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Executive Summary 

The North Sea shelf is one of the classic regions for studying Quaternary depositional and erosional sedimentary 

structures formed by discharging melt-water from retreating ice sheets and fluvial processes during periglacial 

shelf exposure. This provides an avenue to unravel the complex interplay between shelf morphology, changes in 

hydrodynamic regime, sediment influx and climate-driven eustatic changes. The ongoing political energy 

transition has prompted an intense geo-survey and sampling of the North Sea floor largely by industrial 

organizations, various Federal agencies such as the German Federal Maritime and Hydrographic Agency (BSH), 

German Federal Institute for Geosciences and Natural Resources (BGR) as well as some scientific institutions. 

The wealth of acquired data in the course of these various commercial, governmental and scientific expeditions 

has led to an improved understanding of the Quaternary geology of the North Sea sub-surface. Using a combination 

of tidally corrected acoustic profiles, shallower and deeper sediment cores and cone penetration test (CPT) data 

acquired from the German North Sea sector, this doctoral thesis aimed at contributing to the ongoing understanding 

of the morphology, the development of the drainage systems and the palaeo-landscape of the North Sea shelf since 

the Last Glacial Maximum. It also aimed at refining the stratigraphy and the geotechnical properties of the highly 

competent shallow sand units in the southern North Sea.  

The study unraveled the evolution, morphology and valley infill successions of the Elbe Palaeovalley (EPV). The 

EPV, located in the southeastern North Sea, occur as a shallow geomorphological trough spanning a length of 

about 210 km and width of about 40 km. The valley base is about 65 m below the present day sea-level. During 

the Marine Isotope Stage 2 sea level lowstand, this SE-NW oriented palaeo-drainage evolved as a braided fluvial 

system in a periglacial environment. Seismo-stratigraphic interpretation of the EPV infill successions revealed five 

major units. During deglacial sea-level rise, the EPV evolved into an estuary with tributaries, intertidal and subtidal 

flats. Towards the western flank of the EPV, the Palaeo-Ems, one of the known major tributaries that fed the 

southern head of the EPV was also identified and its overall course was seismo-stratigraphically described. The 

Palaeo-Ems river course was mapped as a buried, low gradient and meandering channel branching into two major 

pathways as it approaches a newly discovered delta flat at the western flank of the EPV. In its downstream 

direction, the Palaeo-Ems formed a unified depositional system with the early phase of the EPV. Based on available 

data, this study also shed light on the Palaeo Ems/EPV morpho-stratigraphic relationship for the first time. Ongoing 

sea-level rise since the early Holocene overwhelmed the adaptation capabilities of the joint system leading to the 

drowning of the whole drainage system. 
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By focusing on the less well understood, regionally dominant sand units which were deposited after the retreat of 

the last glaciers, this study also refined the stratigraphic units and geotechnical parameters of the uppermost 50 m 

below the sea floor within the German North Sea sector. Two sandy units, the Aeolian Member and the Upper 

Fluvial Member, were identified as dominant deposits in the late- to post-Saalian geology within the study area. 

In addition, a detail seismic analysis revealed the occurrence of a Saalian Buried Valley Member believed to 

comprise fluvial deposits. Based on the integration of seismic facies analysis with core and CPT data, a detailed 

geotechnical parameter set for each identified stratigraphic unit within the study area was developed and correlated 

with those of the neighboring North Sea sectors. The findings from this study complements and details Coughlan 

et al. (2018) geotechnical and stratigraphic framework of the study area as well as the stratigraphic framework 

recently developed by the BSH (2021). These deductions offer a new insight about the soil competency of the 

North Sea sub-surface which is key for various offshore commercial and economic activities within the region 

including but not limited to wind farm developments.  

The findings from this study are thus crucial contributions in understanding the dewatering system and 

subsequently, the reconstruction of the palaeo-landscape development in the German North Sea sector since the 

Last Glacial Maximum. Lastly, the study contributes to an improved geotechnical understanding of the stratigraphy 

of the North Sea. 
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Zusammenfassung 

Der Nordseeschelf ist eine der klassischen Regionen für die Untersuchung quartärer Ablagerungs- und 

Erosionsstrukturen, die während des Rückzugs der Eisschilde durch den Abfluss von Schmelzwässer und während 

periglazialer Umweltbedingungen auf dem unvergletscherten Schelf durch fluviale Prozessen entstanden sind. 

Deshalb bietet sich hier die Möglichkeit, das komplexe Zusammenspiel zwischen Schelfmorphologie, 

Veränderungen im hydrodynamischen Regime, Sedimentzufluss und klimabedingten eustatischen Veränderungen 

zu entschlüsseln. Die aktuelle politische Energiewende hat eine intensive Vermessung und Beprobung des 

Nordseebodens ermöglicht, die überwiegend von Seiten der Industrie, verschiedene Bundesbehörden, wie das 

Bundesamt für Seeschifffahrt und Hydrographie (BSH) und die Bundesanstalt für Geowissenschaften und 

Rohstoffe (BGR) und einige wissenschaftliche Einrichtungen durchgeführt wurde. Die Fülle der Daten, die im 

Rahmen dieser verschiedenen kommerziellen, staatlichen und wissenschaftlicher Expeditionen gewonnen wurden, 

haben wesentlich zu einem besseren Verständnis der Quatärgeologie des Nordseeuntergrundes beigetragen. Mit 

Hilfe einer Kombination aus gezeitenkorrigierten akustischen Profilen, flach- und tiefgründigen Sedimentkernen 

und Messdaten von Drucksondierungen (CPT) aus dem Gebiet der deutschen Nordsee, will diese Dissertation 

einen Beitrag zum Verständnis der Morphologie, der Entwicklung der Entwässerungssysteme und der 

Paläolandschaft des Nordseeschelfs nach dem Letzteiszeitlichen Maximum leisten. Außerdem sollen die 

Stratigraphie und die geotechnische Eigenschaften hochkompetenter flacher Sandeinheiten in der südlichen 

Nordsee verfeinert werden. 

Die Studie entschlüsselte die Entwicklung, den morphologischen Aufbau und die Abfolge der Verfüllung des Elbe-

Urstromtals (EPV). Das EPV, das sich in der südöstlichen Nordsee befindet, ist ein flacher geomorphologischer 

Trog mit einer Länge von etwa 210 km und einer Breite von etwa 40 km. Die Talsohle liegt etwa 65 m unter dem 

heutigen Meeresspiegel. Diese SE-NW-verlaufende Urstromtal, das ursprünglich als ein verflochtenes 

Flusssystem begann, entwickelte sich während des Meeresspiegeltiefstandes des Marinen Isotopenstadiums 2 in 

einer periglazialen Umgebung. Die seismo-stratigraphische Interpretation der Verfüllungsabfolgen des EPV ergab 

fünf Haupteinheiten. Während des warmzeitlichen Meeresspiegelanstieges entwickelte sich das EPV zu einem 

Ästuar mit Nebenflüssen und intertidalen und subtidalen Zonen. An der Westflanke des EPV wurde die sogenannte 

Ur-Ems, einer der belegten Hauptzuflüsse, die den Oberlauf des EPV im Süden speiste, identifiziert und ihr 

Gesamtverlauf seismo-stratigraphisch beschrieben. Die Ur-Ems konnte als ein heute vergrabener mäandrierender 

Flusslauf kartiert werden, der ein geringes Gefälle aufweist. Der Flusslauf verzweigt sich schließlich im Bereich 

einer neu entdeckten Deltaebene an der Westflanke des EPV in zwei Hauptarme. Flussabwärts gerichtet bildete 
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die Ur-Ems mit der frühen Phase des EPV ein einheitliches Ablagerungssystem. Auf der Grundlage der 

verfügbaren Daten, beleuchtet diese Studie erstmals die morphologisch-stratigraphische Beziehung zwischen Ur-

Ems und EPV. Der kontinuierliche Anstieg des Meeresspiegels seit dem frühen Holozän hat die 

Anpassungsfähigkeit des gemeinsamen Systems überfordert, was zum Ertrinken des gesamten 

Entwässerungssystems führte. 

In Hinblick auf die weniger gut bekannten, regional vorherrschenden Sandpakete, die nach dem Rückzug der 

letzten Gletscher abgelagert wurden, konnten mit dieser Studie auch die stratigraphischen Einheiten und 

geotechnischen Parameter der obersten 50 m des Meeresboden der deutschen Nordsee eingehender beschrieben 

werden. Für das Untersuchungsgebiet wurden dabei zwei Sandeinheiten, das sogenannte Aeolian Member und das 

Upper Fluvial Member, als dominierende geologische Ablagerungen der Spät- und Nachsaalezeit bestimmt. 

Zusätzlich deckte eine detaillierte seismische Analyse eine weitere Einheit auf, das sogenannte Saalian Buried 

Valley Member, welches mit fluvialen Ablagerungen verfüllt ist. Basierend auf der Integration von Bohrkern- und 

CPT-Daten in die seismische Faziesanalyse wurde ein detaillierter geotechnischer Parametersatz für jede 

identifizierte stratigraphische Einheit innerhalb des Untersuchungsgebiets entwickelt und mit den Einheiten der 

benachbarten Nordseesektoren korreliert. Die Ergebnisse dieser Studie ergänzen und verfeinern die 

geotechnischen und stratigrafischen Ergebnisse von Coughlan et al. (2018) im selben Untersuchungsgebiet sowie 

ein kürzlich vom BSH (2021) entwickelte Stratigrafie. Diese Ableitungen bieten einen neuen Einblick in die 

Kompetenz des Untergrundes der Nordsee, der für verschiedene kommerzielle und wirtschaftliche Offshore-

Aktivitäten in der Region von entscheidender Bedeutung ist, einschließlich, aber nicht beschränkt auf die 

Entwicklung von Windparks. 

Die Ergebnisse dieser Studie liefern somit einen entscheidenden Beitrag zum Verständnis des 

Entwässerungssystems und nachfolgend der Rekonstruktion der Paläolandschaftsentwicklung seit dem 

Letzteiszeitlichen Maximum im deutschen Nordseesektor. Nicht zuletzt trägt sie zu einem verbesserten 

geotechnischen Verständnis der Stratigraphie der Nordsee bei. 
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Chapter 1 

Introduction 

1.1. Background to the Study 

In the last couple of decades, extensive high quality geophysical, core, paleoenvironmental and sedimentological 

data has been utilized by different scientists in understanding the former landscape appearances, dewatering 

systems, structural architecture and stratigraphy of the German North Sea sector and adjacent areas (Lutz et al., 

2009; Hepp et al., 2012, 2017, 2019; Stoker et al., 2010; Stewart et al., 2013; Coughlan et al., 2018; Lohrberg et 

al., 2020; Papenmeier and Hass, 2020; Winsemann et al., 2020; Prins et al., 2019, 2020; Andresen et al., 2022). 

Shallow coasts such as the southern North Sea region are excellent palaeo-archives of past geological records and 

historical documentations which result from changing sea level. Prior to been submerged after the last glaciation 

and at a time of lower sea level than today, the North Sea areas are fertile lowlands more favorable for hunters and 

gatherers. The Quaternary period thus played an active role in sculpting the North Sea landscape as well as its 

palaeo-environmental conditions. The retreat of the ice sheets after the Last Glacial Maximum (LGM) resulted in 

the formation of palaeo-valleys and other comparable structures which did not only played a major role in the 

drainage system of the area but also hold a wealth of geomorphological, sedimentological and archeological 

information which are well preserved in them (Gaffney et al., 2009, 2020; van Heteren et al., 2014; Hepp et al., 

2017; Coughlan et al., 2018; Bailey et al., 2020). 

In more recent times, an understanding of the distribution, orientation and composition of the various palaeo-

structures is critical in modelling sub-surface sub-soil competency and the schematic development of palaeo-

landscape architecture. These models are also important for various offshore commercial and economic activities 

within the region including but not limited to wind farm development, laying of submarine cables and pipelines, 

offshore sand mining and hydrocarbon engineering installations (BSH 2021; Weihrauch et al., 2009). The North 

Sea shelf has thus been subjected to various palaeo-reconstruction since the LGM. In this thesis, the German sector 

of the North Sea (Fig. 1.1) was investigated within the Marine Engineering Geology working group North Sea 

shelf project at MARUM – Center for Marine Environmental Sciences, University of Bremen, Germany. Subject 

of the thesis is to contribute to the current understanding as well as palaeo-reconstruction of the former landscape 

architecture and drainage systems of the German North Sea shelf since the LGM using tidally corrected seismo-

acoustic and sedimentological data sets.  
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Fig. 1.1. Location of study area within the German North Sea sector. The black dash line is the German Exclusive 
Economy Zone while the red dotted line is the Territorial Waters (12 nautical miles). The study area is marked in 
green rectangle. 

 

The findings from this study also reveals in detail the Pleistocene stratigraphy of an interval that is becoming 

increasingly important for geotechnical and engineering purposes as part of the ongoing energy transition. 

1.2. Study Area – North Sea 

1.2.1. Geological development of the North Sea basin 

The North Sea is a shallow epicontinental sea situated in the northwest European continental shelf between the 

islands of Great Britain and the European. The water depth is generally <100 m with some deep patches ranging 

from about 200 m to 400 m occurring along the northern margin shelf edge and in the Norwegian Channel (Graham 

et al., 2011). The modern North Sea configuration is a result of successive filling of the NW-SE trending Mesozoic 

Central Graben (Ziegler 1990; Nielsen et al., 2009). The main rifting was followed by subsequent thermal cooling 

and subsiding structure provided accommodation space for sediment input from the Fennoscandia and central 

Europe (Huuse et al., 2001; Gołedowski et al., 2012). This subsidence continued during the Pliocene and 

Quaternary periods (Cameron et al., 1987; Rasmussen et al., 2005; Ottesen et al., 2014). 

The pre-Quaternary geology of the North Sea basin can be followed back to the early Permian. During this time, 

the study area together with the central European basin system were almost entirely characterized by a low 
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topography (Maystrenko et al., 2008). The area has since experienced a minimum of four major tectonic cycles 

with its present-day geometry being a result of about 300 million years of sedimentation (Cameron et al., 1987; 

Pharaoh, 1999; Bradwell et al., 2008). The Caledonian (McCann 2008; Pharaoh 1999), Variscan (McCann, 2008; 

McCann et al., 2006) and Alpine (Littke et al., 2008) orogenic events represent key orogeny phases that shaped 

the development of the North Sea (Fig. 1.2). The late Permian phase was dominated with the deposition of more 

than 2000 m Zechstein evaporites at the basin depositional center (Ziegler 1990; Maystrenko et al., 2008). Clastic 

sedimentation coupled with predominantly chalk, coral reefs and shales deposition continued from the Triassic 

through to the Cretaceous. However, at the end of Jurassic, the sea retreated briefly causing a widespread 

unconformity as a result of a major sea level drop (Maystrenko et al., 2008). During these periods, extensional 

events resulted in the initiation, halokinesis and subsequent re-advancement of the evaporites. The Zechstein 

evaporites were thus remobilized in the course of their burial history and formed extensive salt diapirs in the 

southern and central North Sea areas (Jenyon 1988; Stewart and Coward 1995; Strozyk et al., 2017; Vejbæk 1997). 

These diapirs are variable in height and generally influenced subsequent deltaic deposition by either reducing the 

accommodation space over the crests or by adding accommodation space in the form of a syncline in between 

adjacent structures (Maystrenko et al., 2005). The Tertiary was in turn marked by post rift subsidence with the 

deposition of siliclastics derived from the adjacent continental areas (Cameron et al., 1987; Gatliff et al., 1994). 

From the middle Miocene to the Pleistocene, deposition of sediments in the southern North Sea was dominated by 

an east-west advancing Eridanos delta system (Fig. 1.3; Overeem et al., 2001). The development of this 

depositional system has been the subject of many scientific studies (Sørensen et al., 1997; Overeem et al., 2001; 

Kuhlmann 2004). This period was characterized by about 3000 m thick prograding deltaic sediments whose main 

feeder systems varied over time, stretching from Denmark through northern Germany and the Netherlands to 

England (Huuse 2002; Overeem et al., 2001; Michelsen et al., 1995, 1998). Extensive ice sheets during the 

Quaternary left behind a wide range of preserved landforms including glacio-tectonic thrust complexes and 

sediment accumulations reaching in excess of 1000 m in the deepest part of the Basin (Caston 1977; Gatliff et al., 

1994).  

1.2.2. Quaternary History of the North Sea 

The North Sea Quaternary sediments overlay older and compacted sands deposited during the late Neogene/early 

Pleistocene (Cameron et al., 1987; Streif 2004; Kuhlmann et al., 2006). High degree of lateral and vertical 

complexity characterized this Quaternary cover resulting in facies assemblages which are localized and 

heterogeneous in nature. Lateral basin-wide correlation of individual Quaternary successions is therefore often  
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Fig. 1.2. Plate tectonic evolution of the North Sea (Adapted from Frisch et al., 2011). 

 

 

Fig. 1.3. Europe satellite image showing the Eridanos fluvio-deltaic system (GPDN 2022). 
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difficult due to the localized heterogeneity of each succession. The complex North Sea Quaternary deposits can 

thus be explained by understanding its history characterized by repeated ice advances which are separated by 

marine transgressions. Limited evidences of older glaciation episodes have been documented on- and offshore NW 

Europe based on studying of moraine fronts and tills (Gibbard 1988; Carr 2004; Graham et al., 2011; Lee et al., 

2012; Buckley 2012, 2017). This was due to the fact that the onshore regions are particularly susceptible to 

subsequent glacial erosion while the offshore regions still remain under-studied (Bendixen et al., 2017). 

Traditionally, the Elsterian (MIS 12, oldest), Saalian (MIS 10 - 6) and Weichselian (MIS 5d – 2, youngest) 

glaciations represents the last known three major glaciation episodes that are widespread in the North Sea (Table 

1.1; Gibbard and Cohen, 2008; Toucanne et al., 2009). The Weichselian glaciation however have the least 

southward extension and never extended as far south as the German North Sea sector (Fig. 1.4; Cameron et al., 

1987; Streif 2004; Kuhlmann et al., 2006, Graham et al., 2011; Lee et al., 2012). Each glacial phase shows varying 

glacial intensity and a total of 6 major ice advances have been identified to reach the northern German lowlands. 

Two of these ice advances are in the Elsterian (MIS 12; Ehlers et al., 2011; Roskosch et al., 2015; Lang et al., 

2018), three in the Saalian (MIS 6 and 8; Ehlers et al., 2011; Eissmann 2002; Lang et al., 2018) and the last one 

at the Last Glacial Maximum (MIS 2) during the Weichselian (Ehlers et al., 2011). During these glaciation periods, 

global marine waters are locked up in terrestrial ice with the sea level in the region of 110-130 m lower than that 

of the present-day (Cronin, 2012). These glaciation episodes are separated by warmer interglacial episodes 

(Holsteinian, Eemian and Holocene) which are marked by higher sea level and considerable transgression 

(Sindowski 1970; Streif 2004; Litt et al., 2007). 

Based on current understanding of the North Sea, the complex late Saalian and Weichselian (MIS 6-MIS 2) history 

are now well understood while the Elsterian and early Saalian (MIS 12-MIS 10) are less well constrained 

chronologically although the North Sea area was generally believed to be repeatedly covered by large ice sheets 

during these periods (Graham et al., 2011; Lee et al., 2012; Moreau et al., 2012; Stewart et al., 2012).  The Elsterian 

is represented by an unconformity (Table 1.1) occurring at a general depth of <50 m (Streif 2004) and also marked 

a major switch in sedimentation from non-glacial to predominately glacial deposition. This period is also 

dominated by extensive valley formation (tunnel valleys) which incised early Pleistocene and Tertiary deposits 

spanning a length of more than 100 km, width of 8 km and incised depth of about 500 m in some cases (Cameron 

et al., 1987; Wingfield 1990; Ehlers and Wingfield, 1991; Huuse and Lykke-Andersen, 2000; Lutz et al., 2009; 

Prins et al., 2020). The valleys are filled by relatively fine-grained meltwater sands with small quantities of basal 

gravels (Grube et al., 1986; Smed 1998; Ehlers et al., 2011), tills from the glacier base (Richter 1962; Ehlers et  
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Table 1.1. Simplified glacial history of the central North Sea showing the Quaternary glacial–interglacial stages 
(Bendixen et al., 2017). 

 

 

Fig. 1.4. Composite map showing the maximum extent of each of the major glaciation episode in the North Sea 
(modified after Ehlers and Gibbard, 2004; Emery et al., 2019).  
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al., 1984; Ehlers and Linke, 1989) and Lauenburg clay which provided the most useful stratigraphic marker from 

the Elsterian (Ehlers et al., 1984). In late Elsterian valleys, the stratigraphy infills revealed that the glacial deposits 

generally grade up into the marine and glaciomarine facies with arctic-boreal fauna of the early Holsteinian marine 

transgression. Offshore southern North Sea, Holstein deposits form a 25 m to a locally 40 m thick discontinuous 

unit of very fine, fine to medium-grained marine sand with bands of silt and clay with marine shells (Cameron et 

al., 1987). This period finished with climate deterioration at the onset of the Saalian (Hepp et al., 2012). The 

subsequent Saalian complex was characterized by multiple climatic oscillations defining at least three Saalian 

advances with a minimum of one warm interglacial event in Northern Europe (Ehlers et al. 1984, 2011; Grube et 

al. 1986; Piotrowski 1994). Different depositional successions of Saalian age has also been identified and 

correlated across various parts of Northern Europe and their various extents and dynamics are well documented in 

literature (Ehlers 1990; Ehlers et al., 2011; Coughlan et al., 2018). The infill stratigraphy of the Saalian tunnel 

valleys are characterized by till of the first Saalian glacial sequence, meltwater sands that accumulated in vast 

outwash fans (Ehlers et al., 1984; Ehlers et al., 2004). While there is a limited information about the following 

Eem interglacial from offshore cores, Eemian deposits of varying thickness have been retrieved from various sites 

in the southernmost North Sea and adjacent areas such as the coast of Belgium. These Eemian deposits consists of 

shallow marine to intertidal fine- to medium grained, sometimes gravelly sands with shells, homogenous silty 

clays, sandy silts with characteristic foraminifera (Cameron et al., 1987; Konradi et al., 2005; Knudsen 1988; 

Somme 1979). During the Weichselian, intense climatic deterioration resulted in maximum glacial conditions 

between 29,000 to 21,000 years BP which led to about 130 m fall in sea level compared to present-day as well as 

about 600 km retreat of coastline (Graham et al., 2011). The southern North Sea areas at that time were left exposed 

as a periglacial terrain with lakes, dead ice hollows, meltwater valleys and channels, outwash cones and plains as 

well as moraines dominating the exposed plain (Streif 2004; Graham et al., 2009; Böse et al., 2012). This resulted 

in the deposition of brackish-marine silty clays, till and glaciofluvial sediments across the southern North Sea 

(Cameron et al., 1987; Carr 2004). A general amelioration of climatic conditions during the Holocene (about 

11,700 years BP) was followed by a general rise in sea level in the North Sea and this continues to the present-day 

(Cameron et al., 1993). Limnic muds and peat layers occur locally at the base of Holocene sequences although 

brackish marine sediments overlain in some places an erosional contact with Pleistocene deposits (Vink et al., 

2007). Fine to medium-grained shell-bearing shallow marine sands (Streif 2004) referred to as Mobile North Sea 

sands by Zeiler et al. (2000) dominated the uppermost interval of the modern sea-bed in the German sector of the 

North Sea. 
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The glacial ice sheet advances thus reshaped the landscape architecture and the near surface sediments of the North 

Sea through a number of deposition, erosion, and re-deposition processes leaving behind typical geological 

structures ranging from large structures (e.g. glacio-tectonic complexes, tunnel valleys, frontal moraines, sander 

plains) through medium size structures (e.g. drainage channels, basal moraines) to small scales structures such as 

fluvial channels (Pedersen 2014; Schack-Pedersen and Boldreel 2016; Bendixen et al. 2017). After the retreating 

of the ice sheets, dewatering river systems carved their courses in the sub-surface and singular glacial depressions 

served as lakes and swamps. Outwash plains are also formed by discharged meltwater from glaciers and are 

characterized by glacio-fluvial sediments. During the last interglacial period, marine transgressions again changed 

the landscape surface and filled the remaining topographical lows. These processes resulted in different 

environments characterized by highly heterogenous and complex sedimentary structures both laterally and 

vertically. 

1.2.3. German North Sea Quaternary Techno-Stratigraphic Framework  

The German sector of the North Sea, which is the study area for this doctoral thesis, is located in the southern 

North Sea extending between latitude 53° and 55°N and longitude 3° and 8°E (Fig. 1.1) with water depth of up to 

60 m. It is flanked to the east and west by the Danish and Dutch North Sea sectors respectively and to the south 

by the German territorial waters (12 nautical miles; Fig. 1.1). Streif 2004 summarized the Quaternary geological 

development of the German North Sea coast and adjacent areas into three main stages which are (1) an early stage 

which can be distinguished by marine to fluvio-deltaic sedimentation during the early Pleistocene followed by (2) 

a phase characterized by repeated ice advances and alternating marine transgressions during the middle to late 

Pleistocene and then (3) a third stage whose onset was marked by the melting of the most recent ice sheet, 

development of modern day landscape elements and sedimentary environment at the beginning of Holocene. 

Morphological features such as mega-scale glacial lineations, glaciotectonic thrust-fault complex and sub-glacial 

buried tunnel valleys from medium to late Pleistocene have been identified both on- and offshore German North 

Sea sector and adjacent areas (Huuse and Lykke-Andersen 2000; Pedersen 2000, 2005; Lutz et al., 2009; Hepp et 

al., 2012; Coughlan et al., 2018; Winsemann et al., 2020). Glaciotectonic complexes have a complex, multi-phase 

evolution controlled by both vertical and horizontal ice-bed coupling at ice margin (Huuse and Lykke-Andersen 

2000; Pedersen 2000, 2014; Buckley 2012). Analysis of these glaciotectonic complexes has been used in 

determining the maximum extents of glaciers and ice sheets within the German North Sea and adjacent areas 

(Madsen and Piotrowski, 2012; Bendixen et al., 2017; Winsemann et al., 2020). Buried tunnel valleys on the other 

hand are over-deepened channels formed beneath or adjacent large continental ice-sheets (Ehlers and Wingfield, 
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1991; Ó Cofaigh, 1996; Huuse and Lykke-Andersen, 2000; Kluiving et al., 2003; Lutz et al., 2009). They are 

widespread across the North Sea as well as the rest of Northern Europe and contain thick records of glacial and 

interglacial deposits (Ehlers and Linke, 1989; Piotrowski, 1994; Huuse and Lykke-Andersen, 2000). The buried 

tunnel valleys are seen on geophysical profiles as anomalies which can be mapped over large areas and also 

interpreted in terms of their correct stratigraphic position (Huuse and Lykke-Andersen, 2000; Kristensen et al., 

2007; Lutz et al., 2009; van der Vegt et al., 2012; Hepp et al., 2012; Lohrberg et al., 2020; Prins et al., 2020). 

These buried tunnel valleys and other comparable geological structures has helped in understanding the German 

North Sea stratigraphy and as well as that of the adjacent areas. Multiple ice advances coupled with various marine 

inundation resulted in sediment accumulations of more than 1 km thickness thus making the German sector of the 

North Sea a major sediment repository (Caston 1979; Gibbard et al., 1988). 

The Quaternary stratigraphic framework of the German North Sea sector since the middle Pleistocene has been 

recently revised by Coughlan et al. (2018) and a summary is given in Table 1.2. Based on the study by Coughlan 

et al. (2018), the oldest sediments belong to the Basal Sands Formation which is Neogene in age. This was followed 

by the Lower Sands Formation. The Lower and Middle Tunnel Valley Formations, both of which are sub-divided 

into Upper and Lower Members, overlies the Lower Sands Formation and are subsequently separated from the 

overlying Peelo Formation (Upper and Lower Members) by the Middle Sand Package Formation. This was 

followed by fine grained clay with silt and sands of the Lower Marine Formation. Overlying this interval are 

sediments deposited in a lacustrine-like setting which are referred to as the Lacustrine Formation. Above this 

Lacustrine Formation are Till Member and Upper Member of the Drente Formation. The Middle Marine Formation 

and thick sand package of the Upper Sand Formation overlies the Drente Formation. Above this are the Limnic 

Fluvial Formation made up of variety of sediments and the Buried River Valley Formation. The upper 15 m 

referred to as the Upper Marine Formation is composed of fine sands and silts with shell remnants which was sub-

divided into the Lower Member and the Mobile Sands Member. 

1.2.4. Relative sea‐level changes in the southern North Sea 

Three shelf regions of the world are famous for large areal exposures during low glacial sea levels: North Sea 

(Doggerland), Alaska-Aleuten-Siberia (Berlingia) and Java-Borneo-Sumatra (Sundaland). During the glacial 

periods, the physical mass of ice sheets depressed the lithosphere and subsequent deglaciation during the inter-

glacials together with recent increase in greenhouse gases/global warming (Marcott et al., 2013; Moossen et al., 

2015; Behre 2007) has resulted in changes in the global relative sea level.  
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Table 1.2. Revised stratigraphy of the German North Sea sector (After Coughlan et al., 2018). See same for detailed 
description of units and nomenclature. 

 

Subsequent re-adjustment of the earth crust to its initial isostatic equilibrium was attributed to glacial isostatic 

adjustment (GIA) and this also has a regional influence on sea level changes. The Northern Hemisphere ice sheets 

for instance were mostly deglaciated between early- to mid-Holocene and global mean sea level (MSL) was 

approximately 60 m below the present-day level at the Younger Dryas/Holocene transition (Smith et al., 2011). 

Also, the Scandinavia and adjacent southern Baltic region are believed to still be undergoing GIA own to the 

Weichselian glaciation (Steffen and Kaufmann, 2005) indicating such phenomenon as a result of waxing and 

waning of ice sheets during all the major glaciation episodes. Since the Last Glacial Maximum, several research 

efforts have aimed at reconstructing the global relative sea level variations using various sea level indicators such 

as fossil corals/micro faunas, peat deposits, wood from estuarine clays amongst others (Woodroffe and Murray-

Wallace, 2012; Kiden et al., 2002; Vink et al., 2007; Behre 2007; Steffen and Wu, 2011; Scheder et al., 2021). 
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However, factors such as tectonic/isostatic activities and coastal barrier systems have posed a great challenge to 

such research efforts (Kiden et al., 2002; Behre 2007) thereby making it difficult to represent changes in sea level 

by a common sea level curve especially the early- to mid-Holocene periods (Vink et al., 2007). Within the southern 

North Sea, Behre 2007 presented a new sea level curve (Fig. 1.5) spanning the last 10,000 years based on 118 

dates obtained from basal as well as intercalated peats retrieved from Holocene sequence collected along the 

German coast. From the curve, seven sea level falls, each characterized by a distinct sea level decline, are 

recognized during the younger Holocene (Fig. 1.5). Behre 2007 estimated an average of 0.11 m/100yrs sea level 

rise in the last 3000 years.  The consequences of such rise in sea level is a topical issue for both specialists, 

government agencies and the wider public. Shallow continental shelves and coasts as well as lowland regions are 

most vulnerable to sea level changes due to shifting of the coastline landwards. Furthermore, most river channels 

and incised valleys got drowned due to their inability to adjust their gradients to the fast-paced sea level rise (Hepp 

et al., 2019). The Doggerland, which serves as a sort of paradise for Mesolithic people and fauna (Coles, 2000; 

Shennan et al., 2000; Gaffney et al., 2007), is a classic example of submerged palaeo-landscape in the present-day 

North Sea region. The effects of changes in sea level thus cut across various dimensions ranging from ecological 

habitats through shaping and re-shaping of landscape to socio-economic implications on human livelihood (Church 

et al., 2010; Passeri et al., 2015). 

1.2.5. The Oceanographic Conditions of the North Sea 

In epicontinental embayments such as the North Sea, waves, currents and other oceanographic/meteorological 

conditions are key controlling factors inducing sediment motion and subsequent re-distribution within the basin 

(Wright 1995). The North Sea is known to be subjected to oceanic influences at its southern and northern ends as 

well as terrestrial inputs notably from important rivers such as the Elbe, Weser, Ems, Rhine, Meuse, Scheldt, 

Thames and Humber along its eastern and western shores (Fig. 1.6; Ellmer and Goffinet, 2006; Schieber 2016). 

This is coupled with pronounced seasonal changes in meteorological conditions (Lee 1980). These influences 

together with glaciers sculpt the shelf profile resulting in complexity in its present-day shape and topography. The 

processes behind sea shelf sediment transportation by tides, waves and wind-driven currents are complex and their 

relatively influence varies both in space and time (van der Molen, 2002; Neill et al., 2010; Ward et al., 2016). The 

German North Sea sector for instance experience high tidal influence compared to the German Baltic Sea 

(Backhaus 1989; Ellmer and Goffinet, 2006) with long-term transportation of sediments within this southern North 

Sea dominated by tidal currents aided by waves and wind-driven currents (van der Molen and Swart, 2001; van 

der Molen, 2002).  
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Fig. 1.5. Simplified new curve showing sea-level changes (mean high water level) in the last 10,000 years within 
the southern North Sea. Roman numbers: transgressions; Arabic numbers: regressions (for details about the 
curve, see Behre 2007). 

 

 

Fig. 1.6. Distribution of the main currents within the North Sea and adjacent areas (Source: European Environment 
Agency portal-https://www.eea.europa.eu/data-and-maps/figures/north-sea-physiography-depth-distribution-and-
main-c). 
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Lateral transportation of clay- and silt-dominated sediments are generally ease by wind-driven circulation which 

occasionally interact with shallow sea beds. High wind pushing of sea water towards the coast may result in storm 

surges which can move and rework fine sediments either as bedload or suspension. The combination of these storm 

surges and tidal currents could result in large sediment transport (Nittrouer et al., 2007; Schieber 2016). Within 

the southern North Sea (e.g. Middelkerke Bank), large flow transverse bedforms which are common features are 

believed to be modified by strong storm and tidal currents (Caston, 1972, 1981; Davis and Balson, 1992; Deleu et 

al., 2004). Under present-day conditions, strong near bottom currents (75 to 125 cm/s) and large tidal ranges (about 

1 m to over 4 m) prevailed in the North Sea with current circulations moving counter clockwise (Fig. 1.6) with 

inflow through the north and lesser southwest channels (Mittelstaedt et al.,1983; Cameron et al., 1992). 

1.3.  Statement of Research Problem and Research Questions 

The German North Sea sector has continued to be an area of intense economic activities in the recent past. This 

has facilitated a more robust understanding of the sub-surface geological structures and stratigraphy particularly 

the uppermost 50 m. A detailed knowledge of buried palaeo-structures, their stratigraphic infills as well as 

geotechnical characteristics is crucial for various offshore engineering activities including but not limited to wind 

farm installation especially in this period of ongoing energy transition. There is therefore a need to understanding 

the palaeo-drainage network that serve as dewatering systems for the retreating ice in the German North Sea sector 

as well as the geotechno-stratigraphy of the uppermost 50 m hence, this study. 

The research questions that prompted this study include the following. These questions are addressed in chapters 

2 to 5 and the conclusions are summarized in chapter 6 of this doctoral thesis. 

• How can water column height variations which hamper the quality of geological deductions obtained 

from shallow offshore seismic data be corrected or minimized? 

• What role does the Elbe Palaeovalley (EPV) played in dewatering the hinterland? 

• What is the overall course of the Palaeo Ems, a tributary to the EPV, and its morphological relationship 

with the EPV? 

• What is the infill stratigraphy of the EPV, Palaeo-Ems and other seismic scale structures within the study 

area? 

• What is the stratigraphy and geotechnical properties of the under-represented uppermost 50 m of the 

German North Sea sector? 
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1.4. Data Base and Methodology 

This study was based on several series of sub-bottom seismic profiles (SBP), multi-channel seismic (MCS) data 

and drilled cores acquired in the German North Sea sector during various sea cruises using the research vessel 

Heincke (see Fig. 1.7 for the various cruise lines). Additionally, grids of closely spaced Boomer, core and cone 

penetration test data from commercial surveys carried out between 2007 and 2010 were sourced in areas with now 

restricted access due to ongoing wind farm operations (Fig. 1.7). Data from Heincke cruises are stored in 

PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.931763) except for the geophysical profiles which are 

stored on local servers at the University of Bremen, Germany. The commercial data are also stored on local servers 

of the Marine Engineering Geology working group, MARUM – Center for Marine Environmental Sciences, 

University of Bremen, Germany. These data sets can be access on request. 

1.4.1. Acoustic Data 

The SBP were recorded with a ship mounted Innomar SES-2000 medium-100 model with an acoustic power 

greater than 247 dB (~ 5.5 kW). The SES2000 is a parametric echo sounder system in which two signals of different 

frequencies are transmitted thereby creating new frequencies when they interact as a result of the non-linearities 

in the sound propagation. The primary frequency is around 100 kHz and it is usually used for the detection of the 

sea floor. The secondary frequency, which constitutes the resulting frequency, is much lower than the primary and 

penetrates deeper into the sub-surface. The SES data provides a very high resolution of the uppermost 15 – 20 m 

below the sea floor. The collected data were converted to SEG-Y-files using the SesConvert tool. 

The MCS data was acquired using the University of Bremen customly designed MaMuCS-System (MTU). The 

micro Generator Injector (GI) provides signal frequencies of up to 600 Hz which are recorded by a 32-channel 

streamer with a total length of 128 m. The GI GUN is a pneumatic seismic source, made up of two independent 

air guns within the same casing, used to control and reduce bubble oscillations. The first air gun is called the 

generator, as it generates the primary pulse and creates the bubbles. The second one is called the Injector, as it 

injects air inside the bubble. The Boomer data on the other hand were collected using a Geopulse 5813b Boomer 

(GeoAcoustic Ltd) single channel seismic system and provided high resolution images within the uppermost 15-

25 m with a very high vertical resolution of about 0.2 – 0.5 m. This system was operated with an energy of 200 J 

and a 3 m single-channel streamer with 8 hydrophones. Acoustic data were recorded with the NWC software 

(Nautik Nord GmbH) with a shot rate of 3.5 shots per second and a 16-bit resolution. 

Where applicable, the data sets were processed with the capability of the VISTA seismic processing software 

following the standard processing scheme.  

https://doi.pangaea.de/10.1594/PANGAEA.931763
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Fig. 1.7. Base map showing the available acoustic profiles, core and CPT sites for this study. Note that the red dots 
depict the core and/or CPT sites presented in this study (see Fig. 1.1 for location of the study area). 

 

The calculations of exact positions of source and receiver, and their geometry relative to the GPS antenna were 

performed with the Wingeoapp 0.9.8 software (Hanno Keil). In order to obtain gathers that are reflected from 

common sub-surface midpoint, CMP-binning was performed along the MCS profiles. After CMP binning, dead 

and noisy channels were extracted and gun delay was corrected by applying bulk shift in time. On selected CMP 

gathers, the root mean square (RMS) velocities are interactively identified. The velocity model was subsequently 

used for the Normal Move-Out (NMO) correction. Vertical time shifts within CMP gathers due to movement of 

the ship and the sea surface were corrected by using the residual statics correction module of the Vista software. 

After stacking all CMPs, migration is performed as a final step. The Finite Difference (FD) migration method was 

employed as this method tolerates the possible errors in the velocity model. The processed data were then loaded 

into the IHS Kingdom Advanced software for conventional seismo-stratigraphic interpretation and analysis in a 

standard workstation. The interpretation procedures include identification and mapping of key seismic-scale 

stratigraphic surfaces and structures across profiles, correlation of surfaces with core samples at core sites and 

generation of maps where necessary. Time to depth conversation was done by linearly converting the two-way 

travel time values to depth values based on an average sound velocity of 1550 m/s, a value fitting well for the 

uppermost 50 m below the sea floor based on previous studies (Winsemann et al., 2000; Lutz et al., 2009). This 
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value also correlated well with the obtained values from the compressional P-waves velocities from multi sensor 

core logger and cone penetration tests data. 

1.4.2. Sedimentological Data 

A Geo-Corer 6000 vibro-coring system with a barrel length of 5.80 m was used in retrieving sediments samples 

from the uppermost sub-surface layers at selected locations during the FS Heincke expeditions in the German 

North Sea. The limitations in core length were balanced by a careful selection of coring sites and coring transects 

so as to penetrate deeper units at locations where they get closer to the surface. The cores were cut into 1-m 

segments and splitted laterally into two halves. Core imaging and visual descriptions were carried out onboard the 

research vessel while further analyses such as sample preparation for 14C dating measurements and 

paleontology/palynology studies were performed in the laboratory onshore where necessary. The radiocarbon 

dating of selected core samples was done at the Poznań Radiocarbon Laboratory, Poland for the purpose of age 

determination. A standard GEOTEK multi sensor core logger (MSCL) was used for measuring physical properties 

such as compressional P-wave velocities, amount of magnetically susceptible material and attenuation of gamma 

rays at 1 cm and 2 cm intervals on half core sections. The cores were allowed to equilibrate to ambient room 

temperature before the start of measurements in order to ensure accurate measurement of parameters of interest. 

Deeper cores (~ 50 m) were also acquired in areas with now restricted access due to the ongoing windfarm 

activities. These cores were recovered either from rotary flush drilling from the drill ships or percussion driver 

samplers operated from jack-up platforms during commercial surveys between 2007 and 2010. The cores were 

also cut into individual core section length of 1 m and were described offshore according to the soil classification 

scheme in DIN EN ISO 14688-2 (2020). The calcium carbonate test (Pedological mapping guide, KA5), dry and 

wet soil unit weight test at 0.5 m intervals (DIN 18125-2, 2011) and undrained shear strength of cohesive clayey 

and silty soils using a pocket penetrometer were also done onboard. The locations of all the cores available for this 

study is presented in Fig. 1.7. 

1.4.3. Cone Penetration Test (CPT) Data 

At a given location, the CPT was performed within an interval of 11-13 m depending on the ship or platform 

geometry and were chosen to convey the major geological structures. The CPT were conducted according to the 

procedure described by DIN EN ISO 22476-1 (2009) using either a downhole CPT operated from a drill vessel, 

or a top-driven CPT operated from jack-up platforms. The CPT tip resistance (qc) records the stress on the CPT 

steel cone during penetration and was used to derive the relative density of sands following DIN EN 1997-2 (2010). 

Tip resistance (qc) measurements obtained from CPT tests were used to characterize stratigraphic sequences and 
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to confirm identified sequences. Similar to downhole logging data, in-situ data like CPT allows for a more 

definitive characterization of lithostratigraphic units. The locations of all the CPT data available for this study is 

presented in Fig. 1.7. 

These data sets were then integrated for a robust deductions and inferences of geological structures and palaeo-

events. 



Chapter 2: Correction of Water Column Height Variation 

 

- 18 - 
 

Chapter 2 

Correction of Water Column Height Variation on 2D Grid High-Resolution Seismic Data using dGPS Based 

Methodology 

Ayobami Abegunrin1*, Daniel A. Hepp1 and Tobias Mörz1,2 

1MARUM – Center for Marine Environmental Sciences, University of Bremen, Germany 

2Geo-Engineering.org GmbH, Bremen, Germany 

* Corresponding Author; E-mail: aabegunrin@marum.de  

Published in Scientific Report 10: 18760, https://doi.org/10.1038/s41598-020-75740-z. 

Abstract 

Variations in the physical properties of water column usually impede exact water column height correction on 

high-resolution seismic data, especially when the data are collected in shallow marine environments. Changes in 

water column properties can be attributed to variation in tides and currents, wind-generated swells, long and short 

amplitude wave-fronts, or variation in salinity and water temperature. Likewise, the proper motion of the vessel 

complicates the determinability of the water column height. This study provides a less time-consuming and precise 

differential Global Positioning System (dGPS) based methodology that can be applied to most types of high-

resolution seismic data in order to significantly improve the tracking and quality of deduced geological 

interpretations on smaller depth scales. The methodology was tested on geophysical profiles obtained from the 

German sector of the North Sea. The focus here was to identify, distinguish and classify various sub-surface 

sedimentary structures in a stratigraphically highly complex shallow marine environment on decimeter small-

scale. After applying the correction to the profiles, the sea floor, in general, occurs 1.1 to 3.4 m (mean of 2.2 m) 

deeper than the uncorrected profiles and is consistent with the sea floor from published tide corrected bathymetry 

data. The corrected seismic profiles were used in plotting the depth of the base of Holocene channel structures and 

to define their gradients. The applied correction methodology was also crucial in glacial and post-glacial valley 

features distinction, across profile correlation and establishing structural and stratigraphic framework of the study 

area. 

Keywords: water column; variation; bathymetry; channel; profiles 

2.1 Introduction 

The physical properties of water column such as density, state of occurrence among others can change significantly 

over a short period of time. This poises a great challenge on seismic data acquired offshore as a series of 

mailto:aabegunrin@marum.de
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independent 2D or 3D seismic grid over time. These changes in the physical properties of water column may result 

in inaccurate interpretation of geologic features in the sub-sea floor particularly in cases where differences in depth 

on decimeter scale are critical for the relative stratigraphic classification of morphologic sub-surface structures. 

Changes in water column properties can be attributed to variation in tides and currents, wind-generated swells, 

long and short amplitude wave-fronts, variation in salinity and water temperature, pitch, tilt and roll of ship and/or 

combination of these factors. In nature, these factors could result in real or apparent variations in the water column. 

While the variation in tides and currents can influence the elevation of the sea surface, variation in salinity and 

water temperature can drastically affect the water sound velocity1. The effects of wind-generated swells during 

bad weather conditions has been stressed as a factor that can cause short wavelength incoherence in seismic data2,3. 

Accounting for the effects of these variations require offset and depth dependent timing corrections4. 

Real water column variations can be associated with either internal factors such as thermohaline stratification 

resulting from changes in water salinity and temperature or external factors caused by changes in water column 

level resulting from tides, shelf high water and surges due to big storms. Apparent water column variations on the 

other hand are small scale variations caused by external factors which may be associated with data acquisition like 

tilt, pitch, roll and shoaling of ship or effects of local wind action on the water surface. Detailed classes of the 

different ocean waves responsible for water column height variations exists in literature5. Long-period waves 

(storm surges, seiches and tsunamis) can have periods from order of minutes (tsunamis) to few days (big storm 

surges). Tides which are mostly semi-diurnal have period band between 12 to 24 hours, infra-gravity waves driven 

primarily by swells have a period range from about 20 s to 30 s up to a maximum of about 5 minutes. Wind sea 

and swell have a period band of 1 to 20 s. However, swell have small height and less intense dissipation when 

compared with wind sea. Capillary waves which have period of less than 0.1 s are the shortest period and first 

wave to be noticed when wind blows on the ocean surface5 (Fig. 2.1). 

Being a tidally influenced area, the German North Sea experience a larger tidal range when compared to the 

German Baltic Sea6. Tidal variations can induce lateral discontinuities on reflection seismic gathers1 and this in 

turn hampers the areal-wide interpretation of geophysical profiles or makes it even impossible. A tidal correction, 

which is as exact as possible, is important for distinguishing various sub-surface morphological structures 

originating from different processes (e.g. formation of buried tunnel valleys, river valleys, or tidal channels) at 

different time scales and which on seismic profiles appear to be at similar levels due to erosional processes. These 

structures can therefore often be distinguished and interpreted only by precise analyses of their altitude in the 

sediment or their gradients. 
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Figure 2.1. Frequency and period classification of water column height variation causes (Modified after 
Holthuijsen29). The red dash line depicts an arbitrary boundary between the real and apparent water column 
variation factors. 

In some cases, high-resolution reflection seismic data acquired in shallow water include water column variations 

in the order of tens of meter relative to the mean sea level. This variation is often ignored by seismic interpreters7,8 

since a high-resolution deduction of the uppermost meter below the seafloor can be neglected for numerous 

purposes. Own to complex and high energetic sedimentary processes under glacial, post-glacial and marine 

conditions, morphological structures originally formed at different times and depositional horizons as well as 

different sizes and depth scales may now seem to be stratigraphically on the same depth level on seismic profiles. 

Thus, for example, a determination of the exact depth of valley and channel bases related to a consistent sea level, 

on decimeter scale, is crucial in distinguishing between different morphological structures, in determining the 

gradient of rivers or channels and understanding the effect of possible glacial rebound, salt rise and tectonic. This 

is required for Palaeo landscape reconstruction where it is assumed that the seismic profiles or blocks are acquired 

using a uniform datum reference. 

Correcting for water column variations on seismic profiles requires a good understanding of the origin/cause of 

the variations in order to account for it in an appropriate procedure. Once obvious acquisition-related factors such 

as navigation, timing, source and receiver depth errors have been discarded, water-column variations or change in 

water velocity as a result of change in water salinity and temperature can be identified as the most likely cause of 

the problem1. In shallow water depth areas such as the German North Sea, change in velocity is considered 

insignificant. This is because there is a whole movement of the water column giving rise to a strong mixing of the 

water masses and thus preventing any form of thermohaline stratification. In such areas, variations as a result of 

tides and variations in the sea level due to possible bad weather condition related factors are key contributors to 
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statics observed on seismic profiles. Eliminating the effects of these statics will significantly improve the reflection 

strength and continuity of seismic data thereby increasing the accuracy of structural and stratigraphic 

interpretations7. 

This paper demonstrates the effectiveness of a differential Global Positioning System (dGPS) based methodology 

in correcting water column height variations using 87 ultra-high-resolution seismic profiles acquired from the 

shallow German North Sea sector as examples (Fig. 2.2). The adopted methodology used the mean sea level (MSL) 

as the datum to which the depth to sea floor was adjusted by adding and/or subtracting a profile length offset 

obtained from an empirical relation between the orthometric height, vessel height and ship draught.  

 

Figure 2.2. Map of the study area (a) north of the East Frisian Islands Norderney and Juist showing the location 
of the seismic profiles (b) acquired during RV Heincke expedition HE499 in 2017. Note: The black dash line is 
the German Exclusive Economy Zone, black dotted line is the Territorial Waters (12 nautical miles), white solid 
lines are bathymetry lines and black solid lines are SES geophysical profiles. The key geophysical profiles 
discussed in this study are the red solid lines while the blue parts represented the sections with prominent geologic 
features. Fig. 2.2a was modified after Hepp16.  

2.2 Tidal Correction in Literature and Practice 

Tides in most cases are semi-diurnal characterized by two high and two low water levels per day and may cause 

long wavelength variations. The conventional method for tidal correction is by using predicted tidal tables recorded 

at nearby tidal gauge stations and this has been utilized in several studies: Balak7 for example used tidal charts to 

compute water column variation in order of 0 – 5 m relative to the mean sea level for offshore seismic data acquired 

in the South Heera Field, India. The correction which was about 7 ms significantly improved the data quality and 

resolution. Despite the applicability of the tidal chart methodology in the entire German Bight area own to the 

availability of tide gauges and corresponding tidal correction charts6, the use of this methodology suffers demerits. 

This method is very time-consuming as several tidal correction charts are required in a larger survey area since 
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each chart applies only to the local area around individual tide gauge. Also, the survey areas are often far from the 

tidal gauge stations commonly located along the coast and the accuracy, reliability and applicability of the tidal 

tables are limited and can therefore be questioned6,1. Furthermore, in shallow waters, sea storms and wind induced 

water level variations are not accounted for by tidal charts and their temporal shorter time interval effects can have 

larger magnitude than tides.  In the last couple of decades, recent advances in technology have resulted in non-

tidal table-based correction methodology. Xu9 employed a non-linear inversion methodology to correct water 

statics from marine data set obtained from a deep-water environment. The procedure adopted involves automatic 

picking of relatively statics between sail lines and then eliminating it as a non-linear inversion problem using a 

priori constraint for final solution uniqueness. Lacombe1 proposed a deterministic methodology for resolving water 

statics as a result of both acoustic velocity and water depth variations and demonstrated its effectiveness on seismic 

data acquired from the UK continental shelf. Water velocity effects were compensated by direct measurement of 

root mean square water velocity and arrival time of sea floor reflection at zero offset for each sail line. This was 

used in computing a spatially constant reference water velocity used in replacing the measured varying real water 

velocity. On the other hand, changes in water depth was accounted for by averaging dGPS data for the area and 

computing a mean for the survey from which a differential elevation is computed. Kim3 presented a very simple 

bathymetry-based method for removing tidal effects on high-resolution seismic data acquired from the shallow-

water area off the west coast of South Korea assuming a constant seawater velocity. The method used water column 

height variation computed by finding the difference between depth of the sea floor picked along each sail line and 

a reference bathymetry. This was then gridded and smoothed by averaging in order to generate the tidal variation 

for the survey area. The correction along each sail line was extracted from the smoothed grid. Wardell8 developed 

a statistical approach in which tidal corrections are obtained from the redundancy of information contained in the 

first break in arrival times of the seismic data itself. Common offset spatial averaging was key in computing the 

correction which was applied to the recorded seismic data. 

The general conclusions from the literature overview are that (1) the quality of seismic data acquired in marine 

environment may be impaired significantly by the state of water column which varies with tide and water sound 

velocity, (2) while the old method of using tidal correction tables obtained from tidal gauges may still be 

applicable, time consumption and the distance of the tidal gauge from the survey area in particular poises questions 

regarding the accuracy and reliability of this method for high-resolution seismic data, and (3) there is a need to 

develop an alternate tidal correction methodology which is as exact as possible to aid accurate interpretation of 

sub-surface structures and deducing their approximate depth of occurrence with respect to a fix datum.  
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2.3 Study Area and Data Base  

The study area is located north of the East Frisian Islands Norderney and Juist between northings 5983000 and 

5955000 and eastings 355500 and 373500 using the Europe ELD 1979 UTM Zone 32N Projection (Fig. 2.2). The 

study area is characterized by typical shallow sea shelf-sands, sandy or muddy tidal flats or marshes with an 

average water depth of 25 m dominated by lateral currents. Prominent landforms which constitute the costal 

landscape are low and small morainic hills flattened by various dunes and gradual movement of wet sediments 

during the last glaciation10. In terms of the geology, different generations of buried valleys spanning in age from 

Pleistocene to Holocene and each with its own complex origin, development history and infill stratigraphy has 

been described extensively in literature11-18. These valleys are separated by various regional, mostly sandy units of 

glacio-fluvial or aeolian origin. As oppose to the common NNW–SSE and NNE–SSW preferred axis orientations 

of the majority of Pleistocene tunnel valleys within the German North Sea, Hepp15 identified and described a 

classical and rare E-W trend for a tunnel valley in the south eastern North Sea. Hepp16 also gave a concise seismo-

acoustical and sedimentological analyses of a tributary to the Elbe Palaeovalley (EPV) inferred to be the 

submerged Palaeo extension of the modern Ems River. This Palaeo Ems constitutes to the dewatering system that 

drained into the EPV within the area19. These earlier formed structures are overlain by Modern Mobile North Sea 

sands of varying thickness forming dunes or layers18. Behre20 identified various generations of peat formations in 

Northern Germany associated with regressions which occurred as a result of decrease in the rate of sea level rise 

during the Holocene. Wetland systems consisting of tidal channels and coastal salt marshes among other structures 

constitutes other known features within the study area21,22. A detailed stratigraphic framework of the Quaternary 

deposit of the German sector of the North Sea is summarized in Coughlan17. 

The data used in this study consist of high-resolution seismic and co-recorded differential Global Positioning 

System (dGPS) data acquired along each of the seismic track lines. These data sets were acquired from the German 

sector of the North Sea during the RV Heincke expedition HE499 in October, 2017 (Fig. 2.2). The reflection 

seismic data were acquired using the ship mounted sediment echosounder Innomar SES2000 medium-100 model 

with an acoustic power greater than 247 dB (~5.5 kW). The SES2000 is a parametric echo sounder system in which 

two signals of different frequencies are transmitted thereby creating new frequencies when they interact as a result 

of the non-linearities in the sound propagation. The primary frequency is around 100 kHz and is used for the 

detection of the sea floor. The secondary frequency, which constitutes the resulting frequency, is much lower than 

the primary and penetrates deeper into the sea floor. The SES2000 medium-100 model used onboard during HE499 

was in multi-frequency mode meaning that secondary frequencies of 4 kHz, 8 kHz and 12 kHz were generated at 
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alternate times. The ping rate was between 0.3 and 0.45 s per frequency and the high primary frequency restricted 

the aperture angle to 1˚. The collected data were converted to SEG-Y-files using the SesConvert tool. A grid 

comprising a total of 87 seismic profiles with an approximate east–west orientation was acquired in a north–south 

progression (Fig. 2.2).  North – south profiles as well as sediment cores required for lithostratigraphic studies were 

not recovered due to extreme bad wave and weather conditions. The seismic profiles of the study area have an 

approximate spacing of 200 m and cover an area of about 321.60 km2. The data were then subjected to the 

conventional seismic processing procedures. Heave, roll and pitch compensation was carried out onboard by the 

electronic beam steering depending on the external sensor data of the SES2000 system. The dGPS data were 

acquired at a sampling rate of 150 m along each sail lines using the Trimble SPS×61 GPS receiver onboard. The 

Trimble antenna ellipsoidal height was referenced to the Earth Gravitational Model 1996 (EGM 96). With respect 

to the dGPS quality, the Trimble antenna was shifted to an improved spot on RV Heincke in February, 2017 prior 

to the HE499 expedition in October, 2017. Additionally, tide corrected bathymetry data for the entire German 

sector of the North Sea was sourced from Geopotenzial Deutsche Nordsee (GPDN, https://www.gpdn.de/). The 

data which was published in 2013 was a compilation over a period of about 10 years. The tidal prediction table 

obtained for the year 2017 was also sourced from the German Federal Maritime and Hydrographic Agency (BSH). 

The Norderney gauge station where the tidal values were obtained is situated within close proximity to the study 

area. Conventional seismic processing and shot to shot high frequency static correction were carried out using the 

Reflex processing software while the IHS Kingdom Advanced software was used for seismo-stratigraphic 

interpretation on a standard workstation. 

2.4 Methodology for the Correction 

Tidal correction was carried out on the seismic echo sounder (SES) data using the technique illustrated in Fig. 2.3 

with the mean sea level (MSL) been the reference for all corrections. The basic idea behind this methodology is to 

use a more precise information obtained exclusively from dGPS measurements in computing offsets from MSL to 

the water level. The ellipsoidal height (Fig. 2.3, a) along each of the sail lines were obtained from the dGPS data. 

In most cases in this study, the number of satellites from which these values were derived varies from 7 to 10 

indicating a good data quality. The height from the reference ellipsoid to the geoid (Geoidal Height–b) which 

approximates the MSL was computed using the QuasiGeoid GCG2011 software obtained from the German Federal 

Office of Cartography and Geodesy. The geoidal height (b) was then subtracted from the ellipsoidal height (a) to 

obtain the height from the antenna to MSL (Orthometric Height–c). The research vessel has a height (d) of 16.35 

m and average draught (e) of 3.93 m. 

https://www.gpdn.de/
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Figure 2.3. Adopted methodology for water column variation correction to determine the depth from the 
approximate mean sea level to the sea floor f´; a = height between the ellipsoid and the dGPS antenna (Ellipsoidal 
Height); b = height between the ellipsoid and the approximate mean sea level (Geoidal Height); c = height between 
the approximate mean sea level and the dGPS antenna (Orthometric Height); d = ship height; e = ship draught; f 
= depth from the transducer to the sea floor, draught value was entered to the SES acquisition software; Research 
vessel image from RV Heincke configuration manual. 

 

The draught was subtracted from the ship height and the resulting value was deducted from the orthometric heights 

to obtain the offset from the water surface to the MSL. The offset values calculated along each profile are converted 

to the unit of time (seconds) by multiplying by a water velocity of 1503 m/s and saved in xyz ASCII format. The 

water velocity was calculated using Leroy et al. 2008 equation23 with an average temperature and salinity values 

of 14.5˚C24 and 33 ‰, g/l25 respectively for the month of October, 2017 when the survey was carried out. Bailey26 

used a simplified Leroy equation (Leroy 1968) to compute mean velocities for the months from May to October 

when a thermocline develops resulting in a 6 ˚C or 7 ˚C temperature difference and obtained a velocity of 1502 

m/s. Both velocity values show good consistency over the study area. The offset along each profile was then 

smoothed using a two-way zero phase filtering interpolation to eliminate outliers. The smoothed profile-length 

offsets represent the water column height variation for each seismic profile. The final smoothed offset/correction 

profile was loaded to the trace header of the SES data (f) as a total static for each profile using the Reflex software 

and the traces were shortened or elongated according to the sign convention of the static correction. By applying 

this correction to all SES data of the study area now eliminate the effect of tides and any other external influences 

assuming the MSL as the datum for all the acquired SES data (f´). The adopted workflow is summarized in equation 

(1). The depth of the various geologic structures identified on the corrected seismic profiles were converted from 

the unit of time (seconds) to meters by multiplying half of the two-way travel time by a propagation speed of 1550 

m/s assuming velocity homogeneity within the uppermost sub-sea floor. Since the base of the geologic structures 
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were rarely evenly level, the lowest depth range was selected from each seismic profile. Seismic facies analyses 

based on reflection strength, continuity and geometry was used in differentiating various lithostragraphical units. 

 

Where: 
 c  = orthometric height  
 d  = vessel height 
 e  = ship draught 
 f  = depth from the transducer to the sea floor 
 f ُ  = depth from mean sea level to the sea floor 

 

2.5 Results 

2.5.1 Water Column Variation Offsets 

The offsets of the water level relative to the MSL which constituted the water column height variation for each 

seismic track line was computed using the procedures outlined above. For each seismic track line and shot, the 

computed offsets were calculated at an interpolated, equidistance dGPS positions. The estimated low and high 

water heights and the corresponding water column variation heights along each seismic track line are presented in 

Table 2.1. The tidal effects over the course of acquisition of each seismic profile were estimated from the tidal 

table recorded at the tidal gauge Norderney for the month of October, 2017 when the survey was carried out and 

also presented in Table 2.1. At the time of survey, the water level varies from about -2.3 m to 3.9 m relative to the 

mean sea level. The water column heights range from about 1.1 m to 3.4 m with a mean of 2.2 m. From the tidal 

table, it was observed that the average daily tidal height varies between 4.6 m and 5.4 m. However, the contribution 

of tidal variations to the whole water column height changes over the acquisition period of each profile which is 

typically between 35 mins and 90 mins varies from about 0.05 m to 1.20 m. This constituted in most cases less 

than 30% of the total variation. Representative examples of the estimated offset types were presented 

diagrammatically exhibiting three distinct patterns. The first group shows a more gentle variation with offset 

amplitudes of about 2.0 m along the profile (Fig. 2.4a-b). The second group showed a sinusoidal offset pattern 

(Fig. 2.4c-d) with an average amplitude of 1.5 m while the third group on the other hand were characterized by a 

marked fluctuation along profile length as shown in Fig. 2.4e-f. In addition, the plot of the estimated tidal influence 

revealed a near linear trend over the course of acquisition of each seismic profile (Fig. 2.4a-f). The approximate 

water column height variation for the study area as at the time of the survey was obtained by gridding and 

contouring the computed offsets for each seismic profile (Fig. 2.5). From the resulting map, it was observed that 

largest variation occurred near the coast towards the south while smaller variations were characteristic further 

away from the coast to the north. 

f ُ  = f – [c – (d – e)]                      (1) 
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Table 2.1. Estimated low water, high water and water column variation heights along each seismic profile. 

 

* Estimated tidal values obtained from the tidal table recorded at the tidal gauge Norderney for the month of 
October, 2017. Tidal prediction does not include the influence of wind and other factors on the sea level (Source: 
German Federal Maritime and Hydrographic Agency). 
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Figure 2.4. Representative water column variation curves showing a gentle variation (a and b), sinusoidal pattern 
(c and d) and marked fluctuations (e and f) along profiles (see Fig. 2.2b for location of the profiles).   

2.5.2 Application of Methodology and Comparison of the Sea Floor from the Corrected Seismic with 

Existing Bathymetry Data 

Having loaded the corrected seismic profiles into IHS Kingdom Advance software, the sea floor which is typically 

very distinct on seismic profile was interpreted. Fig. 2.6 shows a SES section for profile 31 after (a) and before (b) 

the correction for water column height variations and while the structural configuration within the profile was 

retained, the corrected profile occurs deeper than the uncorrected profile. This was evident as the sea floor picked 

from the uncorrected seismic profile occur shallower than that from the corrected profile (Fig. 2.6a). 

a b 

c d 

e f 



Chapter 2: Correction of Water Column Height Variation 

 

- 29 - 
 

 

Figure 2.5. Estimated water column variation map over the study area. The blue lines depict the seismic track 
lines. 

 

 
Figure 2.6. Profile 31 showing the location of the sea floor after (a) and before (b) tidal correction (See Fig. 2.2b 
for location of the profile). Note: The inserted map in (a) is the computed water column variation curve for the 
section shown. Color coding denotes key sub-surface features which are better identified and interpreted on the 
corrected and processed profiles. 

a 

b 
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The correction also improved the quality of sub-surface structural deductions from the seismic profile. The sea 

floor for profile 31 which was extracted from the gridded bathymetry data for the study area was then compared 

with the picked corrected sea floor. The depth of the sea floor from both the corrected SES and bathymetry profiles 

show an improved correlation with offset ranging from 0.5 m to a maximum of 2.0 m while the depth of the sea 

floor from the uncorrected SES profiles occur at a shallower depth with significant offsets (˃3.0 m) from the 

published bathymetry profile (Fig. 2.7). Furthermore, the depth of the base of a younger channel below the sea 

floor before and after correction for water column height variation is shown in Fig. 2.8. It can be observed from 

Fig. 2.8 that the depth of the base of the channel plots as scattered points with no definite pattern on the uncorrected 

geophysical profiles (blue triangles). This implies that an attempt to develop a gradient study on an uncorrected 

dataset would fail. In contrast, an almost linear depth below MSL trend was observed for the same plot after tidal 

correction (black circles). This trend of the deepest point of the base of the channel course has a gradient of about 

0.00211. Fig. 2.9e reveals the geometry of the younger channel and its stratigraphic relationship with other 

geologic features (Fig. 2.9a). 

 

Figure 2.7. Comparison of the depth of the sea floor from uncorrected SES profile, water column height variation 
corrected SES profile and bathymetry for Profile 31 (See Fig. 2.2b for location of the profile). 
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Figure 2.8. Depth of the younger channel below the sea floor along both the uncorrected (blue triangles) and 
corrected (black circles) SES profiles (See Fig. 2.9e for position of the channel base). 

 

 

Figure 2.9. Seismic stratigraphy overview detailing the inter-relationships of different geologic structures over the 
study area. Major stratigraphic boundaries are highlighted in different colors while the infill sequences are shown 
in blue. The color lines marked distinct seismic reflectors interpreted as: Modern sea floor surface (blue; SF), base 
of Holocene sediments (yellow; R5), base of organic rich layer (black; R4), base of Palaeo Ems (red; R3), base of 
lake (green; R2) and base of the core of Pleistocene channel (purple; R1), (See the blue solid lines in Fig. 2.2b for 
location of the seismic sections). 
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2.5.3 Major Seismic Reflectors and Units 

The schematic composite diagram illustrated in Fig. 2.9 covering an EW length of about 2.5 km and a resolved 

depth of approximately 30 m depicts six key seismic reflectors defining major structures and stratigraphic units. 

The infill seismic expression over the study area was deduced from the corrected profiles as seen in the inset Fig. 

2.9b-e. Some of the major reflectors show former and modern landscape surfaces while other reflectors depict the 

bases of channels and valleys. Reflector R1 was interpreted as the lower boundary of the core of a tunnel valley 

capped above by reflector R3. These reflectors marked the lower and upper limit of Unit 1 and it belongs to the 

oldest geologic structure identified on seismic profiles within the study area. The internal reflector pattern of this 

unit displays a steeply inclined moderate amplitude, semi continuous to discontinuous internal reflectors (Fig. 

2.9c). Reflector R2_1 was inferred to incised into the tunnel valley and belong to the same generation as Reflector 

R2_2 based on their approximate erosive depth, architecture and infill pattern. These reflectors defined Unit 2 

bounded above by Reflector 4. Unit 2 in the study area appears in two forms expressed on seismic sections as a 

separate structure and a structure cut by reflector R3 of Unit 3 and it is younger than Unit 1. As evident from the 

separate structure, Unit 2 displayed a characteristic low to medium amplitude, semi-continuous to continuous 

internal reflectors unit. However, the base of this unit showed a high amplitude, continuous reflectors (Fig. 2.9b 

and c). The upper section of Unit 2 together with Reflector R4 often show a smaller secondary incised channel 

(Fig. 2.6). Reflector R3 is a major reflector that incised into the underlying Units 1 and 2 and extends to the eastern 

part of the study area. Its western extension however has been eroded by the overlying Reflector R4. Both 

Reflectors R3 and R4 define Unit 3 and this unit is younger than Unit 2 based on cross cutting relationship. The 

seismic pattern of the infill of this unit revealed a minimum of a two-phase poly infill (Fig. 2.9c). Seismic facies 

analysis of the poly infill revealed a strong amplitude and continuous reflector at the base which is overlain by a 

moderate amplitude and continuous reflector. In the northern part of the study area, Unit 3 show evident of smaller 

incisions at the upper boundary (Fig. 2.9d). The strong amplitude and continuous reflectors at the base of this unit 

extend to the eastern area and forms the base of younger structures (Fig. 2.9e). Lying above Reflector R4 is a 

strong amplitude and continuous reflectors defining Unit 4. The area extent of this unit to the east has been eroded 

by the overlying Reflector R5. The strong amplitude and continuous reflectors from the base of Unit 3 extends to 

form the base Unit 5. The classic internal pattern is a transparent unit characterized by low amplitude, continuous 

and dipping internal reflectors (Fig. 2.9e). In some areas, strong amplitude, continuous and dipping reflectors of 

this unit was observed to cut the upper area of Unit 3 (Fig. 2.9d). This indicates a relatively young age relationship 

for this unit with respect to Unit 3. Unit 6 is bounded below by Reflector R5. Reflector R5 separate recent 
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sediments above from the underlying older sediments across the entire region. Both reflectors R4 and R5 are 

erosional surfaces of former landscape within the area. Unit 6 is characterized by high amplitude and continuous 

smaller reflectors on seismic sections (Fig. 2.9b-e) and bounded above by Reflector SF which is the modern sea 

floor. None of these structures have an expression on the modern sea floor across the entire area as they were 

covered by the spatially distributed layer of Unit 6. 

2.6 Discussion of Results 

Differential Global Positioning System information was used to obtain water column height variation using the 

methodology depicted in Fig. 2.3. The computed offset values along the seismic profile (Table 2.1) revealed the 

genuine existence of water column statics. The computed water column variation ranges from about 1.1 m to 3.4 

m with a mean of 2.2 m.  From the tidal prediction table obtained from the Norderney gauge station for the month 

of October, 2017, the average daily tidal height varies between 4.0 m and 6.0 m for the period of the survey. Over 

the course of acquisition of each profile (60 – 90 mins), the tidal range varies from about 0.05 m to 1.20 m which 

is less than 30% of the total cause of the variation. This indicates that in shallow water areas where there is no 

thermohaline stratification, tides contribute only a fraction of the total cause of variations in the water column. The 

bulk of the variation in such areas can thus be attributed to pitch, tilt and roll of ship and local effects of wind-

generated longer wavelength waves and swells which are not accounted for from the tidal gauge predictions. 

Diagrammatic representation of the water column variation along each sail line revealed three distinct patterns 

described as those with gentle, sinusoidal and marked fluctuations patterns (Fig. 2.4a-e). The tidal variations along 

each profile behaves close to linearly as shown in Fig. 2.4a-e for the relatively short time periods of each sail line. 

This clearly shows the demerit of using predicted tidal tables only for correcting water column height variations 

for high-resolution seismic studies. This is because tidal tables do not consider the effects of acquisition related 

factors, influence of wind and waves on the survey vessel itself and other localized factors on the sea surface. In 

shallow water areas such as the area investigated, these non-tidal related factors can constitute more than 70% of 

the total statics. This high magnitude effects which cannot be account for based on tidal tables only can greatly 

degrade the quality of high-resolution seismic data. From the water column variation map generated for the study 

area for the survey period, high amplitude water column height variations attributed to amplification and 

shortening in wavelength caused by rapid shoaling toward the coast were observed towards the southern section 

while smaller amplitude water column height variations were observed in the northern section far away from the 

coast (Fig. 2.5). Another factor attributed to the high and low water column variation is the interplay between the 

water column and sea floor morphology. Towards the coast areas in the south, increased interaction between the 
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sea floor morphology and water column together with the coupling effects of long wavelength waves on the sea 

bed could result in the observed high amplitude water column variations while the low sea floor morphology-water 

column interaction could be responsible for the small variations in the northern areas. 

The computed corrections along each profile loaded to the SEGY trace header of the SES data as a total static 

revealed that the corrected profile occurred deeper than the uncorrected profile (Fig. 2.6). While there is no 

significant discrepancy in the morphology of the sea floor before and after applying the correction, about 4.0 m 

difference exist in their depth of occurrence. The sea floor from the corrected profiles which in most cases occur 

deeper has been referenced to a consistent mean sea level datum. Fig. 2.7 depicts the interpreted sea floor along 

profile 31 from the uncorrected profile, corrected profile and bathymetry data. It was observed that the sea floor 

obtained from the bathymetry data was smoother than that of the SES data. Also, on the overall, the sea floor from 

the corrected profile showed a good consistency with that from bathymetry when compared to the sea floor picked 

from uncorrected profile. An offset ranging from 0.5 m to less than 2.0 m was obtained from the corrected profiles 

as opposed 2.0 m to over 3.0 m obtained from the uncorrected profiles. This revealed a better fit between the 

bathymetry and the corrected SES profiles and clearly indicates the presence of static effects on the seismic profiles 

during acquisition. The slight discrepancy between the interpreted sea floor from the corrected SES profile and the 

bathymetry can be attributed to major morphodynamic changes known to characterize the area as the bathymetry 

data was a compilation over a period of about 10 years and published in 2013. Series of survey carried out over 

time by BSH within the German North Sea corroborates the existence of intensive morphological changes of the 

sea floor. In addition, the bathymetry data points have a larger sampling points (data points are about 200 m apart 

in all directions) leaving out details which were captured in the SES (shot point to shot point distance of about 4 

m along profile length). Both Fig. 2.6 and 2.7 re-iterated the importance of water column variation correction on 

seismic data for detailed sub surface interpretation as the SES profiles after applying the correction is not only 

corrected for static effects but also now referenced to a consistent mean sea level datum. 

The stratigraphic position of the base of a younger channel on both uncorrected and corrected profiles was again 

used to demonstrate the importance of water column variation correction as shown in Fig. 2.8. Fig 2.8 depicts the 

depth of the deepest point of the base of the channel across profiles. From the depth of the base of this channel, it 

was possible to deduce the trend and gradient of the channel from the corrected profiles which was difficult to 

decipher from the uncorrected profiles. The channel course has a gradient of about 0.21% and this value together 

with the width-depth ratio of 2.60, sinuosity of 1.20, entrenchment ratio of 1.38, inferred channel material (sand), 

cross-section and plan view suggest a river type G5c based on Rosgen27 natural river classification (see Fig. 2.9e 
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for the channel outline). A precise water column height variation methodology as described in this study is critical 

in shallow and very flat environment with small gradient. This implies that detailed geological interpretation such 

as gradient studies which can be used, for example, in the identification and classification of river systems and 

their underlying processes, areal-wide deduction of the approximate stratigraphic positions and trends of sub-

surface morphological features will be obstructed on uncorrected geophysical profiles. In areas with complex 

geologic processes such as erosion and subsequent redeposition, the true stratigraphic position of geological 

features obtained from corrected seismic profiles is indispensable in distinguishing structures from different time 

scale (from glacial to post-glacial) and developing a relative stratigraphic model for the area.  

Owning to the strong impact of erosion and re-deposition within the study area, glacial and post-glacial structures 

appeared on first sight indistinguishable as both structures now occur relatively at the same depth level below 

seafloor on seismic profiles (Fig. 2.9c, Units 1 and 3). Areal-wide interpretation of these morphological structures 

on the corrected geophysical profiles helped in distinguishing them based on their approximate true stratigraphic 

positions. This was difficult to determine on the uncorrected profiles because a structure can occur at different 

depth positions across profiles from the same area. This was evident from Fig. 2.8 as the same structure displayed 

an irregular depth positions across profiles. Also, a discrepancy of about 4 m (about 5.16 ms two-way travel time) 

existed between the sea floor picked from the uncorrected and corrected seismic profiles (Fig. 2.6). The implication 

of this observed discrepancy is that assuming a first-hand velocity homogeneity within the uppermost 30 m below 

the sea floor, a structure can occur at about ±4 m relative to its true stratigraphic position within a depth of 30 m. 

Therefore, distinguishing different sub-surface structures formed at different geological times in a tidally 

influenced complex shallow water area will be practically difficult if not impossible without a detailed shot to shot 

water column statics correction.  

Seismic interpretation was carried out on both uncorrected and corrected seismic profiles and the relative 

stratigraphic position of the various identified morphological structures on the corrected profile is shown in Fig. 

2.9. Six major reflectors and their corresponding stratigraphic units were identified in the study area based on 

seismic facies characteristics. The major reflectors depicted a marked change in impedance contrast as a result of 

change lithology and reflects the bases of geological structures as well as former and modern landscape surfaces. 

Based on the major reflectors and units, a local stratigraphy model for the study area was developed (Fig. 2.9a). 

Fig. 2.9a also revealed the relative stratigraphic relationship of major identified structures in the study area both 

in space and time. Due to the lack of sediment cores and other ground truth data, the lithology of each of the 

identified seismic stratigraphic units were inferred based on previous studies in the area15-18,28. The oldest sediment 
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belongs to a large tunnel valley defined by Unit 1. Comparable tunnel valley in the area described by Hepp15, 

Lutz28 and Coughlan17 suggest that this unit is made up of glacio-fluvial sand deposited in the Pleistocene. This 

was followed by the infill Unit 2 defined by Reflectors R2_1 and R2_2. The horizontally stratified infill units 

defined by these reflectors are inferred to be the same based on their approximate erosive depth, architecture and 

infill pattern. Where the unit is well developed (R2_2), the infill is transparent to semi transparent interpreted to 

be made up of sandy materials mixed with some fine materials (clay/silt). Unit 3 which incised these earlier formed 

structures was interpreted to be the Palaeo Ems, the submerged extension of the modern Ems river described by 

Hepp16. The base of this unit which is similar to the base of Unit 2 based on seismic facies characteristics is 

composed of organic rich layer described as peat by Hepp16.  Studies by Hepp16 revealed that the peat in Unit 3 

was overlain by intertidal or marine deposits of clays or silty clays. Careful examination of the internal architectural 

pattern of this unit revealed a minimum of a two-phase poly infill. Unit 4 then overlies these structures except for 

where truncated by later formed structures. The characteristics dipping reflectors of Unit 5 were then formed and 

are inferred to be composed of Holocene sand and/or a mixture of Holocene sand and silt. The whole area was 

covered by Unit 6 whose base is an erosive Reflector R5 that cut off the area extent of Unit 5 towards the eastern 

part of the study area. In comparison with the studies by Hepp16 and Zeiler18, this unit represents the widely 

distributed recent mobile North Sea sand deposits. This 2 – 3 m thick sand blankets the older structures within the 

study area. The sea floor within the study area was depicted as seismic reflectors SF.  

2.7 Conclusion 

The history of water column statics correction is a research topic with a long tradition which has received special 

attention in recent decades. Different methods exist for correcting variations in water statics observed on seismic 

reflection data as a result of changes in water depth due to tides, drastic effect of velocity, acquisition related 

factors and/or combination of these factors. The data set used for this study was acquired as a series of independent 

acoustic lines over time with water depth ranging from about 15 m to 35 m. Due to the duration of the acquisition, 

water column height variations was observed within the seismic surveys. Own to the shallow water depth within 

the study area, change in velocity as a result of change in salinity and temperature was considered insignificant. 

This was because there was a whole movement of the water column giving rise to a strong mixing of the water 

masses and thus preventing any form of thermohaline stratification. For this data set, correction for variations due 

to tide, variations in the sea level due to bad weather condition and variations due to other acquisition related 

factors were applied to the data set.  
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This paper presents a modern approach and easy recipe for correcting water column height variation using co-

recorded information from dGPS especially in near shore, shallow and highly erosive marine shelf settings. The 

methodology was applied to the SES data acquired from the shallow-water area of the German North Sea where 

tidal influence and water column height changes has been documented. Variation in water column heights along 

profile length reached over 3.0 m with large corrections attributed to rapid shoaling occurring near the coast and 

interplay between the water column and sea floor morphology. The corrected profiles which are now referenced 

to a consistent MSL show improved quality when compared to the uncorrected profiles. The sea floor from the 

corrected profile occurred deeper and showed good consistency with the bathymetry data compared to the 

uncorrected profiles. It was possible to distinguish and classify different generations of valley/channel structures 

which are on apparently similar depth levels stratigraphically based on their small gradient using the corrected 

profiles and thus validating the applicability of this methodology. The correction and datum referencing also 

helped in developing the relative true stratigraphic model for the area investigated. The findings and methodology 

are especially important for further high-resolution sea level variation studies and can be used to directly compute 

water column statics required for improve quality interpretation derived from seismic data. The less time-

consuming methodology can be applied to all sorts of reflections seismic data and requires only a small budget 

which is especially important for scientific data acquisition and processing.  
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Abstract 

The Palaeo-Ems is one of the major tributaries feeding the Elbe Palaeovalley (EPV) and formed an important part 

of the drainage system that dewatered parts of the continental NW Europe unglaciated hinterland. In this study, 

detailed interpretation of high-resolution 2D seismic grid was utilized in tracking the overall course of the Palaeo-

Ems channel as well as its spatial and stratigraphic relationships with other geological structures within the study 

area. Fundamental revisions of the old mapping of buried tunnel valleys, lacustrine deposits and recent fluvial 

channels were also carried out. The last phase of the Palaeo-Ems occurs as buried, low gradient and meandering 

channel branching into two major pathways as it approaches the EPV western flank. In its downstream direction, 

the channel formed a unified depositional system with the early phase of the EPV thus contributing to the last 

terrestrial phase of the complex EPV evolution. The unified system was later drowned due to the fast rising sea-

level which overwhelmed the adaptation capabilities of the joint system. For the first time, this study shed light on 

the Palaeo-Ems/EPV morpho-stratigraphic relationships which played a key role in the Holocene coastal landscape 

architecture of the German North Sea since the Last Glacial Maximum. 

Keywords: Palaeo-Ems; Elbe Palaeovalley; coastal landscape; Doggerland, glaciation.  

4.1. Introduction 

In the last couple of decades, many research activities have aimed at reconstructing the lost palaeo-landscape 

architecture (Gaffney and Fitch, 2022; Andresen et al., 2022; Bailey et al., 2020; Lohrberg et al., 2020; Winsemann 

et al., 2020; van Heteren et al., 2014; Gaffney et al., 2020; Cohen et al., 2014; Spinney, 2008; Hepp et al., 2012; 

2017; Husse and Lykke-Andersen, 2000) and stratigraphy (Fleischer et al., 2022; Prins and Andresen, 2021; Hepp 

et al., 2019; Coughlan et al., 2018; Phillips et al., 2017; Cotterill et al., 2017a, 2017b; Fitch et al., 2005) of the 

North Sea Basin. The repeated glacial-interglacial and post-glacial reshaping of the Quaternary landscape of the 

mailto:aabegunrin@marum.de
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North Sea resulted in complex and heterogenous morphological structures. These structures which are now palaeo-

archives of past environmental changes can be related to various geological processes aided by major climatic-

driven eustatic changes. In general, the Quaternary North Sea sub-surface is dominated by glacio-fluvial sands 

which are not only hard to date but also difficult to distinguish from each other due to strong similarities in material 

and grain characteristics. Thus, localized structural elements such as buried tunnel valleys, river channels, 

moraines, dunes, peats and palaeo-soils are important seismo-stratigraphic elements used in unravelling the 

structural and stratigraphic frameworks. These frameworks provide a well-structured and topographically 

sculptured landscape of the North Sea. 

While this study focused on the southern part of the German North Sea sector, buried tunnel valleys and other 

comparable geologic structures were formed during all the Quaternary glaciation periods in the North Sea and are 

dominant in the upper strata of the sub-sea floor. The abundance, distribution, orientation, size, morphology and 

inferred age of known buried tunnel valleys across the North Sea and other parts of northern Europe are well 

documented in literatures (Lohrberg et al., 2020; Ottesen et al., 2020; Prins et al., 2020; Prins and Andresen, 2019; 

Coughlan et al., 2018; Huuse and Kristensen, 2016; Stewart et al., 2013; van der Vegt et al., 2012; Hepp et al., 

2012; Lutz et al., 2009; Kristensen et al., 2007). These buried tunnel valleys, formed at ice sheet margins, were 

active under direct glacial conditions and their infills played a key role in reconstructing the offshore Quaternary 

stratigraphy of the North Sea (Fig. 4.1).  

The Elbe Palaeovalley (EPV; Fig. 4.2a) for instance is a drowned river valley located in the southeastern North 

Sea with a width of about 40 km, length of approximately 210 km and water depth varying between 35 and 50 m. 

This valley extends from the south-west of Helgoland in a northwest-southeast direction through the whole German 

North Sea sector with an expression in the form of a shallow depression on the modern seafloor. Seismo-

stratigraphic interpretation of the EPV infill revealed 5 major units which were ground-thruthed with core data 

(Fig. 4.3; Özmaral et al., 2022; Papenmeier and Hass, 2020). The EPV played a major role in the late Weichselian 

and early Holocene palaeo-drainage network of  northwest Europe as the meltwater and sediment flux from these 

areas were collected by it through a network of palaeo-rivers (Pisarska-Jamroży, 2015; Ehlers et al., 2004).  

Recent studies of these palaeo-valleys and other comparable natural archives have improved the understanding of 

the impact of sea level changes on coastal landscapes and re-organization of the drainage system of the North Sea 

(Andresen et al., 2022; Roberts et al., 2018; Hepp et al., 2017; van Heteren et al., 2014; Blum et al., 2013; Bourillet 

et al., 2003; Meijer, 2002; Blum and Törnqvist, 2000). Extensive high quality geophysical, drill core, palaeo-

environmental and sedimentological data sets from scientific and commercial cruises have continued to improve  
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Fig. 4.1. Revised seismo-stratigraphic framework of the study area, modified after Coughlan et al. (2018) and 
Fleischer et al. (2022). See same for detailed description of units and nomenclature. 

 

 

Fig. 4.2. Map of the study area north of the East Frisian Islands Norderney and Juist (a) within the German North 
Sea sector showing the location of the geophysical profiles (b). Note: The black dash line in (a) is the German 
Exclusive Economy Zone, red dotted line is the Territorial Waters (12 nautical miles), the green solid lines in (b) 
are geophysical profiles acquired during the RV Heincke expedition HE499 in 2017, the red solid lines are from 
2013 HE403 RV Heincke expedition while the black solid lines are profiles from commercial surveys. The blue 
dashed line depicts the boundary of the Elbe Palaeovalley, the light purple area is the traffic separation scheme 
and the yellow line represents the documented river course (solid; Hepp et al., 2017) and hypothetical river course 
(dash line) of the Palaeo-Ems prior to the HE499 expedition. The key geophysical profiles discussed in this study 
are the brown solid lines. Purple and green stars mark location of cores 09-5 and 09-6 respectively. 
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Fig. 4.3. Seismo-stratigraphic classification of the Elbe Palaeovalley infill after Özmaral et al. (2022). See the 
brown solid lines in Fig. 4.2a for location of the seismic sections. BU: Older Sediments; FU: Filled Unit; LU: 
Lower unit; OU: Oblique Unit; SU: Sigmoidal Unit; TU: Transparent Unit. 

 

the understanding of palaeo-landscape structures in the North Sea. The result of one of such research efforts is a 

discovery of a tributary to the EPV, the now submerged palaeo-extension of the modern Ems River, which revealed 

the setting and evolution of the early Holocene landscape (Hepp et al., 2012). A small section of the river is seismo-

acoustically and sedimentologically already well documented (Fig. 4.2b; Hepp et al., 2017; 2019) and a detailed 

deduction of its overall course is key in understanding the re-organization of the drainage system of the area since 

the Last Glacial Maximum (LGM). Based on this study, preliminary deductions from geophysical profiles obtained 

during the HE499 cruise in 2017 revealed that the linear course earlier defined for the Palaeo-Ems in the southern 

sector (yellow dash line in Fig. 4.2b, Hepp et al., 2017) is an artefact owing to an initial less dense seismic 

coverage. Furthermore, towards the downstream part of the river course, the nature of the river is not fully 

understood as studies by Hepp et al., 2019 revealed that the channel fans out into about three sub-channels forming 

a delta at the western flank of the EPV (Fig. 4.2b). 

Understanding the palaeo-drainage networks of the North Sea is crucial for various reasons. In pre-historic times, 

coasts and river banks were a sought-after settlement area, because hunting and fishing offered a good livelihood 

there. At the same time, the flowing waters represented a natural network of paths through marshland, moorland, 

swamps and sometimes mark boundaries or territories (Warnke et al., 2014). Furthermore, the locations of the 

rivers are often preserved thereby holding relicts of the former landscapes and human habitation (Bailey et al., 

2017, 2020; Coles, 1998; Flemming et al., 2017). A detailed knowledge of the palaeo-drainage stratigraphic infill 

is also important for various offshore geotechnical and engineering installations including but not limited to cable 

routing, wind farm development amongst others (Weihrauch et al., 2009; BSH 2021).  

This study thus aimed at understanding the drainage systems of the palaeo-landscape at the North Sea shelf by 

answering the following distinct but closely related research questions. Firstly, what are the exact drainage 

pathways of the Palaeo-Ems at the western margin of the Elbe Palaeovalley as well as its southern connection to 
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the Modern Ems River? Secondly, what is the Palaeo-Ems/Elbe Palaeovalley´s spatial and stratigraphic 

relationship? What is the Palaeo-Ems spatial relationship with other glacial and post-glacial structures within the 

study area? The answers to these research questions will contribute to the morpho-stratigraphic reconstruction of 

the palaeo-landscape which developed after the LGM within the German sector of the North Sea.  

4.2. Materials and Methods 

4.2.1. Data Base 

The study area is located north of the East Frisian Islands Norderney and Juist, within the southern part of the 

German North Sea sector (Fig. 4.2a). It extends between northings 5955000 m to 6000500 m and eastings 351700 

m to 396700 m using the WGS84 UTM Zone 32N Projection and covers an area of about 1800 km2 (Fig. 4.2b). 

The data sets available for this study consists of high-resolution seismic data (sediment echo sounder and Boomer 

data) acquired during the 2013 HE403 and 2017 HE499 cruises on the research vessel Heincke. Additional grids 

of closely spaced seismic profiles (Boomer data) and core data from commercial surveys carried out between 2007 

and 2010 were sourced in areas with now restricted access due to ongoing wind farm operations as complementary 

data sets (Fig. 4.2b). These data sets are explained in detail in the following sub-sections. 

4.2.1.1. Geophysical Data 

A total of about 380 lines of both sediment echo-sounder (SES) and Boomer data constitute a dense grid of high-

resolution 2D seismic data used in this study (Fig. 4.2b). The SES profiles were collected using a ship-mounted 

sediment echosounder Innomar SES2000 medium-100 model with an acoustic power greater than 247 dB (~5.5 

kW). Differential Global Positioning System data were also obtained along each of the SES track lines. The SES 

data provide a very high resolution of the uppermost 15-20 m below the sea floor. The SES2000 is a parametric 

echo sounder system in which signals of new frequencies are created by the interaction of two transmitted signals 

of different frequencies owing to non-linearities in the sound propagation. On board of the research vessel Heincke 

used during the HE499 expedition, the adopted SES2000 medium-100 model was operated in multi-frequency 

mode and secondary frequencies of 4 kHz, 8 kHz and 12 kHz were generated at alternate times. The acquired 

acoustic data were digitally converted to the standard SEGY data format using the SesConvert tool and merged 

with differential GPS navigation. A total of 116 east-west profiles in a north-south progression which are between 

200 m to 250 m apart were acquired and due to extreme bad wave and weather conditions at the time of the survey, 

north-south profiles and sediment cores required for ground truthing were not collected. About 80 SES profiles 

acquired during the HE403 expedition in 2013 were also made available for this study. These profiles were 

acquired in a similar manner as those from the HE499 expedition. 
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The Boomer data from the industrial survey were obtained using a single-channel seismic system operated using 

an energy of 200 J and a 3 m single-channel streamer with 8 hydrophones. The Boomer data produced a high-

resolution image of the upper 15-30 m with a very high vertical resolution of about 20-50 cm. The data which 

were acquired in both the north-south and east-west directions were recorded using the NWC software (Nautik 

Nord GmbH) with a shot rate of 3.5 shots per second and a 16-bit resolution. A grid comprising of about 184 

seismic profiles with a mesh width of approximately 200 m was acquired in total. Conventional seismic processing 

procedures were carried out specifically to meet the needs of high-resolution shallow-water seismic data with 

special emphasis on water-column static correction. Where applicable, water-column height variations caused by 

tides, weather and current were accounted for using procedures outlined by Abegunrin et al. (2020) prior to 

interpretation. 

The processed data sets were then interpreted in a standard workstation. The seismic data were analyzed using the 

IHS Kingdom Advanced software for conventional seismic and stratigraphic interpretations. Key stratigraphic 

surfaces were identified based on detailed information observed from seismic sections which are marked by 

changes in impedance contrast. The identified surfaces were then mapped across the survey area based on 

amplitude strength, character and continuity. Channels and other seismic scale structures defined on the seismic 

sections were also identified and mapped. Due to the different acquisition parameters and degree of resolution, the 

SES data was gridded using the cubic spline gridding algorithm while the Boomer data was gridded using the flex 

gridding algorithm. The identified seismo-stratigraphical units and structures were then tied to core samples at 

core sites by linearly converting the two-way travel time to depth based on an average sound velocity of 1550 m/s, 

a value fitting well for the uppermost 50 m below the sea floor based on previous studies (Winsemann et al., 2020; 

Lutz et al., 2009; Hanno Keil, personal communication, February, 2021). This enables a direct integration of 

seismic and core data in ascertaining and correlating boundaries and lithology with seismo-stratigraphical units 

and structures. Channel sinuosity was obtained by taking the ratio of the length of the channel and the straight-line 

distance between the end points of the selected channel reach. The gradient was calculated by dividing the vertical 

difference in the depth of the channel base between two points by its horizontal distance. 

4.2.1.2. Core Data 

Sediment cores from commercial surveys carried out in 2009 within the vicinity of the seismic profiles using ship 

based rotary flush drilling and jack-up based high-quality percussion drilling, both with > 90% recovery, were 

made available for this study. Due to commercial restrictions, the cores selected for this study are coded 09-5 and 

09-6 (Fig. 4.2b) and their exact locations are not provided in this study. The cores are recovered from water depths 
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between 28.7 and 31.1 m. The University of Bremen operated Geo-corer 6000 system with a barrel length of 5.80 

m yielded sediment cores with a recovery rate between 85% and 97% for all encountered lithologies. The cores, 

either recovered in whole or segmented into 1 m sections, were immediately opened, photographed, visually 

described and documented on board and later further characterized in onshore laboratories. The core description 

includes but it is not limited to information on colour, lithology, sedimentary structures, grain size, bulk density 

and carbonate content.  

Data integration was employed in defining the overall course of both the glacial and post glacial structures together 

with their relative age, morphological relationships and systematic infill stratigraphy. 

4.3. Results 

4.3.1. The Palaeo-Ems: An overview and infill stratigraphy 

An overview of the Palaeo-Ems along its flow direction (downstream) is here presented. The northern course of 

the documented Palaeo-Ems river, west of the EPV (Fig. 4.2b), as well as the southern course towards the coast 

are hereafter referred to as the northern and southern extensions respectively. Within the southern extension, the 

southernmost area (about 20 km north of the Juist Island) was characterized by intense erosional activities and all 

the seismic profiles from this area are mostly featureless. From about 20 km north of the Juist Island, the Palaeo-

Ems was identified and the overall mapped course span over 100 km in length (Fig. 4.4a). This channel course 

which runs from south to north was mapped on seismic profiles over an area of about 1800 km2. The mapped 

course of the Palaeo-Ems channel presented in Fig. 4.4a depicts the last open phase of the river which was filled 

during subsequent marine transgression. 

The channel has a sinuosity ratio of about 2.2 and shows evidence of lateral migration which resulted in abandoned 

courses over time (Fig. 4.4a). Fig. 4.5 depicts a gradient plot obtained from the depth of the deepest point of the 

seismically resolved base of the channel across profiles. From this plot, it was possible to deduce the trend and 

gradient of the channel in a south-north progression. The channel has a shallow gradient and dips gently at about 

25 km (gradient of about 0.04%) before flattening out at about 37 km (Fig. 4.5). In the northern extension, the 

Palaeo-Ems can be sub-divided into two major pathways (P1 and P2), each subsequently sub-divided into at least 

three (P1) and two (P2) sub-paths (Fig. 4.4a). The major pathway P1 (black stars) appeared to be stratigraphically 

deeper than the major pathway P2 (green stars) as seen in Fig. 4.5. On seismic sections, the Palaeo-Ems was 

mapped as an asymmetrical channel characterized by both gentle and steep sides in areas where the seismic profiles 

cut its course perpendicularly (Figs. 4.6b and c). The channel width increases from about 1100 m to about 1700 m 

in a south-north progression. However, as seen in Fig. 4.6d, the width especially within the southern extension 

could be less than 300 m due to the effects of subsequent erosion. 
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Fig. 4.4. Seismic interpretation of the Palaeo-Ems River (a), buried tunnel valley (b) and straight river channel 
systems (c).   Note: The black arrow in Fig. 4.4a_i depicts the limits of the Boomer data from the SES data and 
both data are gridded using different gridding algorithms. Figs. 4.4a_i, b_i, c_i and Figs. 4.4a_ii, b_ii, c_ii represent 
gridded sections and gridded sections with interpretations respectively. 

 

 

Fig. 4.5. Approximate base of the Palaeo-Ems channel mapped along the black line in Fig. 4.4 a_ii as well as the 
base of the LU unit of the EPV (see Fig. 4.8). Blue = Base of the Palaeo-Ems along the meandering course; Black 
= Base of the Palaeo-Ems along sub pathway 1; Green = Base of the Palaeo-Ems along sub pathway 2; Yellow = 
Base of the upper LU2 unit; Purple = Inclined base of the dipping LU1 unit. The star symbols depict estimated 
depth from SES profiles while the circle symbols depict estimated depth from Boomer profiles. Note: The purple 
vertical lines represent ranges while the circles denote mean values. The base of the channel was better imaged 
from the Boomer profiles due to lower frequency and deeper penetration depth. 
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Fig. 4.6. Representative seismic sections showing the identified structures and their inter relationships within the 
study area (see the brown solid lines in Fig. 4.2b for location of all the seismic sections). Note: The purple colour: 
Buried tunnel valley, green colour: shallow depression structure, red colour: Palaeo-Ems, blue colour: straight 
river channel, black and yellow lines are the key seismic reflectors. R represents major seismo-stratigraphic 
surfaces and SF is sea floor. 

 

Seismic facies analyses of the Palaeo-Ems infill show a minimum of a two-phase infill characterized by high-

amplitude and continuous reflectors compared to the substrate in which the valley incised. The infill reflectors are 

undisturbed and parallel to each other (Figs. 4.6b, c and d). In some areas, the uppermost infill of the channel 

shows a characteristic secondary incision by younger structures (Fig. 4.6c). Based on the resolution of the seismic 

data, four seismo-stratigraphical units (Unit II, III, IV, V) were deduced from the base of the channel to the sea 

floor, while Unit I underlies the base of the channel (Fig. 4.7). In chronological order, Unit I which is characterized 

by low-amplitude and discontinuous reflectors corresponds to fine- to medium-grained sand. Unit II, which is 

defined by medium- to high-amplitude, semi-continuous to continuous reflectors, is composed of peat with some 

intercalated sand layers. Unit III is defined by medium-amplitude, continuous reflectors with a combined lithology 

of both silt and fine sand. Unit IV is predominantly fine sand seen on seismic sections as medium amplitude, semi 

continuous to continuous reflectors. Unit VI is characterized by high-amplitude, continuous reflectors and the 

lithology of this unit is fine sand with some pockets of medium-grained sand (Fig. 4.7). 

4.3.2. Other identified structures and their seismo-stratigraphic infill  

Within the study area, the Palaeo-Ems is accompanied by older and younger geological structures. These structures 

were mapped and described in order to avoid misinterpretation and false mapping which is typical in areas with 

complex generations of geologic structures. 
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Fig. 4.7. Boomer profile M273 showing the super-imposition of core description on seimo-stratigraphic 
interpretation (see the brown solid line and green star in Fig. 4.2b for location of the seismic section and core site 
respectively). R represents major seismo-stratigraphic surfaces and SF is the sea floor. 

 

The identified structures include buried tunnel valleys, shallow depression structure and straight channel 

structures. These structures as well as their seismo-stratigraphy are shown in Figs. 4.4b-c and Fig. 4.6. All 

identified structures are completely buried with no expression on the modern sea-floor. The oldest mapped 

geologic structures within the study area are the buried tunnel valleys which are characterized by steep dipping 

flanks and are more V-shaped. Two prominent generations of these buried tunnel valleys trending approximately 

in a NE-SW and NNW-SSE direction were identified (Fig. 4.4b). The seismic expressions of the valleys are 

depicted in Figs. 4.6b, d, e and f. The NE-SW valley is larger in size than the NNW-SSE valley. Furthermore, the 

NNW-SSE valley shows a cross-cutting relationship with the uppermost part of the NE-SW valley as seen in Fig. 

4.6f. The NE-SW valley has a width of up to 800 m and a length of about 2.5 km while the NNW-SSE valley has 

an approximate mapped length of about 7.8 km and a width of about 300 m. The width and thickness of the NNW-

SSE valley infill progressively become smaller from north to south (Figs. 4.4b and 4.6f). While the NE-SW valley 

was captured within the southernmost part of the study area at a depth below sea level of about 20 m, the NNW-

SSE valley transcends the study area in an approximate north – south direction with an approximate depth below 

sea level of about 12 m in the south to more than 25 m further north. These depth values are based on the seismically 

resolved base of each of the valley generations and both valley generations extend beyond the area mapped in this 

study. In some areas, the NNW-SSE buried tunnel valley shows evidence of an incision by the Palaeo-Ems (Fig. 

4.6b). Seismic facies analyses of the internal reflector pattern of the buried glacial valleys as seen in Figs. 4.6b, d, 

e and f revealed steeply inclined moderate-amplitude, semi-continuous to discontinuous reflectors.  
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Furthermore, west of the Palaeo-Ems, a shallow depression structure was identified as an adjoining structure to 

the Palaeo-Ems (green line in Figs. 4.6b, c and e) and also as a discrete structure (green line in Fig. 4.6a). Both 

forms of this structure have the same approximate erosive depth, architecture and infill patterns (Figs. 4.6a, b, c 

and e). Where the structure is well developed (Fig. 4.6a), the infill is defined by high-amplitude, continuous 

reflectors at the base overlain by a characteristic low- to medium-amplitude, semi-continuous to continuous 

reflectors. This structure has a cutting depth of about 15 m. 

In addition, straight channel structures with a general NW – SE trend are also identified and mapped across the 

study area (Figs. 4.4c and 4.6c, e). In most cases, the course of these structures occurred as discrete channels while 

in some areas, they incised the upper parts of older structures such as the Palaeo-Ems (Figs. 4.6c and e). Where 

the straight channel structure is well developed, its infill reflectors displays a characteristic dip (Fig. 4.6e). The 

typical internal pattern of the its infill is a transparent unit defined by low amplitude, continuous and sometimes 

dipping internal reflectors (Fig. 4.6e). 

4.3.3. The Palaeo-Ems/Elbe Palaeovalley stratigraphic relationship 

For the first time, the Palaeo-Ems was also analysed in detail with respect to its spatial and temporal relationships 

with the Elbe Palaeovalley (EPV). The Palaeo-Ems constitutes one of the major tributaries towards the 

southwestern part of the EPV (Fig. 4.2b) where it fans out into two major and at least five minor pathways (Fig. 

4.4a). Özmaral et al. (2022) and Papenmeier and Hass (2020) gave a comprehensive seismo-stratigraphic 

classification of the EPV infill. The Özmaral et al. (2022) classification sub-divided the EPV infill into 5 major 

intervals as shown in Fig. 4.3. These intervals from old to young are named Incised channel infills (FU), 

Transparent lenses (LU), Oblique Unit (OU), Sigmoid Unit (SU) and Transparent Unit (TU). The EPV incised 

older Pleistocene sediments denoted as BU. The LU units occurred as an in-channel aggradation in which two 

forms were identified: an inclined or dipping LU1 unit and an upper or shallower LU2 unit (Özmaral et al., 2022). 

Detailed seismo-stratigraphic interpretation of profiles within the study area identified units belonging to the LU2 

unit of Özmaral et al. (2022) classification (Fig. 4.8). The acoustic units of the LU2 infill within the study area are 

defined by medium-amplitude, semi-continuous reflectors at the base overlain by a thin acoustically transparent 

interval. The upper boundary is represented by low-amplitude, semi-continuous reflectors (Fig. 4.8). The LU2 of 

Özmaral et al. (2022) and that identified in this study show consistency in terms of geometry, depth of occurrence 

and seismic facies characteristics (Figs. 4.3 and 4.8). On low-noise sections, the base of both the Palaeo-Ems and 

LU2 unit of the EPV are inseparable and their infills form a continuous unified depositional system (Fig. 4.8). 
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Fig. 4.8. Palaeo-Ems/Elbe Palaeovalley morphological relationship. R represents major seismo-stratigraphic 
surfaces and SF is sea floor. See the brown solid line (Profile 101) in Fig. 4.2b for location of the seismic sections. 

 

The base of LU2 unit was also observed to be steeper than the base of Palaeo-Ems (Fig. 4.5). On some of the 

interpreted profiles, the Palaeo-Ems and the LU2 unit are directly overlain by the Transparent Unit (TU) (Fig. 4.8).  

4.3.4. The Palaeo-Ems: Relationship with all identified geological structures 

The spatial and stratigraphic relationship of the Palaeo-Ems with other identified structures within the study area 

is shown in Figs. 4.9 and 4.10 respectively. As seen in Fig. 4.9 (insert figure), younger structures show evidence 

of re-use of older structure’s pathways. The Palaeo-Ems transcends parts of NNW-SSE valley while the straight 

structures incised parts of the older structures (Fig. 4.9). The oldest identified structures are the buried tunnel 

valleys bounded by seismic reflectors R1 and R3_1 (Fig. 4.10). This was followed by the infill unit of the shallow 

depression structure defined by reflectors R2_1/R2_2 and R3_1/R4. Next is the Palaeo-Ems channel (base reflector 

R3_1) which incised these earlier formed structures. As seen in Fig. 4.6b, the Palaeo-Ems incised the eastern part 

of the shallow depression structure. The Palaeo-Ems also incised more than 15 m of the NNW-SSE buried tunnel 

valley (Fig. 4.10) over an approximate length of about 4 km (Fig. 4.9). Reflector R3_2 marks the base of LU2 unit 

of the EPV and it is also a time equivalent with reflector R3_1. Evidences for this include similar age date, infill 

lithology and depositional settings (Table 4.1). Reflector R4 is a key stratigraphic surface representing a period of 

non-deposition/erosion that separate older structures from younger ones (Fig. 4.10). The top of LU2 unit is 

bounded by reflector R5 which also marks the base of the straight channel structure networks that sometimes 

incised the Palaeo-Ems (Figs 4.9 and 4.10). The straight channel structures as seen in Fig. 4.9 run roughly parallel 

to each other. All identified structures are overlain by laterally deposited units bounded by reflectors R4/R6, R5/R6 

and R6/SF respectively. 
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Fig. 4.9. Spatial relationship between the identified geological structures within the study area. 

 

 

Fig. 4.10. 2D model showing the stratigraphic overview of various structures within the study area based on 
seismic sections presented in Figs 4.5 and 4.8.  

 

Table 4.1. Classification of the Palaeo-Ems/Elbe Palaeovalley stratigraphic infill relationship 

 

* Age date was obtained from the basal peat; LGM: Last Glacial Maximum; R: Major seismic reflectors; SF: Sea 
floor 
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The sea floor (SF) consistently dips northward with depth to seafloor ranging from less than 15 m in the south to 

more than 35 m in the north. 

4.4. Discussion 

As revealed in Fig. 4.2b, Hepp et al. (2017; 2019) already described a part of the Palaeo-Ems course in terms of 

seismo-stratigraphy and sedimentology. The overall seismo-acoustic, sedimentologic characteristics and 

morphological relationships of the Palaeo-Ems in relation to other identified geologic structures within the study 

area are herein discussed.  

The Palaeo-Ems is present as a buried meandering channel with no morphological expression on the modern sea 

floor. The meandering nature of the valley was attributed to low velocity of the flowing river, lithological 

composition and the shallow south-north gradient. The base of the Palaeo-Ems channel as imaged from high-

resolution Boomer profiles corresponds to Unit II (Fig. 4.7) and it is made up of peat layers. All core samples taken 

along the channel course described by Hepp et al. (2017) penetrated the basal peat with an age of about 9-11 cal 

ka BP (Hepp et al., 2019; Table 4.1).  Typically, the basal peat is overlain by clay, silty clay and sand of varying 

thickness denoted by units III, IV and V. A 10-20 cm shell agglomerate was also identified between units IV and 

V at some locations by Hepp et al. (2019). This valley infill was deposited in an environment that changed from 

freshwater to brackish and finally to marine conditions over a period of about 200 years as a result of a rapid rise 

(~2.5 m) in sea level during the early Holocene (Hepp et al. 2019). In general, the Palaeo-Ems channel incised 

sub-strata Pleistocene glacial and glacio-fluvial sediments/structures (Unit I). 

The conceptual model presented in Fig. 4.10 depicts the stratigraphic relationships between the various structures 

within the study area. The Palaeo-Ems occurred in close relationship with other geological structures (Fig. 4.10) 

and these inter-relationships are also depicted in Fig. 4.9 (see Fig. 4.6 for seismic expressions). The oldest 

identified structures are the buried tunnel valleys (Figs. 4.6b, d, e and f) in which two generations with NE-SW 

and NNW-SSE orientations were mapped (Figs. 4.6f and 4.8). The widths and thicknesses of the buried tunnel 

valleys, which became progressively smaller in the southern part of the study area, were attributed to subsequent 

erosional processes. These buried tunnel valleys are bounded by seismic reflectors R1 and R3_1 (Fig. 4.10) and 

are comparable in size, length, orientation and morphology to other Pleistocene buried tunnel valleys mapped and 

described by Lohrberg et al. (2020); Stewart et al. (2013) and Lutz et al. (2009) in the southern North Sea and 

adjacent areas. The buried tunnel valleys are composed of mainly glacio-fluvial sands (Coughlan et al., 2018; 

Hepp et al., 2012) and incised into Neogene and late Palaeogene sediments (Lohrberg et al., 2020; Winsemann et 

al., 2020). While the exact processes responsible for the origin and formation of these tunnel valleys, which are 

widespread in the North Sea and northern Europe, remains contentious in literature (Winsemann et al., 2020; van 
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der Vegt et al., 2012; Huuse and Lykke-Andersen, 2000; O’Cofaigh, 1996), they are generally believed to occur 

roughly parallel to the direction of ice flow and serve as key conduits for meltwater discharge underneath the 

continental ice sheets (Özmaral et al., 2022; Stewart et al., 2013). The Palaeo-Ems incised about 15 m into the 

buried tunnel valleys emphasizing a younger age for the Palaeo-Ems. Furthermore, as shown in Fig. 4.9, the 

Palaeo-Ems shows evidence of re-use of the older buried tunnel valley pathways in some parts. Such re-use of 

older structures by younger glacial valleys or rivers which are usually expressed on seismic sections as complex 

valley infill architecture of multiple cut and fill structures are well documented in the North Sea (Prins and 

Andresen, 2019; Stewart et al., 2013; Lutz et al., 2009 amongst others). The low gradient of the Palaeo-Ems 

channel suggests a low velocity for the river with a moderate discharge. Further northwest of the Palaeo-Ems area, 

similar fluvial structures are known from the western part of the Dogger Bank as well as the north-eastern part of 

the EPV (Emery et al., 2020; Hepp et al., 2017; Fitch et al., 2005). These structures exhibit close morphological 

similarities and time of development as the Palaeo-Ems. However, the advancing sea level of the North Sea 

resulted in an earlier drowning of these more northern river systems. 

West of the Palaeo-Ems channel, another shallow depression structure was identified and mapped. This structure 

was referred to as lacustrine deposits owned to its characteristic architectural pattern and the near-horizontal 

seismic reflectors of its infill (Fig. 4.6a). The characteristic laterally stratified sediment successions of this structure 

as seen on seismic sections are similar to those of the late Weichselian ice-dammed lake identified north of the 

study area around the Dogger Bank area (Hjelstuen et al. 2018; Emery et al., 2019; Özmaral 2017; Fig. 4.9). These 

lacustrine deposits are thus interpreted to be relicts of these late Weichselian ice-dammed lake which are believed 

to be present in the North Sea. The lacustrine deposits in this study occurred in two forms: as a discrete structure 

(Fig. 4.6a) and as an adjoining structure to the Palaeo-Ems (Figs. 4.6b, c and e). The discrete form is bounded 

below and above by reflectors R2_2 and R5 respectively while the adjoining structure was bounded by R2_1 and 

R3_1/R4 reflectors (Fig. 4.10). The composition of this structure was inferred from those of the pro-glacial lakes 

has been composed of sandy materials mixed with some fine sediments (clay/silt) (Hartmut Heinrich, personal 

communication, March 3, 2022; Özmaral 2017). Careful examination of the margin of the adjoining structure 

revealed that the Palaeo-Ems cuts the eastern side of this structure (Fig. 4.6b and c). This again shows that the 

Palaeo-Ems channel is younger than the lacustrine deposits. The Palaeo-Ems itself is bounded by reflectors R3_1 

and R4 (Fig. 4.10). Seismic facies analyses of the channel infill revealed a minimum of a two-phase infill made 

up of peat-clay/silt sequences (Figs 4.6b; Hepp et al., 2019). Reflector R4 is a key stratigraphic surface representing 

a period of erosion and/or non-deposition (hiatus). This was followed by incisions of straight structures interpreted 
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as more recent fluvial river channel networks inferred to be infilled with sand and/or a mixture of sand and silt. In 

fact, the uppermost infill of the Palaeo-Ems as well as parts of the buried tunnel valleys were all incised by these 

fluvial river channels (Figs. 4.6c, e and 4.8). This indicates that the fluvial river channels are younger than the 

buried tunnel valleys, lacustrine deposits and the Palaeo-Ems channel which are also present within the study area. 

The fluvial river channels also occur as discrete structures with a general NW-SE trend (Fig. 4.9). This was 

followed by laterally deposited fine sand and silt separated from the overlying fine to medium mobile sand by 

reflector R6. This mobile sand is widely distributed throughout the North Sea (Zeiler et al., 2000) and are referred 

to as the Upper Marine Formation by Coughlan et al., 2018 (Fig. 4.1).  

Although studies by Özmaral et al. (2022) and Papenmeier and Hass (2020) detailed the evolution and stratigraphic 

infill of the EPV, this study for the first-time shed light on the Palaeo-Ems/EPV morphologic and stratigraphic 

relationship. The EPV, a now mostly buried geomorphological shallow trough, was the main drainage pathway 

for meltwater from the southern margin of the Scandinavian ice sheet as well as rivers draining the North European 

plain (Papenmeier and Hass, 2020; Özmaral et al., 2022; Figge 1983). The Palaeo-Ems on the other hand has been 

shown to be one of the major tributaries of this approximately 210 km long EPV situated in the southeastern North 

Sea (Hepp et al., 2017). While the Palaeo-Ems played a major role in the drainage network of the hinterland areas, 

its drainage pathways and morpho-stratigraphic relationship at the western margin of the EPV remained unknown. 

Based on this study, a detailed interpretation of high-resolution seismic profiles west of the EPV revealed that the 

Palaeo-Ems spatially sub-divided into two major pathways (P1 and P2) with each pathway branching out into 

smaller paths as it approaches the western rim of the EPV (Fig. 4.4a).  

While the EPV itself is older than the Palaeo-Ems, detailed seismic analysis at the western margin of the EPV 

revealed that the Palaeo-Ems formed a unified depositional system with the EPV. In fact, the early infill sequence 

of the Palaeo-Ems was observed to coalesce with the LU unit of the Özmaral et al. (2022) EPV classification. 

Sediment cores revealed the presence of peat layers at the base of the Palaeo-Ems (Fig. 4.7) and LU2 unit (Özmaral 

et al., 2022) which are deposited in a wetland setting. Age dates by Hepp et al., 2019 and Özmaral et al. (2022) 

on these basal peats revealed similar ages in the range of 9.6 to 11.5 cal ka BP (Table 4.1). These similar ages 

corroborate the assumption that both the Palaeo-Ems and LU unit are contemporaneous. In addition, the similar 

infill lithology of silty clay and/or clayey silt and sand also points toward a simultaneous deposition (Table 4.1). 

This implies that the Palaeo-Ems constitutes not only part of the palaeo-drainage system that emptied into the EPV 

but also contributes to the shaping of the second phase (LU unit) of the EPV evolution at the earliest.  
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The Palaeo-Ems/EPV relationship can thus be explained by understanding their infill history and morphological 

patterns. The first phase of the EPV formation which is represented by the FU unit (Fig. 4.3; Özmaral et al., 2022) 

is a classic ice marginal valley infill formed as a result of water collected from the retreating ice. This FU unit 

formed a braided river system at the base of the EPV during periods of low sea level (Özmaral et al., 2022). Post-

glacial sea-level rise led to a retreat in coastline and in-channel aggradation observed as LU unit by Özmaral et al. 

(2022). In-channel aggradation as a result of sea-level rise (Martin et al., 2009; Törnqvist 1994) can result in super-

elevation of flowing river relative to the surrounding floodplain (Mohrig et al., 2000; Slingerland and Smith, 2004). 

The EPV drainage thus adapted to the new hydrodynamic regime during the post-glacial sea-level rise and 

maintained elevation relative to the sea-level (Özmaral et al., 2022). This possibly prompted the Palaeo-Ems river 

to change its course to different channels as observed at the western flank of the EPV (Fig. 4.4a_ii). As seen in 

Fig. 4.4a_ii, the different Palaeo-Ems pathways were attributed to hampering in its flow path leading to the 

development of a deltaic situation west of the EPV. This Palaeo-Ems delta formation is evident in the near-zero 

gradient seen on the gradient plot of the sub pathways (green and black symbols in Fig. 4.5). Morphological 

terraces initiated during the incision stage of the EPV are accompanied by valley widening during the subsequent 

valley infill stages (Özmaral et al., 2022). Such back-cutting and widening of the EPV are believed to be 

responsible for the subsequent capture of the Palaeo-Ems river by the EPV with the infill of the Palaeo-Ems 

corresponding with the last phase of LU unit (LU2) of Özmaral et al. (2022) classification. The steeper gradient 

of LU (yellow and purple symbols in Fig. 4.5) compared to that of the Palaeo-Ems is also believed to be as a result 

of the back-cutting and widening of the EPV. The infill of both the Palaeo-Ems and LU unit represents a last stage 

deposition prior to a full marine condition thus indicating a relatively young age for the joining event. Both the 

EPV and Palaeo-Ems systems were later drowned as a result of the fast-rising sea level overwhelming the 

adaptation capabilities of the joint system. 

4.5. Conclusion 

This study provides a new insight into the overall course of the Palaeo-Ems river as well as its stratigraphic 

relationship with other geologic structures particularly the EPV, using high-resolution seismic profiles. The overall 

morphology of the Palaeo-Ems was dictated by the topography of the area, underlying structures, intensity of 

fluvial activities and most of all, the sea-level rise as well as the relative timing of these events. In a south-north 

progression, the Palaeo-Ems occurred in most parts as a meandering river and became more linear towards the 

western margin of the southern part of the EPV. Over the course of its length, the river showed various abandoned 

pathways which supported intense fluvial activities at the time of formation. In addition, the Palaeo-Ems incised 

and re-used the pathway of the older Pleistocene structure in some areas. At the western margin of the southern 
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EPV, the river branched into two major and at least five minor sub-paths forming a large delta. It was deduced, 

based on available data for this study, that the younger Palaeo-Ems connected to the older pre-existing EPV 

structure and formed a unified system with the last stage of the EPV LU interval (LU2). This indicates that the 

Palaeo-Ems played a key role in shaping the early phases of the EPV evolution. Other mappable geologic structures 

include buried tunnel valleys, lacustrine deposits and fluvial river channels. In terms of its stratigraphic infill, the 

Palaeo-Ems is made up of a polyphased peat and clay/silt sequence. Above this Palaeo-Ems infill are laterally 

deposited silt and fine sand which are subsequently overlain by the fine- to medium-grained mobile sands of the 

Upper Marine Formation. 

The relatively low gradient of the Palaeo-Ems was considered as the key factor responsible for its drowning as the 

river was unable to adjust to the prevailing rapid rise in sea-level which completely flooded the palaeo-landscape 

before 8.2 cal ka BP. Nevertheless, the Palaeo-Ems, a drowned predecessor of the modern Ems River, played a 

major role in the palaeo-drainage network of the hinterland areas and constituted one of the major tributaries in 

the southern part of the EPV. Together with other tributaries of the EPV, the Palaeo-Ems formed part of the 

drainage system that developed in the area since the Last Glacial Maximum and it is also significant to the early 

Holocene coastal landscape development of the German North Sea sector.  
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Chapter 5 

Stratigraphic and geotechnical characterization of regionally extensive and highly competent shallow sand 

units in the southern North Sea 

MATTHIAS FLEISCHER, AYOBAMI ABEGUNRIN, DANIEL A. HEPP, STEFAN KREITER, MARK 

COUGHLAN AND TOBIAS MÖRZ 

FLEISCHER, M., ABEGUNRIN, A., HEPP, D. A., KREITER, S., COUGHLAN, M. & MÖRZ, T.: Stratigraphic 

and geotechnical characterization of regionally extensive and highly competent shallow sand units in the southern 

North Sea. Boreas. https://doi.org/10.1111/bor.12595, ISSN 0300-9483. 

A detailed stratigraphic and geotechnical investigation of the uppermost 50 m below the sea floor was carried out 

for parts of the German North Sea sector using combined information from shallow seismic reflection surveys, 50-

m long sediment cores and cone penetration tests covering an area of ~150 km². While most recent studies 

concentrate on unusual features such as buried tunnel- or river-valleys, this study focused on the less well 

understood, regionally dominant sand units deposited after the retreat of the last glaciers in this region. We 

identified two sandy units which dominate the late- to post-Saalian geology: (i) the Upper Fluvial Member, 

believed to be derived from deposition of the Weser, Ems and Elbe palaeo-rivers as well as other tributaries of the 

Elbe Palaeovalley in the northeast during the Saalian and (ii) the Aeolian Member, which correlates with 

periglacial deposits of Weichselian age. Additionally, a Saalian Buried Valley Member believed to comprise 

fluvial deposit was also identified. Key stratigraphic units within the uppermost 50 m below the sea floor were 

also identified and mapped. Detailed geotechnical properties were obtained for each of the individual stratigraphic 

units. The regional extent of the Aeolian and Upper Fluvial Members were documented in the region west of the 

Elbe Palaeovalley and south of the Dogger Bank where their geotechnical properties are important for foundation 

design. In conclusion, the study complements the established regional geotechno-stratigraphy and offers new and 

detailed public accessible information beneficial for offshore wind farm development within the region. 
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5.1. Introduction 

The German sector of the North Sea is an area of active and intense wind farm construction and other commercial 

activities (Corbetta & Mbistrova 2015; Rodrigues et al. 2015; WindEurope 2018; Federal Maritime and 

Hydrographic Agency (BSH) 2021; Schupp et al. 2021). The present-day sea floor is the focus of a wealth of partly 

overlapping economic activities such as laying of submarine cables and pipelines, offshore sand mining, wind 

farm and hydrocarbon engineering installations, fish/sea farming, global transport as well as increasing natural 

protection areas (Hepp et al. 2017). Consistent wind yields coupled with improved technical know-how of 

foundation deployment has led to continued wind farm exploration activities. Wind turbines and associated 

transformation and installation infrastructure require a secure foundation on the seafloor. As a result, over the last 

20 years, the uppermost 50 – 100 m of the sub-surface in the German North Sea sector has been the subject of 

extensive site specific geotechnical soil investigations for foundation design, installation risk mitigation and cable 

routing (Weihrauch et al. 2009; BSH 2021). The extensive data gained from these geotechnical site investigations 

aid geological research dealing with identification and correlation of stratigraphic units throughout the North Sea. 

In return, the wealth of obtained data has helped unravel a detailed knowledge and broader understanding of the 

three-dimensional regional sub-surface geology of the uppermost 50 – 100 m within the German North Sea sector 

(Coughlan et al. 2018; Lohrberg et al. 2020; Winsemann et al. 2020; Özmaral et al. 2022) which is crucial for 

future exploration of individual wind farms during the early stages of sub-surface investigation (Bot et al. 2005).  

The Quaternary geology of the North Sea is complex and lithologically heterogeneous due to re-occurrence of 

multiple ice-sheet advances during the major glaciations of Elsterian, Saalian and Weichselian and multiple marine 

transgressions during the Holsteinian, Eemian and Holocene (Caston 1979; Long et al. 1988; Cameron et al. 1989; 

Ehlers 1990; Carr 2004; Streif 2004; Lutz et al. 2009; Graham et al. 2011). Despite this very variable depositional 

environment, Quaternary sub-soil models of the North Sea show horizontally extensive and regionally distributed 

sand units that were deposited after the early Saalian glacial ice advance (Sindowski 1970; Laban 1995; Rijsdijk 

et al. 2005; Coughlan et al. 2018; BSH 2021, Prins & Andresen 2021; Schaumann et al. 2021), the last known 

glacial ice advance to have reached this area prior to the Holocene inundation (Ehlers 1990). In the Dutch North 

Sea sector, Rijsdijk et al. (2005) distinguishes five large sandy formations of different geological settings using an 

integrated lithostratigraphic, seismostratigraphic and allostratigraphic approach as well as bounding 

discontinuities. However, despite being also readily identifiable in the German North Sea, the geology, origin and 

succession of these identifiable regional sand units is poorly understood. Coughlan et al. (2018) described about 

22 m of this sand package (Upper Sands Formation) within the German North Sea sector (Fig. 5.1) which was 
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earlier grouped with the Limnic Fluvial Layer (Sindowski 1970). Also, BSH (2021) recognised this Upper Sands 

Formation of Coughlan et al. (2018) as Unit Ib. 

From a civil engineering perspective, the geotechnical properties of this uppermost competent sand are highly 

relevant for wind turbine foundation design, installation and cable routing since the uppermost soil package has a 

significant influence on most foundation designs (Wiemann et al. 2002; Hinz et al. 2007; Wedel-Heinen et al. 

2007; Germanischer Lloyd 2012; API RP 2A-WSD 2014; BSH 2014). Different kinds of foundations for which 

this soil package is important are presented as an example in Fig. 5.1. Note that ‘soil’ is used here strictly in the 

geotechnical sense synonymously with the term ‘unlithified sediment’. Developing a plan for wind turbine 

foundations requires geotechnical design parameters for every geological unit in the influenced sub-surface.   

The most common geotechnical design parameters used in these standards for foundation design are relative 

density, unit weight, cohesion, undrained shear strength, uniaxial constrained modulus and carbonate content. 

Some geotechnical parameters gained from grain size analysis, hand penetrometer tests on core material and cone 

penetration tests (CPT) are publicly available for parts of the German North Sea sector from the project 

‘Geopotenzial Deutsche Nordsee (GPDN)’ (http://www.gpdn.de; Naumann et al. 2013; Schnabel et al. 2014). 

Naumann et al. (2013) and Schnabel et al. (2014) provided a basic sub-division of the sandy sub-soil in the 

documented areas based on geotechnical information, cores and seismic sections. Furthermore, the BSH recently 

compiled a geotechnical and geological model database for some part of the wind farm areas within the German 

North Sea sector (BSH 2021). However, a standardized regional stratigraphy with common geotechnical design 

parameters for each unit has not been established.  

The overall stratigraphic framework of the present study area has been jointly revised with Coughlan et al. (2018). 

This present study thus builds on this established stratigraphic framework of Coughlan et al. (2018) by detailing 

the Saalian to Weichselian stratigraphy of a very well-studied wind farm area in the German North Sea sector 

using an integrated seismo- and litho-stratigraphic approach with emphasis on geotechnical relevant properties. It 

hence gives a detailed compilation of the geotechnical parameters for each of the identified stratum. High 

resolution seismic data detailing the uppermost 20 m below seafloor (m b.s.f.), lithological core information, in-

situ CPT data and laboratory geotechnical parameters are the basis of this study. Geotechnical design parameters 

derived from CPT and laboratory tests for all units in the uppermost 50 m b.s.f. garnered from this study 

complement and detail the work recently published by Coughlan et al. (2018) and BSH (2021). 
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Fig. 5.1. Schematic overview of the stratigraphy and unit nomenclature in the study area, modified after Coughlan 
et al. (2018), see same for detailed description of units. The newly identified sub-units IVa/IVb and Unit IVc in 
this study are emphasized with red and purple shading, respectively. Superimposed are the different foundation 
types for offshore wind turbines: (A) Monopile, (B) Suction Bucket, (C) Gravity-based and (D) Tripod or 
Quadropod foundation. 
  

By integrating the findings from this study with literature from the neighbouring North Sea sectors (e.g. Andresen 

et al. 2022), the results of this study are representative for a wider area within the North Sea and therefore offer 

new insights into the regional stratigraphy as well as new early planning opportunities for future offshore wind 

farm development within the region.  

5.2. Study area 

The study area comprises an area of approximately 150 km² of the southeastern German North Sea and it is situated 

about 40 km north of the Frisian Island Juist and west of the Elbe Palaeovalley (Fig. 5.2A). The Elbe Palaeovalley 

is a geomorphological shallow trough that transcend the entire German North Sea sector (Figge 1983; Papenmeier 

& Hass, 2020; Özmaral et al. 2022; Fig. 5.2A). Over the course of the Quaternary period, the depositional regime 

in the study area was subjected to different environmental conditions and processes linked to glaciations as well 

as sea level variations. Three widespread glaciation episodes, each characterized by multiple ice advances, have 

been identified in the North Sea and while the Elsterian and the early Saalian ice sheets covered the entire study 

area, the subsequent late Saalian and Weichselian ice advances did not reach the area (Oele & Schüttenhelm 1979; 

Ehlers 1990; Coughlan et al. 2018). During the Elsterian glaciation, valleys incised up to 500 m deep into Tertiary 

and Pleistocene deposits (Streif 2004).  
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Fig. 5.2. A. Location of the study area within the German North Sea sector. B. Map of the study area with seismic 
grid shown as thin solid lines. The black dotted line in (A) is the German Exclusive Economy Zone, red dotted 
line is the Territorial Waters (12 nautical miles) while the brown solid lines in (B) indicate the two selected seismic 
sections shown in Fig. 5.3. Buried valleys are illustrated with grey shading and red filled circles show selected 
reference core and CPT sites. For complete morphology and description of the buried valleys outside the study 
area, readers are referred to Hepp et al. (2012, 2017). 
 

Huuse & Lykke-Andersen (2000), Lutz et al. (2009), Hepp et al. (2012, 2019), Coughlan et al. (2018), Lohrberg 

et al. (2020), Ottesen et al. (2020), Prins et al. (2020), and Winsemann et al. (2020) amongst others gave a detailed 

seismo-stratigraphic interpretation of both the Elsterian and Saalian tunnel valleys as well as other comparable 

structures within the North Sea. The intercalated Holsteinian, Eemian and Holocene interglacial periods resulted 

in increased sea level and parts of the present-day coastlines were also inundated (Streif 2004). During these 

interglacials, former deposits were transgressionally/regressionally reworked, eroded and partly overlain by 

coastal peats, marine organic rich silts, silty clays and sands (Streif 2004). 

After the last deglaciation, the sedimentary regime in the study area was dominated by proglacial and periglacial 

conditions (Caston 1979; Oele & Schüttenhelm 1979; Long et al. 1988; Laban 1995; Streif 2004; Graham et al. 

2011). The geomorphology of the terrain at this time was characterized by lakes, kettle holes, meltwater valleys 

and channels, outwash cones and plains as well as moraines (Böse et al. 2012). Overall, the present-day seafloor 
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within the study area dips constantly northward with water depth within the study area ranging from about 26 m 

below lowest astronomical tide (LAT) in the south to more than 30 m below LAT some 15 km further north. A 

schematic overview of the refined stratigraphy of the uppermost 50 m b.s.f. within this area is shown in Fig. 5.1.  

5.3. Material and methods 

This study is based on seismic reflection data collected during five commercial surveys between 2007 and 2010, 

~50 m long sediment cores from 40 sites and CPT data from 60 sites (Fig. 5.2B). 

5.3.1. Shallow water seismic surveys 

Seismic data were collected using a Geopulse 5813b Boomer (GeoAcoustic Ltd) single channel seismic system. 

The Boomer system provides high resolution images of the thin Holocene layers and shallow buried valley infills 

within the uppermost 15-25 m with a very high vertical resolution of about 0.2 – 0.5 m. The Boomer system was 

operated with an energy of 200 J and a 3-m single-channel streamer with 8 hydrophones. Acoustic data were 

recorded with the NWC software (Nautik Nord GmbH) with a shot rate of 3.5 shots per second and a 16-bit 

resolution. A layback correction was applied to correct for the streamer/source geometry behind the ship’s 

differential global positioning system (DGPS) antenna. Noise was reduced using a band pass filter with 1200 - 

4000 Hz limits. Several profiles were however filtered using a band pass width of 1200 - 6000 Hz. This was due 

to the perceived viable frequency of the data versus noise. A static correction was applied to eliminate swell effects 

using the sea floor reflection as a reference. The seismic grid was acquired in north-south and east-west directions 

with a mesh width of about 200 m (Fig. 5.2B). The seismic profiles were processed to zero phase data and increase 

in acoustic impedance is a peak and positive amplitude reflection. Seismic sections are presented here either as 

black and white-with-black denoting positive amplitude and white negative amplitude or in contrasted colour with 

orange denoting positive amplitude, black negative amplitude and white the zero-crossing. 

5.3.2. Coring, Cone Penetration Testing (CPT) and offshore operations 

Coring and CPT equipment were both operated from commercial drill ships as well as jack-up platforms. At a 

given location, both coring and CPT were performed within a lateral interval of 11-13 m depending on the ship or 

platform geometry. Sediment core and CPT sites are located along and/or ˂50 m away from the seismic lines. The 

reference sites and seismic sections shown in this study were chosen to convey the major geological structures 

(Fig. 5.2B).  

Sediment cores were recovered using either: (i) rotary flush drilling applying a wireline-line operated push core 

sampler with a 53 mm or 72 mm inner diameter for sampling operated from a drill vessel, or (ii) a percussion drive 

sampler with 100 mm liner samples operated from jack-up platforms. The individual core section length is ~1 m 

and the recovery rates are between 85% and 97%. The cores were described offshore according to the soil 
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classification scheme in DIN EN ISO 14688-2 (2020). The calcium carbonate content was tested with 10% HCl 

solution and separated into six general categories ranging from no reaction to very strong effervescence according 

to the classification of the soil science mapping instructions (Pedological mapping guide, KA5). Dry and wet soil 

unit weight were determined at 0.5 m intervals following DIN 18125-2 (2011). The undrained shear strength of 

cohesive clayey and silty soils was measured onboard with a pocket penetrometer and a hand-held vane shear 

every 0.5 m or for every individual lithological layer. 

The CPTs were conducted according to the procedure described by DIN EN ISO 22476-1 (2009) using either a 

downhole CPT operated from a drill vessel, or a top-driven CPT operated from jack-up platforms. The CPT tip 

resistance (qc) records the stress on the CPT steel cone during penetration and was used to derive the relative 

density of sands following DIN EN 1997-2 (2010) (Table 5.1). Tip resistance (qc) measurements obtained from 

CPT tests were used to characterize and confirm stratigraphic sequences. Similar to downhole logging data, in-

situ data like CPT as independent datasets with superior depth accuracy allow for a more definitive characterization 

of lithostratigraphic units. The soil behavior type index (Ic) was computed using the principles outline by Robertson 

& Wride (1998). A full description of all the measured parameters for each core site is provided in Fig. S1. 

5.3.3. Onshore laboratory tests 

The sediment cores were sub-sampled onshore to determine additional lithological and geotechnical parameters of 

each unit in the study area (Table 5.2). Grain size distribution of 569 samples were measured following DIN 18123 

(1996). The degree of sorting for sandy soil samples was determined from the standard deviation of the grain size 

distribution (Blott & Pye 2001). The calcium carbonate content was analysed for 240 soil samples according to 

the procedure described by Müller et al. (1994) using a LECO CS 200 analyser. The effective friction angle and 

effective cohesion were determined on 471 samples in direct shear tests (DIN 18137-3 2002). The uniaxial 

constrained modulus ES was measured on 422 samples by oedometer tests (DIN 18135 1999). The number of tests 

in Table 5.2 documents the basis for obtaining the parameters presented in Table 5.3, which were used to 

characterize and differentiate between the identified units. 

5.3.4. Stratigraphic correlation procedure 

The stratigraphy of the offshore deposits was established by correlating seismo-stratigraphic units with CPT 

profiles and core lithology. In cases where there are discrepancies between seismo- and litho-stratigraphic surfaces, 

all available data were used for mutual calibration and complementing each other. The seismic sections were 

interpreted using bounding surfaces and truncations to identify key stratigraphic surfaces, but in this sandy 

environment with often nearly horizontal contacts, these distinctive features are often not very clear.  
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Table 5.1. Relative density derived from CPT tip resistance for quartz and feldspar sands (DIN EN 1997-2 2010) 

and relative density DR (DIN EN ISO 14688-2 2020). 
 
 

CPT tip resistance (MPa) Relative Density Index Relative density DR (-) 

0 – 2.5 Very loose 0.00 – 0.15 

2.5 – 5.0 Loose 0.15 – 0.35 

5.0 – 10.0 Medium dense 0.35 – 0.65 

10.0 – 20.0 Dense 0.65 – 0.85 

> 20.0 Very dense 0.85 – 1.00 

 

 

Table 5.2. Number of tested soil samples with reference to seismic/lithological units in the study area. 

Unit 
Grain size 

measurement 

Carbonate content 

(LECO CS 200) 
Direct shear tests Odeometer tests 

I 58 9 6 6 

II 16 13 15 14 

IVa 28 10 27 24 

IVb 89 15 83 67 

IVc 3  -  -  - 

VIa 86 41 58 58 

IX/XI 122 92 118 118 

XIII 167 60 164 135 
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Table 5.3. Compilation of geotechnical design parameters derived from offshore CPTs and onshore laboratory 

tests for each seismic/lithological unit within the study area. See Fig. 5.5 for median grain size d50 for 
the sandy units. * derived from CPT tip resistance. 

 
 

Unit Ia IIa IVa IVb IVc VIa IXa/XIa XIII 

Thickness 
(m) 

<1 - 2 0 - 6 3 - 5 1 - 16 0 - 15 0 - 30 0 - >50  

Sediment 
type 

Fine sand 
and partly 
silt, shell 

and organic 
material 

Clay, silt 
and fine 

sand, 
varying 
organic 
content, 

peat layers 

Fine sand Fine to 
coarse sand 

Fine to 
medium 
sand 

Clay, silt 
and fine to 

medium 
sand 

Very 
heterogeneou

s, clay to 
medium 

sand 

Fine to 
coarse 
sand, 

seldom 
gravelly 

Unit weight 
γs (kNm-3) 

 

19.9-20.4 11.9-19.4 19.8-20.3 19.8-20.3 19.1-20.0 18.8-20.0 19.0-20.3 19.0-23.7 

Friction 
angle φ’ (°) 

 

34-38 19-36 30-45 29-47 31 – 37 20-43 9-42 26-47 

Cohesion c’ 
(kPa) 

 

– 0-75 – – –  0-51 0-146 – 

Undrained 
shear 

strength cu 
(kPa) 

 

–  Cohesive 
infill 

sediments: 
<30 

– – –  Cohesive 
infill 

sediments: 
  20 – 60  

Cohesive 
infill 

sediments: 
    10 - 280 

– 

Uniaxial 
constrained 
modulus ES 

(MPa) 
 

<16 Granular 
infill 

sediments: 
<6.3 

6-32 10-64 17-47 - - 20-135 

Carbonate 
content 
range 

(wt.-%) 
(Mean) 

 

0.5 – 21 
(7.4) 

<12 (3.6), 
upward 
increase 

<1 (0.2) <1.7 (0.4) 0.5 <15 (2.7) <23 (10.3) <20 (2.5), 
upward 
increase 

Tip 
resistance 
qc (MPa) 

 

<10 <6 10 - 25 30 – 60  
(~40) 

30 – 50 
(~40) 

<40 1 – 20 >60 

Sleeve 
friction fs 

 

<0.1 <0.1 0.05 – 0.15 0.1 – 0.45 0.2 – 0.35 0.1 – 0.25 0.05 – 0.25 0.4 – 1.2 

Friction 
ratio FR 

 

0.5 - 2 2 - 5 0.3 – 0.8 0.5 – 1.0 0.5 – 1.0 0.5 - 6 0.5 - 5 0.5 – 1.5 

Soil 
behavior 

type index 
Ic 

 

– 2.7 – 3.9 1.7 – 2.3 1.5 –2.0 1.6 – 2.1 1.9 – 3.5 1.8 – 3.9 1.3 – 2.1 

Relative 
density DR 

(-) * 
 

0 - 0.6 – 0.6 - 0.9 >0.9 >0.9 – – >0.9 
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While seismic facies characteristics and first-order strong reflections, denoting marked impedance contrasts and 

hence major lithological changes, were employed in defining the key stratigraphic surfaces, the uncertainty 

introduced by this procedure in areas of low impedance contrast was compensated by the wealth of other available 

information sources such as CPT and sediment cores. These reflections were then mapped along profile length 

based on amplitude strength and continuity and their intersections on cross profiles were also traced.  

CPT profiles were analysed and subsequently interpreted based on observed groups of repeating patterns in tip 

resistance values. 

These patterns reflect major changes of sediment density and lithological changes (Lunne et al. 1997). 

Lithostratigraphic units from sedimentary successions deduced from cores were defined based on similarities in 

sedimentary properties (e.g. grain-size attributes, competence and visual characteristics). A direct correlation was 

then made between these lithostratigraphic units and CPT profiles using depth and log signature of the CPT profile 

against observed sediment composition.  

Subsequently, the established lithostratigraphic units together with their CPT values were correlated to identified 

and mapped seismo-stratigraphic units. The units are named after the neutral roman numerals unit nomenclature 

previously published by Coughlan et al. (2018). 

The dip and dip direction of buried valleys of interest were determined from two deepest points of neighbouring 

profiles. A mean P-wave velocity (Vp) of 1600 ms-1, a value fitting well for the uppermost 50 m below the sea 

floor based on previous studies (Winsemann et al. 2020; Lutz et al. 2009), was used for depth conversion. This P-

wave velocity value is roughly consistent with the Vp values measured along with the CPT data (Fig. S1) and 

enabled a robust approximation of depth of predominant lithologic units within the study area. Clayey to silty soils 

show a variety of P-wave velocities depending on the sand fraction, pore volume and consolidation state. 

Overestimated P-wave velocities of occurring clayey soil sections could lead to pull-up-effects. The authors are 

aware of this effect, it was however accepted because the cohesive sediment sections in the upper part of the 

stratigraphy are rare.  

Area-wide contour maps showing the depth below the Lowest Astronomical Tide (LAT) were generated for the 

sea floor and seismic unit boundaries of interest. The sea floor contour map uses a basic bathymetry grid which 

was sourced from the BSH in 2012 and retrieved from the actual official nautical charts. Contour maps of seismic 

unit boundaries use depths obtained from seismic sections which are referenced to the bathymetric map grid hence 

showing depth below seafloor. The gridded data were interpolated using a cubic spline gridding algorithm within 

the IHS Kingdom software. The mean dip and dip direction of the individual boundary surfaces are determined 

from a least-squares flat regression plane through all data points in ArcGIS10.  
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5.4. Results 

5.4.1. Seismic Stratigraphy and Unit Characterisation 

Nine key seismo-stratigraphic surfaces defining eight major stratigraphic units were identified and mapped across 

seismic profiles (Fig. 5.3). The delineated stratigraphic units correspond to major seismic Units I, II, IV, VI, VII, 

VIII, IX, XIII as defined by Coughlan et al. (2018) (Fig. 5.1). The nine major seismic unconformities identified 

from Coughlan et al. (2018) are based primarily on shallow water multi-channel seismic (MCS) data. By focusing, 

in particular, on the very high-resolution single channel (Boomer) seismic data, this study identified new additional 

and distinct seismic stratigraphic surface subdividing Unit IV, as recognized by Coughlan et al. (2018), into Unit 

IVa and IVb. Additionally, a valley shaped sediment body was recognized beneath Unit IVb and was delineated 

as Unit IVc (Fig. 5.3). The new Units IVa, IVb and IVc are for the first time described in detail here, including 

their boundaries and internal seismic facies characteristics as well as a description of their geometry, lithology and 

geotechnical properties. 

Furthermore, a brief description of the lithology and geotechnical properties of each unit within the investigated 

stratum is herein provided based on Coughlan et al. (2018), additional core and CPT profiles as well as laboratory 

tests. Where applicable, new inputs encompassing grain size distribution, carbonate content, and the most common 

geotechnical design parameters obtained from the additional laboratory tests for all of stratigraphic units within 

the study area are described here for the first time (Tables 5.2, 5.3). For a more detailed description and genetic 

interpretation of the previously identified units, readers are referred to Coughlan et al. (2018). 

5.4.1.1. Strata underlying Unit IV 

Unit XIII, the Lower Sands Formation (Coughlan et al. 2018), is the deepest identified unit in the study area (Fig. 

5.3) and separated from the overlying unit by a strong reflection. Based on lithological analyses, the unit is 

composed of calcareous fine to coarse, sometimes gravelly sands (Fig. 5.4, Table 5.3) and are heterogeneous in 

nature. Samples taken from Unit XIII show a d50 (median grain size) of about 0.1 to 0.8 mm (Fig. 5.5B) and are 

moderately well to poorly sorted (Fig. 5.5C). The tip resistance of Unit XIII is higher than 60 MPa (Fig. 5.4, Sites 

3, 4, 5, 6) and the soil behavior type index ranges from 1.3 to 2.1 (Table 5.3). 

Unit IXa, the Upper member of the Peelo Formation, forms the upper infill of the major E-W trending tunnel 

valley (Coughlan et al. 2018; Fig. 5.3). It comprises heterogeneous, predominantly calcareous sediments of 

laminated clay to silty and sandy deposits with tip resistances in the range of about 1 MPa to about 20 MPa (Fig. 

5.4, Sites 2 and 3). The soil behavior type index varies from 1.8 to 3.9 (Table 5.3). 
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Fig. 5.3. Raw and interpreted seismic sections along profiles A-A’ and B-B’, see Fig. 5.2 for location. Seismic 
units are labelled with Roman numerals according to the stratigraphy of Coughlan et al. (2018). Units IVa/IVb 
and Unit IVc are emphasized with red and purple shading, respectively. TWT is the two-way-travel-time of the P-
wave and VE is the vertical exaggeration of the profile. CPT tip resistances are projected on the seismic profiles 
and the locations of seismic details are marked with blue boxes (Fig. 5.6). 
 

Unit VI, the Drente Formation, forms the infill of the minor E-W trending tunnel valley (Coughlan et al. 2018; 

Fig. 5.3). The Upper Member of the Drente Formation (Unit VIa; Fig. 5.3) comprises heterogeneous clays, silts 

and sands (Fig. 5.4, Sites 4 and 5) with varying tip resistances of up to 40 MPa (Fig. 5.4) and soil behavior type 

index range of 1.9 to 3.5 (Table 5.3). Moraine deposits at the base of the tunnel valley belong to the Till Member 

of the Drente Formation (Unit VIb, Fig. 5.4, Site 5). The base of the Till Member forms the early Saalian 

glaciogenic unconformity (Coughlan et al. 2018). 

Unit IV  

This study has identified three new stratigraphic units in the German North Sea, namely: Units IVa and IVb, 

previously grouped together as the Upper Sands Formation, Unit IV in Coughlan et al. (2018) and Unit IVc, which 

is restricted to buried valleys below Unit IVb. 
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Fig. 5.4. Lithology, grain size d50 (black diamond), calcium carbonate content (red diamond), CPT tip resistance 
(grey-filled curve) and thickness of seismic Units for six selected sites; see Figs 5.2B and 5.3 for the location of 
the sites. The approximate thickness, in meters, of the seismic units is obtained from the related seismic profile. 
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Fig. 5.5. A. Cumulative grain size distribution curve of the Aeolian Member (Units IVa, blue), the Upper Fluvial 
Member (Unit IVb, red) and Buried Valley Member (Unit IVc, green). B. Median grain size d50 and (C) sorting of 
Units Ia, IVa, IVb, IVc and XIII. The thin black lines in the boxes in (B) and (C) are the median, the box extension 
marks the first and third quartile and the whiskers show the 5 and 95 percentiles. The green bars indicate the d50 
(Fig. 5.5B) and the sorting values (Fig. 5.5C) obtained from the grain size measurement of three individual samples 
of Unit IVc, respectively. 
 

Unit IVc. – The unconformity marking the base of Unit IVc forms roughly V-shaped asymmetric valleys that 

truncate lower reflections (Fig. 5.3). The top of Unit IVc is truncated by the Unit IVb base unconformity. The unit 

has a maximum thickness of about 15 m and the width ranges between 0.5 and 2 km. Fig. 5.7A shows a 

representative Unit IVc-valley (purple colour) cutting the minor E-W trending tunnel valley in a N-S direction. 

Fig. 5.7B depicts a three-dimensional seismic interpretation of Unit IVc. The thalweg of Unit IVc is undulating 

with depth changing discontinuously between 45 m to 49 m below LAT along the valley thalweg. Another Unit 

IVc-valley cuts the flank of the major E-W trending tunnel valley (Fig. 5.3, Section AA’). 

On seismic sections, the internal signature of this unit shows a sigmoidal to chaotic facies. There are some 

internally stacked U-shaped and V-shaped channel-like structures outlined by high amplitude reflections which 

truncate lower internal reflections and similar structures (Figs 5.6A, 5.7B). However, these channel-like internal 

structures are discontinuous and can rarely be traced continuously over a considerable distance. In terms of 

lithology, Unit IVc is composed of fine to medium sands with some organic silt layer interbeds (Fig. 5.4, Sites 3 
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and 4). Samples taken from the sand intervals from these sites show a d50 of about 0.3 mm (Fig. 5.5A, B, green 

colour) and are moderately well sorted to moderately sorted (Fig. 5.5C). The tip resistance of Unit IVc is about 40 

MPa (Fig. 5.4, Sites 3 and 4) corresponding to highly competent very dense sands (DR ≥ 0.9) and the soil behavior 

type index ranges from 1.6 to 2.1 (Table 5.3). 

Unit IVb. - The base of Unit IVb is irregular, discontinuous and truncates the underlying Units VI, VII, VIII, IX 

and XIII of Coughlan et al. (2018) as well as Unit IVc (Fig. 5.3). Unit IVb directly overlies Unit XIII, the Lower 

Sands Formation in most of the area, except for where major and minor E-W trending tunnel valleys occur (Figs 

5.3, 5.6). The base of Unit IVb (Fig. 5.8A) generally deepens from about 32 m below LAT in the southern part of 

the study area to a maximum of about 58 m below LAT at the northern boundary of the study area. The average 

dip of this surface which is shown in Fig. 5.8A is 0.049° in 349° direction. The deepest incisions of the Palaeo-

Ems eroded parts of Unit IVb in the south-eastern part of the study area (Fig. 5.8A). Unit IVb has a variable 

thickness along profile length (Fig. 5.3, Section AA’) which reaches a maximum of about 15 m in some sections. 

The combined thickness of this unit and that of the overlying Unit IVa is generally thicker towards the north (Fig. 

5.8D).   

Unit IVb is composed of fine to coarse sands (Fig. 5.4) and a wide range of d50-values (Figs. 5.5A, 5.5B). 90% of 

the soil samples of Unit IVb have a d50 of about 0.2 to 0.6 mm. The sands of Unit IVb are moderately well- to 

poorly-sorted (Fig. 5.5C). The base of Unit IVb is often co-incident with reworked moraine deposits (Coughlan et 

al. 2018; Fig. 5.4, Site 6). Tip resistance values for Unit IVb are on average, about 40 MPa over the entire study 

area (Fig. 5.4) with highly competent, very dense sands (DR ≥ 0.9). Single sharp peaks in tip resistance at the base 

of Unit IVb occur when the CPT tip hits boulders or cobbles (Fig. 5.4, Site 6 at 9.5 m). The soil behavior type 

index ranges from 1.5 to 2.0 (Table 5.3). The seismic signature, grain-size distribution, median grain size and CPT 

values are very similar to the sands of Unit IVc. 

The seismic facies expression of Unit IVb is sigmoidal to chaotic in nature, characterized by low to medium 

amplitude reflection strengths which are discontinuous to semi-continuous (Fig. 5.6). Similar to Unit IVc, the 

seismic profiles show internal mostly U-shaped stacked structures that are often observed near the base of Unit 

IVb (Fig. 5.7). In contrast to Unit IVc, the internal structures within Unit IVb are semi-continuous and can be 

locally traced from one seismic profile to the other. Five Unit IVb internal channels (1 – 5) were observed over 

the seismic coverage area and their three-dimensional representation are shown in Fig. 5.7. Four of these internal 

channels (1, 2, 3, 5) shown in green colour are directly located at the base of Unit IVb while the fifth one (4) in 

yellow colour cuts Channel 5. The Unit IVb internal channels have thalweg depths ranging from 35 to 40 m below 

LAT. These channels show infill thicknesses of up to 5 m. 
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Fig. 5.6. Details from the seismic profiles A-A’ and B-B’. The CPT tip resistance curve in (B) was projected on 
the seismic section (projection distance is less than 5 m). TWT and VE are the two-way-travel-time of the P-wave 
and the vertical exaggeration of the seismic sections respectively. See the small green lines in Fig. 5.2B for location 
of the seismic sections. The yellow dotted line in (A) depicts the smaller channels within Unit IVc. CPT and 
sediment cores were employed in defining stratigraphic surfaces in areas which low impedance contrast. 
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Fig. 5.7. A. Location of seismic profiles C-G used for (B) the three-dimensional view of five seismic sections C-
G with five internal channels (1 – 5) within Unit IVb (green and yellow) and the Unit IVc-valley (purple). Dip 
angle determined from the thalweg between two channel bases of adjacent seismic sections for (C) the Unit IVc-
valley and (D) all the internal Unit IVb-channels. Note that the dip angles are measured on sections with good 
expressions and that the three-dimensional view in (B) has a N-W exaggeration of 1:3.8. See the yellow rectangle 
in Fig. 5.2B for location of Fig. 7A. Turqoise dashed line = base of the minor E-W trending tunnel valley; red 
dashed line = base of Unit IVb; thin black dashed line = base of Unit IVc (purple color); thick black dashed line = 
interpretation of the course of the individual channels and valleys. 
 

 
 

Fig. 5.8. Depth below LAT of (A) the base of the Upper Fluvial Member (Unit IVb) (B), the base of the Aeolian 
Member (Unit IVa), (C) the seafloor as colour maps, and (D) thickness map of Unit IVa and Unit IVb. The hatched 
area indicates the locations of buried tunnel and river valleys. The white areas in (A) and (B) mark the region 
where these units were eroded by the Palaeo-Ems channel. See the purple rectangle in Fig. 5.2B for location of the 
maps. The strike and dip symbols show the dip direction and angle of the surfaces. 
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The dip and dip direction of Unit IVb channel thalwegs as determined between the two deepest points of 

neighbouring profiles is presented in Fig. 5.7D. The thalweg dip direction varies in a range between about 280° 

and 60° with a mean northward dip direction of about 0° (Fig. 5.7D). The dip and dip direction are consistent to 

the general dip direction of the Unit IVb base (Fig. 5.8A). The configuration of Unit IVb-channels as well as the 

Unit IVc-valley are visible above the cohesive infill of the underlying tunnel valleys due to high impedance 

contrast. Unconformity surfaces which defined the configuration of these units are however less visible in some 

areas where the units are underlain by deposits with similar lithology and less impedance contrast (Fig. 5.6). 

Unit IVa. - Overlying Unit IVb, Unit IVa forms a continuous 3 to 5 m thick interval reaching up to about 1.5 m 

below sea floor (Fig. 5.3). The base of Unit IVa, as identified on Boomer profiles, is a relatively weak horizontal 

seismic reflection which is continuous throughout the study area (Figs 5.3, 5.8). The unconformity at the base of 

Unit IVa was observed to truncate the upper internal reflections of Unit IVb (Fig. 5.3) and forms a laterally 

consistent surface at a depth of 32-40 m below LAT (Fig. 5.8B). The average dip of 0.027° and dip direction of 

349° for this unconformity surface are very similar to the values of the sea floor shown in Fig. 5.8C. Unit IVa is 

bounded above by the Units II and I (Fig. 5.3). Seismic facies analyses revealed that Unit IVa is characterized by 

parallel to sub-parallel, continuous to semi-continuous horizontal internal reflections with low to medium 

amplitude strength over the entire study area (Fig. 5.6).  

From the measurements shown in Figs 5.4 and 5.5, it was deduced that Unit IVa consists of medium to mainly 

fine-grained sands with a relatively homogeneous grain size distribution and d50 varying from 0.16 to 0.3 mm 

compared to Units XIII, IVb and I (Fig. 5.5B). The sands of Unit IVa are moderately well- to moderately-sorted 

(Fig. 5.5C). Grain size and sorting of Unit IVa shows no lateral trend within the study area. Furthermore, the 

calcium content of this unit as well as that of Units IVb and IVc revealed that all three units are non-calcareous 

while units below and above Unit IV are all calcareous (Fig. 5.4, 5.3). Tip resistance of Unit IVa increases with 

depth from about 10 to 25 MPa (Fig. 5.4) thus revealing predominantly dense competent sands of relative densities 

(DR) between 0.6 - 0.9 (Table 5.3). The soil behavior type index varies from 1.7 to 2.3 (Table 5.3). 

5.4.1.2. Strata overlying Unit IV 

Unit II, the Buried River Valley Formation (Coughlan et al. 2018), forms local channel-like incisions into the top 

of Unit IVa which were subsequently covered by Unit I (Fig. 5.3). Unit II infill consist of calcareous clays, silts 

and fine sands with varying organic content (Unit IIa, Upper Member) and occasional peat layers (Unit IIb, Peat 

Member). The base of the Peat Member is inferred to mark the Holocene base (Streif 2004; Schwarzer et al. 2008; 

Coughlan et al. 2018; Hepp et al. 2019). Tip resistance of Unit II is about 1 MPa while the sandier parts show 
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local tip resistances which are up to 6 MPa (Fig. 5.4, Sites 3 and 4). The soil behavior type index ranges from 2.7 

to 3.9 (Table 5.3). 

Unit Ia, the Mobile Sands Member of the Upper Marine Formation (Zeiler et al. 2000; Coughlan et al. 2018), 

typically overlies Unit IVa (Fig. 5.3). The Unit Ia basal unconformity is parallel to the sea floor at a depth of about 

1.5 m b.s.f. (Fig. 5.3). Unit Ia consists of fine sands with silt, shell and organic material. These sediments have tip 

resistances of less than 10 MPa and relative densities from very loose to medium dense (DR < 0.6) (Fig. 5.4, Table 

5.3). Locally the tip resistance profile shows single sharp peaks up to 80 MPa when the CPT tip hits compact shell 

layers (Fig. 5.4, Sites 1, 2 and 5). 

5.5. Discussion 

The integration of lithological, geotechnical and seismic data has allowed for an extensive characterization of the 

stratigraphic units of parts of the German North Sea sector which is crucial from the perspective of both geological 

reconstruction of the Quaternary history and engineering design of offshore infrastructures like wind turbine 

foundations. This data integration allows for a detailed stratigraphic correlation of units within the German North 

Sea sector and adjoining sectors as well as refinement of specific units of the Coughlan et al. (2018) stratigraphy. 

The correlation is based on identified major seismo-stratigraphic surfaces and the relative stratigraphic succession 

identified by Rijsdijk et al. (2005) as well as geotechnical parameters such as CPT tip resistance and soil behavior 

type index detailed by Bot et al. (2005) and Robertson & Wride (1998). Three major seismo-stratigraphic surfaces 

are crucial in the stratigraphic correlation within the interval of interest (red texts in Table 5.4). These surfaces 

which are correlated with the seismo-stratigraphic surfaces of Coughlan et al. (2018) includes: (i) the early Saalian 

glaciogenic unconformity found at the base of the Till Member of the Drenthe Formation and which is older than 

Unit IV; (ii) the Eemian transgressional unconformity, and (iii) the Holocene base unconformity which formed the 

upper boundary of the investigated strata. Coughlan et al. (2018) also identified and described an older Elsterian 

glaciogenic surface which marked the top of the Lower Sands Formation (Table 5.4). Based on the current study, 

two additional surfaces, the base of Unit IVc and the base of Unit IVb, were also recognized as unconformity 

surfaces which in terms of stratigraphic succession are located between (i) and (ii) as seen Fig. 5.3 and Table 5.4. 

The newly identified stratigraphic units are placed within the previously established stratigraphic and geotechnical 

frameworks of Coughlan et al. (2018) and Sindowski (1970) as well as the geotechnical sub-division of sub-soil 

by Schnabel et al. (2014) and Naumann et al. (2013) for the German North Sea Sector. These units were also 

correlated with the stratigraphic units in the Dutch and Danish sectors. While the BSH (2021) stratigraphic ‘Unit 

Ib’ corresponds to Unit IV identified within the stratigraphic framework of Coughlan et al. (2018), the 

environmental depositional setting of each of the newly identified units are herein discussed. 
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Table 5.4. A. Updated stratigraphic framework of Coughlan et al. (2018) with units identified and described in 
this study in bold characters and (B) correlation with Sindowski (1970) classification, zones of the 
geotechnical subsurface model for the German North Sea (Naumann et al. 2013; Schnabel et al. 2014) 
and the stratigraphy of the Dutch North Sea (Rijsdijk et al. 2005). The most important seismo-
stratigraphic surfaces used in this study are shown with grey infill. 

 

A B 

Period 

Unit code  
(Coughlan 

et al. 
2018 and 
this study) 

German North Sea 
stratigraphic 
framework 

(Coughlan et al. 2018 
and this study)  

German 
North Sea 

Stratigraphic 
Framework 
(Sindowski 

1970) 

Geotechnical 
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defined by 
the GPDN 

project 
(Naumann et 
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Schnabel et 

al. 2014) 
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It is however important to state that a key demerit of seismic and CPT data integration centers around their 

differences in the level of data resolution and this was highlighted by Vardy et al. (2017). In this study for instance, 

a sub-unit was identified directly above Unit XIII from the CPT profile owning to its higher resolution (Fig. 5.4: 

Site 6), its lateral extent on seismic section could however not be discerned possibly as a result of a very similar 

acoustic impedance with the underlying unit (Fig. 5.3BB´; Site 6). 

5.5.1. Depositional environment and Quaternary reconstruction 

Unit IVc. – The base of the Unit IVc-valley is the lower limit of the newly identified stratigraphic units in this 

study (Fig. 5.3). Based on the undulating thalweg topography and similarities in shape and infill to known glacial 

tunnel valleys, Unit IVc is probably the infill of a glacial tunnel valley. These glacial tunnel valleys which 

developed beneath or adjacent ice-sheets are common in the North Sea and are generally interpreted to have formed 

by glacial erosion and/or catastrophic outbursts of subglacial meltwater (Huuse & Lykke-Andersen, 2000; 

Passchier et al. 2010; Moreau et al. 2012; Stewart et al. 2013). Furthermore, the width, depth and stratigraphic 

position of the Unit IVc-valley are similar to that of the Saalian tunnel valleys in the German and Dutch North Sea 

sectors and are typically smaller than the Elsterian tunnel valleys (Joon et al. 1990; Lutz et al. 2009; Passchier et 

al. 2010; Coughlan et al. 2018; Abegunrin et al. 2020; Lohrberg et al. 2020). Unit IVc is thus most likely of Saalian 

age. The base of the Unit IVc-valley is the youngest marker for ice-sheet cover observed in the study area and it 

is younger than the early Saalian glaciogenic unconformity at the base of the minor E-W trending tunnel valley 

since it cuts its infill (Fig. 5.3, Table 5.4). Since the area last experienced glaciation during the early Saalian ice 

advance (Ehlers 1990), the Unit IVc-base unconformity could represent a second generation of early Saalian tunnel 

valley incision within the study area forming the younger early Saalian unconformity (Table 5.4; Bendixen et al. 

2017; Lang et al. 2018).  

The Unit IVc-valley is filled with dominantly sandy sediments (Fig. 5.4, Sites 3, 4) and shows internal 

discontinuous stacked channel-like structures on seismic sections (Fig. 5.6A). These channels are mapped as 

elongate incised feature on seismic sections. Similar features have in other studies been interpreted to be fluvial in 

origin (Janszen et al. 2013; Moreau & Huuse 2014). Similar infill patterns were observed for the upper post-glacial 

infill of Elsterian tunnel valleys in the Hamburg region (Janszen et al. 2013). The infill process is separated from 

the formation of the tunnel valley itself (Moreau & Huuse 2014) and Unit IVc was deposited post-glacially after 

the younger early Saalian glacial recession.  

Unit IVb. – Unlike Unit IVc, Unit IVb is distributed across the whole study area (Fig. 5.3). The base unconformity 

of Unit IVb forms an area-wide horizontal erosion surface (Figs 5.3, 5.8). The internal channels found mostly at 

the base of Unit IVb implies that fluvial erosion constitutes the main process that shaped this unconformity. The 
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morainic remnants discontinuously coinciding with the base of Unit IVb (Fig. 5.4, Site 6) are remnants of older 

early Saalian glacial erosion surface which was partly eroded during subsequent fluvial erosion (Coughlan et al. 

2018). The dip and dip direction of Unit IVb base unconformity and the channels at the base of Unit IVb are similar 

and show a clear slope in northward direction (Fig. 5.7). This direction indicates a continental river system origin 

and is different from the meltwater-driven flows in front of the ice sheet which have been shown to flown in a SW 

direction during the Saalian period. In addition, the northward direction of the Unit IVb base unconformity and 

Unit IVb base channels compares favourably to the drainage path of the northern German rivers e.g. Elbe, Weser 

which drained into the periglacial flat plains that were not yet covered by sea water after the retreat of the early 

Saalian glacier (Gibbard & Lewin 2016; Gibbard et al. 1988; Schwarzer et al. 2008). Thus, Unit IVb is also 

believed to be Saalian in age. 

Both Unit IVc and Unit VIb show very similar lithological characteristics (Figs 5.4, 5.5A), tip resistance (Fig. 5.4), 

soil behavior type index (Table 5.3) and seismic reflection patterns (Fig. 5.6) and both units are non-calcareous 

indicating a similar depositional environment. As opposed to the Weichselian age initially given to both Unit IVc 

and Unit IVb (Coughlan et al. 2018), new evidences described for both units in this study indicate a Saalian age. 

Based on observed morphological and lithological characteristics, Unit IVc is named the Buried Valley Member 

while Unit IVb is named the Upper Fluvial Member. The Saalian moraine deposits associated with the older early 

Saalian glaciogenic unconformity as well as the younger early Saalian glaciogenic unconformity underlying the 

Buried Valley and Upper Fluvial Members (Table 5.4) are indications that the deposition of these units started 

post-glacial after Saalian glacial recession. 

Unit IVa. – Unit IVa, like Unit IVb (Upper Fluvial Member), is laterally continuous across the study area (Fig. 

5.3). In contrast, Unit IVa is composed of homogenous fine and moderately well sorted to moderately sorted sands 

(Figs 5.4, 5.5C). Based on its grain size distribution (Fig. 5.5A), horizontal cover-like extent deduced from seismic 

imagery (Figs 5.3, 5.6) and lithological characteristics, Unit IVa is interpreted to be an aeolian deposit typical of 

periglacial flat plains in the North Sea (Schwan 1988; Cameron et al. 1989; Laban 1995; Rijsdijk et al. 2005). The 

morphology of this deposit suggests high wind velocities and low sand availability during deposition (Ehlers 

1994). Unit IVa is thus named the Aeolian Member. The later reworking of aeolian sediments by periglacial 

streams as mentioned by Laban (1995) for parts of the Dutch North Sea was however not observed within the 

study area. In the south eastern part of the study area, the Aeolian Member was incised by the Palaeo-Ems and 

other smaller buried river valleys of the Buried River Valley Formation (Unit II of Coughlan et al. 2018; Fig. 5.8). 

On a more general scale, the top of the Aeolian Member is truncated by the Holocene base expressed as 

autochthonous terrestrial peats or marine transgressional layer (Hepp et al. 2017; Coughlan et al. 2018). The 
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Aeolian Member is most likely of Weichselian age deposited between the Eemian hiatus, which is represented by 

the underlying angular disconformity, and the Holocene onset above (Unit Ia, Table 5.4). The small angular 

unconformity separating the Upper Fluvial and Aeolian Members (Fig. 5.6) is indicative of an area-wide erosion 

and levelling, which is in good accordance with the Eemian sea-level high stand. This erosive interpretation is 

further supported by comparing the similarity in the mapped dip and dip direction of this surface with the marine 

erosional surface at the base of the Mobile Member (Unit Ia) of the Upper Marine Formation (Coughlan et al. 

2018; Zeiler et al. 2000) and the modern sea floor (Fig. 5.3). The lack of Eemian sediments in the study area was 

interpreted to be caused by a regional, topographic palaeo-rise which was parallel to the modern coast and allows 

terrestrial dune formation following a period of abrasion during the Eemian. The existence of Eemian sediments 

are however well documented more southwards towards the modern coastline in apparent palaeo-trough settings 

(Menke & Tynni, 1984; Caspers et al. 2002; Coughlan et al. 2018; Cohen et al. 2022).  

5.5.2. Stratigraphic correlation 

Upper Fluvial Member. – Coughlan et al. (2018) reported sediments from the Upper Sands Formation at the entry 

of the so-called German `Entenschnabel` (Duck’s Bill) in the north-eastern part of the German North Sea sector 

(Fig. 5.2). Lithological characteristics, tip resistance, thickness and stratigraphic position of units above reworked 

morainic remnants of the Till Member of the Drenthe Formation are similar to the Upper Fluvial Member within 

the study area. Prins & Andresen (2021) identified corresponding sediments as their ´Unit 3´ in a study area close 

to the ‘Entenschnabel’ in the Danish North Sea sector using seismic and CPT data. These sediments which are 

found in the `Entenschnabel` area are of late Saalian (Coughlan et al. 2018) to pre-Weichselian (Prins & Andresen 

2021) age and correlate with the Upper Fluvial Member of the Saalian Fluvial Formation (Table 5.4). 

West of the study area, in the neighbouring Dutch North Sea sector, fluvial deposits located above the Saalian 

glaciogenic unconformity (Upper Fluvial Member) are related to the Kreftenheye Formation, which is of Saalian 

to late Weichselian age (Rijsdijk et al. 2005), although the deposits of the Kreftenheye Formation are exclusively 

defined for sediments of the Rhine-Meuse river (Laban 1995; Rijsdijk et al. 2005). The sediments of the Upper 

Fluvial Member are deduced to be a north-eastern fluvial equivalent of the Kreftenheye Formation with the Upper 

Fluvial Member consisting of sediments deposited by the Elbe, Weser and Ems palaeo-rivers after the early Saalian 

ice advance. After the early Saalian glacial retreat, the Elbe, Weser and Ems palaeo-rivers were able to flow 

through the southern North Sea (Gibbard et al. 1988; Schwarzer et al. 2008; Naumann et al. 2013; Gibbard & 

Lewin 2016). Subsequently, these rivers most likely joined the Rhine and Meuse rivers since a northward path was 

blocked by the ice and the region dewatered through the English Channel (Gibbard et al. 1988; Schwarzer et al. 

2008; Gibbard & Lewin 2016).  
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The study area from where the generalized geotechnical cross-sections of the GPDN project published by 

Naumann et al. (2013) and Schnabel et al. (2014) was carried out is close to the present study area. In fact, one 

seismic line in the GPDN documentation is situated in the near vicinity (˂1 km) of the present study area in the 

region west of the Elbe Palaeovalley. Naumann et al. (2013) divided the sandy sub-soil into 4 superimposed zones: 

(1) very dense (>60 MPa) zone, (2) very dense (>20 MPa) zone, (3) medium dense to dense zone and (4) very 

loose to loose zone. These zones are characterized by different relative densities and strong bounding seismic 

reflections (Schnabel et al. 2014). The zones 1 to 4 of Naumann et al. (2013) classification compare favourably 

well in grain size, CPT tip resistance, relative density and seismic characteristics with the Lower Sands Formation, 

Upper Fluvial Member, Aeolian Member and Mobile Member of the Upper Marine Formation (Table 5.4). The 

zones from this study and that of Naumann et al. (2013) also show a similar strong seismic base reflection 

associated with the early Saalian glaciogenic unconformity in most of the area. The unconformity which marks 

the base of zone 3 (Upper Fluvial Member) is a major erosional horizon with coarse material such as gravel, 

cobbles and boulders interpreted to be reworked remnants of till (Coughlan et al. 2018). According to Naumann 

et al. (2013), Zone (3) spreads at least west of the Elbe Palaeovalley and as far as the western boundary of the 

German North Sea Sector. On seismic sections, the thickness of Zone (3) increases in northward direction. 

Owning to the foregoing, the Upper Fluvial Member is believed to be distributed in the Western German North 

Sea Sector, west of the Elbe Palaeovalley (Naumann et al. 2013 and Schnabel et al. 2014) and as far north as the 

region of the `Entenschnabel` (Coughlan et al. 2018 and Prins & Andresen 2021, Fig.S2). It was however believed 

that the Upper Fluvial Member is limited/absent in the southward direction as no match was found in the Borkum 

Riffgrund Area (Coughlan et al. 2018). Regarding the stratigraphic position and depositional environment, the 

Upper Fluvial Member is comparable with the Kreftenheye Formation in the Dutch Sector in the form of a south-

west trending delta from the Dutch mainland (Laban 1995; Rijsdijk et al. 2005) although a direct connection cannot 

be established due to gaps in the data coverage. In addition, different river systems which were exposed to the 

same climatic and glacial conditions during the late Saalian are believed to be responsible for the deposition of the 

sediments in the individual areas.  

Aeolian Member. – Aeolian deposits similar to that found in the Aeolian Member of this study area are widespread 

in the lowlands of western and central Europe (Schwan 1986; Schwan 1988). In the German North Sea sector, 

sediments of the Aeolian Member correlate to sediments of the Upper Sands Formation retrieved from cores some 

45 km southeast of Borkum Riffgrund area based on similar CPT characteristics and thickness as well as 

stratigraphic position of the sediments between Eemian deposits and Holocene base (Coughlan et al. 2018). 

However, differences in resolution of seismic sections from this study and that from the Borkum Riffgrund area 
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(Schnabel et al. 2014) hampers a direct comparison of seismic characteristics of the units described in both studies. 

In most parts, the upper surface of the Aeolian Member is eroded by the most recently deposited Holocene Mobile 

Member of the Upper Marine Formation (Coughlan et al. 2018). 

The fact that the occurrence of the aeolian deposits are seldomly identified in the German North Sea sector is 

probably caused by merging these deposits with other layers into the ´Weichselian periglacial sands unit´ (Laban 

1995; Rijsdijk et al. 2005; Schaumann et al. 2021). Schaumann et al. (2021) gave a detailed description of 

Weichselian periglacial sands identified in the Wadden Sea which is situated south of the Frisian Island of 

Norderney. Elsewhere, Weichselian periglacial sands known as the Twente Formation have been documented in 

several cores retrieved near the border of the Dutch sector (Laban 1995) and have been mapped in the most north-

western part of the German North Sea sector, south of the Doggerbank (Jeffery et al. 1991). Laban (1995) also 

correlates the Twente Formation to the Weichselian periglacial Limnic-Fluvial Sands of Sindowski (1970) that 

were found in several cores in the German North Sea sector. 

In the Dutch North Sea Sector, aeolian sands occur in the Boxtel Formation (Laban 1995; Rijsdijk et al. 2005; 

Schokker et al. 2007). The Boxtel Formation summarizes all local terrestrial deposits of the Cenozoic Era. Aeolian 

cover sands of Weichselian age, formerly known as part of the Twente Formation (Laban 1995), are now classified 

as the Wierden Member of the Boxtel Formation (Rijsdijk et al. 2005; Schokker et al. 2007). The deposition of 

the Aeolian Member below Holocene strata and above the Eemian erosional surface is consistent to the 

stratigraphic position of the Wierden Member (Schokker et al. 2007). Thus, the Aeolian Member is proposed to 

correlate with the Wierden Member in the Dutch North Sea Sector (Table 5.4). 

The Aeolian Member is also similar in thickness and tip resistances to Zone (2) of Naumann et al. (2013) and 

Schnabel et al. (2014) classification with about 5 to 20 MPa (Table 5.4). In Schnabel’s seismic sections, the seismic 

characteristics at the base of the Aeolian Member are defined by weak reflections over a wide area and are similar 

to that in the study area. An unconformity surface similar to that identified and mapped in this study was recognized 

at a depth of about 3 m on seismic profiles close to the study area. In general, the thickness of Zone (2) increases 

northwards. The unconformity surface is in some areas eroded by the incision of Holocene buried river valleys. 

The Holocene base, which is the upper boundary of the Aeolian Member, is also well defined in the studies of 

Naumann et al. (2013) and Schnabel et al. (2014). The thickness of the Holocene strata varies between 1 to 2 m in 

Naumann et al. (2013) and Schnabel et al. (2014). This is similar to the thickness found in this study and it is also 

comparable with that of Coughlan et al. (2018) and Zeiler et al. (2000).  

Therefore, based on findings by Naumann et al. (2013), Schnabel et al. (2014) and Coughlan et al. (2018), the 

Aeolian Member identified in this study was deduced to be restricted to the area west of the Elbe Palaeovalley in 
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the southern North Sea sector and as far south as the Borkum Riffgrund area. Following the suggestion of Laban 

(1995) that Aeolian sands can be correlated to parts of the Weichselian periglacial sands which have been identified 

in the German North Sea by Sindowski (1970) and Schaumann et al. (2021) (Fig. S2), the identified Aeolian 

deposits from this study could even form a more eastward and southward reaching sheet in the German North Sea 

Sector. Within the Dutch North Sea sector, the comparable Twente Formation (now classified as the Wierden 

Member of the Boxtel Formation) is mapped as far west as about 4° E (Fig. 5.2; Jeffery et al. 1991; Laban 1995). 

Similarly, Andresen et al. (2022) described Weichselian lacustrine sediments (Unit C) from the eastern part of the 

Dogger Bank in the Danish North Sea sector which suggests the existence of a large proglacial lake south of the 

Dogger Bank (Özmaral 2017; Hjelstuen et al. 2018; Roberts et al. 2018; Hartmut Heinrich, pers. comm. 2022) and 

a periglacial flat plain with wide areas of aeolian sediment deposition south of the lake. Furthermore, Unit D of 

Andresen et al. (2022) is similar and comparable to Unit IVa of this study in terms of lithology and seismic 

character. Although, based on analogies to the Eem or Egmond Ground Formations described by Cotterill et al. 

(2017), the authors concluded that Unit D is of Eemian age as opposed to Weichselian age suggested for the 

equivalent Unit IVa in this study which was mainly based on the angular unconformity and total absence of 

indications for marine sedimentation. The findings of Andresen et al. (2022) thus imply that Unit IVa could 

represent the link to the “missing Eem” within the study area. There is therefore a strong correlation between major 

seismo-stratigraphic surfaces found in different studies that can be mapped over large areas of the southern North 

Sea. The different geotechnical properties of the sediments defined by these surfaces are a result of various 

depositional environments and over-consolidation due to different glaciations.  

5.6. Conclusion 

A detailed investigation of the highly competent upper sand units of the uppermost 25 m b.s.f. in the German sector 

of the North Sea was carried out based on a detailed analysis of seismic reflection data, sediment cores, CPT data 

and correlation with other published studies. The study refines the upper Quaternary stratigraphy from the early 

Saalian to the late Weichselian, by introducing the Buried Valley Member, Upper Fluvial Member and Aeolian 

Member as new stratigraphic units within the established frameworks of Coughlan et al. (2018) and BSH (2021). 

While the Upper Fluvial Member was previously referred to as Weichselian in age based on initial correlation to 

the stratigraphy in the Borkum Riffgrund area, new evidence from this study indicates a Saalian age for both the 

Buried Valley Member and Upper Fluvial Member. The distribution of the laterally extensive Aeolian and Upper 

Fluvial Member were further established by comparing their geotechnical properties to that of published 

geotechnical sub-surface models. The stratigraphic extent of these units within the German North Sea sector was 

deduced to be restricted to the area west of the Elbe Palaeovalley up to the area south of the Doggerbank with a 
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high level of confidence. This study not only updates Coughlan et al. 2018 stratigraphic classification, it also 

complements the BSH 2021 stratigraphic model for the German North Sea sector as well as the overall picture of 

the North Sea stratigraphy. 

In addition to the refinement of the North Sea stratigraphy, the geotechnical parameters deduced for each of the 

identified units are crucial for future geotechnical investigations before, during and after engineering installations 

within the German North Sea sector and the Dutch sector by extension. It also provides a first-hand information 

pertinent to offshore infrastructure development. The Buried Valley, Upper Fluvial and Aeolian Members are all 

highly competent and generally well-suited for all types of wind farm foundations. However, possible problematic 

deposits may include shallow buried channels with peat and clayey material infills. In general, the geotechnical 

properties of all units in the uppermost 50 m are competent and should be considered during subsequent offshore 

preliminary designs which include but are not limited to offshore wind farm installations. Based on findings from 

this study, it is recommended that future offshore activities should continuously encompass inter-disciplinary 

teams including but not limited to geologists and geotechnical engineers in order to benefit from and possibly 

refine this vital geotechno-stratigraphy framework of the German North Sea Sector.  
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Chapter 6 

Conclusion and Recommendations 

This doctoral thesis contributed to broaden the understanding of the landscape architecture and dewatering regime 

of the German North Sea sector since the Last Glacial Maximum using an integrated tidally corrected geophysical 

profiles and sedimentology data. The deductions of these important findings which are based on the formulated 

research questions for this study are summarized as follows. 

Using a grid of seismic profiles acquired in the German North Sea sector, the first part of this thesis applied a 

methodology devised for minimizing the effects of water column variations on seismic profiles acquired especially 

in shallow waters. While these effects might be negligible in deep reflection seismic data used in oil and gas 

industry, the correction was crucial in identifying and distinguishing various sub-surface morphological structures. 

In complex geological terrain, these morphological structures have similar apparent stratigraphic depths and 

originated from different processes over different time scales. This modern approach and easy recipe for correcting 

water column height variation using co-recorded information from dGPS is a less time-consuming methodology 

which can be applied to all sorts of reflections seismic data and requires only a small budget which is important 

for offshore data acquisition and processing. 

The second part unraveled the evolution, morphology and valley infill successions of the EPV since the late 

Weichselian using an integrated seismo-stratigraphic approach. The methodology employed involves a detailed 

analysis of sediment echo sounder data, shallow drill cores, physical property measurements on these cores and 

age datings. The result revealed a minimum of a five-stage model for the EPV evolution. The first phase, 

represented by the FU unit, formed a braided river system at the base of the EPV. This phase depicts a classic ice 

marginal valley infill which developed as a result of water collected from the retreating ice. This was followed by 

the LU phase which was formed in a low energy aggradation system setting as the EPV re-adjusted to a new 

hydrodynamic regime. The OU, SU and TU units constitute the EPV main infill and accounted for the bulk of the 

EPV stratigraphic history. This approximately 210 km long shallow geomorphological trough played a major role 

in the late Weichselian and early Holocene palaeo-drainage network of the Northwest Europe as the meltwater and 

sediment flux from these areas were collected by it through a network of palaeo rivers. 

In fact, the Palaeo Ems, the submerged extension of the modern Ems river, is one of the major tributaries that fed 

the southern head of the EPV. This tributary which was discussed in subsequent section formed an important part 

of the dewatering system that drained the unglaciated hinterland of the continental NW Europe between the more 

western Rhein and eastern Weser/Elbe system. Using the tide corrected seismic profiles and drill cores, the overall 
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course and the stratigraphic infill of the Palaeo Ems was decipher. The last phase of the Palaeo-Ems was mapped 

as a buried, low gradient and meandering channel spanning a length of over 100 m. In its downstream direction, 

the channel branched into two major pathways as it approaches the western flank of the EPV where it formed a 

unified depositional system with the late stage of the EPV LU unit. This study thus revealed the EPV/Palaeo Ems 

morpho-stratigraphic relationship for the very first time. The EPV/Palaeo Ems unified depositional system was 

later drowned due to the fast rising sea-level which overwhelmed the adaptation capabilities of the joint system 

and their infills reflect changes in the hydrodynamic conditions which occurred over time.  

An understanding of these drowned palaeo-drainage network and subsequent infill descriptions is crucial for 

various reasons. Firstly, continental shelves and river banks are sought after settlement areas for Mesolithic people 

and thus hold cultural heritage which are buried in ancient sediments. Furthermore, continental shelves that are 

exposed during periods of low sea level are usually incised by flowing rivers. These incisions are then filled with 

sediments during subsequent sea level rise and thus serves as archives for palaeo-climate, palaeo-environmental 

and past sea level changes reconstructions. In more recent times, a good knowledge of stratigraphic infill of these 

drainage networks is key in siting various offshore structures such as windfarm, platforms amongst others. 

The last part of the thesis focused on the refined stratigraphic units and geotechnical parameters of the uppermost 

50 m below the sea floor within the German North Sea sector. By focusing on the less well understood, regionally 

dominant sand units which were deposited after the retreat of the last glaciers, two sandy units, the Aeolian 

Member and the Upper Fluvial Member, were identified as dominant deposits in the late- to post-Saalian geology 

within the study area. In addition, a Saalian Buried Valley Member consisting of fluvial deposits was identified. 

Based on the integration of seismic facies analysis with core and CPT data, a detailed geotechnical parameter set 

for each identified stratigraphic unit within the study area was developed and correlated with those of the 

neighbouring sectors. The findings complement and detailed the geotechnical and stratigraphic framework of the 

study area which was revised by Coughlan et al. (2018) as well as the stratigraphic framework which was recently 

developed by the German Federal Maritime and Hydrographic Agency (BSH) 2021. The deductions offer a new 

insight about the sub-surface sub-soil competency of an interval that is becoming increasingly important for 

geotechnical-engineering purposes as part of the ongoing energy transition 

Further works should center on the EPV morpho-stratigraphic extension in the Danish and Norwegian sectors of 

the North Sea. Future research works should also investigate the predicted late Weichselian North Sea Lake 

believed to exist morphologically in the north western part of the EPV. These recommendations will not only 

provide a detailed understanding of the full hydrodynamic regime and drainage systems that developed in the 

North Sea since the Last Glacial Maximum but will also shed light on the existence of an ice connection between 
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the British – Irish Ice Sheet and the Scandinavian Ice Sheet which has continue to be a subject of subtle debate in 

recent past. 

Lastly, it is worthy to note that the gateway function of river channels in allowing proceeding from marine 

hinterland transgression is a reminder and example that the past is a warning key to the future of NW European 

lowlands under the conditions of the accelerating man-made sea-level rise. 
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