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Zusammenfassung

Geophysikalische und geologische Untersuchungen sind wichtig um Klimaverdnderungen
besser verstehen zu konnen. Derzeitige Aussagen sind hochst spekulativ und besonders der
Begin der Vereisung in der nordlichen Hemisphere. Die Eisbewegung wahrend der glazialen
und interglazialen Zyklen spielt eine grosse Rolle im Hinblick auf die Ablagerung der Sedi-
mente. Deren Ablagerungscharakteristik an Kontinentalrandern gibt Aufschluss dariiber wie
Eisschildinstabilitdten, Sedimenttransportprozesse und Meeresstromungen sich iiber einen
langen Zeitraum hinweg entwickelt haben. Die vorliegende Arbeit konzentriert sich auf die
Sedimentationsgeschichte entlang des ostgronldndischen Kontinentalrandes im Kanozoikum.
Anhand von mehreren reflektionsseismischen Datensitzen des Alfred-Wegener Institutes aus
den Jahren 1997-2003 ist es erstmals moglich eine genauere Untersuchung der Sedimentstruk-
turen entlang des Kontinenalrandes durchzufiihren. Dabei wurden Daten des Schelf-, Hang
und Tiefseebereiches analysiert. Aufgrund einer seismostratigraphischen Analyse ist es erst-
mals gelungen am nordostgronlandischen Kontinentalrand eine Einteilung der Sedimente in
glaziale (jiinger als 15 Millionen Jahre) und nichtglaziale (&lter als 15 Millionen Jahre) Ein-
heiten vorzunehmen. Die glazialen Strukturen zeigen jedoch keine Synchronitit entlang des
Kontinentalrandes, was auch die Schelfbathymetrie erahnen ldsst. Die massivere Ausdehnung
des Schelfbereiches nordlich 70°N konnte auf eine intensivere glaziale Erosion im Vergleich
zu Sudostgronland hindeuten oder die Vereisung im Norden began frither als im Stiden. Die
Ergebnisse verschiedener Sedimentmachtigkeitskarten zeigen starke Variationen entlang des
Kontinentalrandes. In Verlangerung glazialer Troge, wie dem Scoresby Sund, werden die
grossten Gesamtsedimentméachtigkeiten beobachtet. Unterschiedliche Offnungsgeschichten
der Becken, tektonisch bedingte Strukturen und vorherrschende Stromungsaktivitiaten
kénnen ebenfalls die Ablagerung der Sedimente beinflussen. Analysen der Tiefseesedi-
mentstrukturen im Molloybecken zeigen fein geschichtete Sedimentabfolgen, die darauf hin-
deuten durch unterschiedliche Meeresstromungen transportiert worden zu sein. Bekraftigt
wird diese Aussage auch durch Vergleiche der Méachtigkeitskarten der glazial abgelagerten
Sedimente, die die hochsten Ablagerungsraten (~1500 m) in diesem Becken zeigen. Inter-
pretiert werden diese hohen Sedimentmachtigkeiten durch zusatzlichen Sedimenteintrag aus
dem Arktischen Ozean und dem nordwérts fliessenden nordatlantischen Tiefenstrom. Den
Sedimentstrukturen siidlich der Fram Strasse und im Tiefseebereich des Gronlandbeckens
nach zu schlussfolgern, scheint eine Intensivierung der Stromungsaktivitat vor ~5 Millionen
Jahren stattgefunden zu haben.

Die Ergebnisse dieser Arbeit zeigen Zusammenhénge zwischen Sedimentablagerungen, Kli-
maveranderungen und Anderungen von Meeresstromungen. Die erzielten Ergebnisse bilden
die Grundlage fiir Bohrvorschlage und weiter geologische Studien an diesem Kontinentalrand.




i



Abstract

Geophysical and geological investigations in the Arctic region are very important for a better
understanding of the present day global climate. Changes in global climate is one of the highly
speculative aspect in the Northern Hemipsphere, especially the onset of glaciation. Advances
and retreats of grounded ice sheets during glacial-interglacial times play an important role in
terms of the deposition of large sediment deposits. Depositional pattern on the continental
slope and rise reflect interactions between the effects of ice sheet fluctuations, mass transport
processes and bottom currents. The main focus of this thesis is the sedimentation history
along the East Greenland margin in late Cenozoic times. Different seismic reflection surveys
gathered between 1997 and 2003, represent the sedimentary structure along this margin from
the shelf up into the deep sea area. A for the first time an applied seismostratigraphy on
the Northeast Greenland margin made it possible to differenciate between glacial (younger
than middle Miocene) and pre-glacial (older than middle Miocene) sediment units. Glacial
advances and retreats appear not synchronous along the continental margin. Therefore, either
north of 70°N the extension of the shelf by glacial erosion seems to be more intensive like
on the Southeast Greenland margin or the onset of glaciation started earlier in the north
than in the south. The results of the modelling of different sediment maps enables a lot
of varibiabilities in the sediment supply along the continental margin. The greatest total
sediment amount is observed in the prolongation of glacial drainage outlets like the Scoresby
Sund. Other influences on the sediment thickness along this margin are caused by tectonic
elements, the opening history of the basins and the existing current activity. The glacial
sediment thickness map, however, enables the highest amount of glacial sediments in the
northern Molloy Basin (around 1500 m), probably caused by mass transport from the Arctic
Ocean. Analyses of the deep sea sediment structure provide an insight into a well-laminated
sedimentary succession within the Molloy Basin, which has been interpreted as current-
controlled accumulation. An outflow of Arctic Ocean bottom water and an inflow of North
Atlantic deep-water could be identified. Especially, the levee structure west of the channel
points to an intensification of current activity since around 5 Ma, also supported by turbidity
channel activity in the deep Greenland Basin.

This study demonstrates the interaction between sediment accumulation, climatic changes
and changes in ocean circulation. The results provide a basis for a proposal of future Ocean
Drilling Programms and further geological studies on this margin.
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Introduction

1 Introduction

Presently, the Northern Hemisphere is dominated by a cold climate and sea ice depending on
the season. Greenland, the world largest island, has a relatively constant ice coverage. The
total land area amounts to 2166086 km?, of which the Greenland ice sheet covers 1755637
km? (81 %). The weight of the ice has depressed the central land area into a basin shape
lying more than 300 m below the sea level, so that in general the ice drains to the coast
from the center of the island. The topography, especially on the east coast is regionally very
rough and steep.

Geoscientific operations in the shallow marine part off East Greenland are logistically difficult
to conduct, because of the heavy ice conditions. For the same reason, our geological knowledge
about the Northeast Greenland shelf is very sparse. Access to the Norwegian margin is far
simpler, because the climate is influenced by the warm Gulf stream, which prevents ice from
building up.

It is of interest to understand the evolution of both margins. Geophysical investigations in
East Greenland started 120 years after the famous Koldewey expedition in 1869-1870 with
the research vessel ”Germania”. The first geophysical measurements were carried out in the
early 1980’s on the Southeast Greenland shelf (Larsen et al., 1990) in the form of seismic
reflection data. Seismic refraction investigations were made for the first time 1988 by the
University of Hamburg and Alfred Wegener Institute for Polar and Marine research (Weigel
et al., 1995). Most of the previous studies on the East Greenland continental margin had
been concentrated on the volcanic history and the deep crustal structure (Schlindwein and
Jokat, 1999; Voss and Jokat, 2007).

Studies at the conjugate margin of Norway are relevant for understanding the opening of
the Arctic gateway, differences in the glaciation history and sediment transport processes.
Especially the Fram Strait (Fig. 1.1), the deep-water connection between the North Atlantic
and Arctic Ocean is of interest to oceanic circulation issues. Until recently it has been unclear,
how important this gateway has affected the global climate change (Jacobsson et al., 2007).
Clearly the opening of the Fram Strait is important since the thermohaline circulations are
the strongest regulator of the global climate.

The lack of bore hole information on the NE Grenland shelf in contrast to the well, sampled
Norwegian margin, in combination with few seismic reflection data on the shelf, make it
difficult to provide constraints about the glaciation history on the East Greenland shelf.
Until recently it was not possible to correlate the stratigraphic information of ODP site 913
(Greenland Basin), ODP site 908 (on the Hovgard Ridge) and ODP site 909 (north of the
Hovgard Ridge) with that of the adjacent NE Greenland shelf, because of missing seismic
data.

However, seismic data have been acquired by AWI during summer campaigns (1997, 1999,
2002, 2003) and these data have enabled tying the mentioned ODP sites to the NE Greenland
shelf. In total, over 10000 km of seismic reflection data were gathered with a 600 m and 3000
m long streamer. Additionally, ocean bottom seismometer and sonobuoy data were acquired
to map the deep structure of the East Greenland continental margin as well as the transition
to the oceanic crust. The profiles are located between 72°N and 82°N (Fig. 1.1).

The main questions the surveys should answer are:

1. How did the passive continental margin of East Greenland develop after the opening
of the North Atlantic?
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Figure 1.1: Overview map of the study area with the international bathymetric chart of the Arctic Ocean
(IBCAO) in the background (Jakobsson et al., 2001). The black lines represent the AWT seismic reflection
profiles along the Northeast Greenland margin. The red dots demonstrate the locations of the ODP drill
sites. FS = Fram Strait, HR = Hovgard Ridge, SFZ = Spitsbergen Fracture zone, MB = Molloy Basin, BB
= Boreas Basin, GFZ = Greenland Fracture zone, GB = Greenland Basin, JMFZ = Jan Mayen Fracture
zone
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2. How often did the ice sheets advance to the shelf break and is it possible to give an
estimate about the onset of the glaciation through the age correlation?

3. Are there lateral variations in the sedimentation along the East Greenland margin,
and if so, what are the influencing factors?

4. Can seismically observable sediment structures give information about current activity
and climate changes in the region investigated?

The new data base allows for the first time an extensive analysis of the sedimentary structures
along the East Greenland margin. In conjunction with several Ocean Drilling Program (ODP)
legs this thesis enhances our understanding of glaciation on East Greenland.

The thesis is structured as follows:

Chapter 1 gives a short introduction into the problem of the geological interpretation of
the Fast Greenland margin to emphasize why scientific investigations are important in
this area. The main objectives of the surveys are listed.

Chapter 2 is focused on the geological evolution of the Arctic region, the glacial history of
the polar regions, and the glacially related sediment transport.

Chapter 3 explains the applied processing steps with the focus on multiple suppression
methods.

Chapter 4 lists all the used references in the chapters before.

Chapter 5 presents: Berger and Jokat, 2008. A seismic study along the Fast Greenland
margin between 72°N and 77 N. Geophysical Journal International.
This study is focused on the interpretation of the basement structure and an age
correlation between sedimentary units in the Greenland Basin and the adjacent shelf
region.

Chapter 6 presents: Berger and Jokat, re-submitted March 2009. Sediment deposition in
the northern basins of the North Atlantic and characteristic variations in shelf sedi-
mentation along the Fast Greenland margin. Marine and Petroleum Geology.

This study is focused on sediment depositions in the Boreas, Molloy and Greenland
basins. Seismostratigraphy along the Northeast Greenland shelf and variations in the
shelf sedimentation have given reason to assume different sediment transport processes.

Chapter 7 presents: Berger and Jokat, submitted March 2009. Current-controlled sedimen-
tation along the Northeast Greenland margin. Marine Geology.
This study is focused on current-controlled sediment transport processes and their
accumulation structures in conjunction with climate changes.

Chapter 8 summarizes all the results of the thesis and gives an outlook for further studies.
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Geological background

2 (Geological background

2.1 Tectonic evolution of the northern North Atlantic

Excluding Late Devonian post-orogenic extensional collapse of the Caledonian Orogeny, rift-
ing that eventually led to break-up of the NE Atlantic and Arctic started in Carboniferous
time (Moore et al., 1992). The late Permian to Middle Jurassic initial phase of Pangaea
breakup invoked the southward and westward propagation of the proto-Norwegian-Greenland
Sea (NGS) and the Tethys rift systems, whereas the late Jurassic to Paleogene break-up phase
was dominated by the stepwise northward propagation of the central Atlantic (Ziegler, 1990).
The Central Atlantic opened in Middle Jurassic time (175 Ma) and was followed by northward
propagation of the spreading system between Iberia and Newfoundland in Aptian/Albian
time (e.g. Tucholke, 2007), while rifting intensified in the proto-Norwegian-Greenland Sea
(Ziegler, 1990). Seafloor spreading opened the Labrador Sea in Paleocene time (Chalmers
and Pulvertaft, 2001), and shifted to the east side of Greenland in Early Eocene time when
the NE Atlantic opened (e.g. Talwani and Eldholm, 1977). The Eurasia Basin represents the
northern tip of the Atlantic rift system and this ocean started spreading in Late Paleocene
time or Early Eocene time (Brozena et al., 2003). The Fram Strait represents the only deep
water connection between the Arctic Ocean and Atlantic Ocean. A reconstruction of this
gateway and the evolution of the basins in the North Atlantic is important for the inter-
pretation of a correlation to climate changes. A recent interpretation of the opening of the
northern North Atlantic is shown by Engen et al. (2008), Knies and Gaina et al. (2008) and
Ehlers and Jokat (accepted 2008). A detailed study of the tectonic opening history is based
on a compilation of different geophysical data: magnetic data (Fig. 2.1), seismic data, Arctic
drill hole information, bathymetric data, and crustal thickness (Ehlers and Jokat, submitted
2008a). The continental drift from 55 Ma up to the present scenario is imaged in 5 Myr
steps (Fig. 2.2). The data analysed within Ehlers and Jokat’s study are located between
65°N and 81°N. The oldest sea-floor spreading anomaly (C24b; 56Ma) was identified in the
Norwegian Greenland Sea (Talwani and Eldholm, 1977), the area where the separation of
East Greenland and Norway started. The southern boundary of the Norwegian-Greenland
Sea is defined by a shallow transverse aseismic ridge between Greenland, Iceland, and Scot-
land. The region can be divided into three areas separated by fracture zones (Fig. 1.1). The
southern region lies between the Greenland-Scotland-Ridge and the Jan Mayen Fracture
Zone. The central part (Greenland Basin) is bounded by the Jan Mayen and Greenland
Fracture zones, whereas the northern region (Boreas and Molloy basins) lies between the
Greenland-Senja and Spitsbergen fracture zones (Talwani and Eldholm, 1977; Myhre et al.,
1995). The area between the Greenland Sea and Arctic Ocean is not known in detail, largely
due to the lack of modern aeromagnetic data (Fig. 1.1). In the model (Fig. 2.2) of Ehlers
and Jokat (accepted 2008), the oldest basin between 65°N and 81°N is the Greenland Basin
which these authors give an Early Eocene age of 56 Myr. Furthermore, we can observe the
beginning of the seafloor spreading in the Boreas Basin at 38 Ma (Fig. 2.2), and due to the
late breakup of the Molloy Basin (21 Ma) this is the shallowest basin in the north (Ehlers
and Jokat, accepted 2008). The opening of the Fram Strait is now estimated to the Middle
Miocene based on results from ACEX borehole 302 (Jakobsson et al, 2007) but also on plate
reconstructions (e.g. Engen et al, 2008). Ehlers et al. (submitted 2008b) modeled deep-water
exchange (Figs. 2.1, 2.2) between the Arctic Ocean and the North Atlantic Oceans to the
Middle Miocene (17-18 Ma), similar to the proposed age by Jakobsson et al. (2007).
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Figure 2.1: Identified seafloor spreading anomalies by Ehlers and Jokat (submitted 2008a). The magnetic
details derived from the GAMMAS grid (Verhoef et al., 1996) and extended by new aeromagnetic AWI
data between 75°N and 85°N framed in red (Leinweber, 2006). The magnetic anomalies were labeled after
Gradstein et al. (2004).
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2008a) for 0-55 Ma.
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2.2 Trigger mechanism for influenced cooling events

Investigations of deep sediment cores provide important input to understanding palaeo-
climate changes. Zachos et al. (2001) have compared oxygen (§'30) isotopes, climatic and
tectonic events for the period ranging from 65 Ma to present (Fig. 2.3).

The study showed that during the last 65 million years, Earth’s climate system has experi-
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Figure 2.3: Table of climatic and tectonic events, 6'¥0 and temperature after Zachos et al. (2001).

enced continuous change. Climate changed from extremes of expansive warmth with ice-free
poles, to extremes of cold with massive continental ice-sheets and polar ice caps (Zachos et
al., 2001). Some tectonically driven events can be interpreted to have triggered major shifts
in the dynamics of the global climate system.

Opening of the NE Atlantic and collision of India-Asia are commonly attributed with a
decrease of 680 isotopes, reflecting an increase of the deep-sea temperature. The end of
the super-greenhouse period that had started in Creaceous time is known as early Eocene
Climatic Optimum (EECO; 52 to 50 Ma) with deep-sea temperatures of +12°C. After this
maximum a 17 Myrs long cooling trend led to the first partial and ephemeral ice formations




2.3 Interpretations about the glacial onset in the polar regions

in Antarctica. In early Oligocene times (~34 Myr) the separation of the African and Aus-
tralian continents from Antarctica (Tasmania-Antarctic Passage) contributed to the onset
of the Antarctic Circumpolar Current (ACC). Approximately 3 Myrs later, the opening of
the Drake Passage enabled an eastward flow of the ACC (Lawver and Gahagan, 2003). A
following cooling trend (Fig. 2.3) resulted in a rapid expansion of the Antarctic continental
ice sheet during the early Oligocene. These temperature conditions led to permanent ice
coverage in Antarctica (Zachos et al. 2001) up to the late Oligocene onset of warming (26
to 27 Ma). This following warm period until middle Miocene times reduced the extend of
Antarctic ice. The global bottom water temperature proxies show a slight increase (Wright
et al., 1992). This phase of warming peaked in the Mid-Miocene Climate Optimum, and was
followed by a gradual cooling and re-establishment of a major ice-sheet on Antarctica (Fig.
2.3). Lawver and Gahagan (1998, 2003) suggested that the collision of the Australia-New
Guinea block with Southeast Asia around 15 Ma was an important tectonic event with re-
spect to ocean circulation. Among other global causes, they indicated that the blocking of
substantial equatorial transport of water from the Pacific into the Indian Ocean enhanced
the driving forces of the Antarctic Circumpolar Current, and led to the middle Late Miocene
expansion of the East Antarctic ice-sheet. In the Northern Hemisphere the deep water con-
nection between the Arctic ocean and North Atlantic (Fram Strait) opened also in Middle
Miocene times (Jakobsson et al., 2007; Ehlers and Jokat, accepted 2008). The first deep-
water exchange took place (Jakobsson et al., 2007). The influence of this gateway opening
on climatic changes and the onset of glaciation is sparsely investigated. The continuous in-
creasing of 80 isotopes and decreasing of bottom water temperature in the world’s oceans
resulted in a permanent ice coverage in Antarctica, and led to first partial and ephemeral ice
formations in the north around 12-14 Ma (Darby and Zimmermann, 2008) (Fig. 2.3). The
early Pliocene is marked by subtle warming trend until ~3.2 Ma, when §'¥0 again increased
reflecting the onset of Northern Hemisphere glaciation (Shackleton et al., 1988). In figure
2.3 (Zachos et al., 2001) the closure of the Panama seaway should have an influence on the
climate and ice formation in the north. The Gulf Current have been shifted towards north,
resulting in more rainfall /snowfall and ice concentration in the Arctic.

2.3 Interpretations about the glacial onset in the polar regions

A main part of this study was to investigate the glacial structures on the Northeast Greenland
shelf. On the basis of ODP site 913 (Greenland Sea) and site 909 (north of the Hovgard
Ridge) a first age model based on seismostratigraphy could be determined for sediments on
the Northeast Greenland shelf (see chapter 4 and 5). The glacial sediments look similar to
glacial sediments in other polar regions. Hence, this section gives a short overview about the
different interpretations of the glacial onset in selected polar regions. In figure 2.4, the onset
of glaciation in Antarctica, Norwegian margin, Barents Sea margin, Southeast Greenland
margin and Northeast Greenland margin is summarized. The various assumption for the
start of the glaciation in a region is marked by the hatchured rectangles. The upper boundary
of the rectangles shows the youngest age of the glaciation and the lower boundary represents
the interpreted onset of glaciation for the selected region. A more detailed description giving
the basis of the various ages for the onset of glaciation is provided in the following section
and is ordered by region. The rectangles on figure 2.5 demonstrate the location of former
and presently glaciated margins discussed in the text. The red highlighted box represents
the region of the Northeast Greenland shelf, where this thesis concentrates. Additionally, the
locations of the ODP drill sites cited in the text are marked as black dots labelled according
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Figure 2.4: Start of glaciation in different polar regions. The rectangle infill demonstrates the range of the
different interpretations for the onset of glaciation in this region. NM = Norwegian margin, BSM = Barents
Sea margin, SEGM = Southeast Greenland margin, NEGM = Northeast Greenland margin.

to the drill site number in this figure.

2.3.1 Antarctica (middle Eocene - early Oligocene)

About 90 % of the global ice mass is accumulated on Antarctica (Denton et al., 1991) and
around 98 % of the Antarctic continent is covered by an ice sheet averaging 1 to 4 km in
thickness (Nielsen et al., 2005). Parts of the continental shelves are also covered by large ice
sheets (Anderson, 1999).

Since several years, bathymetric data, multichannel seismic data and sediment core data
have been collected and these data provide a detailed view of the shallow parts of the
sedimentary section. The data show evidences for ice dynamic and indicate that grounding
and eroding ice streams developed on the continental shelf. The numerous data were acquired
in different regions around Antarctica (Fig. 2.5). The following subitems demonstrate the
various estimations for the onset of glaciation in that region.

e middle Eocene or earliest Oligocene for Prydz Bay (Hambrey et al., 1989): based on
drilling results of ODP site 740 and site 741 tied into a seismic network

e 30 - 33.42 Ma for the Wilkes Land margin(De Santis et al., 2003; Escutia et al., 2005):
based on extrapolation of sedimentation rates from ODP site 269 (400 km north of the
shelf) to the middle to lower continental rise

e carly Miocene for the Ross Sea (De Santis et al., 1995): based on a large MCS data set
combined with age information from ODP site 272 and 273

e carly Oligocene for the western Ross Sea (Brancolini et al., 1995): based on borehole
information from ODP site 270

10
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Figure 2.5: The upper image demonstrates four glaciated margins in Antarctica: PB = Prydz Bay, WL

= Wilkes Land, RS = Ross Sea, WS = Weddell Sea. Below adjacent glaciated margins to the Northeast
Greenland margin are shown (NM = Norwegian margin, BSM = Barents Sea margin, SEGM = Southeast
Greenland margin, NEGM = Northeast Greenland margin). The black dots represent the locations of drill
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e Barly to late Oligocene for Weddell Sea/Dronning Maud Land (Miller et al., 1990):
based on MCS data and ODP drill hole information from site 692 and 693

2.3.2 Norwegian margin (Pliocene)

The Norwegian margin (Fig. 2.5, NM) is one of the best explored margins in the Northern
Hemisphere. Even so it can be claimed that, the Cenozoic glacial history is not fully under-
stood. In general, the onset of large-scale progradation is interpreted to mark the beginning
of grounded ice sheets advanced towards the shelf break. The different estimations for this
event are:

e 2.56 Ma (Jansen et al., 1988): based on samples from exploration wells off Mid-Norway
and ice rafted debris

e 2.74 Ma (Jansen et al., 2000): the authors revised their previous assumptions (1988)
because of a revised time scale

e older than 2.3 Ma (Eidvin et al. 1998, Rise et al., 2005): based on planktonic fossil
fauna correlated with palaecomagnetically calibrated fossil zones from ODP/DSDP drill
sites in the Norwegian Sea on exploration wells

e 2.53 Ma (Wagner and Holemann, 1995): based on analyses of organic geochemical data
from different ODP sites on the Vgring Plateau

e 3.5 Ma (Jansen et al., 2000): based on a continuous IRD record produced from ODP
site 907

2.3.3 Barents Sea margin (middle Miocene - Pliocene)

The Barents Sea Shelf (Fig. 2.5) represents the wide shelf region extending up to 82°N. In
the southwestern part of the Barents Sea the large Bear Island Trough (BIT) is distinctly
visible in the bathymetry (Fig. 2.5). This bathymetric trough, leads to a large trough mouth
fan off the SW Barents Sea margin. This sediment deposition area is well investigated by
seismic, measurements but also borehole information are available. ODP site 986 on the
west Spitsbergen margin is a key borehole for the evolution of the Barents Sea shelf and the
sediment transport in this region (Forsberg et al., 1999; Channell et al., 1999). The different
age models for the onset of glacial erosion are:

e 2.3 Ma (Forsberg et al., 1999) - 2.58 Ma (Channel et al., 1999): correlation of a regional
unconformity (R7) traced along the Barents Sea- and Spitsbergen margin to ODP site
986

e 2.20 - 2.35 Ma (Seattem et al., 1992): based on *°Ar**Ar dates on cored volcaniclas-
tic material immediately underlying the wedge sediments in the Vestbakken volcanic
province of the Bear Island Fan

e middle Miocene (Knies and Gaina, 2008): data from ODP site 909 on the Hovgard
Ridge, as well as preglacial paleorelief and bathymetric reconstructions in the Barents
Sea point to large-scale glaciations developed in the northern Barents Sea

12
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2.3.4 Southeast Greenland margin (late Miocene)

The first seismic reflection measurements offshore Greenland were aquired in the early eight-
ies on the Southeast Greenland margin (Larsen et al., 1990). Former studies were concen-
trated onshore, and little was known about the onset of the glaciation on the conjugated
margin of Norway. These profiles were used as pre-site surveys for drilling campaigns. Dur-
ing September-November 1993, core driling at different drill sites were carried out (Leg 152,
Larsen et al., 1994) on the Southeast Greenland margin. One of the scientific objectives of
Leg 152 was to investigate glaciomarine processes and history of the Southeast Greenland
margin (Larsen et al., 1994). The different age models for the onset of glacial erosion based
on this scientific cruise are:

e 7 Ma (Larsen et al., 1994): based on nannofossil biostratigraphy and sedimentation
rates on ODP site 918

e 11 Ma (Helland et al., 1997): analyses of samples from ODP site 918 (Sr-isotopes from
planktonic foraminifers)

2.3.5 Northeast Greenland margin (late Eocene - Pliocene)

Because of the heavy drift ice conditions along the Northeast Greenland shelf it is difficult to
carry out seismic measurements there and even more problematic to pursue drilling projects.
The northernmost ODP drill site 913 (Leg 151) along the Northeast Greenland margin
(Fig. 2.5, NEGM) is situated in the deep Greenland Basin just off the Northeast Greenland
shelf (Myhre et al., 1995). Until recently, missing profiles from the deep sea onto the shelf
complicated the interpretation of the onset of glaciation on the Northeast Greenland margin.
Existing interpretations are based on reflection character, regional considerations, onshore
Greenland geology and results from borehole samples of drill site 913. The first seismic
measurements on the Northeast Greenland shelf were carried out north of 79°N by Hinz
et al. (1991) in the year 1988. The results were interpreted to reflect a very deep Permo-
Carboniferous rift basin filled with sedimentary rocks beneath the inner shelf. Between 1992
and 1995 the seismic network was extended to the south by a group of industrial industries.
A general overview of this seismic campaign and of the geological history of the Northeast
Greenland shelf was published by Hamann et al. (2005). Other studies on this margin (Hinz
et al., 1987) were concentrated on the deep sea and slope area on the volcanic history along
the Northeast Greenland margin. The various assumptions for the onset of glaciation are:

e Plio - Pleistocene (Hamann et al., 2005; Tsikalas et al., 2005): subdivision of the offshore
sediment succession into several units dated by comparison to the onshore successions
of central East Greenland and Northeast Greenland, as well as offshore successions in
the southern Barents Sea and on the Mid-Norwegian margins

e 30 Ma - 38 Ma (Eldrett et al., 2007): based on biostratigraphy and samples from ODP
site 913, results show evidences of ice-rafted debris including macroscopic dropstones

e middle Miocene (Helland & Holms, 1997; Winkler et al., 2002): based on proxy data
and ice-rafted debris (IRD) from the Nordic seas

13
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None of the above results were based on a seismostratigraphic tie to ODP site 913 in the deep
Greenland Basin. The AWT (Alfred Wegener Institute) data, collected during the summer
seasons 1997, 1999, 2002 and 2003 made it possible to tie the shelf succesion with ODP site
913 and hence to investigate the sediment structure along the Northeast Greenland shelf,
slope and deep sea region. The results are the basis of this thesis and will be interpreted in
the chapter 5, 6 and 7.

2.4 Sediment transport mechanisms

Sparse 2D seismic data cannot be used to prove occurrences of glacial detritus, but provide a
compelling evidence of an abundant sediment supply from the continental shelf to the deep-
marine environment. This sedimentary supply can be attributed likely to ice sheet transport
mechanisms, as discussed below. Different sedimentary processes have been observed on
glacially influenced margins, mostly documented along the well investigated Antarctic mar-
gin. This chapter gives an introduction into sediment transport mechanisms observed on the
East Greenland magin (see chaper 4, 5 and 6). The main transport mechanisms are:

e Sediment transport by ice sheets

Sediment transport by ice streams

Sediment transport by icebergs

Sediment transport by gravity-driven process

Sediment transport by current activity

Sediment transport by ice sheets Geological and geophysical data were acquired on
various continental shelf areas (e.g. Antarctica, Barents Sea, Southeast Greenland) showing
evidence for repeated ice advances and changes in sediment accumulation. The advances of
grounded ice in times of glacial maximum transported large volume of sediment across the
shelf edge and are regarded as the mechanism for the development of prograding clinoforms.
A model of ice sheet deposits is image in figure 2.6 and figure 2.7 shows an example of a
seismic profile from the Weddell Sea shelf (Fig. 2.7) with the characteristic geometry of the
prograding sequences. These structures could be also recognized on the Northeast Greenland
shelf and points to an glacially influenced shelf region. The results along the East Greenland
shelf are shown and interpreted in chapter 4 and 5.

Changes in the geometry of the prograding sequences from low-angle strata to steep foreset
strata are likely the result from changes in the glacial processes (Escutia et al., 2005). A
major change in sequence geometry (start of progradation) on the outer shelf of the western
Antarctic Peninsula was dated and interpreted as the start of advances of grounded ice to
the shelf break (Cooper et al., 1991). In interglacial times, biogenic material accumulated
above the older sediment deposits. The repeated advance of glaciers over areas of a nearly
flat relief, carries debris from its usually more elevated source area and takes up further
material by basal erosion. If the base of the glacier is cold and frozen to the ground, more
basal debris is generally accumulated than by "temperate” glaciers, which have a wet base
sliding relatively easily over the substrate. Melting of glacier ice at its base leads to the
release and accumulation of debris in the form of melt-out till (Einsele, 1992).
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Figure 2.6: Ice sheet depositional model of Cooper et al., (1991), sequences of Unit IA are interpreted

as prograding clinoforms and sequences of Unit ITA are interpreted as aggrading clinoforms. B=Biogenic,
IRD=Ice rafted debris.
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Figure 2.7: Seismic reflection profile from the Weddell Sea shelf in the prolongation of the Crary Trough
taken from Kuvaas and Kristoffersen (1991). Topsets and prograding strata are shown in the outer shelf area
like on the Northeast Greenland shelf (therefor see chapter 4 and 5.
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Sediment transport by ice streams A strong cyclicity in sediment supply on the outer
shelf and upper slope region can be related to periods when the grounding line reaches the
shelf edge but very little otherwise. Therefore, the advanced glaciers show a bulldozing effect
at the front of grounding ice. Unsorted sediment (till) is transported beneath ice streams
and deposited directly in front of the grounding line (Barker, 1995). When grounded ice
streams extend onto the continental shelf, massive to crudely stratified diamictons are de-
posited in the shelf troughs (e.g. Wilkes Land). Diamictons were deposited as tills (imaged in
seismic lines as topsets; see also figure 2.7) directly below the grounded ice sheet (Anderson
et al., 1980; Domack, 1982) or as glacial open-marine diamictons opposite to the ice stream
terminus as the foresets of the prograding wedges, also known as trough mouth fans (Es-
cutia et al., 2005). Such sediment deposits can be found at the Scoresby Sund (Dowdeswell
et al., 1997), Prydz Bay Channel (Kuvaas and Kristoffersen, 1991) and Bear Island Fan
(Laberg and Vorren, 1996). The records with highest resolution of Cenozoic glaciation on
the Antarctic continental margins are found in thick sediments of trough mouth fans, sit-
uated in front of deep bathymetrical troughs. Large glacial troughs are also visible along
the entire East Greenland margin. Compiled sediment thickness maps (see chapter 5) give
information about the amount of sediment material accumulated in the prologation of glacial
troughs in comparison to the adjacent areas.

Sediment transport by icebergs In regions of very cold climate and sufficient ice ac-
cumulation, large areas can be covered with comparatively thick shelf ice. Most of the de-
bris in these floating ice sheets is located near their base (Einsele, 1992). In this environ-
ment, proglacial marine sediments are often rich in diatoms, bioturbated, and contain few
dropstones. Areas with large and ”dirty” valley glaciers reaching the sea can provide great
amounts of siliciclastic debris. Icebergs originating from such dirty glaciers frequently carry
their debris load over long distances, and hence are the source of dropstones found in pelagic
and hemipelagic sediments in large ocean basins far away from glaciated regions. Such sed-
iment components were found in ODP site 909 (north of the Hovgard Ridge) and site 913
(deep Greenland Basin). Myhre et al. (1995) and Knies and Gaina (2008) believe in sedi-
ment transport by icebergs from the Barents Sea shelf towards the Fram Strait up to the
area where site 909 is located. Dropstones in core samples from site 913 were assigned to
sediments eroded from the Greenland shelf. The seismostratigraphic interpretation on the
basis of these two bore holes will be introduced in chapter 4 and 5.

Sediment transport by gravity-driven processes For sediments in the upper slope re-
gion mass transport by gravity-driven processes plays an important role. These gravity flows
can be generated with minimal triggering on steep slopes. Sediment overloading at the shelf
break during times of glacial maxima and earthquakes can trigger instability and generate
slumps. It has also been postulated that, at glaciated margins, such as the Labrador Sea,
gravity flows can be generated by direct bedload-rich melt-water discharges from the glacier
terminus sides (Hesse et al., 1997). Large volumes of sediment were transferred from the
slope into deep basins. Numerous large turbidity current channels, which cut into the lower
slope and rise, are identified along continental margins (Dowdeswell et al., 2004). Results
from the analyzed data along the Northeast Greenland margin will be discussed in chapter
6 with regard to sediments transported by gravity-driven processes. Surface sediments from
the slope environment consist of massive sandy mud to fine sand, alternating with massive
sandy and pebbly deposits (Domack, 1982; Escutia et al., 2003), which resemble the di-
amictons of the continental shelf (Escutia et al., 2003). Base of slope and upper continental
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rise sedimentation is characterized by overall finer-grained deposits (e.g., mud and silty to
sandy mud). At the Antarctic continental margin the isostatic rebound is suggested to have
generated gravity flows (Anderson et al., 1979; Escutia et al., 2005).

Sediment transport by current activity Another sediment transport medium are cur-
rents with a strong erosional character. They lead to widespread deposition of contourite
drifts and formation of channel-levee systems. Such accumulations can be observed on differ-
ent margins e.g. Antarctica (Kuvaas et al., 2004), South Africa (Schlueter and Uenzelmann,
2007), the northwestern Sea of Okhotsk (Wong et al., 2003), and the NE Atlantic (Stoker et
al., 2005; Laberg et al., 2005; Hjelstuen et al., 2007). The determination of the age of drift
bodies can point to the onset of major new ocean current circulation systems. The consti-
tution of channel-levee systems give details about the flow directions. Hence, it has been
possible to propose a link between the opening of gateways, like the Drake Passage in the
Southern Hemisphere and contourite deposits. The Circum-Antarctic current is a popular
explanation for the earliest Oligocene global cooling. After the opening of the Fram Strait
and the deep-water exchange between the North Atlantic and Arctic Ocean contourites and
drift deposits could be developed (see chapter 6).
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3 Seismic data processing

3.1 Seismic reflection

This study includes seismic data acquired during different AWI expeditions along the East
Greenland margin. The dataset recorded during the summer season 2003 was processed
and interpreted. For a detailed interpretation along this margin, I also used the processed
datasets acquired in 2002 and 2004. The dataset carried out in the Greenland Basin (Fig.
1.1) was recorded with different streamer lengths, depending on sea ice coverage during
this campaign. A 600 m long streamer was used in the north of the Greenland Basin
(75.5°N-77°N) whereas south of 75.5°N a 3000 m long streamer was used. The seismic
energy was consistently generated with an array of eight airguns with a total chamber
capacity of 24 litres. The shot interval was 15 s and the sampling interval 2 ms.

The following workflow shows the applied processing steps:

Demultiplexing

4
CDP sorting

¢
Editing
¢

Filtering
4

Spherical divergence correction

4

Velocity analysis

4

Normal moveout correction

4

Multiple suppression

4
Stacking

4

Depth conversion and interpretation

19



Seismic data processing

Time sequences from the field data tapes are resorted to short gathers for each shot. The
data were tied to the navigation data (latitude, longitude, course, cruising speed and water
depth). With an average cruising speed of 5 knots and a shot interval of 15 seconds, the
shot point spacing is approximately 37 m. The shot gathers were sorted into CDP (common
depth point) groups. For both streamer configurations (streamer lengths: 600 m and 3000
m) we chose a CDP spacing of 25 m.

After CDP sorting the data were edited, whereby noisy signals and bad/dead channels were
removed and wrongly polarized traces were corrected. A band pass filter of 12 - 80 Hz was
applied and frequencies below 12 Hz and above 80 Hz were muted out. To create a repre-
sentative velocity model, two different velocity analysis methods are available: interactive
velocity analysis and constant velocity analysis. Especially in the shelf region with strong
seafloor multiples, a constant velocity analysis was applied to obtain the best quality stack
of signal. With these analyzed velocities the normal moveout correction was applied and the
data were stacked.

Special multiple suppression methods will be described. To convert the time sections into
depth sections, interval velocities were taken from the 3000 m long streamer data. Addi-
tionally, velocities from seismic refraction data from Voss and Jokat (2007) have been used.
For profiles north of line 20030390, I have interpolated the interval velocities of this line to
determine uniform seismic depth sections for the entire network.

Finally, the navigation of the profiles and the seismic data were loaded into the seismic
interpretation system LANDMARK.

3.1.1 Multiple suppression methods

Multiples are secondary reflections with interbed and intrabed raypaths. Guided waves in-
clude supercritical multiple energy (Yilmaz, 2001). For special travel times they can interfer
with the primary signal resulting in a poor signal to noise ratio. We can differenciate between
multiples with short and long wave paths. Multiples with short wave paths (peg-leg) partly
interfere with primary signals and are difficult to observe. Much more annoying are multi-
ples with long wave paths (e.g. seafloor multiples), because they often mask the complete
subsurface structure.

It is essential to suppress seafloor multiples. Actually, after stacking, seafloor multiples should
be removed. Incoherent signals (multiples) will be suppressed and coherent signals (primary
signals) will be intensified. That presumes, the velocity gradient is great enough to dis-
tinguish between seafloor multiple and real seafloor reflection. Especially, in shallow water
depths (shelf region) on the East Greenland shelf the multiples are very strong, because of
the high acoustic impedance contrast (density multiplied with velocity) which leads to high
velocities near the subsurface. The high velocities (around 2300 m/s in the shelf region) can
be related to the strongly influenced glacial shelf (discussed in chapter 5). Because of the
thick ice coverage on the shelf the glacial material has become over-compacted.

To get a representative model for the subsurface the following multiple suppression methods
were tested:

a) Predictive deconvolution
b) Radon transformation in the 7-p-domain (hyperbolic/parabolic)
¢) f-k filtering.

The results will be discussed after a short explanation of the multiple suppression methods.
The following description should pinpoint to the different mathmatic approaches. Complete
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and detailed explanations are given e.g. by Militzer & Weber (1987), Sheriff & Geldard
(1995) and Yilmaz (2001). Within the appendix, the processing steps with all used
parameters are listed.

a) Predictive deconvolution

In general, the aim of the deconvolution is an improvement of the resolution. The ideal case
would be a spike signal, which produces a broad frequency spectrum. The deconvolution
is an inverse filter and with a predictive deconvolution it is possible to suppress alternate,
circular signals, like seafloor multiples. Prior to the application it is necessary to determine
a function of autocorrelation to define the operator length (length of the signal to create a
spike signal). Additionally, the prediction length specify the time from multiple to multiple
signal. For a successfully execution the following requirements have to be compiled (Yilmaz,
2001):

e static source signal
e minimum-phase signal
e subsurface consist of horizontal layers with constant velocity

e 10 noise signals within the data

The reality shows, that these requirements are not fulfilled. Therefore, numerical noise in
the seismogram is generated.

The first panel in figure 3.1 shows the result of the predictive deconvolution. The first
multiple is visible at around 780 ms. The amplitude spectrum below exhibits an attenuation
of the multiple of 5 db (from -4 db of the seafloor reflection to -9 db of the first multiple) in
comparison to the primary signal.

b) Radon transformation in the 7-p-domain

In the 7-p-domain we can distinguish between two kinds of transformation: hyperbolic and
parabolic.

hyperbolic This technique uses a hyperbolic curve to sum the samples of incoming (x,t)
and outcoming (v,7) coordinates. The hyperbola is defined as:

1.2

=7+ = (3.1)

This results in a velocity stack in the radon domain with (Yilmaz, 2001):

u(v, 1) = Zd(x,t =4/T2+ i—i) (3.2)

and for the transformation back into the x-t domain :

P(z,t) =) ulv,7 =/t2+ x—Q) (3.3)
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This transformation does not work ideal for a real dataset. Fundamental problems occur dur-
ing the transformation in the velocity domain, because of the finite length of the hydrophon
cable as well as the discontinuous input function. That means velocities of data with less
moveout (small offset) are not resolvable after the transformation and the inversion into the
x-t domain do not provide the output signal. To avoid this problem, the hyperbolic radon
transformation was developed (Yilmaz, 2001) with the result the time axis (t and 7) will be
stretched with the condition: t* = ¢?; 77 = 72. Hence hyperbolic events in the distance field
will be transformed to parabolic events in the radon domain. This transformation will be
applied for each point in the Fourier domain using a matrix (least square fit). An inverse
Fourier transformation was carried out and the stretching of the time axis was calculated
back. Following this, a filter operation in the radon domain and the back transformation of
the modelled CDP gather was applied (Sheriff and Geldard, 1995).

Panel b in figure 3.1 shows the result of the hyperbolic radon transformation. The amplitude
spectrum below exhibits an attenuation of the multiple of 5 db (from 0 db of the seafloor
reflection to -5 db of the first multiple) in comparison to the primary signal. The result looks
quite similar to that of the predictive deconvolution, and also the reduction of the multiple
energy shows the same trend in the gain analysis. The results are not convincing enough to
apply this method to the whole dataset.

parabolic The normal moveout (NMO) correction of the incoming data must be applied
before the parabolic velocity filtering is performed. For the calculation the following equation
was used for the moveout correction:

R (3.4)

Now, resulting moveouts appear nearly parabolic (Yilmaz, 2001):

72
The forward transformation describes the segmentation of the NMO-corrected data into
a sum of parabolic events. The primary signals differ from multiple signals because of
the moveout of the parabolas (Geissler, 2000). The best fit for NMO-corrected CMP
gathers is the transfer into parabolas rather than the linear 7-p-transformation. The NMO
corrected multiples with p-wave velocities of the primary signals describe parabolas in a
first approximation (Hampson, 1986). The dip of the summation path can be joined with
the velocities. Thereby it is possible to terminate the great number of parabolas applied to
a defined dip and velocity interval, during the forward and reverse transformation (Geissler,
2000). Now it was possible to filter out the NMO-corrected primary reflections before the
transformation back into the x-t domain. Therefore, only the multiple reflections were
transformed back. The result is a seismogram with multiple reflections, which has to be
subtracted from the original seismogram.

The result of the parabolic radon transformation is shown in figure 3.1 in panel c. Within
the seismic section above at 1.25 s a clear indication of the second seafloor multiple can
be observed. It was not successful to suppress multiples of higher order. This result is also
reflected in the gain analysis below. The amplitude spectrum below exhibits an attenuation
of the multiple of 3 db (from -9 db of the seafloor reflection to -12 db of the first multiple)
in comparison to the primary signal. Nearly no attenuation of the first seafloor multiple,
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in contrast to the seafloor energy could be reached. The stacking result in figure 3.4d
demonstrates that the multiples mask completely deeper signals.

c) f-k-filtering

Through a transformation of a seismogram from a x-t to f-k domain it is possible to separate
multiple and primary signals, because of their different gradient in the x-t domain. The f-k
transformation is defined as:

F(f k)= / / flx,t) - e CTIHkD) gy (3.6)

A monochromatic wave is displayed on a single point in the f-k domain. On a line trough
origin, all frequencies are displayed, that have the same declination in the x-t domain. The
coherence between declination in the x-t domain and the declination in the f-k domain will

quantified by
dx f

i (3.7)
The multiple suppression by f-k filtering (Figure 3.2) was applied with the FOCUS module
ZMULT. The data were corrected with the result, that primary signals are over-corrected in
the same dimension like the multiples are under-corrected. After this transformation in the
f-k domain the primary signals can be observed in the x-t domain in the area of negative wave
numbers. The reason is their "negative” dip (increasing travel time with increasing offset). In
contrast, the multiples have a ”positive” dip (decreasing travel time with decreasing offset)
in the x-t domain and are displayed in the area of positive wave numbers. Therefore, the
multiples can be separated from the primary signals. The areas of positive and negative wave
numbers will be transformed back into the x-t domain after the positive areas is set to 0.
The last panel on figure 3.1d images the result of the f-k filtering. The first multiple at 780
ms could be nearly suppressed. The amplitude spectrum below exhibits an attenuation of
the multiple of 13 db (from 0 db of the seafloor reflection to -13 db of the first multiple)
in comparison to the primary signal. The seismic sections show continuously horizontal
reflections, which result after stacking in clearly visible reflectors (see figure 3.5).

3.1.2 Results of the multiple suppression

The results of the applied methods are demonstrated on profile AWI-20030390 recorded with
the 3000 m long streamer (Figs. 3.3, 3.4, 3.5). Figure 3.3a shows the original stacked data
without any application of multiple suppression methods. In this time section the first water
bottom multiple is visible at around 850 ms. On the basis of well imaged primary signals and
the almost completely suppressed second water bottom multiple I assume that the velocity
model for the shelf region of this profile provides the best subsurface image. Between CDP
5500 and 7000 weak inclined reflectors (seafloor multiples) are visible. Prior to interpretation
it is necessary to extract these signals from the primary signals.

The usage of a predictive deconvolution (Fig. 3.3b) reached a reduction of the first multiple,
and primary signals between 500 and 1200 ms can be better observed now. The rest of the
energy of the first water bottom multiple shows a low-frequency signal in comparison to the
signal on figure 3.3a, which represents a high-frequency signal. A complete suppression was
not achieved, which can be explained with the violation of the preconditions like a static
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a) NMO-Correction b) Overcorrection Apply c) ZMULT d) Overcorrection Remove
CDP 7550 7550 7550 7550
FFID 12507 12510 12512 12515 12517 12507 12510 12512 12515 12517 12507 12510 12512 12515 12517 12507 12510 12512 12515 12517

a) NMO-Correction b) Overcorrection Apply
WAVE NUMBER WAVE NUMBER

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

FREQUENCY
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c) ZMuLT d) Overcorrection Remove
WAVE NUMBER WAVE NUMBER

0.5 -04 -03 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 -0.5 -04 -03 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
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Figure 3.2: Results of a f-k filtering of a data set recorded with a 3000 m long streamer: the upper part
of the figure shows a CMP gather after several processing steps. The lower part shows the associated f-k
spectrum. a) NMO correction with under corrected multiples, displayed in the positive wave number area
of the f-k spectrum. The overcorrection b) produce a separation of primary and multiple signals in the f-k
spectrum. c¢) f-k filtering, d) over correction is removed and the rest of the energy is only visible at the
frequency axis; multiple removed CMP gather
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source and minimum-phase signal.

Results after a hyperbolic radon transformation (Fig. 3.4¢) show no change to the stacked
section (3.3a) in contrast to the result of the parabolic radon transformation. With the
parabolic radon transformation, the deeper signals (below 1s TWT) were completely masked
and the geological structure is no longer visible (Fig. 3.4d). Also multiples of higher order
could not be suppressed. Different parameters were tested but a satisfactory result could not
be reached with this method. A better result could be achieved with the hyperbolic radon
transformation, but an improvement of the stack result could be not obtained.

The best result could be achieved by the f-k filtering (Fig. 3.5¢). The parameters for the over-
correction of primary signals were good enough to separate these signals from the multiples.
Under-corrected signals were removed (Fig. 3.2d) and the remaining over-corrected signals
were transfered back for stacking. Therefore, a mute for the near offset (300 m) traces to
improve the end result (Fig. 3.2d) was applied. The near offset traces from multiple signals
show often no dips. Thus, it is difficult to distinguish between over and under correction.

In general, it was successful to suppress the seafloor multiples in the shelf region by using the
3000 m streamer. It was more difficult to achieve an improvement for the data set north of
the Greenland Fracture zone where the data were recorded with the 600 m streamer. These
data provide only limited velocity information, because of the small offset. The primary
signals could be not separated after a NMO correction, which is the main pre-condition for
the used multiple suppression methods.
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Q) stack
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Figure 3.3: Shelf region of profile AWI-20030390. a) stacked section, b) section after applying a predictive
deconvolution.
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C) after hyperbolic radon transformation
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Figure 3.4: Shelf region of profile AWI-20030390. c) section after applying a hyperbolic radon transforma-
tion, d) section after applying a parabolic radon transformation.
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0.0

e) after f-k filtering
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Figure 3.5: Shelf region of profile AWI-20030390. e) section after applying a f-k filtering.
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5.1 Abstract

Around 4370 km of new seismic reflection data, collected along the East Greenland margin
between 71°30N and 77°N in 2003, provide a first detailed view of the sediment distribution
and tectonic features along the East Greenland margin. After processing and converting the
data to depth, we correlated ODP-Site 913 stratigraphy into the new seismic network. Unit
GB-2 shows the greatest glacial sediment deposits beneath the East Greenland continental
shelf. This unit is characterized by the beginning of prograding sequences and has according
to our stratigraphic correlation a Middle Miocene age. It might have been caused by rapid
changes in sea level and/or glacial erosion by an early ice sheet or glaciers along the coast.
A basement high, presumably a 360 km long basement structure at 77°N - 74°54N prevents
continuous sediment transport from the shelf into the deep sea area in times before 15 Myrs.
The origin of this prominent structure remains speculative, since no rock sample from this
structure is available.

Seaward dipping reflectors at the eastern flank of this structure strongly support that it is
a volcanic construction and most likely emplaced on continental or transitional crust. The
compilation of sediment thickness provide an insight into the regional sediment distribution
in the Greenland Basin. An average sediment thickness of 1 km is observed. The north
bordering Boreas Basin has a sediment thickness of 1.8 km close to the GFZ.

Key words: Controlled source seismology; Continental margins: divergent; Arctic region.

5.2 Introduction

During Permian and Tertiary times, rift systems separated Pangaea into North America,
Eurasia, and Gondwana (Moore et al., 1992a). The late Permian to Middle Jurassic initial
phase of Pangaea breakup invoked the southward and westward propagation of the proto-
Norwegian-Greenland Sea (NGS) and the Tethys rift systems, whereas the late Jurassic to
Paleogene break-up phase was dominated by the stepwise northward propagation of the
central Atlantic (Ziegler, 1990). The rapid opening of the central Atlantic took place during
the late Jurassic and Early Cretaceous, and intensified rifting in the proto-NGS (Ziegler,
1990). The tectonic evolution of the conjugate Greenland and Norwegian margins has faced
compression, extension, magmatism and subsidence phases since the Devonian collapse of
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the Caledonian orogene and until early Eocene continental breakup at 56 Ma (Talwani and
Eldholm, 1977; Skogseid et al. 2000). The Cenozoic geological history can be interpreted
from the marine sediments and the crustal structure of the East Greenland margin. First
seismic investigations in the Greenland Sea were performed already before 1971 (Ewing
and Ewing, 1959; Eldholm and Windisch, 1974). Only a few seismic refraction tracks are
located along the Greenland continental margin. The data show a basement high between
75.3°N, 10.5°W and 76.4°N, 5°W, but the landward extension of this feature was not imaged
(Eldholm and Windisch, 1974). Ostenso and Wold (1971) published an aeromagnetic profile
across the feature that shows an abrupt decrease in anomaly amplitude, suggesting the
presence of a magnetic quiet zone. Hinz et al. (1987) gave the first detailed insight into the
sedimentary and tectonic structure of the northern East Greenland shelf, based on a seismic
reflection profile recorded in 1981. This profile is located almost at the same position like
profile 20030390 (Fig. 1), and covers the deep sea part of the Greenland Basin. However,
it terminates just close to the shelf edge. ”Seaward dipping reflectors” (SDRs) beneath
the East Greenland continental slope were recognized on a structural high of which the
dipping events create the seaward flank (Hinz et al., 1987). Within the basement structure a
basement scarp was identified, the Greenland Escarpment, and interpreted as the landward
limit of the structural high.

Mutter and Zehnder (1988) introduce results from two-ship Expanded Spread and Wide
Aperture CDP Profiling (ESP) measurements off the East Greenland margin. These
measurements were made to investigate the deep crustal structure during the onset of
seafloor spreading. Seaward of a region of low velocity crust SDRs occur within thick crust
interpreted to be a product of voluminous melt production enhanced by convective partial
melting processes (Mutter and Zehnder, 1988). A structural high east of the Greenland
Escarpment shows at the top a seismic velocity of 4 km/s. Existing studies show a volcanic
influenced region south of 76°N.

The seismic database remained extremely poor across the margin, since the sea ice prevented
any systematic data acquisition. Another seismic experiment (KANUMAS), carried out in
the years 1991 - 1995 gathered multichannel seismic data along the East Greenland shelf
between 72°N and 79°N. In total, KANUMAS acquired 6839 km of multichannel seismic
data (Hamann et al., 2005) mostly across the inner shelf. In spite of these geophysical
investigations, geological structure of this part of the world is still relatively poorly known.
Based on the same dataset Tsikalas et al. (2005) tried to make a first correlation with
the KANUMAS data, based on reflection character, regional considerations and onshore
Greenland geology (Stemmerik, 1993). They divided the sedimentary column into two units,
Plio/Pleistoce and Tertiary sediments. In their modell all prograding sediments at 76°N are
of Plio/Pleistocene age.

Magnetic data from the Geological Survey of Norway (NGU) (Verhoef et al., 1996) provided
a first information for the location of the continent-ocean boundary in the Greenland
Basin, based on the identification of seafloor spreading anomalies. Other markers typical
of continent-ocean transition zones are volcanic SDRs, which have been identified at the
conjugate margins off Norway (Hinz et al., 1987, Tsikalas et al. 2005), and off southeast
Greenland (Planke and Alvestad, 1999). Recent deep seismic sounding data off East
Greenland provided good constraints for the structure and width of the continent-ocean
transition (Voss and Jokat, 2007). It seems to be located more or less underneath the
present shelf edge.

A little more is known about the glacial sediments. The East Greenland shelf might have
been influenced since the middle Late Miocene (~7 Ma; Larsen et al., 1994) by advancing
and retreating glaciers/ice streams as documented in progradational and aggradational
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sequences of glacio-marine sediments (Vanneste et al., 1995). A large glacio-marine fan
system exists off Scoresby Sund at 70°N (O’Cofaigh et al., 2001). Further to the north, the
margin exhibits a series of large submarine fans and glacial troughs at 72°N, 73°N and 74°N
(Fig. 6.1). These are locations where rapid ice streams flowed, and therefore, where the
highest flux of glacial debris across the continental margin, can be expected (Dowdeswell,
1996). The existence of Northern Hemisphere ice sheets can be demonstrated back to the

717 S Svalbard

- R
-
‘

Greenland }

Iceland '

ODP site 913
7300 7300
7239 é 1230

7200

7\'30‘

-5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0 500 1000

Figure 5.1: Location of the study area with bathymetric contours, and the multichannel seismic (MCS)
network recorded with RV ”Polarstern” in 2003. The black profiles were acquired with the 600 m long
streamer, and the dashed black profiles were acquired with the 3000 m long streamer. ODP drill site 913
is marked with the white star 17 km away from profile AWI-20030390. Numbers 1 and 2 show the location
of the sonobuoys 19 (1) and 20 (2). The thin dotted white line along the East Greenland shelf represent
the boundary of the ocean-transition zone published by Voss and Jokat (2007). GFZ = Greenland Fracture
Zone, GG = Godthab Gulf, KFJF = Kejser Franz Joseph Fjord, KOF = Kong Oscar Fjord.

middle Miocene, on the basis of proxy data and ice-rafted debris (IRD) from the Nordic
seas (Winkler et al., 2002; Helland and Holms. 1997). Eldrett et al. (2007) actually suggest
the existence of (at least) isolated glaciers on Greenland between 30 and 38 million years
ago based on results of site 913. However, the early glaciation history of the Northern
Hemisphere is a subject of controversy. Only one drill hole exists in the Greenland Basin.
Ocean Drilling Program (ODP) hole 913 is located in the northwestern Greenland Basin
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(Fig. 6.1), where it provides information on the sediment composition and ages (Myhre
et al., 1995). On the basis of the drilling results, those authors introduced seven different
lithological units. The oldest unit has a middle Eocene age (674.1 - 770.3 m.b.s.f.) and
consists of laminated and massive silty clay (Myhre et al., 1995). Basement material could
not be recovered.

To advance in the understanding in the tectonic and glacial history of this margin seismic
reflection data were collected with RV 7Polarstern” in the NGS during the expedition
ARK XIX/4 (Jokat et al., 2004). The new seismic data in the NGS comprise 15 profiles
recorded with a 600 m long streamer (2309 km), and 13 profiles recorded with a 3000 m
long streamer (2062 km). The profiles were arranged parallel and perpendicular to the shelf
break (Fig. 6.1), with a line spacing of approximately 50 km. This contribution describes
the results of the seismic reflection data interpretation in the Greenland Basin between
71°30N and 77°30N, and provides new insight into the sedimentary structure, glacial history
and tectonic evolution of prominent geological formations of this area.

5.3 Seismic data acquisition/processing and mapping procedure

The multichannel survey between 72°N and 78°N was carried out with a cluster of 8 VLF
-Guns x 31 (used for measurements with the 600 m streamer) and 5 G -Guns x 8.51 (used for
measurements with the 3000 m streamer). Heavy ice in summer 2003 north of 77°N forced
the use of the 600 m streamer with 96 channels (Fig. 6.1, black lines), and a hydrophone
group spacing of 6.25 m. A 3000 m streamer was used in the south (Fig. 6.1, black dashed
lines) with 240 channels and a hydrophone group spacing of 12.5 m. The shot interval on
these configurations was 15 seconds, which resulted in a shot distance of about 35 - 40 m. In
summer 2004, three seismic reflection profiles and two sonobuoys were additionally recorded
along the Fast Greenland margin to complement the network.

We processed the multichannel seismic data using standard methods. After demultiplexing
and applying a spherical divergence correction, the data were sorted and binned into 25 m
spaced CDPs. We frequency filtered the data before stacking (15 - 80 Hz for the 600 m long
streamer and 10 - 100 Hz for the 3000 m long streamer). For the 3000 m streamer data also
a f-k-filtering was applied to suppress the water bottom multiples on the shelf region.

The short streamer provided only limited velocity information for depth conversion, because
of the small offset compared to the water depth (>1500 m). Representative velocities for this
region are derived from the 3000 m streamer data. The velocity model for profile 20030390
is imaged in figure 6.2. The specified velocities are interval velocities determined by seismic
velocity analysis and range between 1.5 and 2.3 km/s for the upper part of the shelf region
(CDP: 7350 - 10400). For depths greater than 2 km velocities of 3.2 and 4.3 km/s were
used from seismic refraction measurements (Voss and Jokat, 2007). The velocities of deeper
reflections were checked by ocean-bottom seismometer deployed along four of the west-east
seismic reflection profiles (Voss and Jokat, 2007), and sonobuoy data (Jokat et al., 2005).
Acoustic basement velocities were generally extracted from deep sounding data (Voss and
Jokat, 2007; Voss and Jokat, submitted 2008). These detailed velocity information is the
base for the depth conversion. For profiles north of profile 20030390 we have interpolated the
interval velocities of this line to determine an uniform seismic depth section for the entire
network.

The greatest inaccuracies are given by the interpolation of the interval velocities along the
short streamer profiles in the northern Greenland Basin. In generell, for the interval velocities
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Figure 5.2: Velocity model of profile AWI-20030390 used for depth conversion.

we compute a uncertainty of 150 m/s for velocities and that means for a prominent reflector
at profile 20030390 in a borehole (CDP 1252) depth of 360 m.b.s.f. an inaccuracy of + 45 m.
To create sediment thickness maps, the data were gridded along the seismic reflection profiles

and extrapolated to a distance of 3 km each side of the lines using the surface utility from
the GMT v4.2.0 package.

5.4 Profile description

Because of different used streamer lengths and different structural information of the seis-
mic profiles we divide our description into two parts. The northern Greenland Basin was
investigated using the short streamer. Here, only the slope and abyssal plains were mapped.
Additionally, in the southern Greenland Basin the shelf region could be also investigated.
Some lines in the southern part of the basin were acquired to the present coast line.

5.4.1 Northern Greenland Basin

Starting in the north, profile 20030130 is located north of the GFZ and profile 20030120
is located at the junction of the Greenland Fracture zone (GFZ) with the East Greenland
shelf (Fig. 6.1). On 20030120 (Figs. 6.3, 6.4), a gap between the GFZ and a basement
high beneath the shelf is clearly visible in contrast to the northernmost profile. On both
profiles seaward of the GFZ rough basement is imaged. A basement high is located at the
continental slope, and despite of different water depths (1450 m to 2350 m) and varying
size and extend (12.5 km to 20 km) these basement highs look very similar from one line
to another. Thick sediment depositions are situated west of the basement highs in the slope
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Figure 5.3: Line drawings of profiles AWI-20030130, AW1-20030120, AWI-20030110 and AWI-20030100
(northern Greenland Basin) arranged from north to south and orientated on longitudes 3°W up to 9°W.
The numbers at the black arrows represent the ties with crossing profiles at this position. The location of
the magnetic spreading anomalies is marked (C24B = 56 Myrs., C23 = 51 Myrs., Gradstein et al., 2004).
The heavy black box indicates parts of profiles shown in figure 6.4. The basement is divided into oceanic
basement (dark gray) and continent-ocean transition zone (COT, light gray). GFZ = Greenland Fracture

Zone.
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region. This structure acted like a wall for the sediment transport into the deep sea. These
profiles provide no information on the depth and structure of the acoustic basement beneath
the shelf, since the water bottom multiples mask any deeper signals.

5.4.2 Southern Greenland Basin

The next profile (Figs. 6.5, 6.6; 20030390) recorded with the 3000 m streamer is nearly iden-
tical with the profile of Hinz et al. (1987) across the East Greenland continental margin, and
has a total length of 258 km. ODP-Site 913 (Figs. 6.5, 6.6) is 17 km offset from this line.
The age information were extrapolated to this profile at CDP 1252 in a water depth of 3350
m.

All west-east profiles show prograding sequences at the East Greenland shelf. These units are
clearly visible in the subsurface layers over a distance of about 60 km west of the shelf break
on profile 20030390. P-wave velocities in the upper part of the shelf region determined by
seismic velocity analysis range between 1.8 and 2.3 km/s. Velocities of 3.2 and 4.3 km/s were
used from seismic refraction measurements (Voss and Jokat, 2007) for depths greater than
2 km in this region to convert the data to depth. According to the naming of Hamann et al.
(2005) and Tsikalas et al. (2005) the line crosses the Thetis Basin (CDP 6250 to 9200) and
the Danmarkshavn Ridge (Fig. 6.5; CDP 9200 to 10170). The top of basement is well imaged
on the eastern side of the high. A basement structure at CDP 3090 has a northwest-southeast
extent of approximately 32 km and an elevation of 750 m. It is found at a water depth of
2500 m. Furthermore, this structure shows a break at 3000 m (CDP 4170), and we observe
a small irregularity in the basement topography (CDP 1870 - 2525) on its eastern flank.
Hinz et al. (1987) called this step (Figs. 6.5, 6.6; CDP 4170) Greenland Escarpment (GE). A
transparent reflection character is found within deeper sediment layers between CDP 1050
and the eastern end of the profile, defined as slump deposits by Myhre et al.(1995) on the
basis of drilling results at ODP site 913. The position of the continent-ocean transition zone
(COT; Fig. 6.1) was adopted from Voss and Jokat (2007) for profiles 20030390, 20030350,
20030550 and 20030560. Between profile 20030390 and profile 20030350 the position of the
COT was interpolated, whereas profiles 20030380, 20030360 and 20030350 show weak inter-
nal basement reflections, which we interpret as SDRs (Fig. 6.5). The appearance of SDRs
on these profiles confirm the eastern termination of the COT by Voss and Jokat (2007). On
profile 20030370 SDRs could not been identified.

Sediments with progradation and aggradation sequences on profile 20030380 show great
similarity to profile 20030390. Also the deeper transparent part of the Thetis Basin and
Danmarkshavn Ridge looks identical with line 20030390 (Fig. 6.5). More eroded topsets are
visible towards the shelf break in contrast to the northernmost profile 20030390 (Fig. 6.7).
Profiles 20030390 and 20030380 show well-developed prograded sequences caused by ad-
vances and retreats of the East Greenland ice shield (Fig. 6.7). More aggradation is imaged
on the outer shelf on profiles 20030370, 20030360 and 20030350 (Fig. 6.7). Diffuse layering
with changing inclination within the upper shelf sediments are observed on profile 20030350
(Figs. 6.5, 6.7; CDP 7400 - 8650). Furthermore the top of acoustic basement was well im-
aged along these lines. The basement high north of profile 20030370 is located in the lower
slope region (Figs. 6.3, 6.5). On profiles 20030370 and 20030360 the basement high is visible
beneath the shelf break (Fig. 6.5, 6.6: 20030370: CDP 5000 - 6450; 20030360: CDP 3000 -
4250), and is overlain by around 2 km of sediment in comparison to the northern profiles
with up to 500 m of sediment.

The two southernmost profiles (Figs. 6.1, 6.8) located in the prolongation of Godthab Gulf
(20030560) and the Kejser Franz Joseph Fjord (20030550) are identical with seismic refrac-
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Figure 5.5: Line drawings of profiles AWI-20030390, AWI-20030380, AWI-20030370, AWI-20030360 and
AWI-20030350 (southern Greenland Basin) arranged from north to south across the East Greenland con-
tinental margin (longitudes 10°W up to 16°W). The numbers at the black arrows represent the ties with
crossing profiles at this position. The location of the magnetic spreading anomalies is marked. C24B = 56
Myrs., C23 = 51 Myrs., C22 = 49 Myrs., C21 = 47 Myrs (Gradstein et al., 2004). ODP-Site 913 is located
in the deep sea area on profile AWI-20030390. The heavy black box represents parts of profiles shown in
figure 6.6. The basement is divided into oceanic basement (dark gray) and continent-ocean transition zone
(COT, light gray). DHR = Danmarkshavn Ridge, TB = Thetis Basin, SDR = seaward dipping reflectors,
GE = Greenland Escarpment, GB-1 and GB-2 = seismic units.
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Figure 5.6: Seismic depth section of profile AWI-20030390 recorded with the 3000 m long streamer, illus-
trating the outer shelf, slope and deep sea of the Greenland Basin. The dotted white line represents the

interpreted horizon, which divides the sediment package into GB-1 and GB-2, SDRs = seaward dipping
reflectors.
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Figure 5.8: Line drawings of profiles AWI-20030560 and AWI-20030550 (southern Greenland Basin) ar-
ranged from north to south and orientated on longitudes 14°W up to 18°W. The numbers at the black arrows
represent, the crossing profiles at this position. The location of the magnetic spreading anomalies is marked.
C22 = 49 Myrs., C21 = 47 Myrs., C20 = 43 Myrs. (Gradstein et al., 2004). The basement is divided into
oceanic basement (dark gray) and continent-ocean transition zone (COT, light gray).

tion profiles described by Voss and Jokat (2007). Not only the location of the top of basement
within the shelf were adopted from the deep sounding data, but also sediment velocities (2.7
to 3.7 km/s) for units deeper than 1 km to convert the seismic data into depth. In contrast
to profile 20030560 a prominent basement structure in the oceanic domain is imaged on
profile 20030550 (Fig. 6.8; CDP 1580 - 3350). This ridge and the outer shelf forms a 68 km
wide basin (CDP 3350 up to 6370) filled with 1600 m of sediment. The north-south trend-
ing profiles 20030585 and 20030586 (Figs. 6.9, 6.10) as well as profiles 20030145, 20040230,
20040231 and 20040232 (Figs. 6.11, 5.12) are important tie lines for the stratigraphic corre-
lations within the network. The top of oceanic basement (Fig. 6.9) could not be detected
with great certainty at the southern termination of profile 20030586. Great variations in sed-
iment thickness exist, and range between 300 m at the northern end of profile 20030585, up
to approximately 2000 m at CDP 9340 on profile 20030586 (Fig. 6.9). Identifiable reflected
signals from sonobuoy data along profiles 20040230 (Fig. 6.11; SB 19) and 20040231 (Fig.
6.11; SB 20) were additionally used to control the correlation of horizons, and check the
seismic velocities for time to depth conversion on crossing profiles. The sediments from lower
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Figure 5.9: Line drawings of profiles AWI-20030585 and AWI-20030586, north-south orientated profiles
along the East Greenland margin (Fig. 6.1). The location of the crossing profiles are marked. Dark gray
show oceanic basement, GB-1 (0 - 3 Ma) and GB-2 (3 - 56 Ma) = seismic units, COT = continent-ocean
transition zone.
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Figure 5.10: Seismic depth section of profile AWI-20030585 recorded with the 600 m long streamer. The
white dotted line represents the interpreted horizon, which divides the sediment package into GB-1 and
GB-2.
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Figure 5.11: Line drawings of profiles AWI-20030145, AWI-20040230, AWI-20040231 and AWI-20040232
situated parallel to the East Greenland slope in north-south direction (Fig. 6.1). Sonobuoy 19 (SB 19) and
sonobuoy 20 (SB 20) show seismic velocities in km/s used for the depth conversion. The basement (light
gray) represents the continent-ocean transition zone. GB-1 and GB-2 = seismic units.
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Figure 5.12: Seismic depth section of profiles AWI-20030145, AWI1-20040230, AWI-20040231 and AWI-
20040232 recorded with the 600 m long streamer, illustrating the upper slope region. The white dotted line
represents the interpreted horizon, which divides the sediment package into GB-1 and GB-2.

levels left and right of CDP 1950 (Fig. 5.12; 20040232) crop out or almost reach the seafloor
(Fig. 5.12; 20040231; CDP 875 to 1345 and 20040232; CDP 400 to 2520). The layering of
the sediments below 2.5 km is less disturbed.

5.5 Stratigraphy
5.5.1 Available age information

In 1993, the RV 7 Joides Resolution” voyaged the East Greenland margin. During this cruise
(Leg 151), seven deep sites were drilled (Myhre et al., 1995). Site 913 was drilled in the deep
Greenland Basin south of the Greenland Fracture Zone at 75°29N, 6°96W (Fig. 6.1). The
hole was drilled in a water depth of 3318 m, and penetrated to 770 m below the seafloor
(m.b.s.f.) (Figs. 6.5, 6.8). The oldest magnetic seafloor spreading anomaly in this region is
Anomaly 24B = ~56 Myrs (Talwani and Eldholm, 1977).

The uppermost Unit I (Fig. 5.13; Unit A and IB) includes large dropstones ranging from 4
to 28 per meter. This interval from 0 - 144 m.b.s.f. is dominated by glaciomarine materials
(Myhre et al., 1995) with an age of Pliocene to Quaternary (0 - 3 Myrs.). Their modell
results in a sedimentation rate of 4.8 cm/kyr (Unit I). The description of the upper and lower
boundary of Unit IT is problematic, because of the poor recovery (2.8 %). The thickness of
Unit IT is given with 235 m (144 - 379 m.b.s.f.). Below the top of the boundary Unit IT only
a few large dropstones occur, and the lower boundary is placed at the lowest occurence of
beds of clayey, silty, and sandy muds (379 m.b.s.f.). The few large dropstones in the interval
between 220 - 423 m.b.s.f. are originally interpreted to be drilling contaminations (Myhre et
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Figure 5.13: Stratigraphic model for the deep-sea part of the Greenland Basin. Information on ODP drill
hole 913 was taken from Myhre et al. (1995) and Eldrett et al. (2004). The age classification by Eldrett et
al. (2004) is imaged as gray area. Seismic velocities are determined on the basis of seismic velocity analysis.
Definition of unit GB-1 and unit GB-2 was carried out on one prominent horizon visible on profiles located
in the southern Greenland Basin. The emphasized age of 15 Ma represents the age of the prominent reflector
in the drill hole depth of 360 m.b.s.f. The inset map shows the profiles, which were used to correlate the age
information of site 913 onto the shelf.

al., 1995). Following this interpretation, the boundary between Unit IT and Unit III represents
a change from primarily nonglacial to glacial sediment deposition. The authors also describe
the lack of dropstones below the upper boundary of Unit II as little ice-rafting activity
during the middle Miocene to Pliocene. The middle Miocene age were dated at sediments
containing an assemblage of moderately well-preserved Miocene diatoms and radiolarians
(Myhre et al., 1995). Due to this information it is difficult to estimate an age of the Unit
I1/Unit III boundary (379 m.b.s.f.).

The deeper lithologies (Unit III and Unit IV) are described as massive and laminated silty
clay and clay, with a maximum age of middle Eocene determined at 770 m.b.s.f. (Myhre et
al., 1995). The top of oceanic basement was not reached. With a biostratigraphic analysis on
dinoflagellate cysts (Eldrett et al., 2004) it was possible to setup a new biostratigraphy for
the Eocene-Oligocene interval between 425 m.b.s.f. and 722 m.b.s.f. The good recovery (Fig.
5.13, 84.1 %) and the detailed age analysis within this interval represents the most complete
and best-preserved record of the Eocene and Oligocene in the Northern Hemisphere high
latitudes. Thus, the age of Unit IIIB, ITIC and a part of Unit IV (674 - 722 m.b.s.f.) have
been specified with 35.3 Ma to 39.5 Ma (Unit IITA), 39.5 Ma to 48 Ma (Unit IIIB) and 48 -
51 Ma (Unit IV, Eldrett et al., 2004).

5.5.2 Age correlation and seismic stratigraphy

Previous age information on the East Greenland shelf (Tsikalas et al., 2005) are based on
reflection character, regional considerations and onshore Greenland geology (Stemmerik,
1993). Our correlation is mainly based on marker horizons and reflection character using
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ODP site 913. At CDP 1252 on profile 20030390 some seismic horizons are observable. The
units after Myhre et al. (1995) can be identified at this location. A direct correlation of these
horizons into the shelf region is prevented by a basement high in the slope region, since the
sediments vanish almost above this structure. Therefore, we acquired tie lines to transfer the
age of sediment from site 913 onto the shelf. The correlation starts in the deep sea of profile
2000390 and was carried out along lines 20030385, 20030380, 20030585, 20030360, 20040232,
20040231, 20040230 and 20030145 (Fig. 5.13: inset). East of the high the sediment struc-
ture looks chaotic and is interpreted as slump area, following the assumption of Myhre et
al. (1995). A prominent horizon at a depth of 360 m.b.s.f. has very high amplitudes, and
could be identified outside the slump area along lines 20030585 and 20030586. The other
lithostratigraphic units of site 913 were difficult or impossible to correlate into our network.
They only have continuity close to the drill site. Away from the site these signals vanish
or become highly subdued, which makes a sound stratigraphic correlation impossible. The
prominent horizon is marked with a thick black line in figures 6.5, 6.8, 6.9 and 6.11 and by
a white dashed line in figures 6.6, 6.10 and 5.12.

Age information combined with seismic reflection data at the borehole location are summa-
rized in figure 5.13. The gray area in figure 5.13 marks the part of the borehole with good
recovery and precise age information. For shallower parts a lot of data gaps exist.

For the depth conversion of the seismic section we have used only the seismic velocities from
the velocity analysis of the seismic reflection profile. Due to the results of the correlation we
have merged units TA, IB, IT (Myhre et al. 1995) to unit GB-2 and units IITA, IIIB, I1IC, IV
(Myhre et al., 1995) to unit GB-1. According to the found Miocene diatoms and radiolarians
at a depth of 375 m.b.s.f. (Myhre et al., 1995), an age of 15 Myrs could be determined for
the GB-2/GB-1 boundary (Fig. 5.13).

The depth differences of the lower boundary between GB-2/GB-1 (375 m.b.s.f.) and the
depth of the prominent reflector (360 m.b.s.f.) may be due to inaccuracies in final depth
conversion, and the extrapolation of age information from site 913 to line 20030390 (17 km).
Because of the dropstones at larger depths (308 and ~400 m.b.s.f., Myhre et al., 1995), and
the classification of the boundary of nonglacial to glacial sediments (unit II/unit TTTA) by
Myhre et al. (1995), we suggest that sediment at 360 m.b.s.f. were transported in middle
Miocene times under glacially conditions.

The result of our correlation shows a division of sediments in the Greenland Basin and the
adjacent East Greenland shelf in primarily nonglacial sediments deposited between 15 and
56 Ma, and glacial sediments accumulated between 15 Ma and present times. Based on this
classification we follow the speculation of Winkler et al. (2002), that ice-rafting has probably
occured since the middle Miocene.

5.6 Interpretation
5.6.1 Basement structures

A basement high was discovered beneath the East Greenland margin at the same position
(75°43N, 7°58W) by Hinz et al. (1987). Eldholm and Windisch (1974) have introduced a
high overlain by sediments of 0.6 s thickness (75.3°N, 10.5°W and 76.4°N, 5°W). A bit south
seismic refraction data from Mutter and Zehnder (1988) show also a basement high, which is
landward terminated by an escarpment. No geological age for this feature is available. It was
unknown if this structure represents one large slope parallel feature or consists of a series
of local highs. From the new seismic network and the additional bathymetric information,
we note that the highs do not occur at a constant water depth. The structural appearance

95



A seismic study along the Northeast Greenland margin

-500 0 500
Magnetic Anomaly (nT)

Figure 5.14: Magnetic anomalies off East Greenland.The black lines show the location of the seismic profiles
across the East Greenland continental margin. Dashed gray lines are the oldest spreading anomalies found
in the Greenland Basin (C 24B = 56 Myr, C 23 = 51 Myr, Escher et al., 1995; Eldholm et al., 2002a). Red
dots locate the basement highs. GFZ = Greenland Fracture Zone.

also varies from line to line. Figures 6.3 and 6.5 summarizes the results of the E-W seismic
profiles. The line drawings show that the basement high is present between lines 20030130
and 20030360. However, the structure is not aligned along a straight line. The bathymetric
data do not provide any evidence for fault-controlled offsets that might separate it into
several fragments.

Figure 5.14 shows the relationship of seafloor spreading anomalies between 74°54N and 77°N
to the seismic profiles of this study. The oldest anomaly identified in this region is anomaly
C24B (Talwani and Eldholm, 1977). In figure 5.14, all crossings of the basement structure
are located landward of the oldest magnetic anomaly. The nature and age of the crust is
unknown between the oldest anomalies and the basement high. However, there are several
interesting observations:

e The distance between the basement high and chron C24B increases towards the north.
This might suggest that this structure formed diachronously.

e As mentioned earlier, the continous structure is not a straight lineament and occurs
today at different water depths.

e An increasing dip of sediments on both sides at the basement high is not visible, which
could point to an uplift after the break-up.

e Some profiles (Fig. 6.7: 20030390, 20030380, 20030360, 20030350) show evidences for
SDRs seaward of the prominent basement structure.
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e The seismic data show no layering within the basement, which argues against a sedi-
mentary origin (Tsikalas et al., 2005). Furthermore, seismic velocities of the rocks at
the top of the high is around 4.3 km/s (Voss et al., submitted 2007)

Mutter and Zehnder (1988) calculated a velocity of 4.0 km/s for the upper part of the high
at 75°40N and 7°50W. Similar velocities are found by Voss et al. (submitted). Voss et al.,
(submitted) interpret the basement high on the basis of seismic refraction data, as basaltic
material.

Tsikalas et al. (2002) suggest a segmentation of the East Greenland margin along fracture
zones, which extend from oceanic crust onto the shelf. E.g., the proposed existence of the
Bivrost Fracture Zone at 74°40N, 12°W. The seismic network especially in the deep sea
provides no evidence for the existence of any major fracture zones. Thus, our data do not
support the proposed margin segmentation. These findings are similar to results of Olesen et
al. (2007), who identified navigation errors in the old magnetic data, which were interpreted
as fracture zone. An new survey confirmed that the magnetic field is not offset by fracture
zones.

From several publications we know that Tertiary magmatism accompanied the final stage of
rifting, and the opening of the North Atlantic in Early Eocene times (White and McKenzie,
1989; Skogseid et al., 2000; Eldholm and Grue, 1994). The different rifting histories north
and south of the Kong Oscar Fjord led to the assumption, that pre-existing crustal struc-
tures had a controlling character for magmatic depositions (Schlindwein and Jokat, 1999).
Volcanic material intruded into the sedimentary basins and large amounts of flood basalts
were extruded in the southern region around Scoresby Sund (Escher and Pulvertaft, 1995).
Hints for increased magmatic melt production in the lower crust in this region are given by
Schlindwein & Jokat (1999), Voss and Jokat (2007). Deep seismic data in the prolongation
of the Kong Oscar Fjord, Kejser Franz Joseph Fjord and Godthab Gulf is interpreted as
magmatic underplating of the East Greenland continental crust. This body vanishes in the
northwards direction, and to north of Shannon Island, only slightly intruded lower crust
is visible (Voss et al., submitted). The deep seismic data indicate that the volcanic activity
decreases towards the Greenland Fracture Zone. If such a basement high existed in the south
it might be buried by younger volcanic material, which erupted prior or during the break-
up. Because of the lower amount of erupted material in the northern part of the Greenland
Basin, this high might be visible. Another explanation is that the style of volcanism changed
in the north and produced material only within a small corridor of the COT. SDRs on the
seaward flank of the high postulated by Hinz et al. (1987) are similar to dipping reflectors at
the conjugate Vgring Plateau. SDR units on the Norwegian side were drilled and tholeiitic
material were recorded (Eldholm et al., 1987). We assume the same composition for the
conjugate East Greenland SDRs. Based on these observations we follow the original inter-
pretation of Hinz et al. (1987) and Voss & Jokat (2007) and consider the high as a volcanic
structure. This volcanic structure might been emplaced during the initial extensional phases
of the opening of the Greenland Basin. The question, if it is a continuous structure or consist
the basement high of several fragments, is difficult to answer, as a denser seismic reflection
network is needed. However, we favour the interpretation that the basement highs form a
prominent, diachronuously continuous structure with a N-S extent of approximately 360
km in different water depth, based on the structural symmetry of N-S and similar seismic
refraction velocities (Voss et al., submitted; Mutter & Zehnder 1988). Another prominent
basement structure is the GFZ, as imaged on profile 20030120 (Fig. 6.3). The GFZ sepa-
rates the Greenland Basin from the Boreas Basin and has developed during the formation
of the Greenland Basin since ~ 56 Ma (Talwani and Eldholm, 1977). The GFZ represents a

57



A seismic study along the Northeast Greenland margin

plate tectonic feature initiated at the transition between rifted and sheared continental mar-
gin segments (Faleide et al., 1993). During the Eocene, the proto Greenland-Senja Fracture
Zone (pGSFZ) comprised the Senja Fracture Zone along the SW Barents Sea margin and
the Greenland Fracture Zone along the southwest foot of the elongate, monolithic Greenland
Ridge (Tsikalas et al., 2002). Faleide et al. (2001) speculate that the Greenland Ridge does
not resemble a typical oceanic fracture zone and suggested that it may contain a continental
sliver. Representative seismic velocities of the crust are not available, and until now it is not
clear, if the GFZ is made up of oceanic crust, continental crust or a mixture of both.

A plate tectonic model for the evolution of the Greenland (GFZ)-Senja (SFZ) Fracture zone
- Greenland Ridge system is introduced by Tsikalas et al. (2002). In this modell NW-SE
movements dominate. The 360 km long volcanic structure found north of 750N along the
East Greenland margin is NE-SW orientated, and seems to have an independent formation
of the GFZ. Hence, the basement high on profile 20030130 (Fig. 6.3, CDP 3060 - 3560) may
mark the location, where the GFZ becomes decoupled from the East Greenland margin. In
the absence of any deep seismic sounding data it can only be speculated if this process was
accompanied by excessive volcanism or not.

5.6.2 Total sediment thickness

The overall trend is an increase of total sediment thickness (Fig. 5.15) from the deep sea
towards the East Greenland shelf break. The maximum sediment thickness of 3032 m is
present on the continental slope at 75°18N.

All W-E profiles longer than 100 km in the northern Greenland Basin show a marked de-
crease in sediment thickness, to less than 250 m, across the basement highs in the slope
region. These prominent basement structures are thus, likely to have formed an obstacle to
sediment transport from the shelf into the abyssal plain. In general, the sediment thickness
is approximately 1000 m in the Greenland Basin, and on average 1800 m in the southern
Boreas Basin (Fig. 5.15). The seismic data show approximately twice as much sediment in
the Boreas Basin than in the Greenland Basin. One reason for this could be the absence
of a barrier like the basement high on the continental slope. Alternatively, or additionaly
the GFZ may have acted as a barrier to southward directed current transport of suspended
material originating from the northern margins of Greenland (77°N and 80°N). In support of
this view, it is known that persistent currents are flowing southwards parallel to the margin,
in this case the East Greenland current (Rudels et al., 2002). A part of this current separates
at the GFZ and enters the Boreas Basin (Rudels et al., 2002). We assume during the sepa-
ration the current velocity decreases and more material could be accumulated north of the
GFZ. Also the much wider East Greenland shelf north of the GFZ (Fig. 6.1), could explain
that the erosion provided more material than south of 76°N. South of 77°N well developed
prograding sequences on the outer shelf and high velocities (1.8 - 2.3 km/s) near the top of
the seafloor indicate that the shelf was glacially eroded. So we guess the major source areas
for sediments are the Greenland mainland and the shelf. Obviously, the basement highs and
the GFZ play an important role in the distribution of the sediment in the investigated area.

5.6.3 Glacial - Preglacial sediments

Preglacial sediment (GB-1) thickness (Fig. 5.16) was calculated as the depth difference of
the top of acoustic basement and the top of unit GB-1 (15 to 56 Ma). Younger sediments (up
to 15 Ma) are represented by the difference between the top of unit GB-1 and the seafloor
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Figure 5.15: The sediment thickness grid shows a general trend of sediment distribution close to the
Greenland margin. Only the parts of the seismic reflection network is shown (black lines), which provide
information for this compilation. Bathymetric contours are plotted with a spacing of 1000 m.
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Figure 5.16: Gridded version of Middle Miocene - present sediment distribution (GB-1) in the Greenland
Basin. Only the parts of the seismic reflection network is shown (black lines), which provide information for
this compilation. Bathymetric contours are plotted with a spacing of 1000 m.
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Figure 5.17: Gridded version of Middle Miocene - Tertiary sediment distribution (GB-2) in the Greenland
Basin. Only the parts of the seismic reflection network is shown (black lines), which provide information for
this compilation. Bathymetric contours are plotted with a spacing of 1000 m.

(Fig. 5.17; GB-2).

The thickness of GB-1 (Fig. 5.17) varies between 34 m at the top of the basement high
on profile 20030380 and 2720 m at the slope on profile 20030370 (Fig. 6.5). Most of the
accumulated sediments were found along the East Greenland slope between 74°30N and
76°30N. The basement highs visible on profiles 20030390 and 20030380 (Fig. 6.5) represent,
a barrier for the ice rafted material. The top of the high shows almost no sediment deposits
before 15 Myrs, and the thickness of unit GB-1 decreases from approximately 1000 m in
the west of the highs to 400 m in the east of the highs. Also noticeable is the continuously
transition (72°30N - 75°N) of the sediment deposits from the slope to the deep sea where
no basement highs could be observed. Sediments within layer GB-1 in the deep Greenland
Basin between 73°45N and 75°30N increase from 200 m in the north to 1000 m in the south
caused by the disappearance of the basement highs in southern direction. The thickness of
glacial sediment deposits is mapped in figure 5.17, and range between 110 m and 1670 m.
The sedimentation rates (GB-2) are in general similar in the deep Greenland Basin (2.8
cm/kyrs). However, south of 73°N the sedimentation rates increase to 4.8 cm/kyrs. The
transported sediments in the prolongation of the Kejser Franz Joseph Fjord (20030550) is
representative for the tremendous sediment transport by glaciers. The largest thicknesses of
glacial sediments of 1600 m are found beneath the shelf break. Here, prograding sequences
developed in the late Cenozoic as a consequence of advances and retreats if glaciers/ice
streams on the outer shelf (Figs. 6.5, 6.6).

A comparison between sediments, which are younger (GB-2) and older (GB-1) than 15 Myrs
show extremly low sedimentation rates for the interval between the continental breakup and
the beginning of progradation (GB-1). An average sedimentation rate for the deep sea was
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calculated with 1.2 ecm/kyrs, only 40 percent of glacial sediment deposits. That means, either
most of the older sediments were transported away by deep sea currents or the glaciation
of the northern hemisphere has resulted in massive increase of erosion of the Greenland
mainland and shelf starting 15 Ma. By means of the broad prograding sequences on the
East Greenland shelf over a distance of more than 60 km we favour the last interpretation.
In our interpretation the sequences are caused as a consequence of sea level changes and
glacial erosion. The extend of such an early glaciation is speculative. However, we propose
that already in Middle Miocene times some localised glaciers existed.

5.7 Conclusion

The new seismic profiles in the northern part of the Greenland Basin indicate that a basement
high exists south of the Greenland Fracture Zone. This basement structure is clearly visible
between 74°54N to 77°N and shows a N-S extent of approximately 360 km. By considering
magnetic spreading anomalies and the position of seaward dipping reflectors in the southern
Greenland Basin, the structure is located within the continent-ocean transition zone, and
seems to have developed parallel with the rifting in this area. We propose that the structure
is a volcanic feature with a slightly older age than 56 Ma. A continuation of this basement
structure north of the GFZ seems not to be very probable, but the database in the Boreas
Basin does not allow us to rule this out.

Furthermore, our data support the location of the COT termination more or less underneath
the present day shelf edge as proposed independently by deep seismic profiles. The location of
this basement structure, together with weak volcanic seaward dipping sequences support the
location of the continent-ocean transition termination as determined by other deep seismic
sounding studies. The multichannel seismic lines acquired in 2003 were used to compile a
set of maps that provide insight into the sedimentary evolution of this basin. Problems in
correlating the deep basin stratigraphy onto the shelf was caused by the presence of a 360 km
long volcanic basement structure. A thickness of up to 1 km of glacial deposited sediments
were found beneath the shelf break. Prograding sequences are observed over a distance up
to 80 km. They started to develop since Middle Miocene times. Sediment thickness values
of 1000 m are found in the Greenland Basin, compared to 1800 m in the adjacent Boreas
Basin. This higher sediment accumulation might be explained by the separation of the East
Greenland current north of the GFZ, the wider shelf area along the Boreas Basin and the
absence of the volcanic structure in the slope region. We assume that sediment deposition
in the Greenland Basin is mainly influenced by mass transport from the continental slope
into the deep basin by fast travelling ice-streams and gravity-driven processes. Evidences
for current controlled deposition are obvious. Based on these results we assume that the
glaciation of East Greenland caused a massive erosion of the mainland, and might have been
started already some 15 Ma.

Finally, a denser seismic network around site 913 is needed in order to correlate more units
along the margin for more detailed description of the sedimentary history.
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6.1 Abstract

New seismic data off East Greenland were acquired in the summer 2002, between 77°N
and 81°N, north of the Greenland Fracture zone. The data were combined with results
from the Greenland Basin and ODP Site 909, and indicated a pronounced middle Miocene
unconformity, within the deep sea basins between 72°N and 81°N. Seismic unit NA-1
was dated to consist of sediments older than middle Miocene and unit NA-2 contains of
sediments younger than middle Miocene. A further classification of the fine bedded sediment
succession in the Molloy Basin resulted in a subdivision of four units. A comparison of
volume estimations and sediment thickness maps between 72°N and 81°N show differences
in the sediment accumulation in the Greenland, Boreas and Molloy basins. Important
controls on the variation of sediment accumulation were the different opening times of
the basins, as well as tectonic conditions and varying sources of sediment transport. Due
to prominent basement structures and the varying reflection character of the sediments
along the entire East Greenland margin, we defined an age model of shelf sediments on the
basis of similar internal geometries and known results from other regions. Therefore, the
seismic sequences on the shelf up to an age of middle Miocene have been divided into three
sub-units along the East Greenland margin: middle Miocene-middle late Miocene (SU3),
middle late Miocene-Pleistocene (SU2), Pleistocene (SU1). The differences in the geometry
of the sequences give reason to speculate about different sediment transport processes like
ice-stream and ice-sheet related sedimentation along the East Greenland margin. Due to the
Greenland Inland-ice borderlines, we assume the glaciers between the Scoresby Sund and
68°N did not reach the shelf break. Strong ice stream related sedimentation was observed
on the shelf adjacent to the Greenland Basin.

Key words: glacial sediments; prograding foresets; sediment transport; seismic reflection

6.2 Introduction

The initial opening of the Norwegian Greenland Sea took place during early Eocene times
(Talwani and Eldholm, 1977). The first sea-floor spreading anomalies in the Boreas Basin
were dated back to 35 Ma and the opening of the Molloy Basin began 21 Ma (Ehlers and
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Jokat, 2008). There is little known about the timing of the opening of the deep-water con-
nection between the Arctic Ocean and the northern North Atlantic. This is important to
know, because the deep-water formation and exchange could be an indicator for changes
in global climates. Results from the Integrated Ocean Drilling Program (IODP) Expedition
302 (ACEX) in 2004 show a transition from poor oxygenerated to fully oxygenerated condi-
tions occuring during the later part of the early Miocene, in the Arctic Ocean (Moran et al.,
2006; Jakobsson et al., 2007). Moran et al. (2006) attribute this change in the ventilation
regime to the opening of the Fram Strait. Ehlers and Jokat (in press) postulate for the initial
opening of the Fram Strait, an age of 17-18 Ma (middle Miocene) based on the analysis of
magnetic sea-floor spreading anomalies. The important question whether there is a relation-
ship between the opening of the Fram Strait and the onset of the glaciation of the Northern
Hemisphere remains unclear.

The glacial history of the Northern Hemisphere is a subject of controversy. Accordingly,
accurate reconstructions of Greenland climate history is an important precondition for our
understanding of the sources of global climate change and sea level variations. Least under-
stood are the speculations about the onset of the glaciation of East Greenland and vary from
Plio/Pleistocene to Eocene (Winkler et al., 2002; Tsikalas et al., 2005; Eldrett et al., 2007).
The absence of drill holes on the East Greenland shelf further complicate the understanding
of the glacial history of this island.

Present geophysical studies were concentrated on the Southeast Greenland margin (Larsen
et al., 1994; Planke and Alvestad, 1999) to cover the volcanic complexes and to retrieve
information about the breakup scenario in this region. Seismic measurements were carried
out during the seasons 1980-1982 by the GEUS (geological Survey of Denmark and Green-
land). ODP Site 914 is located on the South East Greenland shelf above the flood basalt
area (Planke and Alvestad, 1999). The tie between the borehole and seismic reflection profile
GGUi/82-02, show an onset of prograding foresets on the Southeast Greenland margin in
middle late Miocene (around 7 Ma, Larsen et al., 1994; Larsen et al., 1999) times. Tsikalas
et al. (2005) has made the first seismostratigraphic correlation for the Northeast Greenland
shelf, based on reflection character, regional considerations and onshore Greenland Geology
(Haman et al., 2005; Stemmerik et al., 1993). The model from Tsikalas et al. (2005) shows
an age of Plio/Pleistocene for the base of progradation at 76°N. However, Berger and Jokat
(2008) have made the first correlation from the deep Greenland Basin towards the shelf on
the basis of the ODP drill Site 913 (Myhre et al., 1995). Their results show an onset of the
progradation in middle Miocene times and the unconformity at the base of progradation is
interpreted as consequence of strong sea level changes and glacial erosion. Other speculations
depend on analyses of drill hole material from deep sea positions. By means of ice rafted
debris and proxy data of the ODP Site 909 and Site 908, Winkler et al. (2002) suggest a
cooling phase during the middle Miocene. Results of analyses of ODP Site 913 in the deep
Greenland Basin report stratigraphically extensive ice-rafted debris, including macroscopic
dropstones, in late Eocene to early Oligocene sediments deposited between about 38 and 30
million years ago (Eldrett et al., 2007). The authors assume the sediment rafting is mainly
caused by glacial sea ice and suggest East Greenland as the likely source. The latest [ODP
ACEX drilling results derive from a recent drilling expedition to the Lomonosov Ridge in the
Arctic Ocean, show gneiss dropstones in an undisturbed sediment section, dated of around
45 Ma and interpreted as ice-rafted debris. At the same site a 26 Myr long hiatus (Backmann
et al., 2005) separates the middle Eocene (44.4 Ma) sediments from early Miocene (18.2 Ma)
sediments. Moran et al. (2006) define this interval as overlaping with the timing of a global
shift from largely ice-free, warm world with high relative sea level to a world characterized
by the climate-modulated waxing and waning of ice sheets. At the end of this interval in
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the early Miocene times the abundance of dropstones and sand suggests that sea ice and
icebergs, calved from glaciers, were present in the Arctic Ocean (Moran et al., 2006).
Results from the Norwegian margin, Southeast Greenland margin and Antarctic margin
show that glacial shelf sediments are mostly represented by prograding sequences. Grounded
ice transports a large volume of sediments across the shelf edge and unsorted sediments are
deposited on the outer shelf and slope. The repeated advance of ice sheets to the shelf edge
during glacial periods, results in a cyclicity in sediment supply. These advances are viewed as
the mechanism for the development of the prograding sequences. The start of the prograda-
tion is often interpreted as the start of the regular advances of the grounded ice to the shelf
edge (e.g. Cooper et al., 1991; Barker and Camerlenghi, 2002; Nielsen et al., 2005). Another
reason for prograding clinoforms can be relative sea level changes (Vail et al., 1977).

A new seismic dataset between 77°N and 80°30'N (Fig. 6.1) covers the Molloy Basin and the
Boreas Basin, as well as the adjacent slope area in the west and parts of the East Greenland
shelf (Fig. 1). The data were acquired in the summer 2002 with "RV Polarstern” during the
expedition ARK XVIII/2 by the Alfred Wegener Institute for Polar and Marine Research
(Jokat et al., 2003). 5847 km of seismic reflection data were gathered to promote the un-
derstanding of the sedimentation history along the East Greenland margin specifically in
the north. The interpretation of this seismic dataset combined with information from ODP
Site 909, and compared with results from previous studies along the entire East Greenland
margin, provided a new insight into the glacial and sedimentary history along the margin.

6.3 Data acquisition and processing

A seismic reflection survey between 77°N and 81°30'N was carried out with a cluster of 8 x 31
of airguns, in the summer 2002. Due to heavy ice conditions during this campaign a streamer
with a length of 600 m was used. The streamer was provided with 96 active channels, and
had a hydrophone group spacing of 6.25 m. The shot interval was 15 s, which is equivalent to
a shot distance of 35-40 m. Seventeen sonobuoys were additionally deployed along the East
Greenland margin to complement the network.

The multichannel seismic data were demultiplexed, edited, sorted and binned into 25 m
spaced CDPs. Before stacking, the data were band pass filtered with 15-90 Hz. The short
streamer provided only limited velocity information for depth conversion, because of the
small offset compared to the water depth (>1500 m). Representative stacking velocities (&
50 m/s) for this region were derived from sonobuoy data. They were used to define a simple
but regionally consistent model of three layers plus basement. The velocities range between
1800 m/s for the uppermost sediment layer, and up to 3300 m/s at the top of the basement.
After processing, the calculated sediment thicknesses were gridded with the surface utility
from Generic Mapping Tools (GMT). To analyse the volume of the sediments in the Molloy,
Boreas and Greenland Basin the areas of sediment accumulation were divided into grid cells
with a size of 0.5x0.5 degrees.

6.4 ODP Site 909

Several sites were drilled during ODP cruise Leg 151 in the summer 1993 with the RV 7 Joides
Resolution” on the East Greenland margin. Site 908 and site 909 (Fig. 6.1) were drilled in the
deep sea at 78°23'N, 1°22'E (908) and 78°35'N, 3°4’E (909) in the northern North Atlantic.
Site 909 was planned as the deep-water location in the Fram Strait on a small abyssal terrace
located immediately to the north of Hovgard Ridge (Myhre et al., 1995). Further southwest
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Figure 6.1: Map of the study area with bathymetric contours plotted with a spacing of 500 m. The black
lines represent the locations of seismic reflection profiles in the Boreas and Molloy Basin. Labeled profiles
will be described in subsection 4. The black dots represent the locations of ODP sites 909 and 908. SFZ,
Senja Fracture zone; HR, Hovgard Ridge; GFZ, Greenland Fracture zone; MB, Molloy Basin; BB, Boreas
Basin; GB, Greenland Basin. The gray area represents the location of thin-bedded sediments.
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Figure 6.2: Stratigraphic model for the deep-sea part of the Boreas and Molloy basin. Information on ODP
drill hole 909 was taken from Myhre et al. (1995). Seismic velocities are determined on the basis of seismic
velocity analysis and sonobuoy data. Definition of unit NA-1 and unit NA-2 is based on a horizon of regional
character. The left column (age) is only an approximation, based on the ages of Myhre et al. (1995). The
emphasized age of middle Miocene represents the age of the prominent reflector in the drill hole depth of
730 m.b.s.f. provided that the sedimentation rate was nearly constant within interval TITA.

site 908 was drilled on the top of the Hovgard Ridge, 50 km away from drill site 909. This
core has a length of 1061 m and is situated in a water depth of 3590 m on profile 20020300
(Fig. 6.1). The age model is based on paleomagnetic data according to the time scale of
Cande and Kent (1992). The general sediment composition is described as dark-gray silty
clays (Myhre et al., 1995). The drilled sediment sections were divided into three main units
(Fig. 6.2) and unit three was subdivided into A and B. Dropstones with a diameter > 1
cm were found from Pliocene to Quaternary in the interval of 0 - 248.8 m.b.s.f., which is
named unit I (Fig. 6.2). The thickness of the lithological unit II is given with 269.5 m.
(248.8 - 518.3 m.b.s.f.). The silty clay is more massive and interbedded with thinner layers of
carbonate-rich clays. Dropstones were not found in this unit, which was dated from Pliocene
to Miocene. The base of unit IIIA (518.3 - 923.4 m.b.s.f.) with a Miocene age is placed at the
top of slump structures. The entire interval is of Miocene age. The silty and clayey lithology
is characterized by meter-scale intervals of thin bioturbated layers and laminations (Myhre
et al., 1995). The deepest unit IT1IB (923.4 - 1061.8 m.b.s.f.) was dated as Miocene to upper
upper Oligocene and has folded and deformed bedding (Myhre et al., 1995).

6.5 Results

The seismic profiles were subdivided into two parts, and will be described in this chapter.
Whenever possible within these basins, a seismostratigraphic model was added. Eight profiles
which cross the East Greenland shelf from west to east will be introduced, along with a
classification of the shelf sediments.
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6.5.1 Classification of seismic units

Lithological units by Myhre et al. (1995) have been correlated into the seismic network of
the deep Molloy Basin. Within the deep Molloy Basin we find a thinly laminated sediment
succession (Fig. 6.1: gray area) due to clear identifiable reflectors. The seismic resolution
appears to be higher than in the adjacent regions (Figs. 6.2; 6.3; 6.4). A comparison of the
seismic velocities from the thinly laminated sediment deposits with the transpartent sediment
succession is not possible because the short streamer (600 m) provided only limited velocity
information. The area of thinly laminated sediments, however, is limited (Fig. 6.1), and a
consistent age model with four units could not be created for the entire dataset between
77°N and 81°N. The seismic profiles in the Molloy Basin (Fig. 6.3) indicate that the area
of fine layered sediment deposits is limited by several basement highs (Fig 6.3: 20020300,
20020505, 20020525). The seismic reflection character changes from fine layered reflection
pattern (Fig. 6.3: 20020300: CDP 5000 to 10000) to sediment successions with transparent
reflection character. One reflector is very dominant within the study area. This reflector is
located within lithologic unit IITA in a borehole depth of 730 m.b.s.f. and can be correlated
through the entire data set. Myhre et al. (1995) suggests a Miocene age for this interval.
Since the prominent reflector is situated in the middle of this interval (730 m.b.s.f.), we
have estimated an age of middle Miocene for this reflector, based on the assumption of a
constant sedimentation rate during this period. Therefore, the whole sediment package has
been divided into two megasequences. This classification could be made for all the sediments
in the Molloy and Boreas basin (77°N - 81°N). The sediments above the middle Miocene
reflector are represented by seismic unit NA-2 (NA = North Atlantic) and the sediments
between the middle Miocene and the top of the basement are represented by seismic unit
NA-1. Unit NA-1 has an age of middle Miocene up to the beginning of the opening of the
representative basins and unit NA-2 has an age range of middle Miocene to present day. The
detailed seismostratigraphy of the four units (unit I to unit IIIB) was added where it was
possible to subdivide the structure of the thinly laminated sediments (Figs. 6.3, 6.4, 6.5).

6.5.2 Molloy Basin

The Molloy Basin (Fig. 6.1) is bound in the south by the Hovgard Ridge (HR) and in the
north by the Spitsbergen Fracture Zone (SFZ). Bathymetric data provide an average water
depth of 3500 m for the central Molloy Basin.

Profile 20020300 (Fig. 6.3) has a total length of approximately 350 km, situated north of the
Hovgard Ridge and orientated northwest-southeast. ODP Site 909 (Figs. 6.2, 6.3) is located
at CDP 5675 in a water depth of 2520 m. The trench of the Knipovich Ridge at the eastern
end of the profile, is also observable on profile 20020500, which is located around 100 km
north of profile 20020300. Between CDP 1800 - 9750 (Fig. 6.3: AWI-20020300) a fine layered
seismic reflection pattern of nearly 900 m is visible. Figure 6.1 images the area (gray), where
thin-bedded sediments were found.

The seismic units were interpolated along crossing profiles of profile 20030300. The base of
unit NA-2 on profile 20020300 (Fig. 6.3) is the boundary between the fine bedded reflection
pattern and the completely transparent acoustically section below. At CDP 10000 (Fig. 6.3:
20020300) the basement crops out at the sea-floor and forms a boundary of the fine layered
reflection pattern. The profile 100 km north (20020500) shows north-west of the Knipovich
Ridge a fine layered reflection pattern between CDP 6450 and 4000 of around 1 km of sedi-
ment.

In the deeper parts below 3500 m depth on profile 20020300 and 4200 m depth on profile
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Figure 6.3: Seismic reflection profiles in the Molloy Basin. The location of the profiles is shown in figure
6.1. Numbers at the black arrows show the ties of the crossing profiles. 6A A on profile 20020525 represents
the magnetic anomaly C6AA (21 Myr). NA-1 and NA-2 are seismic units, which are older and younger than
middle Miocene respectively (white dashed lines demonstrate the transotion). The black line represents the
top of the acoustic basement.
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20020500 a more transparent reflection character is observed up to the top of the acoustic
basement. The lower sediments in unit NA-2 are characterized by high amplitudes compared
to the deposits in the upper part of unit NA-1. On both northwest-southeast trending pro-
files the sediment deposition in the area between the upper slope region and the foot of
the slope appears chaotic. This change from acoustically fine-layered sediments to chaotic
deposits complicates an age correlation in the upper slope region.

The profiles 20020505, 20020515 and 20020525 are situated in west-east direction within the
Molloy Basin (Fig. 6.3). These profiles show a rough basement structure in the lower slope
region at a depth between 2 and 3 km. The top of this structure crops out at the sea-floor
on profile 20020525, and almost reaches the sea-floor on profiles 20020505 and 20020515.
Westwards of this structural high, 1 km of the upper part of NA-2, the sediments are charac-
terized by a transparent reflection pattern. Below this section a sediment package with higher
amplitudes is observed down to 4 km depth. Underneath, the continuous sediment structure
represents an almost transparent reflection character. In the slope region, no reflections from
the basement are visible because of strong sea-floor multiples (Fig. 6.3). On profile 20020515
high amplitudes can be found east of the high between CDP 2030 and 3175. The subdivision
of the acoustically thinly laminated section into unit I to unit IIIB could be made at the
eastern end of this profile (Fig. 6.3; CDP 20 to 1500) similar to profile 20020525 (Fig. 6.3;
CDP 3700 to 5300). The north-south orientated profiles 20020510, 20020540 and 20020550
(Fig. 6.4) show fine layered sediments at the northern end of these profiles. The area of the
fine layered sediments is marked with light gray in figure 6.1. Correlation with the magnetic
isochrons dated by Ehlers and Jokat (2008), shows that the location of the oldest magnetic
isochron 6AA (21 Myr) in the Molloy Basin (Gradstein et al., 2004) is coexistent with the
western boundary of the gray highlighted area of the fine layered sediments (Fig. 6.1).

6.5.3 Boreas Basin

The Greenland Fracture zone (GFZ) separates the Greenland Basin from the Boreas Basin
and the Boreas Basin is bound in the north by the Hovgard Ridge (Fig. 6.1). The Boreas
Basin also shows a rough basement topography similar to the Molloy Basin. The identification
of a continuous basement event was not possible in the deep sea part, along the three northern
west-east profiles 20020645, 20020655 and 20020665 (Fig. 6.5), as well as between CDP 10550
and 15550 on the northwest-southeast profile 20020700 (Fig. 6.4), which covers the Knipovich
Ridge (Fig. 6.1) in the southeast. The sedimentary strata in the Boreas Basin is divided into
two the two sediment megasequences i.e. units NA-1 and NA-2. The high amplitude reflector
is observed in the deep sea part at a depth between 3.5 and 4 km on all profiles (Fig. 6.5).
Above this reflector, within unit NA-2, just beneath the seabed, a 300 m thick package of
continuous reflections exists. The reflection pattern below the first 300 m.b.s.f. has been
characterised as transparent. At depths of 4 km, underneath the prominent reflector (unit
NA-1) the data also show a transparent reflection character up to the top of the basement,
where it could be identified (Fig. 6.5; 20020645, 20020655, 20020665, 20020675). Also the
north-south orientated profiles 20020620 and 20020630 (Fig. 6.5) support the characteristic
description of the reflection pattern in the deep sea area of the Boreas Basin. However,
at the southern end of these profiles - south of the structural basement high, visible in
CDP 7100 and CDP 1350 (Fig. 6.5) - the structure changes from transparent into thinly
laminated sediments with decreasing penetration depth. The southernmost west-east profile
in the Boreas Basin (Fig. 6.5: 20020675) also shows a fine layered reflection pattern and a
clearly identifiable basement structure in the deep sea part. In general, we could observe
in the Boreas Basin a fine layered sediment structure between 77°N and 77°30'N (Fig. 6.1)
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close to the GFZ. The western boundary of this area is located between magnetic isochron
9 (28 Myr) and isochron 13 (33 Myr) in the southern Boreas Basin (Gradstein et al., 2004).

6.5.4 Prograding sequences on the East Greenland shelf

Eight seismic profiles from the Molloy Basin in the north to the Irminger Basin in the south
(south of 65°N), provide an overview of the shelf progradation along the East Greenland
margin. All profiles cover the shelf (Fig. 6.6) from west to east (profiles 1-3 only the outer shelf
area) and show different seismic packages, which has been interpreted to present prograding
clinoforms. The profiles south of the Scoresby Sund were made available by StatoilHydro
(Fig. 6.6: KANU92E-5, KANU95-07) and the Geological Survey of Denmark and Greenland
(Fig. 6.6: GGUi/82-02, GGUi/81-04). These seismic reflection profiles are available in two
way travel time. For a better comparison of the shelf structures - from north to south - we
have imaged also the northern profiles (Fig. 6.6: AWI-97250, AWI-97270, AWI-20030390,
AWI-20030550) as time sections. The deposits have been divided into section with different
characteristic geometries.

Classification of shelf sediments along the East Greenland margin

Because of the very rough basement in the north, fracture zones (GFZ, JMFZ) along the
margin and changing sedimentation character, it is not possible to carry out a consistent
seismostratigraphic correlation for the shelf sediments from north to south.

On the basis of the acoustic character and internal geometry of sediments, we have classified
the accumulated shelf sediments along the entire East Greenland shelf. The outcome of this
is a subdivision of the shelf sediments into three seismic units (SU). SU-2 and SU-3 represent
sediment packages interpreted as prograding clinoforms. SU-1 is predominatly characterized
by exclusive horizontal reflectors interpreted as aggrading strata. Reflector R3 forms the base
of SU-3 and separates prograding strata, above from non-prograding strata below. Reflector
R2 separates SU-2 and SU-3 and provides the lower boundary of unit SU-2. The upper
boundary of unit SU-3 is represented by reflector R1.

e Prograding units (SU-2 and SU-3):

Based on the analysis of the acoustic character and internal geometry of seismic pro-
grading sequences, we distinguish between prograding units: SU-2 and SU-3. On all
profiles from north to south along the East Greenland shelf, the dip-angle of the fore-
sets increases from the older SU-3 to the younger SU-2. In general, the geometry of unit
SU-3 can be described as a mixture of truncated horizons and continuous sequences.
Especially on profiles AWI-20030390 and KANU95-07 we can recognize some offlap
terminations below an erosional surface (Fig. 6.6). Unit SU-3 was not identified on the
two southernmost profiles GGUi/82-02 and GGUi/81-04 and on the northern profiles
AWTI-97270 and AWI-97250 (Fig. 6.6). The lower part of unit SU-3 seen on the KANU-
MAS data (Fig. 6.6: KANU92E-5, KANU95-07), south of the Scoresby Sund show a
very gently dip on the outer shelf. Around 15 km west of the shelf break, these se-
quences change into a more aggradational character. The greatest amount of sediment
in this unit is visible on the East Greenland shelf adjacent to the Greenland Basin
(Fig. 6.6: AWI-20030390, AWI-20030550).
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Figure 6.6: Development of the prograding sequences. Line drawing of eight seismic profiles running per-
pendicular to the East Greenland shelf from north to south. The overview map (top left) shows the location
of the profiles (highlighted in red) arranged from north to south. SU-1 to SU-3 are seismic units; R1, R2
and R3 are reflectors separating seismic units. Profiles GGUi82-02 and GGUi81-04 were made available from
GEUS. Profiles KANU95-07 and KANU92E-5 were made available by StatoilHydro.
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The base of unit SU-2, represented by reflector R2 defines the base of the completely
truncated prograding clinoforms. Additionally, the unit SU-2 consists of strongly pro-
grading foresets with dip angle increasing from the older to the younger part. In com-
parison to unit SU-3, aggradational topsets are missing and the prograding clinoforms
in unit SU-2 are characterized by sharp truncations on top, at boundary R1. Within
unit SU-2 steep foresets up to the shelf edge are visible. The steepest dip angle of all
foresets is seen on the outer shelf on the southermost profile (Fig. 6.6: GGUi/81-04).
On all profiles we could distinguish the sharp truncations of the upper parts of the pro-
grading sequences from the combination of truncated horizons, continuous sequences
and gentle dips of the foresets in unit SU-2. The highest sediment accumulation of this
unit was observed on the two southernmost profiles GGUi/82-02 and GGUi/81-04 over
a shelf distance of 70 km. Seen on profile GGUi/82-02 on the eastern end of the shelf,
a sediment package exhibits the typical aggradational character. The beginning of the
non-prograding sediment bedding on this profile starts approximately 25 km westward
of the present shelf edge. The base of this formation is formed by R1 (Fig. 6.6).

e Top unit (SU-1):

Most of the prograding sequences are overlain by a top unit (SU-1), which is charac-
terised by acoustically horizontal layers (Fig. 6.6). The thickness of unit SU-1 differs
from line to line. For example profile AWI-97250 shows an increase in sediment thick-
ness of unit SU-1 towards the shelf edge, where as profile AWI-97270, shows a decrease
in sediment thickness in the eastern direction (Fig. 6.6). On both of these profiles,
however, the sea bottom appears quite irregular. In the shelf region adjacent to the
Greenland Basin, the thickness of unit SU-1 can be described as nearly constant. The
unit SU-1 on the northern KANUMAS profile (Fig. 6.6: KANU92E-5) is thinner on the
inner shelf than on the outer shelf. These two latter profiles show the thickest deposi-
tion of unit SU-1 of all imaged west-east profiles. At the two southernmost profiles (Fig.
6.6: GGUi/82-02; GGUi/81-04) unit SU-1 is absent or below the seismic resolution.
In general, these southern profiles look completely different compared to the northern
ones, as reflector R1 is missing on these profiles, and thus the prograding foresets of
SU-2 are truncated above by the sea-floor in this area.

6.6 Interpretation
6.6.1 Sediment accumulation in the basins along the East Greenland margin

For the calculation of sediment thickness maps along the East Greenland margin, the
Geological Survey of Denmark and Greenland (GEUS) have made available datasets south
of 72°N. The data north of 72°N give information on the sedimentation into the deep basins
along the northern East Greenland margin. The GEUS data in the south cover only the
shelf and upper slope area. After a depth conversion (velocity of 2 km/s for the sediment
package, Larsen et al., 1994) of the finally processed time sections from the GEUS, the
data were used to map the total sediment thicknesses along the entire East Greenland
margin. However north of 72°N, a detailed analysis of the sediment succession (subdivision
of sediments older and younger as middle Miocene) could be made, on the basis of an age
correlation from ODP Site 913, located in the deep Greenland Basin (Berger and Jokat,
2008) and our correlation from ODP Site 909 in the deep Molloy Basin. The results from
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Figure 6.7: A map of total sediment thickness along the East Greenland margin. Bathymetric contours are
plotted with a spacing of 500 m. Sediment thicknesses south of 72N published in Larsen et al. (1990), have
been incorporated in this map using an average velocity of 2 km/s for the sedimentary units. MB = Molloy
Basin, BB = Boreas Basin, GB = Greenland Basin. The red framed regions represent the areas used for the
volume calculations.

Berger and Jokat (2008) have also been included into the sediment thickness maps prepared
in this study. Berger and Jokat (2008) classified sediments within the Greenland Basin
(GB), younger and older than middle Miocene. Therefore, we could join unit GB-2 (Berger
and Jokat, 2008) with unit NA-2 and unit GB-1 with unit NA-1. The correlation in the
Boreas Basin is based on the interpolation along the north-south profiles 20020540 (Fig.
6.4) and 20020620 (Fig. 6.5). The rough basement structure along the other north-south
profiles from the Molloy Basin into the Boreas Basin, prevents the correlation into the
southern basin. Different sediment thickness maps are introduced and discussed below, i.e.
total sediment thickness (Fig. 6.7), unit I to unit IITA (Fig. 6.8), unit NA-1 (Fig. 6.9) and
unit NA-2 (Fig. 6.10).

Total sediment thickness

The total sediment thickness (Fig. 6.7) was calculated as the depth difference between
the acoustic basement and the sea-floor. No continuous increasing or decreasing trends in
thickness could not be observed. The thickest sediments (3.3 km) were accumulated in the
prolongation of the Scoresby Sund at 70°N, as major glacial wedge (Dowdeswell et al.,
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1997). Some of the material (around 3000 m) of the glacial fan was deposited southwards
as far as 67°30'N, probably caused by current-controlled deposition influenced by the East
Greenland Current(Rudels et al., 2002).

If we compare the three northern basins between 74°N and 80°N, it is seen that the thickest
sediments were accumulated in the Boreas Basin (BB) with 2.7 km (Fig. 6.7). An average
of 2.3 km of sediment was deposited in the adjacent northern Molloy Basin (MB), while
in the Greenland Basin (GB) a total sediment thickness of around 1 km is observed (Fig.
6.7). Much more representative is the volume of sediments in dependence on the size of the
accumulation area. Therefore, volume estimations for the Molloy, Boreas and Greenland

Basin name | Volume (x10*km?) | area (x10*%km?) | volume for an area of
1.0 x 10*km?
Greenland Basin 11.88 8.68 1.37
Boreas Basin 3.83 2.05 1.87
Molloy Basin 4.21 2.65 1.59
Greenland Basin 7.50 8.68 0.86
Boreas Basin 2.19 2.05 1.07
Molloy Basin 3.29 2.65 1.24
Greenland Basin 4.38 8.68 0.50
Boreas Basin 1.64 2.05 0.80
Molloy Basin 0.92 2.65 0.35

Table 6.1: A table of volume calculations for the Molloy, Boreas and Greenland basins. Gray = total
sediments; Blue = sediments younger than middle Miocene and Green = sediments older than middle
Miocene.

basins were made (areas are highlighted in figure 6.7). The results of the volume estimation
provide for an area (Fig. 6.7) of 8.68%10* km? a volume of 11.88x10* km? (GB), for 2.05x10*
km? a volume of 3.83x10* km?® (BB) and for 2.65x10* km? a volume of 4.21x10* km?® (MB).
To compare the total sediment volume, we calculated the volume for a consistent reference
level of 1.0x10* km? (Tab. 6.1). Thus, we get a total volume of sediment of 1.37x10% km? for
the GB, 1.87x10* km? for the BB and 1.59%10* km? for the MB (Tab. 6.1). This means, we
have a difference in the sediment deposition of 26.7 % for the GB compared to the BB with
the greatest sediment accumulation. The Molloy Basin exhibits 15 % less sediments than in
the southern Boreas Basin and 14.8 % more sediment than in the Greenland Basin. So the
greatest volume of sediment (of 1.87%10% km?) is located in the Boreas Basin and the least
volume is situated in the Greenland Basin with 1.27x10% km?3.

We explain the lower sediment accumulation in the Greenland Basin in comparison to the
two northern basins with, to be due to, the absence of basement highs in the slope region
(Berger and Jokat, 2008; Hinz et al., 1987). This structure presumably a 360 km long
volcanic basement structure between 77°N and 74°54'N (Berger and Jokat, 2008) prevented
continuous sediment transport from the East Greenland shelf to the deep Greenland Basin.
North of the GFZ this volcanic structure is not observed, so that sediment material could
accumulate constantly. The variations of sediment volumes in both northern basins average
only 15% (1.59%10% km?® and 1.87+10* km3) for an area of 1.0x10* km? in spite of different
times of the opening of these basins. If we assume, the accumulated material in the basins
was eroded off the East Greenland shelf, then the erosion was stronger on the shelf adjacent
to the younger Molloy Basin than on the shelf area west of the Boreas Basin, for the
same time period. Otherwise, a palaeoceanographic model from Ehlers et al. (submitted
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Figure 6.8: Sediment thickness maps for the area of fine bedded sediments (see also figure 6.1). The black
box on the top left map indicates the area where calculations of sediment thicknesses for unit I up to unit
ITTA were carried out.

2008) shows deep water inflow from the Arctic Ocean towards the northern North Atlantic.
Therefore, it is possible that the sediment accumulation in the deep Molloy Basin is also
influenced by current-controlled sedimentation as suggested by Knies and Gaina (2008).

Thicknesses of fine bedded sediment units (I-IITA)

Figure 6.8 shows calculated sediment thickness maps for the area of fine bedded sediments
between 78°30'N and 80°30'N (Fig. 6.1). The base of unit IIIB is located in an area of
transparent reflection character and thus we could not create a sediment thickness map for
this unit. The highest sediment accumulation is seen in unit IITA, in the northeast region of
the Molloy Basin with over 600 m of sediments. In the same area, unit IT shows a minimum
deposition with less than 200 m of sediment. For both units the surrounding areas show a
nearly constant sediment thickness of approximately 400 m. The combined sediment thick-
nesses of unit IT and unit ITTA show a homogeneous sediment distribution of the fine-bedded
sediments in a time interval of early/middle Miocene to Pliocene. Unit I images a uniform
sediment accumulation of around 400 m. Due to the location of the area (south of the Fram
Strait), the refection character and the results from the palaeoceanographic modelling made
by Ehlers et al. (submitted 2008) we believe the sediments are current-controlled deposits.
Those three units show north of 79°30’N differences in sediment thickness compared to each
other, also seen in the sedimentation rates with ~133m/Ma (unit I), ~38m/Ma (unit II) and
~90m/Ma (unit ITTA). The greatest sediment accumulation within unit ITTA is shown close
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to the deep-water passage between the Arctic Ocean and northern North Atlantic. Before
the deep-water exchange begun, northwards flowing North Atlantic deep-water existed
(Ehlers et al., submitted 2008). Therefore, we suggest a lot of sediments were transported
with the northwards directed current. At this early stage the Fram Strait probably acted as
a dam, the current velocity increased and material could be accumulated. The thickness of
unit IT demonstrates the opposite to unit IITA. The lowest sediment accumulation is shown
north of 79°30'N and probably caused by tectonic. The Fram Strait represents a narrow
passage with a limited west-east extent. The further north the more narrow the deep-water
passage and the faster the currents in their flow velocity through this gateway. More less
sediment will be accumulated with high flow velocities and that can be a reason for the
small sediment load in the northern part of unit II. In Pliocene times (unit I) the Fram
Strait seems to be wide enough for continuous sediment transport and accumulation by
northwards and southwards directed currents.

Thickness of sediments younger and older than middle Miocene

The sediment thickness of unit NA-1 was calculated as the depth difference between the
top of the acoustic basement and the lower boundary of unit NA-2 (Fig. 6.9). Unit NA-
1 shows the greatest sediment thickness in the northern Boreas Basin with a thickness of
approximately 2000 m. The lower part of this unit is characterised by a transparent reflec-
tion character most prominent in the Molloy Basin (Fig. 6.3). The sediment thicknesses in
the Molloy and Boreas basins vary between 200 and 2000 m. The top of the basement is
very rough north of the GFZ, which was caused by ulta-slow spreading of the Molloy and
Knipovich ridges (Ehlers and Jokat, 2008). More than twice as much sediments were found
(Fig. 6.10) in the deep northern Boreas Basin (2000 m), compared to the deep central Molloy
Basin (on average 900 m). These results are also supported by volume estimations within
these basins. For a uniform reference level of 1.0x10* km? a sediment volume (Tab. 6.1) of
0.80%10* km? for the Boreas Basin and 0.35%10* km? for the Molloy Basin (unit NA-1) was
calculated. A reason for the different thicknesses in the basins could be the different forma-
tion times of the basins. The opening of the Boreas Basin started 38 Ma and 17 Myr later
the opening of the Molloy Basin began (Ehlers and Jokat, 2008). This implies, the Molloy
Basin is half as old as the Boreas Basin, and explains why there is twice as much sediment
in the Boreas Basin compared to the Molloy Basin, provided that the sediment transport
was approximately constant over this time period.

The thicknesses of sediments younger than the middle Miocene between 72°N and 80°30'N
are mapped in figure 6.10. Both the sediment thickness map and the volume estimations
(Tab. 6.1) of these sediments show the greatest accumulation of post-middle Miocene sedi-
ments in the Molloy Basin. More than 1000 m of sediments with a volume of 1.24x10* km?
(area: 1.0x10* km?) are located in the northernmost basin along the East Greenland margin.
However, the basins north and south of the GFZ (Fig. 6.10) feature a similar sediment de-
position with around 600 m in the Boreas Basin, and 400 m in the central Greenland Basin.
The volume calculation shows a difference of nearly 20% of the sediment volume for an area
of 1.0«10* km? (Tab. 6.1: GB = 0.86x10* km?, BB = 1.07x10* km?) in both basins. Thus,
the smallest thickness of sediment in unit NA-2 is situated in the oldest basin of the North
Atlantic (GB) with an age of 56 Ma (Talwani and Eldholm, 1977).

A detailed bathymetry map of the East Greenland shelf region (Fig. 6.11) shows the distri-
bution of glacial troughs along the margin. On the shelf, adjacent to the Greenland Basin,
between 72°N and 77°N we can find several deep troughs (up to approximately 550 m deep)
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Greenland (GB), Boreas (BB) and Molloy (MB) basins. Bathymetric contours are plotted with a spacing of
500 m.
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in NW-SE direction. We suggest that most of the sediments were transported from the
Greenland mainland along these glacially formed channels and accumulated in the prolon-
gation over the shelf edge. The shelf area between 77°N and 81°N appears different to the
region south of 77°N, where no glacial troughs with water depths up to 550 m are visible.
However, the rough sea-floor topography in approximately 200 m water depth is visible,
probably caused by iceberg scours.

Based on the distribution of glacial troughs, we would expect the largest sediment accumu-
lation in the Greenland Basin. However, the prominent volcanic structure mapped by Berger
and Jokat (2008) along the East Greenland margin prevents a sediment transport from the
shelf into the deep Greenland Basin. This could explain the minor sediment deposits in the
Greenland Basin. The largest amount of sediment deposits younger than middle Miocene,
are located in the upper slope regions adjacent to the Molloy and Greenland basins. The
variations of the sediment deposits in the two northernmost basins are difficult to explain
(Fig. 6.10, Tab. 6.1: 1.07%10* km? for the BB and 1.24x10* km? for the MB). The wider shelf
adjacent to the Molloy and Boreas Basin in comparison to the shelf west of the Greenland
Basin is caused by the tectonic evolution. During the opening of the Norwegian-Greenland
Sea, the plate motion took place in NNW-SSE direction (Lundin and Doré, 2002), and cre-
ated an asymmetrical decoupling which is apparent. From north to south we see a decrease
in the extension of the shelf on the Greenland margin and an increase on the conjugated
Norwegian margin (Lundin and Doré, 2002). Because of this, we can not assume that a wider
shelf implied a greater mass transport from the East Greenland shelf. Knies and Gaina (2008)
suggest that the uplifted northern Barents Sea was ice covered, and that glacial erosion and
calving of icebergs along the coastline followed by subsequent transport via Transpolar Drift
were the determining processes for the supply of detritus to the Fram Strait. Thus, we sug-
gest the sediment distribution in the Molloy Basin is influenced by current-related sediment
transport from the Arctic Ocean and the sediment transport from the Greenland mainland.

6.6.2 Age model of the prograding wedge along the East Greenland margin

The sediments that created the prograding wedges along the East Greenland margin are
related to the erosional history and geology of the hinterland as well as the processes of
sediment transport and deposition.

The development of a consistent seismostratigraphic model from north to south along the
East Greenland shelf was not possible. In order to make an approximate age model, we
combined results from age correlations carried out by Larsen et al. (1994) on the south East
Greenland margin, Berger and Jokat (2008) on the Greenland shelf (72°N - 77°N) and char-
acteristic interpretations of shelf sediments on the Norwegian margin (Rise et al., 2005).
The stratigraphic correlation between 72°N and 77°N made by Berger and Jokat (2008)
provide an age of around 15 Myr for R3 unconformity, which divides aggradational or weak
prograding strata from strongly prograding sequences above. The authors suggest rapid
changes in sea level and/or glacial erosion by early ice sheets or glaciers along the coast
as possible causes for this change. Also drilling results in the Southern Hemisphere on the
glaciated margin of Antarctica support the interpretation of Berger and Jokat (2008) about
aggradation and progradation. Cooper et al. (1991) interpret the transition from generally
aggrading seismic sequences to prograding sequences at the Ross Sea shelf (Antarctica) as
the onset of a large sized grounding ice sheet across the continental shelf. A clear transition
from aggrading to prograding strata has not been observed on profiles south of the Scoresby
Sund. Especially the two southernmost profiles (Fig. 6.6: GGUi/82-02; GGUi/81-04) show
no evidence of aggrading sequences. For this reason, it was not possible to make an age
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definition for the oldest prograding strata.

The lower unit SU3, described as a mixture of truncated and continuously prograding se-
quences is well preserved on the shelf between 68°N and 77°N (Fig. 6.6: AWI-20030390,
AWI-20030550, KANU92E-5, KANU95-07). The greatest west-east extension of this unit
provides profile AWI-20030390 with approximately 80 km. The combination of truncated
foresets and partly horizontal horizons within this unit SU-3 are best preserved on this pro-
file (Fig. 6.6). The partly horizontal horizons in the older part of the section could indicate
that the advanced glacier did not always reach the shelf break in glacial times and eroded
the upper sediments. Otherwise, these horizons can also indicate strong sea level changes.
The sea level changes can be caused by the opening of the Fram Strait in middle Miocene
times (Ehlers and Jokat (accepted 2008); Engen et al., 2008) and the direct deep water con-
nection of the northern North Atlantic to the Arctic Ocean (Kristoffersen, 1990). Winkler et
al. (2002) postulate different cooling phases in the middle Miocene, based on the decrease of
smectite to illite and clorite ratio at ODP Site 909. They interpret the intensification of the
major glaciation in the Northern Hemisphere to have occured around 3.4 to 3.3 Ma, which
is synchronous with the age of the dropstones found in the first 250 m.b.s.f. at ODP Site
909 (Myhre et al., 1995). Knies and Gaina (2008) suggest that large-scale glaciation was al-
ready developed in the northern Barents Sea during the middle Miocene Climate Transition,
around 10-14 million years ago. These findings show that subsequent to an ice-free period
during the Miocene Climate Optimum (around 17-15 Ma), glacially eroded materials from
the uplifted northern Barents Sea, were transported by iceberg flotillas towards the Fram
Strait. The sea level curve from Vail et al. (1977), shows significant fluctuations in middle
Miocene time, suggesting an interaction between climatic changes, sea level changes and the
glaciation.

In comparison to the profiles north of the Scoresby Sund, the profiles to the south show
approximately more aggradation than progradation (Fig. 6.6: KANU92E-5; KANU95-07) or
unit SU-3 is completely missing (Fig. 6.6: GGUi/82-02; GGUi/81-04). The absence of a thick
prograding unit especially between 68°N and 69°N, can be explained with:

e The direction of the seismic profiles not coinciding with the axes of the wedge progra-
dation (KANU95-07, KANU92E-5).

e The sediment erosion and deposition by glaciers being too low to build out a strong
prograding wedge, for example the north and south of the KANUMAS profiles.

The seismic sequence SU-2 deposited above R2, has the typical characteristic of glaciated
margin sequences, truncated by erosional surfaces (Fig. 6.6). The prograding foreset wedge
and the preservation of offlap terminations, demonstrate that SU2 is a product of several
ice advances towards the shelf edge. The shelf break has prograded seaward during the
period of glacial deposition. Ice streams could have migrated laterally, and /or have expanded
differentially onto the continental shelf during the last 7 Myr (Nielsen et al., 2005).

Age correlations on the Norwegian margin and the East Faroer margin made by Eidvin et
al., 1998; Rise et al., 2005 and Andersen et al., 2000 postulate an age of Pliocene (Norwegian
margin) and late Neogene (East Faroer margin) for the beginning of the progradation. The
start of the prograding wedge on the South East Greenland margin was dated by Larsen
et al. (1994) on the basis of drilling results on the shelf to around 7 Myr. Thus, unit SU-
2 on profiles GGUi/82-02 and GGUi/81-04 have an age-range of middle late Miocene to
Pliocene. If unit SU-2 north of the Scoresby Sund has the same age as SU-2 on the southern
East Greenland margin it would mean that the onset of glaciation occurs at the same time
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along the entire East Greenland margin. However, this is a very speculative scenario due to
the mentioned difficulties in correlating the seismic units along the margin. Non-prograding
sediment deposits occur on profile GGUi/82-02 above reflector R1. This profile is located
near to the Scoresby Sund and the aggrading well-defined sediment package occurs in the
upper slope region. At a water depth of around 600 m, the East Greenland Current is flowing
in the southern direction and is probably transporting all the material accumulated in the
prolongation of the Scoresby Sund towards south. Therefore, we believe that the sediment
accumulation above the prograding sequence on profile GGUi/82-02 is a product of current-
controlled sediments.

The upper part of the wedge is topped by an unconformity R1 and overlain by top unit
SU-3, which displays horizontal reflection events parallel to the present sea-floor horizon.
On many prograding wedges along the European margins, e.g. Sula Sgeir Fan, East Faroer
wedge and mid-Norway wedge, this unconformity is interpreted as a glacial unconformity
(Dahlgren et al. 2005; Nielsen et al., 2005). On the mid-Norway prograding wedge the glacial
unconformity, called Naust B, has an age of 0.35 Ma (Dahlgren et al., 2002) and on the Sula
Sgeir Fan and East Faroer Wedge it has been dated to about 0.44 Ma (Dahlgren et al.,
2005; Stoker et al., 1995). We suggest that the erosional unconformity on the conjugated
Greenland margin is of similar Pleistocene age. The topsets on the South East Greenland
margin (Fig. 6.6: GGUi/82-02; GGUi/-81-04) are completely eroded, most likely during the
last glacial erosion. During erosion in glacial cycles, the accumulation of glacial sediment
enhanced a landward dip of the sea-floor profile. The continental shelf shows a shallowing
of the outer shelf and an overdeepening of the inner sector (De Santis et al., 1999), seen
on profile GGUi/81-04 and on profile AWI-20030350 published in Berger and Jokat (2008).
The sea-floor topography on the two northern profiles (Fig. 6.6: AWI-97250 and AWI-97270)
present small irregularities. We suggest, the base of the glacier reached the sea-floor and
transported all the material towards the shelf edge. Therefore, the irregularities on top of
the sea-floor will be interpreted as iceberg scours, which are attributes of a tremendous ice
covering during the last glacial maximum.

6.6.3 Ice movements

If we compare the shelf profiles along the East Greenland margin, we can see regional dif-
ferences. North of the Scoresby Sund we find the strong development of a prograding wedge
up to 77°N with a well-defined boundary (R3) and aggrading sequences below. The detailed
bathymetry of the East Greenland shelf (Fig. 11) shows differences between the region south
of the Scoresby Sund compared to the area north of 72°N. A much wider shelf between 72°N
and 81°N and a more gentle dip of the slope suggests more ice-stream related sedimentation
also supported by the deep glacial troughs and fjord systems. Whereas a more narrow shelf in
the south and steep slope (Fig. 6.11: GGUi/81-04) could support ice-sheet related sedimen-
tation (Clausen et al., 1997). The two northernmost profiles AWI-97250 and AWI-97270 are
also located on the wide shelf, but not in the prolongation of glacial troughs according to the
present available bathymetry. Most prominent is the rough sea-floor topography along the
two northernmost profiles, influenced by tremendous ice covering in the past. These iceberg
scours are not observable on profile AWI-20030390 and profile AWI-20030550 located in the
prolongation of glacial troughs and fjord systems (Fig. 6.11). Hence, we believe between 70°N
and 77°N there was ice-stream related sedimentation, where as north of 77°N as well as south
of Scoresby Sund there was more ice-sheet related sedimentation. The increased aggradation
(Fig. 6: KANU92E-5, KANU95-07) combined with a steep slope and missing glacial troughs
between 67°N and 68°N (Fig. 6.6, 6.11) suggests that the profiles do not coincide with the
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Figure 6.11: Detailed bathymetry map (ETOPO (NGDC, 2006)) of the shelf region along the East Green-
land margin. The gray area represents the slope and deep sea parts of the North Atlantic. The red lines
on the shelf area show the location of the seismic profiles from figure 6.6. The blue lines on the Greenland
mainland demonstrate the ice borderlines, and the black arrows represent the different ice flow directions
of the Greenland ice sheet. The green arrow in northeast direction represents the Northeast Greenland ice
stream determined by Bamber et al. (2000).
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axes of the wedge progradation, erosion and deposition of the glaciers, which is lower than
in other regions.

Additionally, in figure 11 we have mapped the ice borderlines (blue lines) of the Greenland
inland ice adopt from Bamber et al. (2000). The black arrows demonstrate the directions,
where the velocities of the ice streams increase and at the blue lines the ice flow velocity is
nearly zero. These calculations are based on a new digital elevation model (DEM), accumu-
lation rates and an existing ice-thickness grid, using a fully two-dimensional finite-difference
scheme by Bamber et al. (2000). The green arrow in the northeast direction represents the
NE Greenland ice stream published in Bamber et al. (2000). In general, we can see in the
prolongation of the different ice flow directions (black) some glacial troughs on the East
Greenland shelf. The deepest (700 m) and widest (70 km) troughs can be found near pro-
file AWI-20030390, between profiles KANU95-07 and GGUi/82-02 and the Scoresby Sund.
Close to the KANUMAS profiles (68°N-69°N), the bathymetry exhibits poor glacial troughs
and from the inland ice towards the shelf break we can not recognize an increase in the
ice stream velocity in a southeast direction. An increase of ice stream velocity is observable
towards northeast and southsoutheast. Therefore, we do not believe, that much sediment
was transported to the outer shelf in that area. On the other side, it is also possible that the
more aggradational character on these profiles is a result of sedimentation of glaciers that
did not reach the shelf break, and therefore glacio-fluvial drainage was the main sediment
transport mechanism. Another situation we have north of 78°N, where also no deep glacial
troughs are visible. There we find no aggradation within the shelf deposits but continuously
truncated prograding clinoforms, a thick package of flat topset beds and indications of ice-
berg scours on the sea-floor (Fig. 6.6). This led to the assumption, that all the material
was transported by glaciers at different times, beginning around 7 Ma (Larsen et al., 1994).
In the prolongation of the NE ice stream, we find a trough north of 80°N (Fig. 6.11). The
present bathymetry data show no glacial troughs at the outer shelf in that area. A reason can
be the elevation (Fig. 6.11: between 78°30'N and 80°30'N) within the Danmarkshavn Basin
(Haman et al. 2005), which looks like a "plateau” on the Northeast Greenland shelf. This
structure prevented a direct sediment transport from the Greenland mainland to the outer
shelf. In combination with the results of the ice flow directions, we assume the sediments
on the inner shelf were transported in a north-south direction along the western side of the
"plateau”.

Also we think the changing in the direction of ice movements can be an indication of differ-
ent ice sheets, but on the other hand to discuss real changes in movement, a 3D dataset is
needed. It is likelyhowever, that the Greenland ice cap consisted of different ice sheets with
different movement directions, and expand at different times.

6.7 Conclusion

The correlation of drill Site 909 made it possible to develop an age model for the northern
North Atlantic. On the basis of this seismostratigraphic correlation, a classification of deep
sea sediments into unit NA-1 and unit NA-2 was possible for the Molloy and Boreas basins.
These units are confirmed with results in the Greenland Basin further south and have been
combined in sediment thicknesses maps and volume estimations north of 72°N. These results
have shown the lowest total sediment was accumulated in the Greenland Basin compared
with the Molloy and Boreas basins, and can be explained with a volcanic structure in the
slope region. Variations in total sediment thicknesses in the Molloy and Boreas basins were
caused by a stronger erosion on the shelf adjacent to the younger Molloy Basin, than on
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the shelf area west of the Boreas Basin, in the same time period. More than twice as much
sediment older than middle Miocene, was found in the deep northern Boreas Basin (~2000
m) compared to the deep central Molloy Basin (~900 m). We interpret these differences to
be due to the formation of these basins at different times. The greatest amount of glacial
sediment was deposited in the Molloy Basin, because of influences by current-controlled
sediment transport from the Arctic Ocean.

The analysis of seismic sequences on different profiles along the Fast Greenland margin have
made it possible to divide the shelf sediments of unit NA-2 into sub-units based on the results
from other polar regions.

e Prograding unit SU3: middle Miocene (~14 Myr) to middle late Miocene (~7 Myr)
e Prograding unit SU2: middle late Miocene (~7 Myr) to Pliocene

e Topset bed unit SU1: Pleistocene

The classification is valid, presuming that the glaciation started at the same time in north
and south of East Greenland. On the shelf between 72°N and 77°N we assume more ice-
stream related sedimentation, as suggested by the presence of numerous glacial troughs. The
demonstration of Greenland ice sheet flow directions led to the assumption, that we have
more ice-sheet related sedimentation north of 78°N. South of the Scoresby Sund up to 68°N
aggradational sequences are very dominant. The profiles in this region are not located in the
prolongation of ice streams of glacial troughs. We believe, however, the glaciers did not reach
the shelf break and glacio-fluvial drainage was the main sediment transport mechanism.
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7.1 Abstract

Seismic reflection data between 72°N and 81°N show current-related sedimentation partly
linked to ocean circulations in the Northern Hemisphere. For the first time, it is possible
to prove the speculations about the deep-water exchange between the Arctic Ocean and
northern North Atlantic with seismic reflection data. An around 25 km wide deep sea
channel at the southern end of the Fram Strait images contourite deposits west and east of
the channel, which points to a deep-water outflow coming from the north (Arctic Ocean)
and a northwards directed current (West Spitsbergen Current) coming from the south. The
formation of the channel is dated to have an age of 5 Myrs. However, sediments below the
channel system indicate contourites accumulated since the opening of the deep-water passage
17-18 Ma. Within the deep Greenland Basin, a very local channel-levee system demonstrates
a northwards directed turbidity current with eastwards accumuated sediment mounds,
decreasing in their thickness towards the north. Our explanation is an episodic varying ice
stream activity triggered by intensification of glacial and interglacial times, which has proba-
bly started 5 Ma. Seismostratigraphical results of sediment deposits (e.g. turbidities, slumps
and a sediment drift body) observed in the slope area adjacent to the Greenland Basin,
indicate a continuous beginning of the formations before 15 Ma (observed within unit GB-1).

Key words: Channel-levee deposits, Current-controlled sedimentation, Northeast Green-
land, Ocean circulation.

7.2 Introduction

Plate motions can strongly influence ocean current circulations and, therefore, also cli-
matic conditions. The separation of the Australian and African continents from Antarc-
tica (Tasmania-Antarctic Passage) contributes partly to the stepwise development of the
Antarctic Circumpolar Current (ACC) around Antarctica. After the final opening the Drake
Passage enabled the evolution of the eastward flowing of the ACC (Lawver and Gahagen,
2003). This circulation had a tremendous effect in climate changes in the Southern Hemi-
sphere. A following cooling trend with rapid expansion of the Antarctic continental ice sheet
is triggered by the opening of the Drake Passage during the early Oligocene (Lawver and
Gahagen, 2003). These observations are supported by analyses of drilling samples combined
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with several seismic reflection data sets (Miller et al., 1990; Kuvaas & Leitchenkov, 1992;
Brancolini et al., 1995; De Santis et al., 2003).

Geological investigations along the Norwegian margin showed that the closing of the Isth-
mus of Panama had a large influence on the climate and ice formation in the north (Zachos
et al., 2001). The Gulf Current has been distracted towards north, resulting in more rain-
fall /snowfall and ice concentration in the High Arctic. Several sediment core analyses and
geophysical data confirm the assumptions of an onset of glaciation in Pliocene times (~3 Ma)
along the Norwegian margin (Forsberg et al., 1999; Rise et al., 2005). Until recently, it is still
unclear if the former opening of the Fram Strait (Fig. 7.1) in middle Miocene times (Jakob-
sson et al., 2007; Ehlers and Jokat, in press) had also influence on the Northern Hemisphere
climate. The first deep-water exchange between the Arctic Ocean and North Atlantic took
place at 17-18 Ma (Jakobsson et al., 2007; Ehlers and Jokat, in press). A connection between
climate changes, the onset of glaciation of the Northern Hemisphere and the opening of the
deep-water gateway (Fram Strait) is presently not fully investigated. Missing comprehensive
drill site information, seismic surveys and oceanographic studies make it difficult to provide
a complete description of the consequences of this gateway opening.

Due to the sparse geoscientific database in the Arctic a lot of speculations about the onset
of glaciation exist. They vary from Pliocene (Stemmerik et al., 1993) to late Eocene (Eldrett
et al., 2007). Berger and Jokat (2008) correlated age information along seismic lines from
the deep sea (ODP Site 913) to the Northeast Greenland shelf to provide an estimate for the
beginning of the Greenlandic ice formation. Their interpretation based on seismic reflector
geometry is that the onset of glaciation happened in middle Miocene times. This is the same
time period where the deep-water exchange between the Arctic Ocean and North Atlantic
was established. Eldrett et al. (2007) actually believe in massive ice formations in Greenland
already during late Eocene, based on a biostratigraphic analysis of dinoflagellate cysts on
site 913 in the deep Greenland Sea.

The seismic data sets acquired since 2002 between 70°N and 81°N provide the possibility to
analyse the sediment structure also in terms of current activity near the Fram Strait, which
might be an indicator for glacial/interglacial periods. In general, identified channel struc-
tures with accompanied sediment levee complexes can point to current activities and their
flow directions. Additionally to bottom-current processes along a margin also down-slope
sediment deposits are common. Due to sediment overloading at the shelf break e.g. during
glacial times, an instability of the continental slope and slump generation can be triggered.
Especially for sediments in upper, steep slope regions mass transport by gravity-driven pro-
cesses plays an important role. Large volumes of sediment were transported from the slope
into the deep basins. Numerous, turbidity currents cut into the lower slope and rise on other
parts of continental margins i.e. Antarctica and north-western Sea of Okhotsk (Escutia et
al., 2003; Wong et al., 2003; Dowdeswell et al., 2004).

This study concentrates on sediment structures in the region north of the Jan Mayen Frac-
ture zone up to the northern part of the Molly Basin (Fig. 7.1). With the application of the
seismostratigraphic concepts for the Greenland Basin (Berger and Jokat, submitted 2008),
the Boreas and Molloy basins (Berger and Jokat, submitted 2008) we investigate different
current-controlled sediment deposits and where possible we try to link the results to climate
changes and their consequences.
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Figure 7.1: Location of the study area on the Northeast Greenland margin. FS = Fram Strait, HR =
Hovgard Ridge, GB = Greenland Basin, BB = Boreas Basin, MB = Molloy Basin, GFZ = Greenland
Fracture zone. Green profiles (1 - 4) show observed deep sea channel structures (Fig. 7.2), red profiles (5,
6) show gravity-driven sediment structures in the upper slope region (Fig. 7.3), black profiles (7, 8) show
drift structures in the slope area (Fig. 7.4), blue profiles (9 - 13) show current influenced sediment structures
(Fig. 7.6).
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7.3 Oceanographic setting

The North Atlantic-Arctic Gateway is crossing the Greenland-Scotland Ridge in the South
and the narrow deep-water passage (Fram Strait) between the continental margins of East
Greenland and Svalbard in the North (Fig. 7.1). The Fram Strait, is channelling the flow
of surface and deep waters between the Arctic and North Atlantic. It represents the most
recent stage in the plate tectonic development of the Atlantic Ocean from a zonal (much like
the modern Pacific and Indian oceans) to a meridional ocean basin allowing the deep-water
exchange from both polar hydrospheres (Myhre et al., 1995). This passage is located be-
tween 78°N and 82°N and the opening of this gateway started some 20 Ma as shallow water
connection. The deep water exchange started 17-18 Ma, in middle Miocene times (Jakobsson
et al., 2007; Ehlers and Jokat, in press). Today this passage has a width of around 200 km
and is limited in the west by the Northeast Greenland shelf and in the east by the Yermak
Plateau. (Fig. 7.1)

The ocean water circulations can be divided into surface waters and bottom waters. The
surface water current systems of the Norwegian-Greenland Sea include the influx of warm
and relatively high-salinity waters via the North Atlantic Drift, which continues its north-
ward flow as the Norwegian Current, and the outflow of cold and low-salinity waters via
the East Greenland Current (EGC). The northward current continues from the Norwegian
Current along the Norwegian margin into the West Spitsbergen Current along the western
margin of Svalbard before entering the Arctic Ocean and dipping under the Arctic sea-ice
cover (Myhre et al., 1995). Before this current reaches the Fram Strait it splits into three
components (Rudels et al., 2002). One component flows in the eastern direction north of
Svalbard along the southern Yermak Plateau. One branch re-circulates north of the Green-
land Fracture zone and the third branch transports water northwards and enters the Arctic
Ocean through the eastern Fram Strait (Rudels et al., 2002; Ehlers et al., submitted 2008).
Within the Arctic, the warm water mass mixes with low salinity and cold surface waters,
sinks, and flows as an intermediate water mass counterclockwise before being exported out
of the Arctic Ocean via the Fram Strait along the East Greenland margin (Myhre et al.,
1995).

Ehlers et al. (submitted 2008) modeled the ocean circulations for four time slices 45 Ma,
20 Ma, 15 Ma and today, based on palaecobathymetric reconstruction data for the northern
North Atlantic and the Arctic Ocean. These models show significant changes in ocean mass,
heat and salt transport regarding to the bathymetric evolution according to the different
seafloor topography.. Their results indicate that the Norwegian and West Spitsbergen cur-
rents are today in water depths above 1125 m. Below, 1125 m the northward flow of Atlantic
Water ceases south of 75°N at the Barents Sea margin. Some 15 Ma, neither evidences for
northward flowing of Atlantic deep-water nor evidences of re-circulating water masses to-
wards the East Greenland margin are shown in their model. The EGC, which transports
Arctic Ocean water southwards, exists above 500 m (Ehlers et al., submitted 2008). The
current follows the bathymetry of the East Greenland shelf to the Greenland-Faeroe Ridge
and can be described as surface water current mixed with re-circulating Atlantic Water.

In general, deep-water formations can have a strong influence on sedimentation in the deep
sea. Until now, bottom current deposits in the northern North Atlantic are not well-studied.
Deposits controlled by deep-water bottom currents (contour currents) resulting from ther-
mohaline circulation in the oceans form accumulations known as contourite drifts (Faugres
et al., 1999). The most extensively studied area of submarine channels is located in the
Norwegian-Greenland Sea and occurs on the Northeast Greenland margin between 72°N
and 75°N (Fig. 7.1). Several expeditions have been carried out to investigate the distribu-
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tion and morphology of channel systems in this region by GLORIA 6.5 kHz side-scan sonar,
multibeam swath bathymetry and sub-bottom profiling (Mienert et al., 1993; Fahrbach,
2002; Lembke, 2003, Stein, 2008). Present channels systems within the Greenland Basin are
shown in Stein (2008). Their origin is still under discussion. The channels can be related to
down-slope flow of dense-water and turbidity currents originating from sea-ice formation on
the shelf and upper slope (Mienert et al., 1993; Dowdeswell et al., 1996, 2002). o) Cofaigh
et al. (2004), however, favour a formation under glacial conditions and Wilken and Mienert
(2006) believe in major glaciations with varying ice stream activity across the outer and
inner shelf. We will show and interpret seismic reflection data which image these channel
and contourite structures within the deep Norwegian-Greenland Sea.

7.4 Description and interpretation of seismic reflection profiles

Seismic reflection profiling was carried out using an array of eight VLF guns with a local
capacity of 31 each. The shots were generated every 15 s and binned into 25 m spaced CDPs.
A 600 m and 3000 m streamer were used for data acquisition, and before stacking and time
migration a bandpass filter of 15-90 Hz was applied. Figure 7.1 shows the seismic profiles
off the East Greenland margin, which are used in this study. The entire seismic network
in this area is shown in Berger and Jokat (2008) and Berger and Jokat (submitted 2008).
These profiles are located in the Greenland, Boreas and Molloy basins (Fig. 7.1). The age
information is adopted from Berger and Jokat (2008) and Berger and Jokat (submitted 2008).
Four seismic lines in figure 7.2 show a more or less clear deepening in the seafloor topography
along these lines (line 1.: CDP 2600, line2: CDP 7850, line 3: CDP 1400, line 4: CDP 8450).
The deepening on these profiles ranges between 23 m and 100 m, and the width ranges
between 0.8 km and 3 km. These seafloor undulations point to a local deep-sea channel within
the Greenland Basin. The three southernmost west-east orientated lines (Figs. 7.1, 7.2)
show east of the north-south oriented channel system an elongated well stratified sediment
deposit, best preserved on line 1 (Fig. 7.2: line 1 east of CDP 2600), which we interpret as
channel-related drift package. In general, it seems to be that the evolution of the elongated
drift decreases in the northern direction as well as the width of the channel. On profile 4
(Fig. 7.2), the channel structure is scarcely developed and an elongated drift is not visible.
The quite small depression between CDP 8300 and 8450 in comparison to the surrounding
seafloor topography suggests a channel system on this profile. North of 75.3°N, no indications
of channel-related sedimentation could be observed in the Greenland Basin. The reflection
character changes from laminated sediments in the upper ~400 ms (TWT) to transparent
sediment succession below (Fig. 7.2: lines 1-4). The transparent sedimentary strata, is visible
in the lower part of unit GB-2, and defined as middle Miocene age (Berger and Jokat, 2008).
Along the East Greenland continental slope we found small irregularities between continuous
down-slope reflectors, which result in weak interruptions of the reflectors (Fig. 7.3: line 5 CDP
5100 (2500 ms) and CDP 5600 (2250 ms), line 6 CDP 4500 (2250 ms) and CDP 5600 (2100
ms)). We interpret these structures as turbidity current sedimentation, which are typical for
down-slope gravity-driven processes in slope areas (Faugres et al., 1999). Both profiles in
figure 7.3 show evidences for turbidity currents, both in unit GB-1 and GB-2. However, the
sediment structure in unit GB-1 looks a bit more chaotic than in GB-2, probably caused
by more extensive down-slope transportation as well as due to the presence of more coarse
grained material.

The along-slope profiles in figure 7.4 (line 7 and 8) show ripples developed at the seafloor.
We assume that these seafloor undulations can be interpreted as turbidity channels down the
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Figure 7.2: Parts of seismic reflection profiles located in the Greenland Basin (for location see also figure
7.1). All profiles show deep sea channel structures and on profiles 1 up to 3 an elongated sediment mount
could be observed. The black lines in the seismic data represent the top of acoustic basement. Units GB-1
(Tertiary - middle Miocene) and GB-2 (middle Miocene - present) have been adopted from Berger and Jokat
(2008).
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Figure 7.3: Parts of seismic reflection profiles located in the slope region of the Greenland Basin (for
location see also figure 7.1). The profiles show downslope structures which point to turbidity currents. The
black lines in the seismic data represent the top of acoustic basement. Units GB-1 (Tertiary - middle Miocene)
and GB-2 (middle Miocene - present) have been adopted from Berger and Jokat (2008).

slope. Also the Parasound data show turbidity activity (Matthiesen et al., 2003; Stein, 2006)
in that region. On line 7 (Fig. 7.4), a prominent sediment body (CDP 1900) with a width of
around 26 km and a high of 0.5 s (TWT) is visible. The base of this structure (CDP 1900
/ 3500 ms) is situated within unit GB-1 and the top reflector represents the boundary to
unit GB-2 above. That means the initiation of this drift body took place before the massive
onset of glaciation on the Northeast Greenland shelf in middle Miocene times (Berger and
Jokat, 2008). The along slope profiles (Fig. 7.4) show a chaotic to hyperbolic, occasionally
wavy facies with subparallel reflections. The chaotic sediment facies combined with the base
of the sediment drift on profile 7 (Fig. 7.4: CDP 1900) suggest to us that the deposit is a
result of intensive down-slope activity on the Northeast Greenland slope also supported by
glacial troughs in this area on the continental shelf.

North of the Greenland Fracture zone (GFZ) in the Boreas and Molloy basins we find
different sedimentation conditions compared to the basin south of the GFZ, as discussed
by Berger and Jokat (submitted 2008). In the deep Molloy Basin in a water depth of more
than 2500 m we can observe parallel to sub-parallel and well-stratified reflections with high
amplitudes (Fig. 7.5; line 10: CDP 400-2700 (3800-5000 ms), line 11: CDP 1-1500 (3800-4800
ms), line 12: CDP 500-3000 (3800-4800 ms). This area seems to be very local and can be
limited in the western direction (Fig. 7.1: gray shaded area). The transition from the well-
stratified strata to a chaotic sediment accumulation is clearly visible (see also Berger and
Jokat, submitted 2008) in profiles 11 (CDP 1-1500 (below 4800 ms) and 12 CDP 500-3000
(below 4800 ms) (Fig. 7.5). In general, the changing of the sedimentation character is visible
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Figure 7.4: Parts of seismic reflection profiles located along the slope region of the Greenland Basin (for
location see also figure 7.1). At the top of the seabottom small elevations are visible which point to mudwave
activity caused by turbidity currents down the slope. The black lines in the seismic data represent the top
of acoustic basement. Units GB-1 (Tertiary - middle Miocene) and GB-2 (middle Miocene - present) have
been adopted from Berger and Jokat (2008).

on all west-east profiles in the Molloy Basin. The profile in the southern Boreas Basin (Fig.
7.5: line 9), however, demonstrates a completely different reflection pattern in comparison to
the profiles located in the deep Molloy Basin (Fig. 7.5; lines 10 - 12; Fig. 7.6; line 13). Other
W-E orientated profiles in the Boreas Basin show the same pattern. On these profiles we
find only one well-defined reflector observed in unit NA-2 and unit NA-1 is characterized as
completely transparent. A well-laminated sediment supply like in the Molloy Basin could not
be recognized on the seismic profiles south of the Hovgard Ridge. The fine-bedded sediments
north of 78°30'N (Fig. 7.1) seems to be a result of current-controlled sedimentation, and
will hence be interpreted as contourites, which are controlled by deep-water bottom currents
resulting from thermohaline circulation in the oceans. These circulations are established by
Rudels et al. (2002) in this area. Additionally, we assume the various sedimentation strata
point to different current velocities. The transparent reflection character could be a product
of coarse grained material whereas the thin-bedded sediment section consists of fine grained
material. Probably the coarse grained sediments have been transported by currents with a
higher transport velocity than the fine grained sediments above. On the north-south profile
10 (Fig. 7.5) between CDP 2000 and CDP 2400, we observe a small depression at the seafloor.
At deeper reflectors the topography is more flat. We, therefore, interpret this depression as
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Figure 7.5: Parts of seismic reflection profiles published in Berger and Jokat (submitted 2008). For locations
see figure 7.1 (Boreas Basin: line 10; Molloy Basin: lines 11-13). The subdivision of the fine-bedded sediments
into four units (based on drilling results from ODP site 909) was adopted from Berger and Jokat (submitted
2008). Unit I = Pliocene to Quaternary, Unit II = Miocene to Pliocene, Unit IIIA = Oligocene to Miocene,
Unit ITIB = older than Oligocene. The dotted line represents the boundary between unit NA-1 (older than
middle Miocene) and unit NA-2 (younger than middle Miocene). The black lines shows the top of acoustic

basement.
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Figure 7.6: Part of a seismic reflection profile located in the central part of the Molloy Basin (Fig. 7.5: line
13). The subdivision of the fine-bedded sediments into four units (based on drilling results from ODP site
909) was made on the basis of Berger and Jokat (submitted 2008). Unit I = Pliocene to Quaternary, Unit II
= Miocene to Pliocene, Unit IITA = Oligocene to Miocene, Unit IIIB = older than Oligocene. The dotted
line represents the boundary between unit NA-1 (older than middle Miocene) and unit NA-2 (younger than
middle Miocene). The black line shows the top of acoustic basement.

a very young channel system. No channel systems and continuously sediment accumulation
could be observed in the Boreas Basin. Therefore, we think the current velocity of deep-water
ocean circulations was quite high and prevented a building of typical current-related sediment
structures. The profile imaged in figure 7.6 crosses the deep Molloy Basin at 79°30'N. From
west to east, the seafloor deepens at CDP 4000 and rises at CDP 5100 and the depth of
the seafloor ranges between 2800 m and 3150 m. We interpret this structure as a channel
system similar to the channel identified in the deep Greenland Basin, but much wider in the
west-east extension with around 26 km. At CDP 4000 we observe a fine laminated sediment
mound interpreted as sediment levee complex. East of the levee the seafloor deepens from
3700 ms to 4200 ms. At a depth of 4200 ms, three shallow undulations are visible before
the seafloor shallows again at the eastern end of this profile (CDP 5150). This structure
suggests that sediments have been and are still being transported through the Fram Strait
accumulating in the deep Molloy Basin. A striking reflector in a depth of around 4800 ms
(Fig. 7.6) marks the base of unit NA-I, which is interpreted as onset of glaciation (Berger
and Jokat, submitted 2008). Furthermore, Berger and Jokat (submitted 2008) have made an
age classification of the thin-bedded sediments located in the deep Molloy Basin (Fig. 7.5).
These interpreted age units (I = Pliocene to Quaternary, IT = Pliocene to Miocene, ITTA =
Miocene, IIB = Miocene to upper upper Oligocene) we have correlated along the profiles 10,
11, 12 (Fig. 7.5) and profile 13 (Fig. 7.6), which provides a possibility to show the variation
of the sediment accumulation to different times. The results show the base of the sediment
levee complex on profile 13 (Fig. 7.6: CDP 4000 / 4000 ms) fit with the base of unit I, which
has a Pliocene age.
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7.5 Discussion
7.5.1 Slope sedimentation

The sedimentation on continental slopes is mainly influenced by interaction between gravita-
tional down-slope and current-controlled alongslope transport mechanisms. These are large-
scale bedforms found in ocean basins worldwide, occurring from continental slopes to abyssal
plains (Howe et al., 1998). One of the major difficulties encountered at present in the inter-
pretation of seismic profiles across continental margins is to distinguish between turbidite
and contourite deposits and their associated facies (Faugéres et al., 1999). Between 75°N
and 77°N in the slope region of the East Greenland margin we could recognize mudwave
structures on top of the seafloor and at deeper levels both slump and drift structures. The
interpreted ripple structures on top of the seafloor along the slope-parallel profiles (Fig.
7.4: lines 7, 8) represent flow channels build up by turbidity currents or debris flows of the
downslope sediment transport. The wave form morphology can be traced down into unit GB-
1 (Fig. 7.4: line 7), which points to an activation of the process of turbidity formation before
15 Ma (Berger and Jokat, 2008). In figure 7.3, we see the structure of the sedimentation
along these flow paths, which is described as mixture of continuous horizontal reflectors with
sub-horizontal reflections and reduced amplitudes. Therefore, we assume that the ripples are
fed predominantly by localised fine-grained turbidite-derived material laterally transferred
by weak bottom current activity. This characterisation is also present in unit GB-1, which
confirms the assumption of down-slope transportation before middle Miocene times. These
turbidity deposits and turbidity channels have been observed only in the slope region of the
Greenland Basin (Fig. 7.7).

Further north, evidences for turbidity activity have not been detected, probably caused by
minor down-slope activity. Otherwise the data are limited in the western direction and,
therefore, the shelf and upper slope areas are not imaged. Howe et al. (1998) suppose on
the northwest Weddell Sea that lower sea levels during glacial episodes will help to increase
turbidity current frequency and sediment accumulation. Therefore, we believe in glacially
triggered processes for turbidite sediment deposition. The absence of turbidity deposits and
down-slope channels north of 77°N, as well as very few glacial troughs in the shelf region
(Berger and Jokat, submitted 2008), suggest minor down-slope sediment transportation by
glacial processes. Additionally, on line 7 (Fig. 7.4) we find a prominent sediment drift body
with its base within unit GB-1. This slope structure seems to be older than 15 Ma.

A first appearance of mudwave structures or turbidity channels in the seismic record on the
northwest Weddell Sea margin by Howe et al. (1998) is interpreted to mark the opening of
a deep-water pathway in the Southern Hemisphere. The postulated age of the opening of
the Fram Strait for deep-water exchange is given by Jakobsson et al. (2007) and Ehlers and
Jokat (in press) with 17-18 Ma, but the beginning of the turbidity formation in our investi-
gation area can be not dated, because of the seismostratigraphic control by deep drill holes
in the Greenland Basin (Berger and Jokat, 2008). Accordingly, it is very speculative that
all these events are results triggered by the opening of the deep-water gateway between the
Arctic Ocean and the northern North Atlantic in interaction with the glacial onset and sea
level changes in the Northern Hemisphere. In general, a shallow-water exchange through this
passage might have started between 34 Ma and 25 Ma (Kristoffersen, 1990, Lawver et al.,
1990, Jakobsson et al., 2007, Ehlers et al., submitted 2008), suggesting that the formation
of the EGC started between 15-25 Ma. According to the palaeoceanographic model from
Ehlers et al. (submitted 2008) the EGC should be active in water depths up to around 600
m. However, seismic data along the East Greenland margin from 71°N - 81°N (Berger and
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Jokat, 2008; Berger and Jokat, submitted 2008) show no evidences in the upper 600 m (Ehlers
et al., submitted 2008) for a massive sediment transport from north to south related to the
EGC (Fig. 7.7). The reason can be tectonic structures like the Hovgard Ridge and Greenland
Fracture zone. A branch turns to the east if the current come across these structures (Rudels
et al., 2002) and the flow velocity of the north-south branch decreases and consequently also
the erosional force (Fig. 7.7). For the sediment drift body observed on profile 7 (Fig. 7.4),
we find an explanation in the modelled palaecoceanography for the North Atlantic (Ehlers et
al., submitted 208). Their oldest modelled time slice (20 Ma) shows a warm water transport
(5.5°C) to the south. These water masses probably transported sediment towards the south
and built out this local sediment mound in the slope area. This interpretation is supported
by the base of the structure within unit GB-1 (older than middle Miocene). Additionally the
sediment body is located a bit south of the greatest glacial trough on the Northeast Green-
land shelf. Therefore, it is also possible that the material is coming from the East Greenland
shelf and was transported by the EGC further south.

7.5.2 Deep sea sedimentation in the northern North Atlantic

The influence of bottom currents on the sediment deposition and erosion at the seafloor is
particularly strong in areas where complex basement morphology led to a deflection or focus-
ing of these currents and with it an intensification of the flow (Stoker, 1998). From the central
Fram Strait up to 78°30'N a patch of fine-layered sedimentary strata is observed (Figs. 7.5:
profiles 10-12, 7.6: profile 13) in water depths of more than 2500 m, and has been described
as contourites (Berger and Jokat, submitted 2008); current-controlled sediments. In general,
drift sediments were deposited away from the high-velocity core of currents (Howe et al.,
1998). That would explain the sediment depocenters west and east of the seafloor depres-
sion on profile 13 (Fig. 7.6). The accumulation of sediments in terms of the flow direction
is highly influenced by the Coriolis Force, which is triggered by the Earth’s rotation. On
the Northern Hemisphere, currents will be deflected to the right side of their flow direction,
which results in sediment accumulation to the right of the flow direction as well (Faugéres
et al., 1999; Rebesco et al., 2002). Therefore, the sediment load at CDP 4000 (Fig. 7.6)
is caused by deep-water export from the Arctic Ocean through the Fram Strait flowing in
the southern direction. According to this, our interpretation support the palaeobathymetric
modelling results from Ehlers et al. (submitted 2008) for the deep-water outflow through the
Fram Strait for the present day. They explain their results with a decreasing of salinity and
temperature below 1500 m. At the western flank of a prominent basement high at CDP 5300
(Fig. 7.6) we also find a fine-bedded sediment succession. Due to the current transported
material to the right side of the flow direction in the Northern Hemisphere, we believe in
a northwards directed current in the eastern part of the channel (Fig. 7.6). Rudels et al.
(2002) and Ehlers et al. (submitted 2008) postulate a present day northwards flowing West
Spitsbergen Current entering the Arctic Ocean through the eastern Fram Strait (Fig. 7.7).
Thus, it seems likely to be that we have on the western flank of the basement high West
Spitsbergen Current transported sediment deposits.

In the modelling from Ehlers et al. (submitted 2008) we see no evidences for a deep-water
outflow from the Arctic Ocean before 15 Ma. Our seismostratigraphic model on profile 13
(Fig. 7.6) shows the base of the levee structure west of the channel (CDP 4000) in the middle
of unit IT (3 - 7 Ma; Berger and Jokat, submitted 2008), which fits to an age of around 5 Ma.
However, more current-related material (contourites) can be recognized between CDP 4000
and CDP 5300 below the deep-sea channel. Fine-laminated contourites are visible in depths
up to 5000 ms (TWT) in the eastern part and up to 4700 ms (TWT) in the western part
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Figure 7.7: Interaction of different water masses in the North Atlantic for the study area with bathymetric
contours in the background. Black arrows demonstrate current flow lines adopted from Rudels et al. (2002)
and Ehlers et al. (submitted 2008). Red arrows show interpreted bottom circulations interpreted in this
study. Blue arrows image alongslope directed turbidity currents identified in the slope region adjacent to the
Greenland Basin. Comparatively thicker lines represent assumed stronger erosional character of the current.
WSC = West Spitsbergen Current, EGC = East Greenland Current.
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below the channel system. This supports the interpretation that the deep-water outlflow of
the Arctic Ocean (Fig. 7.6: CDP 4000 - 4600) is active since middle Miocene times (Berger
and Jokat, submitted 2008) and the northwards directed West Spitsbergen Current (Fig.
7.6; CDP 4600 - 5300) probably since the opening of the deep-water connection between
17-18 Ma (Jakobsson et al., 2007, Ehlers and Jokat, in press). The transport of sediments in
middle Miocene times through the Fram Strait was also assumed by Knies and Gaina (2008).
In their interpretation, they postulate a sediment transport from the Barents Sea shelf and
accumulation in the Molloy Basin, which seems to be not impossible judging from our latest
results. The observed levee to the west of the channel (CDP 4000) in figure 7.6 is being in-
terpreted as a result of southward flowing currents through the Fram Strait. The boundary
between unit IT and unit I, interpreted by Berger and Jokat (submitted 2008) presents an
increase of deep-water outflow from the Arctic Ocean. This increase could again be triggered
by an intensification of glacial and interglacial cycles in the Northern Hemisphere (Zachos
et al., 2001).

The north-south profile 10 (Fig. 7.5), also located in the Molloy Basin shows a small depres-
sion at the northern end. However, the depression is just visible on the seafloor and does
not continue into deeper layers. Therefore, it seems to be a young event, however, a higher
sediment load north or west of this channel could not be observed. This profile crosses profile
13 (Fig. 7.6: CDP 3500), west of the sediment depocenter which is caused by Arctic Ocean
deep-water outflow. It seems to be more likely a west-east flowing current has produced the
depression of the seafloor on profile 10 (Figs. 7.5, 7.7).

The profile in the central part of the Boreas Basin (Fig. 7.5: line 9) shows a completely
different sediment accumulation in the deep sea to the northern Molloy Basin. The almost
transparent sediment facies do not point to current-related sedimentation. However, Ehlers
et al. (submitted 2008) published in their article, that the outflow of the Arctic Ocean crosses
the Boreas Basin and merges with the re-circulating Atlantic Water in present times (Fig.
7.7). In general, fracture zones and ridges can influence also the flow direction of deep sea
currents (Rudels et al., 2002). The Hovgard Ridge and the Greenland Fracture zone in the
North Atlantic may represent such barriers. Currents coming from the north were probably
partly deflected to the eastern direction (Fig. 7.7). According to that, the channel on profile
10 may have been built by re-circulating Atlantic Water or deflected Arctic Water north of
the Hovgard Ridge.

7.5.3 Deep-sea sedimentation in the central Greenland Basin

A channel system with increasing sediment accumulation on the eastern flank has been
observed in the deep Greenland Basin. Seismic profile 1 (Fig. 7.2) demonstrates the best
preserved elongated drift body with a sediment thickness of around 170 ms (TWT), which
decreases in the northern direction. As already mentioned, the Coriolis Force in the Northern
Hemisphere has an influence on the accumulation of sediments, stimulating deposition on
the right hand side of the current flow direction (Faugéres et al., 1999). If we believe in cur-
rent controlled sedimentation we would expect now a flow direction of the current towards
the north, forming the observed channel-levee structure in the deep Greenland Basin (Fig.
7.7). However, oceanographic results from Rudels et al. (2002) and the palacoceanographic
modelling from Ehlers et al. (submitted 2008) show a major flow direction (EGC) along the
East Greenland margin from north to south and not in the opposite direction. Otherwise
we can not identify a prolongation of this channel north of 75.12°N and south of 74°N and,
therefore it seems to be very local, and untypical for a current induced channel system. In
general, the area between 72°N and 75°N is extensively studied in terms of submarine chan-
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nels. Investigations (Dowdeswell et al., 2002; RV Polarstern in 2000, 2001 and 2002; Lemke,
2003; O Cofaigh et al., 2004) show four main channel systems in this area in different wa-
ter depths and with different dimensions. Sediment cores demonstrate bioturbated sandy
to silty clays at the surface underlain by laminated silts and clays which may indicate that
the channels are in an inactive phase today. Retrieved sediment cores from the levees show
distinct changes from laminated to crossbedded units consisting of clays to silts and biotur-
bated silty clays, which reflects episodic deposition of distal turbidities or bottom current
activity (Lemke, 2003). The origin of the channel system is still under discussion. Mienert et
al. (1993) and Dowdeswell et al. (2002) proposed that the channels in the area between 72°N
and 75°N relate to downslope flow of dense-water and turbidity currents originating from
sea-ice formation on the shelf and upper slope. Wilken and Mienert (2006) assume major
glaciations with varying ice-stream behaviours for the formation of the channels. The channel
system in the deep Greenland Basin is located in the prolongation of the Ardencaple Fjord,
which forms a large glacial trough system on the continental East Greenland shelf (Berger
and Jokat, submitted 2008). The small depression of the channel and the almost undisturbed
sediments in the upper part of unit GB-2 led to the assumption that the turbidity channel
has developed in the last few million years, also supported by Wilken and Mienert (2006).
Berger and Jokat interpret the base of unit GB-2 as onset of glaciation on the Northeast
Greenland shelf. We see the transition from well-laminated sediments to the chaotic sedi-
mentary strata within the middle of the unit GB-2 section on these profiles, which might
be an indication for intensification of glacial and interglacial cycles and the development of
turbidity activity. The flow direction of the turbidity current turns towards the north down
to the abyssal plain (Fig. 7.7). The existing sediment cores are not deep enough to perform
an age for the beginning of the formation of the turbidity channel. Compared to the channel
system in the deep Molloy Basin (Fig. 7.6) and a similar change from thin-bedded sediments
to a chaotic sediment strata we assume the same formation age of ~5 Ma.

7.6 Conclusion

In the area between 75°N and 81°N, we find different current induced sediment deposits in the
deep sea and in the slope region on the East Greenland margin. Especially in the deep Molloy
Basin, we found a fine-layered sediment character which we interpret as contourite deposits.
These sediments can be also observed west and east of a channel system, which indicates
the deep-water outflow and inflow from and to the Arctic Ocean and leads to sediment
levees west and east of the channel. The seismostratigraphy induced an age of 5 Myrs for
the base of the western levee structure, probably influenced by an intensification of glacial
and interglacial cycles to this time. Below the channel system up to the basement, a well-
laminated sediment succession is visible which leads to the assumption, that current induced
sedimentation is active since the formation of this passage. Another channel system is present
in the deep Greenland Basin and can be interpreted as turidity channel formed during major
glacial times and probably existing since 5 Ma. The slope region adjacent to the Greenland
Basin is influenced by downslope turbidity currents which lead to ripple formations identified
on slope parallel profiles and interpreted as turbidity channels. Also a slump structure and
sediment drift body were interpreted in this dataset, and the seismostratigraphy shows that
all the events on the slope adjacent to the Greenland Basin have their origin before 15
Ma, because they could be traced down into unit GB-1. Possible potential trigger events
are variable sediment input as a response to advancing/retreating ice sheets during glacial
cycles. Material was transported across the shelf and transported towards the deep-sea.
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8 Conclusion

This study is engaged in the understanding of the sedimentation history in terms of glacia-
tion, sediment accumulation during and before glacial times and in ocean circulations which
trigger mass transport within deep sea and slope regions. The analysis of the sedimentation
history along the East Greenland margin and the northern North Atlantic is possible
due to new seismic data gathered by the Alfred Wegener Institute (AWT) during the last
years. The data provide for the first time a detailed view into the sediment structure and
provide a basis for age estimations of the sediments. The following section concludes the re-
sults of this study, presented in the chapters 5, 6 and 7, according to the four main questions.

1. How did the passive continental margin of East Greenland develop after the opening
of the North Atlantic?

The opening of the North Atlantic took place 54 Ma, with the initial opening in the
Greenland Basin, which represents the oldest basin in the North Atlantic. During
the initial phases of the opening of the Greenland Basin a prominent, diachronuously
continuously structure with a N-S extent of approximately 360 km has been developed.
This volcanic structure influences the sedimentation into the deep Greenland Basin.
The different opening times of the three northernmost basins (Molloy Basin, Boreas
Basin, Greenland Basin) induce variations in the accumulation of sediments compared
from north to south. The formation of continental fragments, like the Hovgard Ridge
and the Greenland Fracture zone contributes these sedimentary variations. Differences
in sedimentation along the East Greenland margin are also visible after the onset of
glaciation. The interaction between the topography of the Greenland mainland and
various ice sheet flow directions led to different developments of the Greenland shelf
and the adjacent slope region. A narrow shelf with a steep slope on the Southeast
Greenland margin changes into a wide shelf with a gently dip of the slope towards
north. A different climatic regime with stronger and thicker ice package in the north
remains very speculative.

2. How often did the ice sheets advance to the shelf break and is it possible to give an
estimate about the onset of the glaciation through an age correlation?

The ODP drill sites 909 and 913 provide age information in the deep sea area of the
Molloy and Greenland Basin. The seismostratigraphic correlations into these areas
give different ages for the onset of progradation, which will be interpreted as sea level
changes and/or glacial erosion by an early ice sheet or glaciers. The begin of the
progradation within the shelf area adjacent to the Greenland Basin can be clearly
differentiated from aggradational units below, and is dated to be of middle Miocene
age. A subdivided classification of aggradational strata and progradational strata
could be not carried out on the Molloy Basin shelf. The data show a limited view
on the deeper sediment structure within the shelf region. A prominent reflector and
simultaneously the last clearly identified horizon belong to the progradational unit
and has an age of middle late Miocene. It is still unclear if this reflector marks the
onset of glaciation in that region.
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In general, the prograding strata north of 67°N could be divided into two units (SU3
= middle Miocene to middle late Miocene, SU2 = middle late Miocene to Pliocene)
on the basis of seismostratigraphy and a comparison of the sediment character on the
Southeast Greenland margin. The limited age information of the boreholes and the
limited seismic solution does not allow a more detailed classification of the prograding
sequences and therefore it is difficult to give a statement about the advances of the
ice sheets. On the other hand, a differentiation between sea level related progradation
and ice sheet advancing related progradation is not possible.

3. Are there lateral variations in the sedimentation along the East Greenland margin,
and if so, what are the influencing factors?

e shelf region:

The shelf region shows strong differences in the width of the shelf. The greatest
extension since the onset of glaciation is visible between 70°N and 77°N in
the prolongation of glacial troughs with up to 60 km. The most material will
be transported along these troughs, which have the main influence on the
accumulated sediments on the shelf. The glacial troughs developed in interaction
with the direction of ice sheets movements. Additionally, the rough topography
in the south of Greenland leads to more less sediment transport to the west,
observable also on the narrower shelf and steep slope in comparison with the
area north of 70°N.

e slope region:

Within the slope, adjacent to the Greenland Basin a prominent 360 km long
volcanic structure was observed, strongly influencing the sediment transport
from the shelf into the deep sea area. North of the Greenland Basin the basement
structure is missing in the slope area, so that a continuous sediment accumulation
could take place. Furthermore, also turbidity activity was observed just on the
slope adjacent to the Greenland Basin. Maybe, caused by the increased sediment
transport along the glacial troughs. These interpreted tubidity structures can
be traced down up to the middle Miocene unconformity. On the Southeast
Greenland margin at around 70°N, a lot of sediment material is accumulated in
the prolongation of the Scoresby Sund. Probably, the East Greenland Current
coming from the north transported these sediments further southwards and build
out some current-related sediment packages.

e deep sea region:

The greatest variations can be found in the deep sea areas. Sediment thickness
maps image the variation in the sedimentation along the East Greenland margin
and show the lowest total sediment thickness in the Greenland Basin with
around 1000 m. That is the effect of the volcanic structure located within the
slope and acting as barrier for sediment transport from the shelf. Differences
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were also observed in terms of the sediment character. In the Molloy Basin
and Greenland Basin well-laminated levee structures were found, caused by
current activity. However, the Boreas Basin represents a chaotic sediment facies
and the sedimentation seems to be not influenced by current-controlled deposition.

4. Can seismically observable sediment structures give information about current activity
and climate changes in the region investigated?

Current-controlled sedimentation could be observed south of the Fram Strait, within
the slope area, and as well as in the deep Greenland Basin. Due to the geometry of
the sediment accumulation an outflow of the Arctic Ocean through the western Fram
Strait and an inflow into the Arctic Ocean trough the eastern Fram Strait could be
identified. The sediment deposits west and east of the channel will be interpreted as
levee structures. The seismostratigraphy induced an age of 5 Myrs for the base of the
western levee structure, probably influenced by an intensification of glacial and inter-
glacial cycles to this time. Deeper well-laminated sediments leads to the assumption
that current activity is active since the formation of the Fram Strait deep-water pas-
sage which fits with first evidences for a glacial stage. Additionally, we find turbidity
activity in the slope region of the Greenland Basin down to sediment older than 15 Ma.
Probably, trigger events for this sediment transport are advances and retreats which
trigger an increased sediment transport towards the shelf edge into the slope.
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9 Outlook

For a comprehensive comparison of the East Greenland margin with the Norwegian margin
a consistent data base is not available. Due to heavy ice conditions in the last decades it was
impossible to carry out pre-site surveys for drilling locations on the Northeast Greenland
shelf. The sparse seismic data base could be extended successfully since 1997 along the
Northeast Greenland margin. The most important drill site information in terms of the
onset of glaciation on the Northeast Greenland margin represent ODP site 909 and site 913.
The seismostratigraphy in this area were made independently of each other, because of the
strong variations of the seismic relfection character in the Molloy, Boreas and Greenland
basins. Therefore, it would be a good control to have a direct seismic reflection line from
the shelf area at 77°N (adjacent to the Greenland Basin) to the shelf area at 78.5°N (Boreas
Basin). A proposed profile is imaged in figure 9.1 and imaged as violet line. A much greater
problem on the East Greenland side today is the very sparse drill site information within
the deep sea but also on the Greenland shelf. On the basis of the acquired data sets between
1997 and 2003 introduced in this study, different drilling positions are proposed (Tab. 9.1)
to answer several scientific questions.

Line CDP | Water depth | Penetration to | Figure
reach the target

Oceanic crust (basement)

20030100 6322 3319 m 895 m 9.2

20030380 8985 3368 m 615 m 9.3

20030360 9582 3203 m 479 m 94

20030560 11129 2670 m 633 m 9.5

Basement high

20030130 3228 2259 m 325 m 9.6

20030120 2727 2034 m 210 m 9.7

20030110 2758 2789 m 240 m 9.8
Seaward dipping reflectors

20030380 7167 3228 m 1060 m 9.9

20030360 4474 1639 m 2215 m 9.10
Greenland Fracture zone

20030120 5481 | 2264m | 200 m 9.11
Middle Miocene? horizon

20030390 8600 297 m 351 m 9.12

20030380 531 210 m 207 m 9.13

20030350 7353 309 m 126 m 9.14

20030560 2957 309 m 261 m 9.15

Current-controlled sediments

20020540 1400 2792 m 1104 m 9.16

20020550 950 2666 m 846 m 9.17

20020525 5280 3044 m 144 m 9.18

Table 9.1: Drilling locations for different scientific objectives

The objectives, which should be achieved with the listed drilling positions are following:
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Oceanic crust To model the opening scenario of the Norwegian-Greenland Sea it is im-
portant to know where the transition of continental to oceanic crust is located. The tectonic
model could be improved and questions to the exact position of Greenland and Scandinavia
before the initial opening could be answered.(Figs. 9.2, 9.3, 9.4, 9.5).

Basement high At the moment it is not clear if the basement high is of continental or
oceanic origin and did it play a decisive role during the opening of the North Atlantic.
Present suggestions are only based on studies of magnetic spreading anomalies and deep
seismic sounding data. In comparison to the conjugate Norwegian margin another question
is, if the material has the same composition like the Vgring high (Figs. 9.6, 9.7, 9.8).

Seaward dipping reflectors Volcanic structures, in the form of seaward dipping reflectors
were drilled on the Norwegian margin and on the Southeast Greenland shelf. The Northeast
Greenland margin shows only weak indications of seaward dipping reflectors near the flanks
of the basement high. Drill sites on these flanks would support investigations to the transition
of oceanic and continental crust (Figs. 9.9, 9.10).

Greenland Fracture Zone Speculations about the origin of the former Greenland-Senja
Fracture zone are based on magnetic data, tectonic models and deep seismic data. Drilling
material from this tectonic feature would show, if it is a volcanic structure or a continental
fragment like presently supposed. Also the age of this material is of interest (Fig. 9.11) in
terms of the evolution of this structure and the opening of the Norwegian-Greenland Sea.

Middle Miocene horizon This horizon was correlated from the deep sea onto the Green-
land shelf. Especially in the Greenland Basin the correlation was carried out along several
crossing profiles. On the East Greenland shelf this prominent horizon was interpreted as
changes in sea level and/or glacial erosion by early ice sheets or glaciers. With a detailed
age analysis of a sampled sediment core on the shelf we could answer the questions if there
are conjunctions with the glaciation on the southern hemisphere (15 Ma) and the opening
of the Fram Strait in the north (Figs. 9.12, 9.13, 9.14, 9.15).

Current-controlled sediments The accumulated sediments within the southern Fram
Strait are most likely current-controlled sediments (Figs. 9.16, 9.17). To give information
about the onset of the outflow of the southwards flowing current it is necessary to have an
age control. Furthermore, comparisons of the drilling material with material from the ACEX
bore hole and Barents Sea shelf could result in information about the sediment transport
through the Fram Strait.

Sediment drift The sediment drift body in the deep Fram Strait at 79.5°N shows (Fig.
9.18), that the flow direction is orientated southwards. The begin of the formation of this
drift is still unclear. Detailed age information could point to a forcing of flow speed from the
outflow through the Fram Strait and a stronger sediment transport as before the formation.
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Figure 9.1: Location of the proposed seismic reflection profile, which connects the shelf regions of the
Boreas and Greenland basins. Thick black lines = AWI profiles, thin black lines = not available KANUMAS
profiles, thin red lines = GEUS (Geolgical Survey of Greenland and Denmark) profiles, thin blue lines =
not available TGS-NOPEC profiles. The violet line represents the proposed location for a helpful seismic
reflection line.
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Figure 9.2: Drilling proposal to reach the material of the oceanic crust on profile AWI-20030100. The white

bar represents the depth and position of the drill hole.
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Figure 9.3: Drilling proposal to reach the material of the oceanic crust on profile AWI-20030380. The white

bar represents the depth and position of the drill hole.
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Figure 9.4: Drilling proposal to reach the material of the oceanic crust on profile AWI-20030360. The white

bar represents the depth and position of the drill hole.
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Figure 9.5: Drilling proposal to reach the material of the oceanic crust on profile AWI-20030560. The white

bar represents the depth and position of the drill hole.
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Figure 9.6: Drilling proposal to reach the material of the basement high on profile AWI-20030130. The

white bar represents the depth and position of the drill hole.
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Figure 9.7: Drilling proposal to reach the material of the basement high on profile AWI-20030120. The

white bar represents the depth and position of the drill hole.
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Figure 9.9: Drilling proposal to reach the material of the seaward dipping reflectors on profile AWI-

20030380. The white bar represents the depth and position of the drill hole.
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Figure 9.10: Drilling proposal to reach the material of the seaward dipping reflectors on profile AWI-
20030360. The white bar represents the depth and position of the drill hole.
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Figure 9.11: Drilling proposal to reach the material of the Greenland Fracture Zone on profile AWI-
20030120. The white bar represents the depth and position of the drill hole.
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Figure 9.12: Drilling proposal to reach the material of the middle Miocene horizon on profile AWI-20030390.

The white bar represents the depth and position of the drill hole.
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Figure 9.13: Drilling proposal to reach the material of the middle Miocene horizon on profile AWI-20030380.

The white bar represents the depth and position of the drill hole.
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Figure 9.14: Drilling proposal to reach the material of the middle Miocene horizon on profile AWI-20030350.

The white bar represents the depth and position of the drill hole.
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Figure 9.15: Drilling proposal to reach the material of the middle Miocene horizon on profile AWI-20030560.

The white bar represents the depth and position of the drill hole.
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Figure 9.16: Drilling proposal to reach the material of the base of current-controlled sedimentation within

the deep Fram Strait on profile AWI-20030540. The white bar represents the depth and position of the drill
hole.
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Figure 9.17: Drilling proposal to reach the material of the base of current-controlled sedimentation within

the deep Fram Strait on profile AWI-20030550. The white bar represents the depth and position of the drill
hole.
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Figure 9.18: Drilling proposal to reach the material of the base of the sediment drift on profile AWI-
20030525. The white bar represents the depth and position of the drill hole.
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Seismic reflection processing flow

A Seismic reflection processing flow

*JOB ARK2003 20030390
*CALL DSKRD ../data-proc-rfl/
390cdpsort
ENSMBLE
65 10423
Kok
*CALL IEDIT IEDIT
Kok
*CALL GAIN CDP EXP
SPHDIV 1 1 1 MULTI5 20030390
k%
*CALL FILTER CcDhP
BAND
8 15 100 120

Kok
*CALL NMO MULTIS
*CALL NMO MULTI5 OVCAPP
OVERC 100
4700 3180 450
9400 3180 280
*CALL ZMULT 50 53
*CALL NMO MULTI5 OVCREM
OVERC 100
4700 3180 450
9400 3180 280
s
*CALL NMO MULTIS
ok
*CALL PRADMUS 2 60 3200
FORWARD 250 3000 -10 200
FILTER

20 120

INVERSE  SUBSTRACT 50

k%

*CALL RADMUS 8 -40 41 30 1
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Seismic reflection processing flow

VELFUN
* %
*CALL
VELFUN
*k
*CALL
ON

350

1839

*ok
*CALL
ALL

0

*ok
*CALL
MEDIAN
K%
*CALL
DBMUTE
* %
*CALL
TIME

%k

*CALL

%k

*CALL

*END

MULTI5

RADMUS
MULTI5

MUTE

1

0

1856
EDIT

400
MEDSTK
MUTE

390mute

MIGFX
390VTO

DEPCON

DSKWRT

CDP

564
2264

OFFSET
RANGE

390VMOD

../data-proc-rfl/
390endresult

-40 41
OFFSET
028 900
2238 3089
CDP

10000

30

868
3034

1

1289

VELMOD

1370
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