by mostly terrestrial settings when sea levelsvere more than 100m below the present
level. The latter period causedsubaerial exposureof some shelvesdue to the glacieeustatic
lowering in sea levels for instance,routes of valleyswould have beenexpanded further beyond
OE A (®bhardliedbeing part of a coastaplain environment, especially on passive margins

with their wide continental shelves (Bridgland, 2002).

Continental
shelf
o subsidence = 0Q
sea-level change stratigraphy €+—- . S
. or uplift @
p 5 8_
% physiography ' 3 <L
g@ En %] g
) = >
® 2 - 2 3
= sediment o=
® A
o= ¢ nature 3w
Vg .
£ oerachy sediment sediment
oceanography o -
= arEeTErT distribution sources

Figurel.1 Controlling factors on continental shelves in leagd shortterm geological timescalexfter
Chiocci and Chivg2014)

Aside from the wealth of geomorphological and sedimentological information contained within
continental shelves and being sediment carriers beyond the shelf edgethese terrestrial
landscapeswould have been attractive occupation sites for mammaln megafuna along with

humans, thereby holding an important potential for the archeological information. Before the
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water that is stored by glaciers released by melting of ice sheets, hence rising sea levels and
warming climate progressively inundated shelfegions, particularly low-lying areas such thatthe

land area ofEuropearound the last glacial maximumwasaround 40percentC OAAOA O OEAT
and the land bridge between continental Europe and Britaiexisted. In contrast, on highlatitude
shelves with their ice-generated depressions at depths of around some hundreds of meters,

subaerial exposure was limitedonly to the innermost parts (Zecchin et al., 2015)

In this thesis, two different areas of European continental shelvé&ig. 1.2) in temperate and high
latitude environment were investigated within the framework of MARUMSD2 Climatic control
on large-scale sedimentary structurgs However, both margins were influenced by the Late
WeichselianEurasianice Sheet Complein terms of glacial processes and sedimentary deposits.
Elbe Palaeovalley and Kveithola Trough serveds important drainage paths during the last

deglaciation of Scandinavian and Barents Sea Ice Sheet, respectively.

&>

ne0”

Germany

Figure 1.2 Bathymetric overview of study areas in the North and Barentqriseabered boxes refer to
chapter number) Contours only show 16800 m depth interval every 100 m. Grey arrows: North
Atlantic Currentstippledgrey arrows: coastal currents; whitgrow: East Greenland Current

1
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Sea levehnd climatechanges since the last glacial period have led to signifittareorganization of
the landscape andcoastlines in the Northwest Europe (e.g. Shennan et al., 2000 The Elbe
Palaeovalley(EPV)has been a large river system whose catchment included continental draige
in the North European plain, particularly the meltwater drainage from the southern margin
Scandinavian Ice ShedfFigge, 1980) During the sealevel rise and flooding of the shelf, such a
palaeovalley would be tle first to response by reflecting climatic and hydrodynamic variations,
together with shallow embayments, estuariesand coastal wetlands(e.g.Hanebuth et al., 201).
Additionally, earlyzmid Holocene sea level rise is supposed to be the key to estimate theure
changes(Siddall et al., 2010) Snce the mid-19th century mean sea levehas increased by around
1.7 mm yrtin the North Sea, and also, increased tidal ranges have been measured by tide gauges
in the Geman Bightwhich are yet to be understoodor coastal safety managemeng&urthermore,
possible coastal drowning in Northern Germany could be accelerated by néectonic subsidence

as pointed out by(Reicherter et al., 2005)

Regarding the evolution of the North Seasince last glacial period particularly the Elbe

Palaeovalley, a number of isagesare to be understoodwith this study:

1 What were the environmental and depositional changes throughout the reorganization of
the southern North Sea shelf?

1 What are the main controlling factors of the valley infill architecture; which processes
govern the sediment transport/deposition?

1 What was the fate of theElbe Palaeovalley outside ta German part of the North Sea; &
the EPVdisrupted by the Late Weichselian(MIS-2) ice sheet in the North Sean its
downstream part? Can we detect imprints of the ¢e marginand associated sedimentary

depositsz as the margin is supposed to be located within the study area?

These scientific questions will be targeted utilizing sediment echosounder and muithannel
seismic data, as well as sediment cores fro@erman, Danish and Norwegian seats of the

North Sea. The dataset allows to carry out the following tasks:
E mapping the morphology of EPV and its speculative pathway in the North Sea,

1 describing and interpreting the core lithology, and physical propeties perform
chronological control for the EPV infill successionand reconstruct and discuss the

evolution of the palaeoenvironmentin the southeasternNorth Sea,
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The results providethe first detailed insights into the EPV, its role in the and late Weichselian
deglaciation history (e.g. meltwater contribution to the North Atlantic realm) and Late
Weichselian ice sheet presence in the North Sgherefore contribute to overall evolution of the
North Seathroughout the Late Weichselian

080.8Tm " AOAT OO 3AA

Moving towards high-latitude continental shelf, another key region in the North Atlantic realm is
the western BarentsSeaclose to the centerof water massexchange between North Atlantic and
the Arctic OceanDuring late Weichsdian, the grounded ice onte Barents Seas known to have
advanced twice to the shelf brealin the west(Laberg and Vorren, 1996 Vorren et al., 1998) ice

streams occupied crossshelf troughs,and the deglaciationfollowed a stepwise pattern(Polyak et
al., 1995 Winsborrow et al., 2010 2 i Odt 2@2)A O

Kveithola Troughwithin this arctic environment, was a drainage zone for théce sheet sitting on
the Spitsbergenbank 21 OEAO KO " EIADH Ad® ©OQIE Confiked icelshedthareaist p 0 q
supposed to provide intensified response to external forcing parameters linked to the climatic

variations in the northern Atlantic realm (Sarnthein et al., 2003aRebesceet al., 2011)

Furthermore, in the close vicinity to the polar front,dense winter water formed byseasonal sea
ice production cascades into the Arctic and Nordic Seas, thereby intensifying Atlantic Ocean
circulation. As a result, this region is expected to hold the record of variations in s@ze formation
along with the storminess. In this regard, contouritegan provide crucid evidence to understand

changes in climate and ocean circulatio(Rebesco and Camerlengh2008a).

At present, Arctic climate gives signs of rapid change; based on satellite data sea ice cover across

the Arctic Ocean has been decreasing by3% per decade and also, during last two decades

surface temperatures has increasedarount 8 v J # DPAO AAAAAA A 11 GAOE-OCDEMR O
et al., 2005)

Therefore, it is vital to understand past climate changes in this environment that has been
significantly affectedby present atmospheric warming, and consequently, the following scientific

guedtions will be addressed:

1 Which mechanisms have controlled sedimentary successions within the Kveithola Trough,
particularly the Kveithola Drift?

1  When was the Kveithola drift formed and how was it evolved (e.qg. its spatial distribution
in the Kveithola Trough)?

1 Whatinformation can be revealed fronmthe high-resolution sedimentary swccession of the
Kveithola Drift?
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These scientific questions will be targeted utilizing sediment echosounder, multbeam

echosounder, and gravity cores from the Kveithola Troughyhich allow to

1 reveal the palaeoclimatic and paleoocenographic variability in the western Barents Sea
area

1 map development stages of the Kveithola drift for the first time

91 perform chronological control for the evolution of drift succession

9 describe andinterpret the core lithology and physical properties

9 combine existing bathymetric data and to provide high resolution map

The results will provide a complement to the data and results from the western Barents Sea

continental margin, especially to the Kvehola Trough Mouth Fan.

08 EAAOA 7AEAEOAI BOIOAVAEATIEAROGEAAA #1101 Pl Ao
AAcCl AAEAOQGET 1

Northern Hemisphere ice sheetsavere established 2.6 Ma ago in the earlPleistocenecausing

variations in the atmospheric and oceanic circulationdesidesto organization of the physical

landscape Since then for ca. 1.6 Ma, ice sheets were built up and vanished in accordance with the

tp EA AUAI AOG OAIT AOA Ambdd et ab A999). HowEebeAthetadtEDOKS O A GE (

OEA %A OOEmpesedtd & $eded Af glaciainterglacial cycles lasting around 100 ka

(eccentricity) and gradual ice sheet growth followed by subsequent abrupt termination

establishing a sawtoothcurve (Hays et al., 1976 Clark et al., 2009Berger et al., 2016)Following

the last interglacial period (Fig. 1.3)when the climate at leastas warm astoday or as warm as

today, the Earth switched into the glacial mode andche global icesheetreached maxima within

the diachronous period between33 and 19 ka BP that is centered around 26.5 ka BPeltier and

Fairbanks, 2006 Clark et al., 2009)and the North Atlantic PolAO & OT T O 11T OAA OT xA O

(Clark et al., 2009) During the late Weichselian maximuman extensive (the second largest of the

Northern Hemisphere) and approximately 2.75z1.75-kilometer-thick ice sheets occupiedthe

northern Europe (from western Ireland offshore to Taimyr Peninsula)(Fig. 13; Siegert et al.,

2001; Svendsen et al., 2004Stroeven et al., 201p

Around half of the massiveinterlocked ice sheetcomplex (Eurasian Ice Sheet Complex)n the
northwestern Eurasia reached until the continental shelf edgewhile its terrestrial margin was
lying between North European and Russian plainfHughes et al., 2016)Each ice sheet within
Eurasian Ice Sheet Complex were influenced differemiternal forcing such as sedevel, climate,
geothermal heat and Glacial Isostatic Adjustment (GlAhowever during the Last Glacial Maximum
(LGM) they were evolved as single masve ice complex(Patton et al., 2016) It is composed of

initially individual ice sheets: predominantly terrestrial -based Scandinavian Ice Sheet (SIS),

o
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British-Irish Ice Sheet (BIIS), antharine-based BarentsKara Sea Ice&Sheet(Svendsen et al., 2004
Hughes et al., 2016Patton et al., 2016)

-140°W -160°W

_ 2

Cordilleran %, 1,
S ) / e

Figure1.3 The Eurasian Ice Sheet comp[&tS: Scandinavian Ice Sheet; BIIS: British Irish Ice Sheet; BKIS:
BarentsKara Ice Sheet) in the framework of Northern Hemispheric Glaciation during the Late
Weichselian (modified fronfPatton et al., 2016 Red line marks approximate maxintiatits of the
three Eurasian ice; black stars indicate study areas in the North Sea and Barents Sea.

The western margins of SIS and BIIS advanced across their continental shelves already by 29 ka
BP, however it took 6 ka for the ice complex tattain its maximum stand (22.7 ka BP)Owing to
the geomorphological imprint, glaciogenic sediment deposition within trough mouth fans, and iee
rafted debris position in cores, the early advance to the shelf recorded for the interval 224 cal

ka BP for the westen margins of Eurasian ice complexSejrup et al., 2000 Scourse et al., 2009
Jessen et al., 2010)Based on the glacial landform mapping along with radiometric and
cosmogenic nuclide exposure dating, terragal limits for the maximum extent on the south and
east of the complex were constrained for the interval 2517 ka BP(Boulton et al., 2001 Kleman

et al., 2008 Ehlers et al., 2011a)However, the onfiguration and chronology for the coalescence
of the SIS and BIIS over the North Sea and the eastern extent of the BKIS are still not-well
constrained due to the lack of dat§Svendsen et al., 2004Clark et al., 2012bHughes et al., 2016

Patton et al., 2016) The North Sea and Atlantic margins were already withdrawing while eastern
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margins were advancing atil around 20 ka BP, therefore maximum stand of the ice sheet complex
was a relatively brief period (Patton et al., 2016 Stroeven et al., 2016)The BIIS was mainly
controlled by relatively warm and maritime climate nourished bythe weakened North Atlantic
current, and it was very sensitive to variations in the sedevel and climate leading torapid and

dynamic advance and retrea{Scourse et al., 2009Clark et al., 2012aPatton et al., 2016)

The extensive SIS was mainly controlled by its western topograj relief (Scandinavian

Mountains) that triggered the terrestrial eastern margin advance towards eastBoulton et al.,

2001; Kleman et al., 2008)On the contrary, BKIS wagredominantly marine-based and grounded

atdepths downto550mh OEAOAAU DOIT OEAEIT (Grekhlanddahddhtira@idide A1 O O
sheets that are grounded below present dagea level(Polyak et al., 1997) 21 OEAOHe c¢mpc¢q
major ice dome developed on the northwestern Barents Sea shelf and it grew towardsrthern

and western marginswhen the maximum position was established. After the LGMaround 18.5 ka

BP, the SIS unzipped from the BIIS on the North S€@lark et al., 2012a Sejrup et al., 2016nd

the BKIS was separated fronthe SIS offshore northern Norway " EAOT AAe OOEO AO Al 8+

Last deglaciation and sea -level rise following the LGM

Due to the builtup and decay of northern hemisphere ice caps, global mean sea levels weaged
significantly with amplitudes greater than 100 m (Fig. 1.4;e.g. Lambeck et al., 2002band
Yokoyama and Esat, 2011 The major trigger initiating the Northern Hemisphere degéciation
between 19 and 20 kavas the northern latitude insolation leading to rapid mass loss in ice sheet
as demonstrated byClark et al. (2009) based on their LGM geochronologyand alsg the
deglaciation, subsequently,amplified by the carbon cycle (increased atmospheric GDand ocean

feedbacks (tropical Pacific sea surface temperatures).

Following the last glacial maximumwhen global mean sea levell to around 130 m below the
present, rapid melting of ice sheets caused high rates of sea level ri@ronin, 2012); and from
LGM until the end of Younger Dryas around 80 m increase in the global mean sea level was caused
by the decay of ice sheetgClark et al.,, 2012b) The onset of deglaciationin the Northern
hemisphere at ca.195z19 ka conduce to an abrupt sedevel rise of 5210 m as a response to
northern summer insolation forcing (Clark et al., 2004b) This rise corresponds to 19 ka meltwater
pulse (MWP)(Clark et al., 2009) The succeeding sekevel rise was around 15 m between 1814.7

ka due to the continued retreat of the SIERinterknecht et al., 2006)and Laurentide Ice sheet, this
period includes Heinrich event 1 at ca. 17 kéHemming, 2004 Clark et al., 2009) Based on fossil
coral records, the acceleration in the sea level rise occurred during the time corresponding to the
onOAO T & "GITEIC xAOI ETOAOOAI AOiLapandwithin BY EA | A
years, seaevel rise was 1&20 m, and(Hanebuth, 2000). As any indication for the accelerated

retreat for SIS and LIS were not found, the retreat of Antarctic Ice Sheet frote LGM is considered

U
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to be responsible for meltwater contribution that is equivalent to a sea level rise of around 15 m
(Weaver et al., 2003 Clark et al., 2009) From 14.0 to 12.9 ka seédevel rise continued until the
Younger Dryas cold event (ca. 12721.6 ka; according tcRasmussen et al., 2006nterrupted the
postglacial warming during which slowing down in the rate of se-level rise occurred based on
records of low latitude corals (e.gBard et al., 201(. The cooling and decrease in the Atlantic
Meridional Overturning Circulation (AMOC) during this time attributed to eastern outlet of the
Lake Agassiz to the northen Atlantic Ocean (e.gBroecker et al., 1989 or to the Arctic Ocean

(Murton et al., 2010)

Weichselian Eemian Saalian
1 1 1 1 I [ | [ [ | | 1 1 1 I 1 [ [ [ |

4 MIS7

Sea level (m)

\ v / Labeyrie et al. (1987)
=100 — \ ' Waelbroeck et al. (2002)
Lea et al. (2002)

Siddall et al. (2003)
Shackleton (2000)

Cutler et al. (2003)
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Figurel.4 Global sedevel curves from the past 200 Kerived from oxygen isotope records (modified after
Siddall et al., 20Q7ull reference for the respective data are provided therein). The last glacial cycle
is divided into stages MI3. MIS4 and-3 stadials resembles the onset of LGM, ¥I&ontains the

LGM that is followed by rapid decay of ice and Hli&presents the past 11.7 Khambeck et al.,
2002a) Red box: interest interval for this thesis. MIS=Marine Isotope Stage.

Climate evolution in Europe during the last deglaciation

Northern Europe during LGM, based on pollen records, was characterized byen, steppetundra
environments when winter temperatures and precipitations decreased aroundgpv J# AT A onm

400 mm y1, respectively(Fletcher et al., 2010Q Clark et al., R12b).

The slight increase in temperature and precipitation marking the conclusion of LGM, pursued by

the dry and cold stadial (the Oldest Dryas between 17z34.7 ka) when glacial state in vegetation

was resumedj ' T d E A OCIdK e8dl, 2@12b)The subsequent rapid temperature increase

by3zo J# AO OEA TT1TO0AO T &£ "Gil1TEITC xAO A 111 xAA Au A
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91T OT CAO $OUAO AT A OAPEA OAizpdidlatu@ioally zotchredlad OA 1 £
around 11.7 ka(Clark et al., 2012b)

o8m8ll AZEI Of O Al AE £ICOIAMENIGECT AAEAT AT OEOI T 1 AT 00
As several periodsin the Quaternary were characterized by severalE E1 T | #Aidkdice @en

extending over temperate latitudes of the Northern Hemisphergpalaeo) landscape wasmostly

sculpted by combination of glacial erosion and sediments. ie land in the vicinity of the glaciers

Zperiglacial landscapeg were under the influence of cold tempreatures leading to permafrost

occurrence and tundrasteppevegetation.

As the distribution of glaciallandform assemblages implies quite range of different appearances
in terms of the ice-sheet dynamics and environmental conditions, this sectionfocuses on large

scale landforms observed in the study areas western Barents Sea and North Sea.
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Figurel.5 Glacial and periglacial environmerftaodified afterBrodzikowski and van Loon, 199hnszen,
2012,

Ice-streams drain rapidly interior basins within the ice-sheet and they are the fast-flowing

segment of an ice sheet, therefore surrounded by slower flowing icée.g. Batchelor and

Dowdeswell, 2014. In high latitude climate and oceanography, they play an important role due

to their rapid drainage ability during peak glacial conditionsthereby huge mass transfer to the

ice-sheet drainage basin margin(Andreassen et al., 2004)When the ice was grounded in the

Barents Sea, bathymetricross shelf troughs were occupied by fast flowingpr switching between

fast flowing and stagnation)ice streamsj $1 x AAOx AT 1 AT Alce%tte@ms DEdgE ¢ mm¢ C
have important protrusions on their mouth at the shelf break called Trough Mouth Fanare

composed mainly ofglaciogenic debris fow deposits, and are prominent, among otherson the
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Svalbard margin of the NorwegiagGreenland Seavhere they have provided evidence for ice
sheet dynamics(e.g. Bear Island " E G O,i1S@rtjoAd€n, Kveithola Trough Mouth FanVorren et
al., 1998 Lucchi et al., 2013Llopart et al., 2015.

Mega Scale Glacial LineationdISGLs) are elongate streamlined curvilinear ridges of sediment

that are produced subglacially indicating the track of icestream. Their lengths are usually around

67100 km, have width of around 20@1300 m (length to width ratio >10:1), and their spacing

ranges between 200 m to 5 km. They were first discovered on the Antarctic continental margin by
high-resolution seismic and swath bathymetry investigationgClark and Stokes, 2003)but later,

they also have been discovered in western Eurasia, e.g. inside Kveithola Trodgde AppendixB)

and Norwegian Channe(Ottesen et al., 2005) " EAOT AA& G Ofeendt@., 2816Bh ¢ mnpo

Grounding zone wedge$GZWs) are diamictic wedges marking the significant stiistand duration

during deglacial ice retreatacross the shelf and implying episodic retreat rather than catastrophic
(Dowdeswell et al., 2008)

Ice-marginal valleysor spillways are originally referred to German termQJrstromtal & Theywere
aligned parallel to ice front margins in periglacial environments therefore their courses are
related to particular stagesof ice sheet limits Thesebroad valleys (around 25 km wide) collected
meltwater from proglacial meltwater channelswhich were formed acrossthe ice front, as well as
river drainage from icefree areas.Theywere produced by enormous volumes of water, some of
which might be received from catastrophic outbursts related to icelammed lakes. Thermal
erosion of river banksrelated to permafrost conditions can bealso involved in their formation
(Kolstrup, 2005). Ice-marginal valleys recognized not only along the SIS margin, but also along the
margin of Laurentide Ice Sheet during the Late Wisconsin and they were associated with

catastrophic megaflood events (i.e. outburst floodgKehew et al., 2009)

It wasin the North Germanywhere ice marginal valleyswere first investigated (Woldstedt, 1950),
andin 1909 they werealready depicted in the map of the north European Plaiby Keilhack (Fig.
1.6,, i OECAT O AT1)AThey medlsituatedmlpngNorth European Pain from Russia to the
North Sea where icemargin transversal meltwater channels cut morphological highs such as till
plains (also referred to ground moraine) and end moraine dges and formed interconnections
between ice marginal valleysThe southwardproglacial drainage over sanda(i.e. outwash plain)
from southern margins of SIS joined eagtvest flowing rivers towards the North SegFigge,1980;
Ehlers and Wingfield, 1991 Ehlers et al., 200§ " E OA. FDuriqgrmhe wldistocene glaciations,
northward outflow of rivers towards Baltic Sea were blocked by ice sheets; hence their flow was
dependent on the position of ice sheet margin such as the Rhine and Meuse in the Netherlands,
Elbe, Weser and Ems in Germany. An example of-iclA OCET Al O-&beisalde) dudiig O O d

Weichsel glaciation from GermasPolish lowland is shown in Figl.7. This large valley (> 500 km

0 ¢
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long, 220 km wide) with curved banks is represented by numerous channels (up to 8.5 m deep)

of braided system under the periglacial climatgPisarska* AT OT | U.s beingppartpof the

OUOOAI EAA 1 AOCET Al OAIl 1 AnwéshGeforfirly ivifich &ad® dOddiof OAT 6
drainage system of meltwaters that were carried towards preserRR AU8 O . T OOE 3 AA x EAI
Weichselian ice margin (during early MIS 2 or late MIS 3, ca.&4 ka BP) was situated around

northeast of Elbe Lineamen{Ehlers et al., 20115) , i OECAT O Alnfhapter@and 3,¢c mtp p q

further details on its North Sea pathway is presented in detalil.

Jahrbuch der Konigl. Preud Geolog, Landesanstalt 1909, [ Tafel X1

] i 10 1 n

Die Endmoranen und Urstromtiler
Norddeutschlands.
Fndemordnensige |
1 =] tatste Biszeit 3] trwtromdiiler i
2= vorletate Eisseit 4[| Hochfliicke i
1: 3000000 (

. - \\_\/

8

Zusammengestellt von K. Keilhack 1908 Lith. Anst.v Leop. Kraats, Berlin

Figurel.6 Southwestern sector of Si&s drained by a system of ioearginal valleythe first map by Keilhack
(1909). After deglaciation, these valleys were often reshaped by rivers. 1: end moraines of Late
Weichsel glaciation; 2: Saale or penultimate glaciation.

Braided river systems areprominent features in icemarginal valleys as aresult of huge amount
of glacial debris transport throughout the peak ice melt dischargetaking place in summer and
spring with limited aggradation. Although not a prerequisite the braiding pattern is usually
established on permafrost that is comnon for periglacial environment considering that
permafrost aids in an effectve expansion of channel networkVandenberghe and Woo, 2002)
The response ofriver systems to changes in climate and environmental conditionsduring
Weichselianwere presented and discussedy Vandenberghe and Wo0(2002), Huisink (2000),
Vandenberghe (1995) and Mol (1997) for some of the European rivers major changes in
vegetation cover, changes in discharge characteristics, the position of the river catchment

oo
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considered to bemainly responsible for the evolution of the fluvial style such as braided,

meandering or anastomosingFig. 1.8).
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Figurel.7 Icemarginal valley during Weichsel glaciatidhdrained the water from sandar from north and
extraglacial rivers from south (modified aftersarskaVl YNR OB X H A Mp

Ice-dammed lakesWhen the meltwater drainage system is impeded by ice margins, water

ponding can give rise to formation of an icelammed lake that are characterized as being unstable.
Breaking down of the damcan be catastrophic if hydrostatic pressure of the lake surpasses the
overburden pressure of ice at the lake outlet, or when the lower terrainis exposed by the
retreating ice margin, or via overtopping(Stroeven et al., 2016)For instance north flowing rivers

of West Siberia anchorthern Russian plain(e.g. Yenissei, Ob, and Pechonmagre captured by the
BKIS and icedammed lakes(that were larger than any lake today)were formed during the
Quaternary period (Mangerud, 2004) Another example of he biggest lake (349,000 kr#) related

to decaying SIS margin was Baltic Ice Lake during Younger Dry@skobsson et al., 2007)n the
North Seg the existence ofice-dammed lake and its overspill(possible catastrophic) during
Elsterian, Saalian, and also during Weichseliasinferred and some direct and indirectevidences
for glaciolacustrine sediments (i.e. waveippled sands, fine grained rainout depositsMurton and
Murton, 2012) are presented by(Smith, 19857 - i T 1T O AToucdnhes:hal., @0t0idigma et
al.,, 2012 Cohen et al., 2014ce-dammed or proglacial lakes are, among others, important
formations for the climate system, since their drainage routes to the ocean can contribute to the
sudden climate changes as drainage of the Lake Agassiz contributed to the Younger D(yatler,
1990).
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The arcuate shapedediment accumulations are moraine complexes document either stiéitands

or ice-front oscillations during glacier retreat (Andreassen et al., 2008Sejrup et al., 2016and are

represented by poor to well sorted, stratified to weakly straified sediments and diamictongBenn

and Evans 2010).
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Several climatemodeling studiesimply the influence of Northern Hemisphere icesheeton climate

changeson millennial time scales by the release of fresh water to the North Atlantic, affecting sea

surface conditions (salinity and temperature), extent of seaice cover, andNorth Atlantic Deep
Water formation (Manabe and Broccoli, 1985 Ganopolski et al., 1998Clark, 1999) Indeed,

northwest European ice sheets together with Icelandic ice sheet is swggied by multi-proxy

foraminiferal and geochemical analysedo be the principal driver in millennial-scale AMOC

variability during the last glacial period, besides to North American Laurentide ice shede.g.Peck

et al., 2006 Bigg et al., 2010Eynaud et al., 2012given thatboth ice sheets were readily available

op
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freshwater reservoirs on both sides of the North Atlantic(Toucanne et al., 2015)and large
freshwater inputs have been related to iceberg release to ocean or sudden outbursfiafshwater
from ice-dammed lakes and subglacial meltwate(Lekens et al., 2006) Moreover, ggnificant
hydrographic changes along European magin associated with accelerated slowdown of AMOC
have been reported by e.d-all et al.(2006), Eynaud et al(2012), Knutz et al.(2007), Lekens et
al. (2006), Peck et al(2007). The sensitivity of the climate system tofreshwater was tested on
geographic locationssuch as outlet of meltwater draining river systems and the border dfGM ice
sheets by climate modelling which showed that freshwater forcing of Nordic Seas (due to
Norwegian Channel Ice Streamlisplays direct freshening influencein the vicinity to deep water
formation zones in the North Atlantic; while Arctic freshwater forcing has a longterm response
associated to sedce formation and advection(Roche et al., 2010)What is particularly significant
to the SIS and BIIS is that theimeltwater injections to the North Atlantic (via The Channel River)
and subsequent AMOC destabilization and interhemispheric climate changeave been shown
based on Nd isotope recordfor between 22.5%21.3 ka BP, 20.318.7 ka BP, and 18216.7 ka BP
(Toucanne et al., 2015) For instance, the last meltwater event (starting around 8.2 ka BP) was
important enough to elicitinterhemispheric seesaw event and the Heinrich Stadidl (HS1)in the
northern Hemisphere. This event lasted for 1500 years to concede the subsequent icebeglpase
from LIS by middepth warming of the North Atlantic, thereby extending the duration of HS1
(Toucanne et al., 2015)

08RAI ACEOA OAMOOHRIOAT AAEAA

The Northern Hemisphere ice sheets werenostly vanished between 11.6:7.0 ka from early to
mid-Holocenedue to warming by boreal summer insolationand also,greenhouse gassefMarcott
et al., 2013 Moossen et al., 2015and global mean sedevel was @out 60 m below the present at
the Younger Dryas/Holocene transition(Smith et al., 2011) Relatively high rate(up to 2.5 cm yr
1) of the Early Holocene sedevel rise isestimated by several sea level proxieshowever, after 7
ka relative sea levelapproachesto the global mean sea levelvhen the ice sheet decay was
completed (Fleming et al., 1998)

2EGCEO AEOAO 971 01T CAO $OUAOh EAA AT OAO mOI I ' OAAT ]
years leading to further decay of ice sheets and glacie(Smith et al., 2011) By the end of
deglaciation (ca. 7 ka), rise of around 225 m since 9.%9 ka (Cronin, 2012). The 8.2 ka abrupt
cooling event in the Northern Hemisphereis linked to sealevel jumps of approximately 0.4 and
2.1 m in the Mississippi and RhineMeuse deltas, respectivel(TE OT NOEOO AT A ( EEI A
Moreover, this event has been suggestéry 4 E OT N OE O O (2@12) #o be aSsbdiated with the

freshwater drainage through Hudson Bayrom Lake Agassiz leading to perturbations in the North
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Atlantic oceancirculation and triggering abrupt cooling eventsDuring the late Holocene (last 2

3 ka) sea level was almost stable until the acceleration dated ca 1900

o8 p2kl ACEDAOARAOEOA ET OEA O1 6OEAOT .1 O00OE 3AA
Sealevel changessince last glacial maximumwas not uniform everywhere as relative sealevel

rise is controlled by regional scale factorsthat has beenrecognized aftercompilation efforts of

dated sealevel indicators such as fossil corals, peat deposits, wood fromstuarine clays
(Woodroffe and Murray-Wallace, 2012) Suchregional factors interacting with each other are
controlled by different spatial and temporal scalegKiden et al., 2002) and theymainly are: (i)
global/eustatic increase in o@an volume that is climatically controlled; (ii) glacie and/or hydro -
isostatic change due to ice, sediment and water loading; (iiifectonic subsidence or uplift
(Lambeck et al., 1998Shennan et al., 2000Vink et al., 2007 Steffen and Wu, 2011)Dueto the
lossinweige O T £ EAA OEAAOO AOOET ¢ x1 Ol AxEAA AACI AAE/
against it, vertical land movementshave taken placen previously glaciated or peripheral to these
regions, described as glacial isostat adjustment (GIA).The rebound offormer glaciated regiors

along with the forebulgedynamics,and hydro-isostasy causing a subsidence of the ocean floor

and a flexure continental shelvesogether with ocean siphoning effectontributes to the complex
geographical variation in the realtive sedevel rise pattern(Walcott, 1972, Lambeck and Chappell,
2001; Mitrovica and Milne, 2002 Conrad, 2013)

In the northwestern Europe, the postglacial sealevel history contains these isostatic, eustatic and
tectonic contributions (Kiden et al., 2002) making this area difficult to be represented by a
common sealevel curve, especially during the Early and Middle Holocen#®'ink et al., 2007) The
subsiding zone in the North Sea (former glacial forebulge updoming) surrounding the
Fennoscandia uplift center is defined by geophysicasdstatic models(Lambeck, 1995 Kiden et
al., 2002) and it is alsorecognizedby observational dataj - E OT A Oidepeaba|.x2002) The
maximum of this zone is arranged in a relatively narrow band stretching along onshore northwest
Russia (Lake llmen), central Poland, northern Germany and from there towards southern North
Sea(Steffen and Wu, 2011) Relative sedevel data from the northwest Europe (Figl.9) depicts
differential crustal movement between the Belgium, thé\etherlands, the northwest Germany and
the southern North SegVink et al., 2007 Steffen and Wu, 2011)This complex norlinear pattern
zaside from the tectonic activityy contains glacie and/or hydro -isostatic component that
increases toward German sector of the North Sea from the Belgian coastal pigiden et al., 2002
Vink et al., 2007) As revealed byink et al. (2007), northwest Germany experienced isostatic
lowering of around 7.5 m relative to Belgium from 8 cal ka BP until 4.8 cal ka Boreover, over
the last 6000 years, isostatic movements have caused subsidence of East Frisian coast with a rate
of 0.6 cm/1000 yearsj " O1 CAT 001 AE Al A 3AERAAOh ¢mnw(q

(Oe)
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Continental shelves andcoastallowland regions are the mostvulnerable to changes in the sea

level caused themorphodynamical changesin the landscape, i.eby shifting the coastline landward
anddrowning of incised valleys thereby formation of estuaries where riverine sediment delivery

is not abundant enoughto form deltas along the coastal shorelineln the northwest Europe,
swampiness(paludification) of Pleistocene sandy deposits due to the post glacial sea level rise
(therefore rise in the groundwater level) led to formation of basal peatas a first developmen
stagein the inundated landscape(Koster, 2005). Intertidal and subtidal conditions subsequently

were occurred to be followed by shallow marine environment in the course of the ensuing sea
level rise (Streif, 2004).
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Doggerland(Fig. 1.10), for example, cheacterized the palaedandscape of the present dajNorth
Sea region before the setevel rise completely inundated the valleys andwvetlands (e.g. marshes
and swamps) that was attractive to the Mesolithic people(Coles, 2000 Shennan et al., 2000
Gaffney et al., 2007)

The sea level rise affects the coastal system by inundating wetlands, increasing shoreface erosion
as wellas storm events by increased flooding depths and inundation extentBasseri et al., 2015)
The coastal system tries to adapt to sea level rise by changing its landscape, and marshes, for
instance, will try to keep up with the sealevel rise depending on the sediment supplies into the
system and the rate of sea level rise. Furthermore, peatland within wetland ecosystems not only
present a habitat for variety of plant and animal species, but also, they provide fertile land for
agriculture and can be used as fuel. Therefore, sea level rise effects will be on ecological habitats
and organisms and will also have socieconomic dimension(Church et al., 2010 Passeri et al.,
2015) such that today lowlying coasts, elevations less than 10 m, are populated by more than 10
percent of the world population (Clark et al., 2015)

The most of the coastal morphology, for instance, preseqay barrier-inlet systems in the North
Sea, was developed when the rapid sdavel rise was slowed or during the stillstands in the sea
level rise. Estuaries, wetlands, tidal inlet/basin systems have rich bidiversities, but are short
lived/temporary landscapes on geological timescales, and especially tidal flats within this system
are the most vulnerable ones for potential relative sedevel rise (van Goor et al., 2003;
Dissanayake et al., 2012). The possible impacts of future siexel rise have been modelled by
some studies. The modelling adapted by van Goor et al. (2003) for WaxidSea inlets showed that
inlet/basin systems were able to keep up with more than 10 mm/year relative sedevel rise by
accumulating sediment into the system to reach a dynamic morphological equilibrium.
Predictions for sealevel rise regarding the periodbetween 19902100 ranges between 0.75 and
1.9 m and higher end future prediction of 2 m could drown 1. 5% of the preselay coastal area
(Wilmes and Green, 2014).



A
10000BP 7000BP

Elevation (m)
relative to MSL

-100 :
-50
30 W
20
15
-10

-5
0
+5
+10

EEEEE

Elevation (m)
relative to SL

-2500 W
-300
-116

-5

0

+5
+100
+500
+1000
+4000

C
12000BP 7000BP

Elevation (m)
relative to SL

-200 1N
-125 18
-100 0
-75
-50
-25

0
+200
+500 L
+1000 3
+1500

IO0CE

Figure1.10 The early Holocene floodingf a) Doggerlandeadingto isolation of Britain from the Europe
mainland b) Sundahelf area in the southeast Asiand c) Berig Strait, former land bridge between
Asia and North Americgaken fromSmith et al., 2011

08O AI AAT 6AT 1 AUuo
Palaeovalleys were created during sea level falls and lowstands, when rivers were adapting to
low-stand shorelines, ad therefore their erosional bases are considered to be the most

remarkable indication for sequence boundaries. Comprehensive research on palaeovalleys

(incised valleys) have been conductedince the 1970s, palaeovalleygvan Wagoner et al., 1998)

o0
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however, the major advancein studying incised valley systems (and estuaries) initiated during
pwwnnd O AU OAAOI 1T tualy@Eils&nd prahd filld, HOIHiD QdtentBl AOD Bil
reservoir (Dalrymple et al., 1994 Zaitlin et al., 1994 Gregoire et al., 2017) Aside from
hydrocarbon reservoir interest, the lower surface of the incised valleys denotes the expansion of
drainage system to the continental shelf, which possibly evacuate sediment/freshweit either to
the outer shelf or to the continental slope during the base level fadind lowstand (Blum et al.,
2013). Additionally, they comprise one of the most important component of the continental
shelves as they have the highest potential to host lowstand and transgressive deposits to
document environmental changesclimate events, but also, human activitie$Boyd et al., 2006
Chaumillon et al., 2010)

Several studies onpalaeovalleys from Precambrian to present day shelf setting implied the
influence of changes in the seéevel, climate, tectonics, sediment supply and valley morphology
on their infill and stratigraphic architecture (Dabrio et al., 2000 Simms, R, A. et al., 2006imms
et al., 2010) Late Quaternary and Holocene incised valley systanthat became estuaries with the
flooding have been studied by e.dNordfjord et al. (2006), Rodriguez et al.(2008), Thomas and
Anderson (1994).

The typical models of incised valley fill, according tdaitlin et al.(1994), composed of a landward
segment with fluvial deposits, a middle segmenivhere fluvial deposits are covered by central
basin deposits and a seaward segment that contains both fluvial and centtzdsin and overlain
by marine deposits. However, this model was expanded or modified by the subsequent studies
(Dalrymple et al., 2006) For exampleGarrison and van den Bergh{2006) and Li et al. (2006)
presented models that the fill composed of almost only fluvial deposits. Furthermor@ayenberg

et al. (2006) showed another example that after complete drowning, the valley was not filled
completely, thereby having an accommodation space to be filled later by opemarine sediments
like shelf dunes in East coast of Australia. Further example from Hudson Shelf Valley, on the other
hand, showed that catastrophic flooding associated with glacial lakes filled the valley by large field
of subaqueous bedforms, banks and leve€$hieler et al., 2007) Also,Chaumillon et al.(2010)
compared the incised valleys fran coasts of France and it turned out that valleys in the same
setting (tectonically stable and sediment starved margins) depicted contrasting conditions of
hydrodynamics, inherited morphology and sediment supply. They observed that sdavel is the
main controlling parameter for the valley formation and its infill as is in the model proposed by
Zaitlin et al. (1994). However, for the variations in the infill, the first order controlling parameter
was hydrodynamics such awalley location with respect to the littoral drift and tide-, mixed (tide
and wave), wavedominated infill like the categorization made for presemntday estuaries or

lagoons. The second order controlling factor was attained to inherited morphology of theailey
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and the latter in turn controls sediment supply and hydrodynamics (e.g. bedrock related
irregularities focus tidal flow).

08 O0O0AT O ARAOOIOEICEADADT OEAI
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As rivers or glaciers sculpt the shelf profilehydrodynamical processes (i.ewaves and currentg
and meteorological conditionssince the last deglacial transitiortake aprofound role in inducing
the sediment motion and in the re-distribution of sediments (Wright, 1995) by affecting the
evolution of coastal andyeological basinfWard et al., 2015) Transport of shelf sea sediment under
the control of tides, waves and winedriven currents is a complex procesghat relative influence
of each canvary on temporal and spatial scalegvan der Molen, 2002 Neill et al., 201Q Ward et
al., 2016) For instance, long term sediment transport in the presehRR AUS8 O . T OOE 3 AAh
the southern North Sea, is mainlylominated by tidal currents although waves and winddriven

currents are also involved in the proces¢van der Molen and Swart, 2001pvan der Molen, 2002)

Water masses in theoceanbasin are forced to rotate around amphidromic points due to the
combination of gravitational forces between Moon and Sun, the geometry of the basin, and the
Coriolis effect(Schieber, 2016a)On shallow shelf areas (ranging between 2200 m water depth)

in wide passive continental margin seting significant tidal currents usually exist due to the
increase in tidal action associated with their greater shelf widthTherefore, on many shelves,
these rotating tidal currents are capable of transporting sandy sediment (even medium grained
sand) andeven mud in bedload(Houbolt, 1968; Stride, 1982 Reynaud and Dalrymple, 2012
Schieber, 2016a)

yT APEAT T OET AT OAIT -AT QABAART BIOAATEGBAO DI Béidw Sedd, 8 C 8
within continental interiors that have a narrow connection to the open ocean (e.g. Hudson Bay
and Baltic Sea)and in straits or seawayde.g. Dover Straitthat connectlarger water bodies, tidal
currents interact with waves, wind/storm -induced currents and geostrophic currents (related to
global ocean circulation), thereby resulting in variety of sediiarrmentary deposits(Reynaud and
Dalrymple, 2012) and they can be enhanced by enhancdd, local topographic effects such as
islands and sand banksSignificant tidal currents are particularly observed in embayments having

a tidal resonance or in seaways/straits where the tidal currentare strengthened(Reynaud and
Dalrymple, 2012).

Furthermore, regarding the wind-driven circulation in shallow seas, storms occasionally interact
with seabed and ease the lateral transport of mu¢Swift, 1970; Nittrouer et al., 2007, Schieber,

2016a). For instancein the Mid Atlantic Bight, the interaction of seasonal winds with the shelf

¢
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water instigated bottom currents of around 20 cm/s;wind-circulation, therefore was responsible
for moving, reworking surface muds as bedloathut also as suspensior{Schieber, 2016a) The
combination of tidal currents with strong storms that occasionally resuspend seafloor mudsould

lead to transport of significant amountof sediment (Schieker, 2016b).

The mostcommon, but alsothe largest bedforms observedn shallow marine settings arecurrent
ridges (sand banks) and compound dunes (also called sand waveswhich are flow transverse
bedforms indicative of strong currents (50265 cm/sec; Kenyon and Cooper, 200pand their
hydrodynamical agents are mostly tidal currentse.g.in the southern North Sea Caston, 1972
Caston, 1981 McCave and Langhorne, 19825tride, 1982 Davis and Balson, 1992Deleu et al.,
2004), Celtic SedReynaud et al., 1999)northeastern Australia(Harris, 1989), East China Se@.iu
et al., 2007) Sand ridges are elongatededimentary bodies aligned somewhat parallel to the coast
and oblique to the peak tidal current direction atangled A O x A AT  withAnlard kilgmetérs
in length, a few kilometersin width and some tens of meters in heigh{Trentesaux et al., 1999)
As a good example of sand ridgieom the southern North Sea, Middelkerke Bankdisplays four
phases of evolution such as palaeovalley infilling, lagoon or subtidal environment, coastal, sterm
dominated sand bar, which wa the core for overlying offshore sand bankihe composition of this
bank varieslaterally from prograding oblique to horizontal reflectors and onlap underlying units
(Trentesaux et al., 1999) Overall, the deposition of first three units in Middelkerke Bankwas
suggested to be controlledealevel rise,while modification of storm dominated sand bar tatidal

sand bank might be occurred under the relatively stable selavel.
1.5.1.1 North Sea

Highly energetic regime in the North Sea is forced by mechanisms such as tides (selimirnal),
winds and density differences(Backhaus, 1989) The North Sea circulation and main physical
mechanisms are summarized in Figl.11. From the north, tidal energy is brought into the North
Sea resulting in strong frigional stresses that stir the water column. Aside from tides, winds
together with atmospheric pressure changes cause storm surges that may cause several meters
increase in the mean sedevel if they overlap with spring tides. Furthermore, density differenes
are driven by seasonal thermal stratification (e.g. summer thermocline) due to heating and cooling
of surface waters, and also, by freshwater inpuigdowarth et al., 1994) The most important rivers
with regard to their catchment area are Elbe, Weser, Ems, Rhine, MeuSeheldt, Thames and
Humber. The suspended particulate matter in the North Sea is sourced from the Atlantic Ocean,
from the English Channel, rivers, erosion of the seafloor coastal areas, atmosphere, and primary
production and associated sandy or muddy sedients settle in the Wadden Sea, German Bight,
and Skagerrak/Norwegian Channe(Ospar Commision, 2000) The remainder of the North Sea

floor consists of Pleistocene and Early Holocene relict deposits and of reworked sands and gravels

o
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(Eisma et al., 1987)Sandy beaches, dunes, estuaries (e.g. Elbe, Weser, Rhine and Meuse), tidal
inlets and islands in the Wadden Sea exist along the coastal zone from Dover Straitviestern
Danish coast. Along the east coast of England, estuaries (Humber and Thames), and sand/ mud

flats (in the Wash) are also found.
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Figure1.11 Basic physical processes in the Nd8dafrom Charnock et al(1994) The North Sea a& tide
dominated shelf sea depicts strong variatioim its currents. Strong tidalurrents in the Southern
North Sea establishes highly turbulent regime with vertical.

1.5.1.2 Impact o f sea level rise on hydrodynamic variations on shelves

Sealevel changes since the LGM have impacted upon the open ocean tidal amplitudes as a result
of modifications in the ocean basin geometry, which is indicated by global tidal modelling studies
(egd ET 1T AO AT A 31 1;Edbétietal, 2088 Theumpact of sedevel rise on tides also
supported by modelling studies from northwest European shelf seas which have indicated
considerable changes in tidal dynamics in terms of elevations, currents, and migration of
amphidrome positions (Austin, 1991; Shennan et al., 2000Uehara et al., 2006Pickering et al.,
2012; Ward et al., 2016) including wave climates(Neill et al., 2009) and thereby affecting
sediment transport regimes (Gerritsen and Berentsen, 1998van der Molen and Swart, 2001a
Hall and Davies, 2004 Neill et al., 2010) tidal mixing front locations, and water levels at where
tidal-driven mixing takes place(Uehara et al., 2006 Ward et al., 2012)which even influences the
primary production and carbon dioxide uptake on the shelf sefRippeth et al., 2008)

The change in relative sedevel can cause signifiant changes in the strength of tidal currents due
to the evolved coastal and shelf morphologfReynaud and Dalrymple, 2012and such increase in

the aurrents cause bed shear stresses to increase, which therefore increase the kinetic energy for
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suspending and transporting the bed materia(Pickering et al., 2012) but also lead to inceased
turbidity of the water column, which in turn, has ecological impact due to reduced light
penetration (e.g.Pelling et al., 2013. For instance, according to modelling study by Pickering et
al. (2012), a future scenario with 2 m sedevel rise points to large amplitude increases (tens of
centimeters higher than presentday levels) in M2 tidal constituent, particularly in presentday
shallow areas in the southeastern North Sea and Dutch Wadden Sea. Furthermore, according to
UK assessment report on climate change, it seems very likely that already eroding sectors (e.qg.
widespread in UK and Ireland) of the coast will encounter with higér rates of erosion because of

the sealevel rise (Masselink and Russell, 2013)

While wave heights and periods increase with the rising sea level due to increase in fetch length,
the effect of waveinduced bed shear stress will decrease considering that it is sensitive to
variations in water depths (in contrast to tidalinduced shear stress) as modelled biXeill et al.

(2009) and (Neill et al., 2010) Hence, from Late Glacial to present shear stress have varied
significantly. The sealevel rise will permit larger waves to arrive to the coast, but their energy

loss to the friction with seafloor will be less thereby causing increased coastal erosion and
sediment export to the shelf. Therefore, shallow areas like Dogger Bank are prone to be

significantly affected by the wave action.

Overall situation over the northwest European shelf with the increasing sekevel during Holocene
is that the influence of wave action on sediment transport decreases and tidal currents mainly
govern the pathway of sedinent transport z as also seen todayStride, 1982, Neill et al., 2010
Cazenave, 2013)

08cd8IMAAEAOAA Al TGRAEJ AT OAT OEAI
1.5.2.1 Sediment drifts on high latitudes

Sediment (or contourite) drifts are generally elongated parallel to contourcurrent flow direction

and depict themselves as erosion/nordeposition area near the bottom current axis and
depositional area that is adjacent to the high velocity zonécontour-current core) with high
sedimentation ratesj & AOCT OA O ; Rebesch hrdl Btowg 2003w & AOCT OAO Al A
They can be found everywhere, from the abyss#bor, via continental margins, to mid and upper
slope, but alsqover continental shelvess & AOC1T OAO AS).A 301 xh c¢nm

In general, nost of them have mounded elongated shape with dimensions ranging from relative
small patch drifts (100 kn®) to giant elongated drifts (100,000 kn#). These accumulations can be
10s to 100s km long, with a thickness of 10s to more thalD00 m (Rebesco et al., 2013Changes
in the bottom current strength and location is mainly regulated by climaticconditions. For

instance, oscillations in the intensity of Mediterranean Outflow during northern hemisphere

mp
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coolings (e.g. Heinrich events and Younger Dryas) lead to contourite formatiorfgan Weering et
al., 2008)

High latitudes display variety of currentinduced deposits such as contourite drifts and sediment
waves along with channellevee complexes associated with maflow processes and turbidity
currents that are mainly controlled by climatic conditions The intercalation between contourite
and turbidite deposition is very common and huge amounts of sediments can be released to the
shelf edge and upper slopeespecially on glaciated margingvan Weering et al., 2008) For
instance, Metz Drift (East Antarctic located in an 850 mdeepglacialtrough on the shelf during
late Pleistocene and Holocenewas formed due to the dense saline water flow owing to the
sea®nal extensive sedce coveragedue to the presence of coastal polynydHarris et al., 2001,
Presti et al., 2003)

1.5.2.2 Brine -enriched shelf water in polar regions

The occurrence of coastal polynyas i@ DA OOEOOAT O AT A /Isinoundet A secB AA A£OA
iccandOEAA D OI A O A sthemostdhpotaht ByErAgtaphical featurein high-latitude

regions. Sea ice, by releasing brine during freezing, supplying fresh water during melting,

shielding warm underlying water column against cold Arctic air and reflecting solar radiation,

constitutes sensitive part of the highlatitude climate.

The offshore winds, tides and currents, which advect the ice away from the coast are responsible

for the formation and maintenanceof latent heat polynya. On the other handthey can also be

formed by melting of ice cover due to upwelling of warm water and called sensible heat polynya

(Skogseth et al., 2008) In latent heat polynyas, rapid and persistent ice growtlis caused by

intense heat loss from the open water to the atmospheréskogseth et al., 2008)Brine rejection

during the sea ice growth results in the formatiorbrin e-enriched shelf water(BSW). For instance,

in Antarctic coastal polynyas, high ice production resulting in brine rejection leads tdense water

formation on shelf,large scale watercascadingover shelf edge andEl Of AOET T 1T £ x1 Ol Ad
water mass (Antarctic Bottom Water e.g.Shapiro et al., 2003 Tamura et al., 2003 Along the

Arctic coastal margin, many coastal polynyas occur on the shallow shelyasaking significant

contributions to Arctic Ocean haloclinde.g. Laptev Sea polyny&homas and Dieckmann, 2010

The western Bareris Sea shelfcomposed ofdeeptroughs surrounded by shallow banls formed

during the glacial period and theretEA C1 AAEAT 1 U CAT AOAOAA +OAEOQEIIT A
prominent locations where the densest water masses of the continental shelf are qaiuced

(Fohrmann et al., 1998 Rebesco et al., 2016aJhese dense watersBSW is the result of interplay

between topography and accumulation of the dense brine which is formed by salt rejection related

to the seaice formation in the course of winter times(Fohrmann et al., 1998)The BSW is kewise
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observed inside the adjacent Stofjorden Trough during northeasterly winds in winter
(Haarpaintner et al., 2001 Skogseth, 2004)in the north of Kveithola Trough. Furthermore,
cascading of this water along with winter storminess resuspends sedinent plumes on shelf and
sediments are subsequently carried down to the continental slopéFohrmann et al., 1998
Sarnthein et al., 2003a) Therefore, Kveithola Trough? as one ofthe crossshelf bathymetric
troughs in the NW Barents Sea neighboring the continental slope acts as a drainage pathway
towards eastern Norwegian Sea for the surrounding Spitsbergen and Bear Island Banks via

channels connected to its basifFohrmann et al., 1998)

081 AOA AICETDDAA

This thesis is based on the data collectedduring the R/V Maria S. Meriancruise MSM 30
(CORIBAR) ir2013, RV Heinckecruise HE405 in2013, andcruise HE463 in 2016.During these
cruises, seismic and acousticacquisition were carried out, and sediment gravity cores and

vibrocores were collected. Additional sediment echosounder data is provided by HE444 and
Sonne SO Cruise.9

0 8 TBMOOAT AAORAEAOOT I DOIT £EIT AO

High resolution subbottom profiles were recorded with a SE000 medium from Innomar
Technologie GmbH during R/V Heincke cruises HE405, H&3l and HE44 in the North Sea
Parasound system from Teledyne Atlas during R/V Maria S. Merian cruise MSM30 in the Barents
Seaand R/V Sonne SO Cruiseif the North Sea

The non-linear hydro-acoustic behavior ofwater againsttransmission of two high energy signals
with different frequencies results in manipulating the frequency content of sound wave and
thereby harmonics are generatedat frequency sum (high frequency parametric signal) and
frequency difference(low frequency parametric signa). The latter one with its shortpulse length
without ringing and large bandwidth affords high vertical resolution of around 20 cm Moreover,
the small footprint owing to narrow beam j 1 @t 8futhke Gransducer makes this source
satisfactory for achieving hidn lateral resolution as well in archaeological, environmental and
geotechnicalstudies (e.gWunderlich et al., 2005 Schrottke et al., 2006Missiaen et al., 2008 The
penetration depth, depending on the properties of sediment whether soft or oveconsolidated,
canbe up to 150 m. One disadvantagewith high frequency acoustic profiling systemss that not
being able to penetrate till because of its consolidated stateWunderlich et al. (2005) gives

comprehensive tehnical aspects of the system.
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In shallow marine environments (e.g. the North Seadepths shallower than 50 n), the
conventional multi-channel seismic systemschieving deep penetratiorwith their low frequency
range (22100 Hz) are not applicable, as a result ofsmall incident angles(<onnJ q 1 £ OEA
wave; hence customdesigned system ofMarine Technology / Environmental Research MITU)
working group at the University of Bremen was utilized for data acquisition in the study area
These data were recorded witthe MaMuCSSystem (MTU).

During cruise HE405, the micro Generator Injector GI) Gun(provides frequencies up to 600 Hy
data were recordedby 32-channel analogue strearar with 4 m spacingeach channelkonsisting
of a singlehydrophone. However, with the cruise HE463, the fully digital HTI streamer with 96
single hydrophones at a distance of 1 m were deployed@he depth control of streamers was
achieved by birds. When the sound source is a small airgun (miefdl) there isa good compromise
between penetration and vertical resolution (~ 1m) provides. The small chamber volume of 2x0.1

L allows fire rates of 1.5 sthereby enhancing the signal to noise ratio.

Data-set were processed with the software package VISTA Seismic Ressing 2D/3D by following
standard processing scheme. Thealculations ofexact positions of source and receiver, and their
geometry relative to the GPS antennwere performed with software Wingeoapp0.9.8 (Hanno
Keil). In order to obtain gathers that are reflected from common subsurface midpoint, CMP
binning performed along the line The setup of CMP bin size for GeoB#lata was 2m, while for
GeoBB it was 1 m. After CMP binning, dead and noisy channels were extractesid gun delay is
corrected by applying bulk shift in time which is vital for accurate twoway travel time of
reflections. On selected CMRyathers, the root mean square RMS velocities are interactively
identified. The velocity model issubsequentlyused for the Normal MoveOut (NMO) correction.
Vertical time shifts within CMP gathers due to movement ofhe ship andthe sea surfacewere
attempted to correct by residual statics correction modu of Vista.After stacking all CMPs
migration is performed as a final stepThe Finite Difference (FD) migration method was chosen
for both data-set, as this method tolerates the possible errors in the velocity modéigration is
the imaging process by which diffraction hyperbolasre collapsed dipping events are moved to
their true spatial positions, thereby spatial resolution is increased Additional steps such as
filter (for e.g. eliminating the ghost) 4D-DEC(for post-stack random noise removal)Jand SRME
(for multiple suppression) were performed for some linesExtended explanationdor seismic data

processingmethodsare givenin great detail by Yilmaz (2001).
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Vibrocorers and gravity corers were used toretrieve sediments in the North and Barents Sea,
respectively. A gravity corer with lengths of up to 12 m and top weight of 1.5 tons was used in
muddy environments in the Kveithola Trough. A Ge€orer 6000 Vibrocoring system (VCith a
barrel length of 5.80 m was used for fine, middle and coarse sanitist characterize the seabed of
the North Sea.Sediment cores were cut into im segments and split into two halves, and core
imaging and visual descriptions were madeSample preparation for 14C dating measurements
comprised of wet sieving into coarse and fine fractions, ovedrying, sonic sifting andsample (e.g.

plant remains and foraminifers) extraction under a binocular microscope.

Physical poperties were measured on haiections.Changes in grairsize distribution or in the
ratio of terrigenous and biogenic componentn sediments are mainly reflected by their plysical
and acoustic properties, whichare of interest in palaec-environmental and palaeeclimatic
studies (Weber et al., 1997) A standard GEOTEK multi sensor core logger (MS®gs used on
half-core sectionsof gravity and vibro-cores in order to measure physical properties such as
compressional P-wave velocites, the amount of magnetically susceptible material and
attenuation of gamma raysat 1 cm and 2 cm intervals. Cores wereallowed to equilibrate to
ambient room temperature before the start of measurementswhich is important especially for
the accuracy d velocity measurements.P-wave velocity varies with porosity, lithology andthe
bulk density of the material, and in marine sediments, for example, lithification and consolidation,
occurrence of free gas and fracturing also controls the velocityBlum, 1997). Magnetic
susceptibility is the magnetic behaviour ofmaterial as a response to an exerted magnetic fiell.
is useful for coreto-core correlation and provides reliable proxies for stratigraphic changes
characterization of lithological units, changes in sedimentary provenancéerrigenous or iron
mineral content) and diagenetic environment(Blum, 1997). Gamma densitymeasurements can
reveal changes in the lithology ad porosity, coring disturbance,but also, can be usedtogether
with p-wave measurementsto construct synthetic seismogramsby allowing the calculation of

acoustic impedance.
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Abstract

The present day North Sea has been organized and sculpted as a result of the climate,
hydrodynamics and eustatic fluctuations. Alag the subaerially exposed periglacial environment

in the southeastern North Sea during the late Weichselian, at least 210 km Igd® km wide SE
NW trending Elbe Palaeovalley (EPV) carried meltwater from southern margin of the
Scandinavian ice sheet alongith drainage from rivers of North European plain. Although this
extremely wide valley was a crucial member in the sensitive North Atlantic climate system by
contributing freshwater to Bay of Biscay and/or Nordic Seas, but also in understanding of the
environmental organization took place in the Northwest European shelves under the sea level
control, there are only a couple of studies having dealt with the EPV up to now. That resulted in
the untested pabeo-reconstructions and-modelling studies such as dainage pathway, sedevel,
tidal and the sediment transport modelling. Analysis of sediment echsounder data along with
the sedimentological sampling and mapping enabled the identification EPV morphology, up to 5
m deep incisions at its base and EPV idfih detail for the first time. The base of valley situates 65
m below the present sedevel, and the palaeodrainage aligned in SEW with its braided system
during the MIS 2 sea level fall and lowstand in a periglacial environment. With the peglacial &
level rise, EPV became an estuary with tributaries, intertidal and subtidal flats with a limited
sediment supply. After Early Holocene, sekevel rise drowned the Elbe Palaeovalley system
around 10 cal ka BP, it subsequently became the major sedimentargp of the southern North
Sea. Under the control of sea level rise and associated changes in hydrodynamic regime, three
stages of the shelf organization are recorded in valley infill succession after drowning; shallow
basin with restricted connections fa Atlantic water, the southwestern connection establishment
with the Dover Strait, and open marine environment (5.8 cal ka) with the drowning of Dogger,
respectively.

ndg 1 OO AOAOET 1

Continental shelves, that were sutaerially exposed during lowstands of sedevel, incised by river
valleys, and inundated during highstands of sedevel, represent important archives for the
history of reorganization between marine and terrestrial environment and for the dispersion of
sediment either on the shelf or out of theshelf towards deep ocean (e.§. 1 O AT A 4EOI NOEOO
Meijer, 2002; Bourillet et al., 2003 Blum et al., 2013. Palaeovalleys (incised valleys) that were
created as a responséo base level fall encompass nemarine, estuarine and operamarine infill
facies(Dalrymple et al., 1992 Dalrymple et al., 1994 Zaitlin et al., 1994 Greene et al., 2007all of
which are controlled by variations in sealevel, climate, gradient of the shelf and hydrodynaios

on the region(Wellner and Bartek, 2003 Payenberg et al., 2006Reijenstein et al., 2011)
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Figure2.1 Bathymetry of the Central and Southern North $8% from the European Marine Observation
and Data Network (EMODnet) hydrography portal), Elbe Palaeovalley (EPV) in the southeastern North
Sea (200 km long and &80 kmwide; red outline). Drainage from rivers Ems, Weser, Elbe and Eider
discharged across the present North Sea through EPV. Inset map shows pl@gekttantic water
(AW) inflow to the North Sea, about 50% of AW is mixed with fresh water from rivers befeagés
the North Sea via the Norwegian Chann#firfther and Johannessen, 2Q06alley et al., 20)1B)
Echesounder tracklines (white) and vibeoring sites in the study area.

AEA %l AA 0AIl AAT GBDDAOIT | Dargial vill&Yad &drolded river valley
islocAOAA ET OEA O1 OOEAAOCQA Q@I . . 1 ADOELIAARN AATAEDKIA Av Al
water depths between 35 and 50 m (Fig. 1). With its width of around 40 km and length of around

210 km, it played a major role in the Late Weichselian and Early Holooe palaeedrainage

network of the Northwest Europe. The meltwater and sediment flux from the southern sector of
Scandinavian Ice Sheet (SIS) along with extglacial rivers were collected by the Elbe
Palaeovalley system as an iemarginal valley until the ice margin retreated to the modern Baltic

coastline around northeast Poland (river Vistula) where the flow diversion created the Baltic Ice

Lake (Ehlers et al., 2004 Pisarska* A1 OT I UhThecamgogydto the EPV which carried
meltwater flux to the Nordic Seas and/or tovards Bay of Biscay - 1 1 T O A Orovkdn@efet ¢ mm ¢
al., 2010 Touaanne et al., 2015was the northwestern deglacial drainage outlet of Late Wisconsin
Laurentide Ice Sheet via Mackenzie River system in Beaufort Shelf as thousands of cubic
kilometers of freshwater from were discharged towards Arctic OceafFisher and Smith, 1994

Murton et al.,, 201Q Westaway and Bridgland, 2010) thereby contributing significantly to

weakening d the Atlantic Meridional Overturning Circulation (AMOC) and triggering the abrupt
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cooling event(Condron and Winsor, 2012) The critical position of the North Sea, as a possible
meltwater contributor from SIS and BIIS to the North Atlantic climate systerfClark et al., 2004a
Lekens et al., 2005Lekens et al., 2006Gupta et al., 2007Toucanne et al., 2010Clark et al., 2012a
Toucanne et al., 2015Sejrup et al., 2016xausing a positive feedback mechanism that led to the
further weakening of Atlantic Meridional OceanicCirculation and accelerated the decay of

Northern Hemispehere ice sheets has recently been recogniz@elaza-Morlote et al., 2A.7).

However, relatively little attention has been given to the role of EPV as a drainage pathway and
sediment depocenter of the shelf sedimentary system. Although several paleogeographical
reconstructions included EPV as a main proglacial drainagmllector in the southern North Sea
along with the Late Weichselian icesheet extents (e.gColes, 200Q0 Houmark-Nielsen and Kjaer,
2003; Houmark-Nielsen et al., 2012 Toucanne et al., 2015 none of these studies have been
conducted for the EPV itself. The compilation of a palagandscape/environmental model for the
North Sea, therefore, is still to a certaiextent hypothetical suffering from a lack highresolution
seismic stratigraphy and sedimentological data. Besides to Northern Hemisphere ice sheet aspect,
the subsequent development of EPV under the sdaevel rise as a marine embayment (as an
estuary or atidal basin with its channels and flats) together with Dogger Bank as a topographic
barrier -like feature against incoming Atlantic Water around the preHolocene coastline (Fig. 1)
make EPV a unique element in the North Sea system as the valley is expedidid in
understanding of postglacial sealevel rise, sediment supply, and hydrodynamic regime evolution
in the Southern North Sea.

The extension of this icemarginal valley in the North Sea was first mapped b¥igge (1980)
between SW Hadoland and White Bank using analogue acoustic boomer profiling. More detailed
evaluation of seismic sections followind-igge(1980) was conducted bySchwarz(1996) in order

to investigate possible contol by the salt structures and buried tunnel valleys lying
stratigraphically beneath the EPV; however, in a few cases direct correlation was observed
regarding their distribution along the German sector of the North Sea. Later, coinciding with the
northern extension of the EPV, in a 51 m long borehole located in the Danish sector of the North
Sea, biostratigraphy and Holocene environmental evolution under the rising sea level were
investigated based on the foraminiferal assemblages i§onradi (2000). Since then, there is a gap
in the literature regarding the spatial framework of postglacial sedimentary processes in the
southeastern North Sea, particularly in the EPV, as integrated chronological and sedimentological
studies have been carried out only for the coastal regions (e.geiler et al., 2000 Gerdes et al.,
2003; Streif, 2004 Behre, 200 " OT CAT OOT AE ANolersBtAIERWA Oh ¢nmnw

The aim of this study was to (iunderstand the re-organization palaeelandscape/environment of

the southeastern North Sea shelf since the Late Weichselian and the evolution of the EPV, and to

P



%l AA 0AIMARADAADAD

i EEqQ Al OAEAAOA %0660 OAAEI AT OAOU ET £EI | tdAOOAOI
of the sealevel and climate. Owing to the very high vertical and horizontal resolution achieved by
parametric echosounder data and vibrecores that penetrated into the sandy North Sea
sediments, EPV's geometry and sedimentary infill architecture atd be investigated in a great

detail for the first time. Focusing on the evolution of around 8000 kfharea wide palaeovalley

whose accommodation space has allowed for about 17 m thick infill during late Weichseli@n
Holocene, this study hopefully clinchesan argument for the speculated palaedrainage and-

coastline in the southern North Sea from the last glaciation up to modern conditions today.

nda®ACEI T Al 3AO0OO0ETC

North Sea as a shallow marginal sea situating in the Northwest European continental shelf i€op

to the Atlantic Ocean via the Dover Strait to the southwest and to the north, and to the east it is
connected to the Baltic Sea (Fig. 1). Epicontinental North Sea basin, underlied by Mesozoic rifts,
was surrounded by British Isle, Fennoscandian Shieldnd central and western Europe with a

T AOOI x AT TTAAQGEIT jAOI OT A POAGAT O AAUBO .1 OxACEA
the CenozoiqZiegler, 1992). During Late Miocene, Pliocene and Early Pleistocene Southern North
Sea served as a major depocenter for deltaic sediments associated with the former Baltic River
System and north German rivers under the control of both the Mesozoic Central Graben and
climate (Cameron et al., 1993Rasmussen, 2004)Subsequently, several ice waning and waxing
since the Middle Pleistocene (780 ka BP) controlled the later sedimentation in the area. Each
glaciation ended with tidal marine environments that is more or less similar to the presentday
condition. Therefore, regarding the shelf architecture of the study area, weral landscape
adaptations (ranging from glacial, fluvial, aeolian and marine) have taken place as a result of
Pleistocene glacial and interglacial periods coupled with sel@vel changes. During the oldest
Elsterian stage (MIS 12 or 10; according tdoucanne et al.(2009b) and Litt et al. (2007),
respectively) and Saalian Complex stage (MI®), the study area was completely covered by
glaciers and it was characterized by subglacial tunnel valleys with inéens of around 500 m deep
(Huuse and LykkeAndersen, 200Q Streif, 2004 Lutz et al., 2009) Subsequent Eemian interglacial
lasted bewween 1267115 ka BP correlating to MIS 5e. Later, several alternating stadials and
interstadial characterize the Weichselian Stage from 131.6 ka BP (from MIS 5c to the
beginning of MIS 1). Weichsel glaciation caused the area being dominated by periglapracesses
(Fig. 2). The palaeairainage system of the rivers Elbe, Weser, Eid¢Figge, 19800 +EET h pwwp
and Ems(Hepp et al., 2017)ischarged across the presentlay southeastern North Sea through a
30-40 km wide EPV to the Central North Sea. In the wake of pagacial transgresson, EPV,
Pleistocene glacial leftovers like enanoraines Borkum Riffgrund and Sylt from Saale glaciation

(Pratje, 1951) and Dogger Bank (assumed from Weichsel glaciation) have configured the
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landscape of the southeastern North Se@/eenstra, 1965 Carr, 2004 Carr et al., 2006 van
Heteren et al.2014).

Figure2.2 Elbe Palaeovalley and Late Weichselian ice sheet extxténts (according tblughes et al., 2026
betweenA) 25¢19 ka BP, possible blockage of EPV due tsheet confluence around Dogger Bank
and B) 18¢11 kaBP, iceree for the possible EPV drainage outlet(s). Most of the present southern
North Sea basin was dry land (Doggerland), dominated by periglacial conditions, and the rest was
partly surrounded by Weichselian ice sheet correlating with the MIS 2.hakdian ice advances were
y20 aAiayvydzZ GFyS2dzas GKSNBF2NBE GKS a[ Daé¢ GSNX gL a NB
meltwater carried by EPV that extended northwest towards the modern North Sea along with
confluence of rivers Weser, Ems and Eifégge, 1980Gibbard et al., 1988Note that presenday
topography and bathymetry (with 80 and 120 m contours as black dashed line) is used; for the Late
WeichseliagHolocene coastline modelling of the NW European shelf, the reader is referi&td
et al. (2016)and Lambeck1995)

n8mBAAAOAT AT A Al Ei AOA OET AA 1 AOGA 7AEAEOAI EAT EI
During the Last Glacial Maximum, 2419 ka BP (Fig. 2), the sekevel was approximately 134 m
below the present level Lambeck et al(2014)N AT OOAAOAA &I O EOI OOAOEA A/
Sea was exposed as a periglacial landscape. The coastline was located approximately 600 km
farther north today (or 350 km north of Dogger Bank;Streif, 2004) at the western rim of

I OxACEAT #EATTA1I AT A $AOEI 80 (i11A8 4EEO AAOOAA
the continental shelves(Gibbard et al., 1988) discharging meltwater from the SIS along with
drainage from northern Europe carried by EPV to the North Se@hlers and Gibbard, 2004)

Since decades there is an ongoing debate on whether the maximum extents of BIIS and the SIS led

to ice sheet coalescence during the MIS(3ejrup et al., 2000 Boulton et al., 2001 Graham et al.,
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2007; Sejrup et al., 2016pr these ice sheets were independent from each oth (e.g.Jansen, 1976
Long et al., 1988 Ehlers and Wingfield, 199]) with Dogger Bank located in between as a thrust
block moraine (Carr et al., 2006) The speculated ice connection might have resulted in the
formation of an icedammed kke at the southern margin ice sheet (Fig. 2&alentin, 19573 in a
topographic depression posthly around Oyster Ground, as it was evidenced for the previous
glaciations (Mangerud, 2004 Toucanne et al., 2009aCohen et al., 2014Sejrup et al., 2015 If
such meeting of ice sheets was the case during $R, the northward drainage of the EPV must
have been prevented and drained into this large lake. In fadfpucanne et al(2009a), Toucanne

et al.(2015) and- i T 1 O (2b@) sfaledthat between 318 ka BP SIS drainage via north
German rivers (Elbe, Weser) was directed to the Bay of Biscay via possible-dz@mmed lake. On
the contrary, studies from Denmark(Houmark-Nielsen and Kjaer, 2003 Lambeck et al., 2010
Houmark-Nielsen et al., 2012)and the Norwegian SealLekens et al., 2006)suggested that
southern SIS margin meltwater drainage was towards north (i.e. Arctic Seas) betweenz20 ka
although there might have been shorepochs of ice sheet coalescence between SIS and BIIS. Due
to the existence of several reconstructions and assumptions on North Sea ice sheet extent, recently
reconstructed ice sheet extensions with 1 ka interval based on an extensive compilation
conducted by Hughes et al(2016) are presented in Fig. 2. A possible drainage pathway of EPV
towards north(west) was ice-free when ice sheets wee unzipped and started to collapse ca. 18.5
ka (Sejrup et al., 2016)

The onset of the marine transgression following the LGM caused a stepwisémergence of the
periglacial landscape (Fig. 2b) and accompanieloly a coastline shift of about 600 km towards
south (Streif, 2004). Based on the rate of the sea level rise three major stages are define®hif
(2004). During the first stage between 18.0 to 10.3 ka BP, the skeael rose from a low stand of
about 130 m to about 72 m below presentlay sealevel (Streif, 2004) when the environment was
similar to tundra in northern Siberia and Canadaoday (Dittmers et al., 2008 Flemming and
models of depositional environments at the Norwegian Channel, and he attained this interval to
the riverine input by northward drainage of palaecrivers off Germany. Progressive inundation of

brackish water via Oute Silver Pit took place during this first staggWolters et al., 2010)

During second stage, the rate of RSL was much more rapid; from 10.3 until 7.1 ka BP, theleesl
rose from about 72 to 25 m below the present sekevel (Streif, 2004). Moreover, the compilation

of both existing andnew sealevel indicators (mostly basal peats), revision of previous Holocene
relative sea level (RSL) curves of southern North Sea, and geodynamic Earth and ice modelling
revealed a differential crustal movement between Belgian, the Netherlands, northwe&ermany

and the southern North Sea associated with tectonic and post glacial glacio (and hydro) isostatic
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subsidence. The differential isostatic subsidence, for instance, in Northwest Germany in
comparison to Belgium was around 7.5 m ka between 8 and 48l ka BRVink et al., 2007) which

represented by relative elevations betwea sealevel data from these regions.

At the beginning of the second stage, the North Sea coastline was located around 300 km farther

north than today. According toJelgersma(1979), + E E(1991) palaeocoastline coincided with

O A A U &dépthgcontolr line (between north of the Dogger Bank and northern tip of Denmark)

when a watershed (Doggerland; a vast tundra) existed between the Dogger Bank and the isle of

Texel (Coles, 20008 4 EA %l AA 2EOAO060 AOAET ACA OUOOAI xA«
Holocene marine transgression in the EPV from the north between Denmark and Dogger Bank led

to estuarine from the east of Dogger Bank, and then openarine conditions introduced by the

Outer Silver Pit (Konradi, 2000). Between 9 and 8 ka BPStreif (2004) reported a broad

development of tidal flat sediments in the southern North Sea. At arourgl3 ka BP, the opening

i £ OEA %l Cl EOE #EATT Al OEA OE(Roles R0dRAAd IStOQYIE O ET O
Bank as an island in the southern North Sea so that strong tidalreents were brought in. Prior to

the last stage ofStreif (2004), Dogger Bank was submerged around 7.5 ka BHtch et al., 2005)

which might have also caused a significant change in the hydrographical circulatighonradi,

2000). This last stage with relatively low rate of SLR continued until the present sdéavel was

AOOAAT EOEAA AT A EO EO AEAOAAOAOEUAA AU andgu | OE
barrier islands, coastal marshlands, tidal flats, tidal channels and estuary mouths along the coast

of German Bight(Streif, 20040 " OT CAT 001 AE AT A 3AERAAOh ¢nmnwq

n8 m8UA Ol COAPEEA OAOOEIT ¢ AT A OAAEI AT O AEODPAOOAI

The interaction between seabed morphology, tidal residual currents and wind effects results in a

complex and dynamic hydrography controlling the morphedynamics of the southeastern North

Sea seafloor(Becker et al., 1992 Dippner, 1993). The modern mean residual currents (total

current minus the oscillatory tidal current) have an anticlockwise direction parallel to the coast

(Mittelstaedt and Soetje, 1982) Calm wind situations advocate the development of the large

cyclonic circulation on the area over the EPYDippner, 1993).

Generally, two main water masses exist in the study aréBecker et al., 1983) These water masses
influenced by (i) the Central Southern North Sea Water (NSW) originating from North Atlantic and
(ii) the Continental Coastal Water (CCW), a mixture of Atlaiat surface water from the English
Channeland river discharge directly from Ems, Weser and Elbe and indirectly from Rhine and
Meuse(Becker et al., 19928 . 3battonOlayer component (NSBW) shows a strong coupling to
seafloor morphology and is found above the EPiven thatthis area still forms a morphological

depression with depths greater than 40 m, EPV is a pob# core path for bottom waters(Otto et

pPT
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al., 1990) Besides, deeper channdike features like the Outer Silver Pitn the western North Sea

and the Dover Strait in the Southern Bight also allow bottom water to floOtto et al., 1990)

Owing to its tides and winds, the southeastern North Sea waters are well mixed vertically,
although stratification can temporarily develop depending on the freshwater discharge and/or
warm and calm weather conditions. Seasonal thermal stratification oacs at 40 m depth contour,

except over Dogger BankHuthnance, 1991)

The surface sediments of southeastern North Sea sediments are mobile due to wave and current
acdtion; strong shear currents or wave action resuspends sediment prior to support
transportation by tidal or residual currents (Becker et al., 1992) With a velocity range between
45754 cm/s (Mittelstaedt and Soetje, 1982) tidal currents are able to transport sand in the
German North Seavan der Molen, 2002) Regarding entire southern North Sea, the bottom
material can be mobilized ly wind waves. Even water depths up to 45 nfyvan der Molen, 2002)
observed erosional bottom stratigraphy, washout of bottom features, high concentrations of
suspended sediment and large wavinduced orbital current velocities. Therefore, the capacity of
the ambient currents (forced by tides, wind and local density differences) is enhanced by wind
waves, which results in the ease of sand transpoftan der Molen, 2002) In summary, wnd waves
and wind-driven currents, possibly aided by tidal currents, determine the sediment transport on
and around the Dogger Bank, in the Oyster Grounds and in the German Bight. These transport
processes feature a predominant southeast transport direaiin of sandy sediments on the Dogger;
while the silty and organic rich surface sediments in the Oyster Grounds are tranthe 40sported
northeast. In the German Bight, littoral transport converges in the southeastern corner, and the

transport during storms is away from the coast to a deeper watefvan der Molen, 2002)
na@BAOA AT A - AOEI AO
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The study is built on the sediment echosounder data were collected during the HE405 cruise on
board R/V Heincke in 2013 along a network of EPV transects covering an area of 70 x 200 km (Fig.
2.1). Grids of closely spaced profiling were also surveyed at some areas of interest inside and at
the rims of EPV. As a complementary data, additional sediment echosounder profiles were

analyzed from the R/V Sonne SO Cruise 9 (in 2014) and R/V Heincke criidE444 (in 2015).

Track lines belonging to these three cruises are shown in Fig1.

The sediment echosounder data were acquired using the heihounted SES2000 medium system
(INNOMAR Technology) and Parasound (Teledyne Atlas Hydrographic), the bothndfich utilizes

the parametric effect to gain acoustic data with high vertical and horizontal resolution. In
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principle, two primary sound waves of slightly differing frequencies are transmitted. Due to the
non-linear interaction of these sound waves, a seodary sound wave is transmitted with the
difference frequency of the primaries. The secondary low frequency was set to 4 kHz for both
systems providing a vertical resolution of up to 20 cm. The horizontal resolution depends on the

ARAT xEAOEh | OEDER B®3¢J AKEOI AT A 18uvJ A& O OEA
footprints of <2 m and <4 m, respectively. The subottom penetration of the acoustic signal was

up to 18 m for the EPV infill, while it was less outside of EPV where relatively thin (up 8m)

mobile sands directly drape the consolidated Pleistocene sediments.

The SES and Parasound raw data were converted to sgglata format using custom developed
software (H. Keil, University of Bremen) and loaded into Kingdom software (IHS) project for
interpretation by applying the seismic stratigraphy principles as introdwced by Mitchum et al.
(1977). Using the Kingdom software capabilities, unedormities were mapped, and thicknesses
as well as volumes of the derived acoustic units were calculated. The twma@y travel time to depth
conversion was done by using an acoustic velocity of 1500 m/s. The data was corrected according
to the LowestAstronomical Tide (LAT) by using the bathymetry provided by the Federal Maritime
AT A (UAOT COAPEEA ' CATAU T &£ ' AOi ATU j"O1 AAOGAI O &I
In the case that acoustic blanking impeded the interpretation, mukthannel seismic data
gathered during R/V Heincke cruise HE405. These data were gathered with a Mini Gl Gun as
source and, as receiver, with 3zZzhannel streamer composing of single hydrophones. A standard
seismic processing was carried out including binning with a distance of 2 m, NMsOrrection,
static correction, stacking and FD migration.

n8 pBAAETI AT O Al OA AAOA

The sediment cores were collected during HEO5 cruise at 16 sites in the center and on the flanks
of the EPV using a vibrocorer. A GeBorer 6000 vibrocoring system, provided bythe company
GecEngineering.org (Bremen, Germany) with a barrel length of 5.80 m, yielded sediment cores
with fine, middle and coarse sands from the late Pleistocerdolocene North Sea sediments. Visual
core description and imaging were performed partiallyon board and onshore.The visual core
description included information about color, lithology, sedimentary structures and visual
determined grain size. Physical properties such as gamma ray attenuation (dependent on porosity
and density of sediments), corpressional wave velocity, and magnetic susceptibility (with a
Bartington point sensor MS2E) were measured on half sections of ten cores (GeoBL&, -06, -

08,-09,-10,-11,-12,-15, -17, -20) with a resolution of 2 cm using a GEOTEK Mul8ensor Core
Logger (MSCL) at the MARUM (University of Bremen, Germany). Raw data were corrected from

P



%l AA 0AIMARADAADAD

artefacts (e.g. voids and core section breaks) prior to the correlation with the seismic stratigraphy

and lithological information. Apart from cores obtained during HE405 cruise.

Radiocarbon ages were determined at five samples from cores GeoB177144.77z74.79 mbsf),

GeoB17715 (3.453.46 mbsf), GeoB177171 (1.10z1.11 mbsf), Geob177183 (5.31-5.32 mbsf),

and GeoB17721 (4.764.77 mbsf; Table 1). We selected plant fragmentbenthic foraminifers and

I OOOAAT AO &£ O AAOGET ¢n OEA DPAAO xAO AAOGAA AO AOQI |
Radiocarbon Laboratory in Poland. Additionally, we used published radiocarbon ages Kgnradi

(2000), Vink et al. (2007), and Alappat et al. (2010) which were re-calibrated for a better
reproducibility (Table 1). The dates were calibrated with the CALIB.v7.1.0 software(Stuiver and

Reimer, 1993)using the IntCall3 data set for plant fragments and bulk peat samples; while we

used the Marinel3 calibration data set for foraminifer and ostracod and mollusc sampléReimer

etal., 20138 4EA OAOAOOI EO Ad OWAAYEDLOQq O&I OAOEA2ET OOE
calibration curves is determined fromCage et al(2006) x EI  OADBT OOAA OACEI T Al VY2
Northeast Atlantic Shelf seeDACET 18 4EA 1 AAT OAI OAOG &OI I OEA AA
normalized to calendar year and indicated as cal ka BP (Table 1). In addition, the Median
Probability (MP) of the probability distribution determined by the software since it provides more

reliable estimation of the sample calendar ager €lford et al., 2004.

ndAOOI 00
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The EPV stretches from the SW of Helgoland in a northwestern direction through the whole
German sector of the North Sea and still expresses a shallow and narrower depression in the
modern seafloor (Fig.2.2). The mlaeo margins of EPV has a length of about 210 km, and widens

from roughly 25 km in the south to more than 50 km in the north (Fig2.1). The base of the EPV

deepens from south toward north from 39 m to until 63 m mbsl, with a gradient of approximately
0.13 m/km (Fig. 2.3).

The margin of the EPV shows several spatial bends (Fig. 2.1); occurring mostly at the western
flank (south of the White Bank) and one at the eastern flank near the Amrum Bank. The three

spatial bends in the southernmost part (Fig. 2.7a), close to the mouths of the Elbe, Weser and Ems
Rivers, are more hypothetical due to a less number of seismic profiles. The eastern margin of the

valley runs parallel to the recent coastline

pX
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Table 2.1Radiocarbon dtes and calibrated ages (WD: water depth in LAT; SD: sample depth).

Core ID Lab ID Coordinat WD SD Sample type 14C age M° NI Yiw NI Y 3 Median Location
es (m) (mbsf) (a BP) (cal a BP) (cal a BP) Probability (relative to EPV)
(cal a BP)
GeoB17718 Poz pncmmpt385 531532 Plant fragments ¢p mnp| 1101711067 1092111085 10,822 Schannel  infill
83150 nNnTcCcMO! (FU) (Fig. 6b)
GeoB17714  Poz pncoyt41 4.77¢4.79  Plant fragments dHY np| 1040510565 1027810585 10,463 N-infill (OU)
83147 nccwmn!
GeoB177171  Poz ppcmwMmp 486 1.10;1.11 Benthic foraminifers p n H n § « 57415861 568055900 5798 N-infill (SU)
83188 nccnc ¢ and ostracod$
GeoB17718L Poz pncpnt4l 3.453.46 Peat yyTnp| 990510153 976610179 10,003 N-W rim
83149 nccnH!
GeoB177241 Poz pncnot 33 4.76c 4.77 Peat PhT Np | 11270;11599 1124811693 11,411 STributary (Ems)
83151 nccpy!
BH89/8 AAR ppcndt55 17¢17.10  Mollusc fragment$ M An H p n 1 11126;11393 1105311690 11,274 N-infill (?)
4460 nNpcMmT!
FRO7(35VE) Hw pncpdg40 4.50 Basal peat PhT Np 11124311704 11170;12024 11,512 N-Outside W rim
25767 npcop
FRO7(35VE) Hw pncpdg:40 5.50 Wood MO N M 1520315945 1467116321 15,555 N-Outside W rim
25768 npcop
Gauss 1987/5 1 ppcnant43 5.74 Fen peat base dMc pp I 9941c10692 967511085 10,353 N-Outside W rim
npcecna (Fig.3)
245 T pncnmt4l 4.75 Fen peat top donnnp1 977810377 9550;10576 10,091 N-Western flank
ncecmmm!
BSK vas* T pncpnt34 0.46 Fen peat base Y Hp /I 90929401 90129462 9231 N-Outside E rim
NCCPH!
H15/2\f 1 pncwmnt35 4.35 Fen peat top y T p p (993110232 974410271 10,067 SOutside W rim
ncecpr (Fig. 6¢)
H18/3\* T pncnct34 3.40 Fen peat middle Yy popepI 93089728 912610004 9535 SOutside W rim
nccecpp!
280 T pncnTtt 36 2.95 Fen peat middle donnnp1 977810377 9550;10576 10,091 SWestern flank
NTCMH ! (Fig.6d)
FRO7(49VE) Hw pocpmt20 4.75 Peat y n gnp 1 93019593 9123;9885 9478 Shore region
25778 nT1CcOM! Frisian

Islands
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The crossvalley shape is generally asymmetric provided by a smooth/gentle western flank and a

steeper eastern flank (Figs. 2.4, 2.5). Mean values regarding flank slopes range between
APPOI @EI AOAT U n8eant AT A nm8mneJd A O OEA xAOOAOT & A
in the southernmost part of the valley close to Helgoland where the eastern flank is not well

developed (Fig. 2.6).

Furthermore, incisions, bars, ridges, amh terraces are noticeable in the crossection profiles.
Several incisions were observed in all profiles across the valley base (see Figsz2,and Fig. S1).
Bars, which can reach heights of up to 3 m (Fig. 6a), occur between the incisions of the vadilese.
Ridges occur along some parts of the western flank of the EPV (Fig. 2.5). The morphological
terraces at the eastern flank were observed in two cross profiles (Fig. 2.5a and Fig. S1) and

situated around 9 m above the adjacent thalwegna with a width of around 2 km.

Northern EPV

17732-2 1} Southern EPV
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Figure 2.3 NW-SE ech&ounder profile along the valleyfor location see Fig2.1. Northerrgsouthern
discrimination of EPV is based on local features of infill pattern. BU, FU (blue)nk)J QW (yellow)
and TU represent acoustic units defined. Dashed line indicates shelayieh which fades out in TU
towards east and north of the valley. The depth axis here and the rest of profiles was determined using
a velocity of 1500 m/s. Depttalues were corrected to LAT.

n8c¢BAEOI | AAT OOOEA OOOAOECOAPEU 1T £ OEA %l AA 0AIl AA
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17 m were identified from sub-bottom profiles. The infill of the EPV was divided into 5 major units

based ontheir acoustic facies: (i) a complex infill othe incisions (FU), (i) units of acoustically

transparent lenses (LU), (iii) acoustic units OU and SU with internal inclined starallel, well-

defined reflectors, and finally, (iv) acoustically transparent unit (TU) that fills the shallowest part

of the valley. These facies, including their spatial and vertical distributions as well as variations,

will be described in detail in the following (Fig. 2.7).



2.4.2.1 The acoustic base of Elbe Palaeovalley (S1)

The acoustic base of EPV (S1) is represented in all seismiross profiles by a prominent acoustic

reflector, which separates the valley infill from the basement beneath, hereafter named BU could

be only identified by accompanying high resolution multichannel seismic lines (Fig. 2.6a). The

valley base is charaarized by numerous up to 5 m deep and about 2@®00 m wide V- and U

shaped depressions (Figs. 2.3, 2.4, 2.5, 2.6, 2.7). Local acoustic blanking zones with an upper

enhanced reflection hamper acoustic
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Figure 2.4 The valley transverse profile from the northernmost part of the study @gal.ithology and
sedimentary structures of cores GeoBl77lléand 17717L, red arrow in 17714 indicates
radiocarbon dated sample positigB). Correlation of MSCL resulté 177171 with the acoustic units
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Figure2.5 Valley transverse profiles from northern part of the ER§C)where most of the acoustic blanking
FYR AyOfAySR SNRaA2ylf (NXzyOlFIrGAz2y 2F h! Qa G2L) I NB
extent of truncation, sedimentary bulge or ridge on the seafloor height, but also the -likeat
representation SU. Aloseup fromB shows MSCL log of core GeoB17%11dnd peat was sampled for
radiocarbon dating. Sedimentary structures of cores GeoB17714 and 17{@)ie given in Fig.9.
See Figz.1 for profile locations and Fig.4 for core description legend.

signal penetration down to the S1. They mostly accumulated on the northern EPV at depths

greater than 9 meter below seafloor (Fig2.3 and2.8a) and relatively numerous narrower zones

which can be directly related to the thalweg of incisions (Fig2.7). The occupation by these

acoustic blanking zones extends seaward and reaches a width of around 12 km (@, 4 and

2.8a).

$AOAETI AA T APPET C 1T &£ OEA %068 0O 2)hdewd3Dsvkvey wdi OOEAIT A
profiles spaced 50 m apart (see Fi@.1 for location of the survey), sheds a light on the character

of the incisions (Fig2.7). Based on the pseud@D map, five, up to 5 m deep, southeggtorthwest

orientated channels can be traced through this small study area; one channel reveals a nearly

straight course, whereas the other channels show slight bending or bifurcation.
2.4.2.2 Incised channel fills (FU) and transparent lenses (LU) at the base

The valley base is partly overlain by small acoustic units FU and LU: FU represents the infill of

incisions at the valley base, whereas LU represents acoustically transparent lenses. Nearly all

cp





































































































































































































































































































































































