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Summary

Summary

The Norwegian-Greenland Sea is an area of increasing interest. Here, the North Atlan-
tic Current continues the Gulf Stream into the Norwegian-Greenland Sea. The warm
ocean current plays an important role for the climate in Europe and influences the envi-
ronment of the global Earth system. For climate reconstructions, the tectonic evolution
of the Norwegian-Greenland Sea has to be known. Calculations of climate models for
the future based on the evolution in the past. Based on few geological and geophysical
data, the tectonic evolution of the Norwegian-Greenland Sea and the Northeast Green-
land margin remains controversial. Seasonal sea ice cover and short summer seasons
complicate the data acquisition along the Northeast Greenland margin.

In the summer of 2009, the Alfred Wegener Institute (AWI) acquired geophysical da-
ta along the Northeast Greenland margin during the ARK-XXIV/3 expedition. Two
seismic refraction lines as well as gravity data, measured in parallel to the seismic re-
fraction lines, were gathered in the Boreas Basin and offshore Kong Oscar Fjord. In
addition, further gravity data of the Norwegian-Greenland Sea are available from the
Arctic Gravity Project (ArcGP) and were used within this study.

Summarising our results, we could develop crustal models for the Boreas Basin and
offshore Kong Oscar Fjord, using the seismic refraction data and the gravity data.
Furthermore, a complex 3D gravity model of the Northeast Greenland margin was
calculated, using the crustal models and further published data as boundary conditions.
The crustal model of the Boreas Basin shows a 3 km thin oceanic crust without a
significant lower oceanic crust (absence of oceanic layer 3). In contrast, the crustal
model offshore Kong Oscar Fjord shows a 9 km thick oceanic crust and 3 km thick
high-velocity lower crust (HVLC) within the continent-ocean transition zone. Our 3D
gravity model shows thin oceanic crust in the Boreas Basin and the Greenland Basin (3—
4 km) as well as thick oceanic crust offshore Kong Oscar Fjord. Between the Greenland
Basin and the offshore Kong Oscar Fjord, the variation of the crustal thickness could

be modelled across the narrow Jan Mayen Fracture Zone.



Summary

Following our conclusions, the structure of the oceanic crust (crustal thickness, absence
of oceanic layer 3) along the ultraslow spreading Knipovich Ridge is more heterogeneous
than previously thought. For the accretion of the thick oceanic crust offshore Kong Os-
car Fjord, the rift history of Northeast Greenland (extensive rifting before continental
breakup) is more important than higher mantle temperatures caused by the Iceland
Hotspot. Therefore, the Iceland Hotspot has a smaller area of influence on the oceanic

crustal accretion than previously thought.
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Zusammenfassung

Zusammenfassung

Die Norwegen-Gronlandsee ist ein Gebiet von grofsem wissenschaftlichem Interesse, da
sich verdndernde Meeresstromungen in diesem Bereich globale Auswirkungen zur Fol-
ge haben. Die warme Meeresstromung des Nordatlantikstroms, eine Verldngerung des
Golfstroms, hat einen bedeutenden Einfluss auf das Klima in Europa und weltweit.
Verdnderungen dieser Meeresstromung sind unter anderem von der Meeresbodentopo-
graphie und demzufolge von der tektonischen Situation abhénging. Um Aussagen {iber
die Zukunft des Nordatlantikstroms und das Klima machen zu kénnen, ist das Versténd-
nis tiber die frithere Entwicklung der Meeresstromung und die tektonische Entwicklung
der Norwegen-Gronlandsee Voraussetzung. Dennoch bestehen bis heute Unklarheiten
iiber die tektonische Entwicklung der Norwegen-Gronlandsee. Die Beseitigung dieser
Unklarheiten mithilfe neuer Daten wird durch die saisonale Meereisbedeckung und die
kurze Sommersaison vor Nordostgronland erschwert.

Die dieser Arbeit zugrunde liegenden geophysikalischen Daten sind vom Alfred-Wegener-
Institut (AWI) im Rahmen der Schiffsexpedition ARK-XXIV /3 im Sommer 2009 erho-
ben worden. Zielgebiet der Expedition war der Kontinentalrand von Nordostgronland.
Es wurden unter anderem zwei refraktionsseismische Profile im Boreas Becken und vor
dem Kong Oscar Fjord vermessen. Parallel dazu wurden kontinuierlich Schwerefeld-
daten erhoben. Zusitzliche Schwerefelddaten des Arctic Gravity Project (ArcGP) im
Bereich der Norwegen-Gronlandsee sind ebenfalls in die Interpretation mit eingeflossen.
Die Ergebnisse dieser Arbeit beinhalten zwei Modelle der Erdkruste im Bereich des
Boreas Beckens und vor dem Kong Oscar Fjord. Des Weiteren ist ein komplexes 3D-
Dichtemodell des nordostgronléndischen Kontinentalrandes erstellt worden. Im Boreas
Becken konnte eine 3 km diinne ozeanische Kruste, ohne eine deutliche Unterkruste (kei-
ne ozeanische Schicht 3), modelliert werden. Im Gegensatz dazu wurde vor dem Kong
Oscar Fjord eine 9 km méchtige ozeanische Kruste und ein 3 km méchtiger Hochge-
schwindigkeitskorper in der Unterkruste des Kontinent-Ozean-Ubergangsbereichs mo-

delliert. Das 3D-Dichtemodell zeigt diinne ozeanische Kruste im Boreas Becken und

il



Zusammenfassung

Gronland Becken (3-4 km), sowie dicke ozeanische Kruste vor der Kiiste des Kong
Oscar Fjords. Die Krustenméchtigkeit zwischen dem Gronlandbecken und vor dem
Kong Oscar Fjord dndert sich deutlich iiber die Jan-Mayen-Bruchzone hinweg.

Die Modelle zeigen, dass der Krustenaufbau (Krustenméchtigkeit, keine ozeanischen
Schicht 3) am extrem langsam spreizenden Knipovich Riicken heterogener ist als ur-
spriinglich angenommen. Im Gegensatz dazu, ist fiir die Bildung dicker ozeanischer
Kruste vor dem Kong Oscar Fjord die frithere Entwicklung des ostgronlandischen Rifts
(starke Dehnung vor dem kontinentalen Aufbruch) wichtiger als hohe Manteltempera-
turen durch den Island-Hotspot. Dies fiihrt zu der Vermutung, dass der Island-Hotspot
einen geringeren Einflussbereich auf die Bildung ozeanischer Kruste hat als bisher an-

genommen.
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1 Introduction

1 Introduction

1.1 Motivation

The Norwegian-Greenland Sea is the northern part of the Northeast Atlantic. Further-
more, the Norwegian-Greeenland Sea is significantly influenced by the North Atlantic
Current, which continues the Gulf Stream to the north. The North Atlantic Current is
an important part of the global Thermohaline Circulation, which is closely connected to
the world’s climate (Miiller-Michaelis et al. 2013). Thus, the tectonic evolution of the
Norwegian-Greenland Sea and variations of the current itself are important parameters
for climate research. Therefore, the Norwegian-Greenland Sea is an area of increased
interest for research.

However, the tectonic history of Northeast Greenland and the influence of the Iceland
Hotspot on its formation is controversial due to few geophysical data along its con-
tinental margin (Mjelde et al. 2008b, Voss et al. 2009). For a better understanding
of the rifting process in general, it is necessary to know the crustal variations along
the Northeast Greenland continental margin. The crustal and upper mantle structures
allow conclusions about the interaction of tectonic and magmatic processes during the
continental breakup. The current knowledge is based on seismic refraction lines south
of Kong Oscar Fjord and north of the Jan Mayen Fracture Zone (73-75°N; Schlindwein
& Jokat 1999, Voss et al. 2009). Therefore, this study focuses on: (1) the Boreas Basin
at 77°N, and (2) Kong Oscar Fjord at 72°N.

For the Boreas Basin, the poor magnetic data (ambiguous and weak magnetic spreading
anomalies; Ehlers & Jokat 2009) and the missing seismic refraction data lead to several
speculations on the nature of the Boreas Basin crust (oceanic vs. continental; Dgssing
et al. 2008). In addition, several seismic investigations at the ultraslow spreading
Knipovich Ridge indicates thin oceanic crust and likely the absence of the lower oceanic
crust (oceanic layer 3) in the Boreas Basin (Ritzmann et al. 2002).

The Kong Oscar Fjord is an important region along the Northeast Greenland margin

(Schlindwein & Jokat 1999). North and south of the fjord significant differences are



1 Introduction

evident: (1) a high-velocity lower crust (HVLC) is only found north of Kong Oscar
Fjord, and (2) onshore the thickness of exposed flood basalts is different to the north
(thin flood basalts) and south (thick flood basalts) of the fjord (Escher & Pulvertaft
1995, Schlindwein & Jokat 1999, Henriksen et al. 2009). The nature and extent of
the high-velocity lower crust below Kong Oscar Fjord remain uncertain (Weigel et al.
1995, Schlindwein & Jokat 1999). Therefore, new geophysical data is important for the
understanding of the evolution of the research area (Boreas Basin, Kong Oscar Fjord),
and subsequently the tectonic history of the Northeast Greenland margin.

In summer 2009, the Alfred Wegener Institute (AWI) carried out the ARK-XXIV/3
expedition with the German research icebreaker Polarstern to the Northeast Green-
land margin (Jokat et al. 2010). The main objective of the expedition was to acquire
geoscientific data to improve our knowledge about the tectonic and glacial history of
Northeast Greenland.

During the expedition, the AWI acquired two seismic refraction lines: (1) in the Boras
Basin, and (2) seaward of Kong Oscar Fjord (Jokat et al. 2010). Along the seismic
refraction lines, gravity data were recorded in parallel. Furthermore, the public-domain
gravity data grid of the Norwegian-Greenland Sea (Arctic Gravity Project, ArcGP;
Kenyon et al. 2008) were used to modify evolution models for Northeast Greenland.
The seismic refraction data yield information on the crustal and upper mantle struc-
tures. Density informations along both seismic refraction lines can be obtained by
2.5D gravity models. Using the gravity data grid of the Norwegian-Greenland Sea, a
3D gravity model could be developed, using the seismic models and further published
data as boundary conditions. Hence, spatial crustal variations like the crustal thickness
and the Moho depth can be displayed.

Based on these data, a better understanding of the tectonic evolution of the Northeast
Greenland margin is possible. Hence, the evolution model of the Northeast Greenland

margin could be modified.
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1.2 Outline

The temporal and spatial complexity of the tectonic evolution of the Northeast Green-
land margin leaves open questions and is still under debate (e. g. Foulger & Anderson
2005, Mjelde et al. 2008b). Answering some open questions, like e. g. unknown crustal
structures in the Boreas Basin and offshore Kong Oscar Fjord, seismic and gravity data
are used. Two seismic refraction lines were acquired in these areas by the AWI during
ARK-XXIV/3 expedition in 2009 (Jokat et al. 2010). Furthermore, gravity data were
recorded in parallel to both seismic refraction lines. A gravity grid (ArcGP) of the
research area with a resolution of 5" x 5’ (Kenyon et al. 2008) is used for a 3D grav-
ity model, investigating variations of crustal structures along the Northeast Greenland
margin. For this purpose, various published geophysical datasets like other seismic
refraction lines (e. g. Voss et al. 2009), interpreted geomagnetic data (e. g. Ehlers &
Jokat 2009), research wells (e. g. Myhre et al. 1995d), and other 3D gravity models
(e. g. Schmidt-Aursch & Jokat 2005b) are incorporated in our investigations.

Firstly, the Norwegian-Greenland Sea and the main research area are introduced phys-
iographically (Chapter 2). In addition, published seismic refraction lines at the North-
east Greenland margin are mentioned and typical continental as well as oceanic crustal
structures are explained.

Data acquisition, processing, modelling, and error analysis of the seismic refraction
data are presented in Chapter 3.1 for both seismic lines. The modelled seismic re-
fraction data are shown, interpreted, and discussed for the lines in the Boreas Basin
(Chapter 3.2) and offshore Kong Oscar Fjord (Chapter 3.3).

On the basis of the modelled seismic refraction lines, 2.5D gravity models are developed
along both seismic refraction lines (Chapter 4.1). The calculated 2.5D gravity models
and other published geophysical datasets are used as boundary conditions for a 3D
gravity model (Chapter 4.2). Our 3D gravity model of the Northeast Greenland margin

is further discussed in the subsequent paragraphs of the chapter.
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The results of this thesis and other published data of the Northeast Greenland margin
(e. g. Voss et al. 2009) allow the modification of evolution models of the research area
(Chapter 5). In addition, the modified models are compared with evolution models for
the South Atlantic margin. Finally, some conclusions about the tectonic evolution of
the Northeast Greenland margin (Chapter 6) and suggestions for further investigations

are made (Chapter 7).



2 The Norwegian-Greenland Sea

2 The Norwegian-Greenland Sea

Greenland is the largest island of the world and covers an area of about 2.2 million km?.
Its north-south extension is about 2600 km and the latitude ranges between 60°N and
83°N. The east-west extension is about 1200 km and the longitude ranges between 11°W
and 73°W. The coastline is approximately 44000 km long. To the east, Greenland is
bounded by the northern North Atlantic.

The following study concentrates on the Norwegian-Greenland Sea which is the north-
ern part of the Northeast Atlantic. The Norwegian-Greenland Sea is bounded by
Norway to the east, the Barents Sea and Svalbard to the Northeast, the Fram Strait
to the north, Northeast Greenland to the west, and Iceland to the south (Fig. 2.1).
The evolution and the structures of the eastern part of the Norwegian-Greenland Sea,
namely the Norway margin, is well understood, based on geological and geophysical
data (e. g. Mjelde et al. 2008b). In contrast, the evolution and the structure of
the conjugate Northeast Greenland margin remain controversal due to rough sea ice
conditions and short summer periods. During the 2009 summer expedition, the Alfred
Wegener Institute (AWI) could acquire and collect geophysical and geological data
along the Northeast Greenland margin (Jokat et al. 2010).

2.1 Regional Setting
2.1.1 Bathymetry

The main research area — the Northeast Greenland margin — is located in the Norwegian-
Greenland Sea (NGS) as nothern part of the Northeast Atlantic (Fig. 2.1). Recently
published bathymetric data (IBCAO — International Bathymetric Chart of the Arctic
Ocean, Jakobsson et al. 2012) show the primary features of the Norwegian-Greenland
Sea: (1) mid-ocean ridges, (2) continental margins, and (3) deep ocean basins.

In general, the mid-ocean ridges consist of three active spreading main segments within
the Norwegian-Greenland Sea (Fig. 2.1): (1) Kolbeinsey Ridgem (KbR), (2) Mohns
Ridge (MR), and (3) Knipovich Ridge (KR). These ridges are located along the plate
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Figure 2.1: Bathymetric map (IBCAO, Jakobsson et al. 2008) showing the Norwegian-
Greenland Sea and the simplified geology of Northeast Greenland (Henriksen et al. 2009).
AR—Aegir Ridge, BB—Boreas Basin, CFB—Caledonian Fold Belt, EGR-East Greenland Ridge,
GB-Greenland Basin, GFZ-Greenland Fracture Zone, HR-Hovgard Ridge, JMB-Jan Mayen
Basin, JMFZ—-Jan Mayen Fracture Zone, JMI-Jan Mayen Island, JMMC-Jan Mayen Micro-
continent (Gaina et al. 2009), JMR-Jan Mayen Ridge, KB-Kolbeinsey Basin, KbR—Kolbeinsey
Ridge, KOF-Kong Oscar Fjord, KR-Knipovich Ridge, LB-Lofoten Basin, MR—Mohns Ridge,
NB-Norway Basin, NEGS—Northeast Greenland Shelf, ScS—Scoresby Sund, SFZ-Senja Frac-
ture Zone, VB-Vgring Basin, VM-Vgring Margin, VMH-Vgring Marginal High, WFZ-
Western Fault Zone.
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boundary between the North American-Greenland and the Eurasian plates (Eldholm
et al. 1990). Especially the Mohns Ridge represents a symmetrical plate boundary with
respect to its adjacent basins. In contrast, north and south to the Mohns Ridge, the
Knipovich and Kolbeinsey ridges, respectively, indicate asymmetrical plate boundaries.
This asymmetry is related to the complex plate tectonic history of the Norwegian-
Greenland Sea (see Chapter 2.2).

The Norwegian and Northeast Greenland continental margins are characterised by large
shelf areas with wide shelf slopes (Eldholm et al. 1990). The Northeast Greenland shelf
increases in wideness from south to north resulting in large sediment fans at the margin
slope to the south (e. g. offshore Scoresby Sund (ScS) and Kong Oscar Fjord (KOF);
Fig. 2.1). In contrast, the central Norway margin (Vgring margin, VM) is characterised
by a prominent plateau (Vering Marginal High, VMH) and a continental basin (Vering
Basin, VB; Fig. 2.1).

Physiographically, the Norwegian-Greenland Sea is divided into three regions: (1)
southern region, (2) central region, and (3) northern region. These regions are sep-
arated by first-order fracture zone systems of the Jan Mayen Fracture Zone (JMFZ)
and the Greenland-Senja Fracture Zone (Fig. 2.1).

The southern region is bounded by Iceland in the south and the Jan Mayen Fracture
Zone in the north. It comprises the Kolbeinsey Basin (KB), the Jan Mayen Micro-
continent (JMMC), and the Norway Basin (NB; Fig. 2.1). Within the Kobleinsey Basin
the active Kolbeinsey Ridge is located and in the Norway Basin the extinct Aegir Ridge
(AR) can be found. The Jan Mayen Micro-continent is divided into the eastern Jan
Mayen Ridge (JMR) and the western Jan Mayen Basin (JMB). The Jan Mayen island
(JMI) rises up above the position where the Jan Mayen Fracture Zone and the Jan
Mayen Ridge cross perpendicular. The Jan Mayen Fracture Zone is composed of a
western and an eastern segment (Fig. 2.1). The western segment is the present active
transform fault, trending west-northwest. It is a prominent bathymetric escarpment
to the north of the Kolbeinsey Basin and Jan Mayen Micro-continent. The eastern
segment represents the extinct transform fault and is structurally more complex. It

consists of two parallel features trending southeast.
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The central region is bounded by the Jan Mayen Fracture Zone to the south and the
Greenland-Senja Fracture Zone to the north. Its main structure is the Mohns Ridge
separating the Lofoten Basin (LB) to the east and the Greenland Basin (GB) to the
west (Fig. 2.1). The northern boundary of the Lofoten Basin is the Senja Fracture
Zone (SFZ), which is buried below thick sediments from the Barents Sea. The northern
boundary of the Greenland Basin is characterised by the East Greenland Ridge (EGR)
as a distinct bathymetric feature and a continental sliver (Dgssing et al. 2008). The
Greenland Fracture Zone (GFZ) as counterpart to the Senja Fracture Zone is directly
located at the southern end of the East Greenland Ridge, bounding the Greenland
Basin to the north.

The northern region, north of the Greenland-Senja Fracture Zone, is dominated by
the asymmetric spreading Knipovich Ridge and the Boreas Basin (BB) to the east
(Fig. 2.1). The Hovgard Ridge (HR) bounded the Boreas Basin to the north.

2.1.2 Seismic Refraction Lines

In general, seismic refraction investigations were carried out to investigate deep crustal
structures. Especially rifted continental margins, like the Norwegian continental mar-
gin, were explored by such methods (e. g. Breivik et al. 2006, Mjelde et al. 2009). First
seismic refraction investigations, studying the conjugate continental margin of North-
east Greenland, started in 1988 by the AWI (Fig. 2.2; Weigel et al. 1995). Further
investigations of the AWI focused on the area between Scoresby Sund and the East
Greenland Ridge (Fig. 2.2; Schlindwein & Jokat 1999, Schmidt-Aursch & Jokat 2005a,
Voss & Jokat 2007, Voss et al. 2009).

Remaining questions about crustal structures offshore Kong Oscar Fjord and the ab-
sence of seismic refraction lines north of the East Greenland Ridge (Boreas Basin),
resulted in seismic refraction investigations of the AWT in these regions (Fig. 2.2; Jokat
et al. 2010, Hermann & Jokat 2013a,b). However, sea ice cover of the Northeast Green-
land shelf prevented the prolongation of the seismic refraction line, located in the Boreas

Basin, onto the shelf. Therefore, the investigations were concentrated on the ultraslow
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Figure 2.2: Bathymetric map (IBCAO, Jakobsson et al. 2008) showing existing seismic
refraction lines in northern North Atlantic (green) and the seismic refraction lines of this

study (red).
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spreading Knipovich Ridge. In this area and at the ultraslow spreading Mohns Ridge,
extensive research was carried out in the last several years (Fig. 2.2; Klingelhofer et
al. 2000, Ritzmann et al. 2002, Ljones et al. 2004, Ritzmann et al. 2004, Czuba et al.
2005, Kandilarov et al. 2008, 2010, Jokat et al. 2012a).

Further seismic refraction surveys in the Norwegian-Greenland Sea investigated the
relations of the Jan Mayen Micro-continent (Fig. 2.2; Kodaira et al. 1997, 1998a,b,
Breivik et al. 2012, Kandilarov et al. 2012) and the East Greenland Ridge, a continental

sliver (Dgssing et al. 2008), to the tectonic evolution of this area.

2.1.3 Gravity Field

In general, gravity data were used to obtain spatial variations of crustal and upper
mantle structures. For this purpose, a consistent database is necessary. The public-
domain Arctic Gravity Project grid (ArcGP, Chapter 4.2.1; Kenyon et al. 2008) with a
resolution of 5’ x 5’ is the database for the Norwegian-Greenland Sea (Fig. 2.3). This
compiled free-air anomaly grid ranges between -800 pm/ s* on the Northeast Green-
land Shelf and 1200 um/s2 at the Barents Sea Shelf. Generally, high values above
500 pm/ s® are observed at the shelf slopes, the Mohns Ridge, and the Knipovich Ridge
(Fig. 2.3). In addition, both ridges show gravity lows (-200-100 pm/s®) along the
mid-ocean rift valleys. In contrast, along the Kolbeinsey Ridge no distinct gravity
low is observed. Other linear structures within the free-air anomaly map are the Jan
Mayen Fracture Zone and the East Greenland Ridge. Both structures show lower
gravity values (<200 pm/s”) than the surroundings (Fig. 2.3). The Boreas Basin, the
Greenland Basin, and the Lofoten Basin are characterised by values between 0 pm/ s
and 250 um/sQ. The Kolbeinsey Basin shows higher values than the other basins
(>500 pm/s°).
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Figure 2.3: Free-air anomaly map of the northern North Atlantic with a resoluton of 5’ x 5’

(ArcGP, Kenyon et al. 2008).

2.2 Geological Evolution

The Norwegian-Greenland Sea and the Northeast Greenland margin have been subject
to various geophysical and geological studies, investigating the tectonic evolution. The
Northeast Greenland margin is dominated by the Caledonian fold belt (CFB), which
was formed in Silurian times during the closing of the Iapetus Ocean through continent-
continent collision (Haller 1985). Furthermore, the continental margin is characterised
by sediment basins east of the Caledonian fold belt (Fig. 2.1). The basins were sepa-
rated from the Caledonian fold belt by the Western Fault Zone (WFZ; Fig. 2.1), and

11
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developed during the ensuing Devonian extensional collapse and long-term rifting (Es-
cher & Pulvertaft 1995, Henriksen et al. 2009). The Mesozoic rifting process culminated
in Tertiary magmatism, resulting in large amounts of flood basalts and the formation
of the Norwegian-Greenland Sea (Escher & Pulvertaft 1995, Henriksen et al. 2009).
However, the influence of the Iceland Hotspot on the formation of the flood basalt
provinces and the continental breakup is still under debate (e. g. White & McKenzie
1989, Korenaga et al. 2000, Foulger & Anderson 2005, Mjelde et al. 2008b).
Generally, the tectonic evolution of the Norwegian-Greenland Sea took place in two
main stages (Talwani & Eldholm 1977). The first stage started with a continental
breakup between Greenland and Europe in the Early Focene (55-56 Ma, magnetic
anomaly C24; Talwani & Eldholm 1977, Gradstein et al. 2012). Simultaneously, seafloor
spreading started along the Mohns Ridge and the Aegir Ridge (Fig. 2.4A).

The second stage began with a change of the spreading direction between Greenland
and Europe in the Early Oligocene (~33 Ma, magnetic anomaly C13; Fig. 2.4B; Talwani
& Eldholm 1977, Mosar et al. 2002a,b). Since that time, the tectonic evolution of the
northern and southern region of the Norwegian-Greenland Sea is different. In the
northern region asymmetric and oblique spreading started at the Knipovich Ridge
(Figs. 2.4B,C; Talwani & Eldholm 1977, Mosar et al. 2002a). Hence, the Boreas Basin
opened and the East Greenland Ridge were formed as a continental sliver staying
attached to the continental margin of Northeast Greenland (Faleide et al. 1993, Dgssing
et al. 2008). However, the evolution of the Boreas Basin is still controversial, because
there is an ongoing debate whether an extinct spreading centre in the the Boreas Basin
exist or not (e. g. Mosar et al. 2002b, Ehlers & Jokat 2009).

In the southern region the detachment of the Jan Mayen Micro-continent off East
Greenland was initialised (e. g. Gaina et al. 2009). In the Oligocene (~30 Ma), the
final jump of the spreading axis from the Aegir to the Kolbeinsey Ridge took place
and the Aegir Ridge became extinct (Fig. 2.4C). Gradually, the Jan Mayen Micro-
continent became completely detached from the East Greenland margin around 20 Ma

(magnetic anomaly C6; Gradstein et al. 2012), thus, establishing seafloor spreading

12
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Figure 2.4: Geological evolution schema of the Norwegian-Greenland Sea according to

Lundin & Doré (2002). The geological evolution is divided into four steps: (A) continental

breakup and initiation of seafloor spreading, (B) plate reorganisation and change in relative

plate motion direction, (C) northward propagation of the Kolbeinsey Ridge from the south-

ern Reykjanes Ridge (RR) and breakup of the Jan Mayen Micro-continent, and (D) present

geological situation.
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along the Kolbeinsey Ridge (Fig. 2.4D; Gaina et al. 2009). However, the reasons for
the formation of the micro-continent are still under debate. Different models suggest
that the detachment was triggered by the crossing Iceland Hotspot across the East
Greenland margin (e. g. Gaina et al. 2009) or by the emplacement of high-velocity
lower crust (Yamasaki & Gernigon 2010).

2.3 Crustal Structures
2.3.1 Oceanic Crust

In general, oceanic crust is formed by decompression melting below diverging plates
at mid-ocean spreading ridges (White et al. 1992). Various geological and geophysical
investigations show that the oceanic crust has the same structure and basaltic compo-
sition everywhere. Hence, the oceanic crust is divided into three main layers (Tab. 2.1;
Juteau & Maury 1999): (1) oceanic layer 1 or sediments, (2) oceanic layer 2, and (3)
oceanic layer 3. Oceanic layer 1 is built up by various unconsolidated sediments. The
P-wave velocities are lower than 3.5 km/s.

Oceanic layer 2 can be divided into three sublayers (Tab. 2.1; Juteau & Maury 1999):
(1) oceanic layer 2A, (2) oceanic layer 2B, and (3) oceanic layer 2C. The oceanic
layer 2 consists of pillow lava (extrusive rocks, oceanic layer 2A) and sheeted dykes
(intrusive rocks, oceanic layer 2C). Oceanic layer 2B represents the transition between
extrusive and intrusive rocks (Tab. 2.1; Klingelhofer et al. 2000). However, in some
seismic refraction investigations, oceanic layer 2B cannot be resolved because of low
data quality and large distances of the ocean bottom seismometers. As a consequence,
oceanic layer 2 is only divided into oceanic layer 2A and oceanic layer 2B. In this case,
oceanic layer 2B comprises the sheeted dykes and the transition between pillow lava
and sheeted dykes. The P-wave velocities of oceanic layer 2 are generally lower than
6.3 km/s.

Oceanic layer 3 can be divided into oceanic layer 3A and oceanic layer 3B (Tab. 2.1;

Juteau & Maury 1999). The sublayers were formed by gabbro and cumulate-rich gabbro,
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respectively. For ultraslow spreading ridges (full spreading rate <20 mm/a), oceanic
layer 3 might be absent (Jokat et al. 2003). However, this observation is still under
discussion. The P-wave velocities are lower than 7.5 km/s and the resulting normal
oceanic crust is 7 km thick (White et al. 1992). The underlying mantle consists of

peridodite and has normal P-wave velocities above 7.9 km/s (Tab. 2.1).

Table 2.1: Continental (Holbrook et al. 1992) and oceanic crustal structures (Juteau &
Maury 1999). The continental crust at volcanic margins has a high-velocity lower crust
(HVLC), which is absent at non-volcanic margins. For the upper oceanic crust, a division in
only two sublayers, oceanic layer 2A and oceanic layer 2B, is possible for seismic data of low
data quality. In this case, oceanic layer 2B consists of the sheeted dykes and the transition

between pillow lava and sheeted dykes.

Layer P-wave velocity | Characteristic
[km/s]

Continental Crust
Sediment < 6.0 Various Sedimentary Rock Types
Upper Continental Crust 5.7-6.3
Lower Continental Crust 6.3 6.9 Various Crystalline Rock Types
HVLC 7075
Mantle > 7.9 Peridotite

Oceanic Crust

Sediment 1.6-3.5 Various Sedimentary Rock Types
2A 2.7-4.5 Pillow Lava
2B ¢ Upper Oceanic Crust 4.8-5.5 Transition: Pillow Lava-Sheeted Dykes
2C 5.8-6.3 Sheeted Dykes
3A 6.5-6.9 Gabbros
Lower Oceanic Crust
3B 7.0-7.5 Cumulate-rich Gabbros
Mantle > 7.9 Peridotite
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Classification of Mid-Ocean Ridges

Mid-ocean ridges can be divided into ultraslow, slow, intermediate, and fast spreading
ridges (Dick et al. 2003). In addition to the spreading rate, the different mid-ocean ridge
types can be divided by their morphological characteristics (Tab. 2.2), which depend on
the composition and the thermal structure of the mantle. The crustal thickness shows
low correlation to the spreading rate for values of 20 mm/a to 180 mm/a (observed
full spreading rate; Reid & Jackson 1981, Bown & White 1994, White et al. 2001).
In contrast, a high correlation exists for values less than 20 mm/a, where the crustal

thickness decreases rapidly (Fig. 2.5).

Table 2.2: Classification of mid-ocean ridges based on (full) spreading rate and morphology

(Dick et al. 2003).

Ultraslow

Slow

Intermediate

Fast

- <20 mm/a

- intermittent vol-

canism (magmatic

& amagmatic ridge

segments)
- absence of oceanic
layer 3 in amag-

matic segments

- lack of transform

faults

- 20-55 mm/a
- deep rift valleys
with highly variable

relief

- rough rift moun-
tain topography
weakly correlated to

spreading rate

- 55-70 mm/a

- long alternating
sections with either
slow or fast spread-
ing ridge morpho-

logy

- 80-180 mm/a

- low axial highs

- minimal rift moun-
tain topography un-
correlated to spread-

ing rate
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Figure 2.5: Crustal thickness versus spreading rate for ultraslow and slow spreading mid-

ocean ridges (Dick et al. 2003).

2.3.2 Continental Crust

In general, the structure and composition of the continental crust are variable depend-
ing on tectonic provinces, like e. g. passive rifted margins (Christensen & Mooney 1995).
Therefore, no general specifications on crustal composition can be made (Tab. 2.1; Hol-
brook et al. 1992, Christensen & Mooney 1995). A few examples for typical crustal
rocks are amphibolite, gneiss, granite, and granulite. All these rocks show similar
depth-dependent P-wave velocities and, therefore, a classification based on P-wave ve-
locities can be made. The P-wave velocities of the upper continental crust are between
5.7 km/s and 6.3 km/s (Tab. 2.1). The lower crust has P-wave velocities less than
6.9 km/s. At volcanic margins, high P-wave velocities of 7.0 km/s to 7.5 km/s can
be observed within the lower continental crust (high-velocity lower crust, HVLC) and

likely indicates mafic material (Holbrook et al. 1992).
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Continent-Ocean Transition Zone (COT)

At continental margins, the transition from continental to oceanic crust is widely de-
fined and uncertain. In this study, we used the definition of the continent-ocean transi-
tion zone (COT) after Whitmarsh & Miles (1995) for the transitional crust: the COT
is that part of the lithosphere which includes the crust between the thinned continental
crust characterised by tilted fault blocks and the first oceanic crust formed by seafloor

spreading.

18



3 Seismic Refraction Data

3 Seismic Refraction Data

3.1 General Settings

In the summer of 2009, the AWI acquired two seismic refraction lines — 20090200
and 20090100 — during the expedition ARK-XXIV/3 (Jokat et al. 2010). Main re-
search area was the Northeast Greenland margin (Fig. 3.1). Line 20090200 crosses
the central Boreas Basin from the Knipovich Ridge to the Northeast Greenland mar-
gin. The 340 km long line consists of 18 ocean bottom seismometers (OBS, KUM 1997;
Fig. 3.1B). Line 20090100 starts within Kong Oscar Fjord, overlaps the existing seismic
refraction line 94340 (Schlindwein & Jokat 1999) by 150 km and terminates 100 km
east of the Kolbeinsey Ridge (Fig. 3.1C). For this 500 km long line four land stations
and 20 OBS were used.

3.1.1 Data Acquisition

For data acquisition of both seismic refraction lines similar configurations were used
(Tab. 3.1; Jokat et al. 2010). All 38 OBS were equipped with a Giiralp CMG-40T
broadband seismometer and a hydrophone. The REFTEK-72 land stations (Fig. 3.1)
had three channels with three 4.5 Hz-geophone chains each to improve the signal-to-
noise ratio. The data were recorded with a sample rate of 100 Hz (Jokat et al. 2010).
The seismic energy was consistently generated by an air gun array consisting of eight G-
Guns with a total volume of 66 1 fired at 200 bar (Tab. 3.1). Based on an average
ship velocity of 2.5 m/s and a shot interval of 60 s, the resulting shot distance was
approximately 150 m (Jokat et al. 2010).

The resolution of seismic data is characterised by the Fresnel zone (Militzer & Weber
1987). The vertical resolution is about 50 m below seafloor (using a seismic velocity of
1.8 km/s and a peak frequency of 9 Hz) and decreases to about 300 m in 10 km depth
(using a seismic velocity of 7.0 km/s and peak frequency of 6 Hz). In contrast, the
horizontal resolution is about 180 m in 200 m below seafloor (using a seismic velocity

and a peak frequency of 9 Hz).
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Figure 3.1: Bathymetric map (IBCAO, Jakobsson et al. 2008) showing (A) the main research
area of the Northeast Greenland margin. (B) seismic refraction line 20090200 (Hermann &

Jokat 2013a) and (C) seismic refraction line 20090100 (Hermann & Jokat 2013b).
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Table 3.1: General specifications of the seismic refractions lines and the air gun array used

during the 2009 expedition (Jokat et al. 2010).

Line 20090200 Line 20090100

Area Boreas Basin Kong Oscar Fjord
to to

Knipovich Ridge || Kolbeinsey Ridge

Length 340 km 500 km
Recording Systems 18 OBS 20 OBS

4 Land Stations
average OBS spacing 20 km 15 km
Record Length 60 s 60 s
Sample Rate 10 ms 10 ms

Air Gun Array

No. Air Guns 8 G-Guns
Total Volume 66 1
Pressure 200 bar
Shot Interval/Distance 60 s/150 m

3.1.2 Processing

Figure 3.2 shows the general workflow including processing, modelling and interpre-
tation of the seismic refraction data. After acquisition, the offsets (distance between
shot positions and stations) were calculated. The three seismometer and the one hy-
drophone channels of each OBS were demultiplexed and filtered with a band-pass filter
of 4-17 Hz. Based on the narrow and shallow Kong Oscar Fjord geometry, as well as
the thick sediment cover, the seismic refraction data of line 20090100 shows significant
reverberations. These signals were removed (prior to demultiplexing and band-pass

filtering; Fig. 3.2) using a predictive deconvolution filter (Yilmaz 2001) with an oper-
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ator length of 220 ms and a gap length of 10 ms for the deep sea stations (101-115),
and an operator length of 200 ms and a gap length of 100 ms for the shelf and land
stations (116-127; Fig. 3.1C). Furthermore, an automatic gain control (AGC) with a

time window of 2 s was applied to all data.

Acquisition
raw data
(OBS, REFTEK)
: Processing
’ offset ca:lculatlon ‘ deconvolution filter
demulitplexing, band-pass filter, (line 20090100)
automatic gain control (AGC)
[ inline relocation |
projection of stations
onto a great circle projection of land stations
onto the seafloor
— — Modelling
picking of seismic waves (ZP), |
wave and layer identification [
[
ray tracing (RAYINVR) conversion of P-wave to
. o S-wave model
interative adjustment (layerwise const. V /V,)
of the velocity model
l
estimation of errors and S-wave modelling
model uncertainties (line 20090200)
[
] final velocity model
v Interpretation
lithological/stratigraphic,
structural/tectonic

Figure 3.2: Workflow for seismic refraction data processing, modelling and interpretation of

both lines 20090200 and 20090100.

Finally, the direct water waves were used to correct the in-line positions of the stations
(Fig. 3.2; Schlindwein & Jokat 1999, Schmidt-Aursch & Jokat 2005a). Following the
example of Schlindwein & Jokat (1999), all stations were projected onto a great circle
resulting from the least square fit through the shot positions along the seismic refraction

lines (Fig. 3.3A). Thereby, the offset were not modified (Schlindwein & Jokat 1999,
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Schmidt-Aursch & Jokat 2005a). The land stations were additionally projected onto
the seafloor and a corresponding static correction was applied (Schlindwein & Jokat
1999, Schmidt-Aursch & Jokat 2005a). The static correction is based on an average
seismic P-wave velocity of 5.5 km/s for the uppermost crust and an assumed vertical

ray incidence (Fig. 3.3B, Schlindwein & Jokat 1999, Schmidt-Aursch & Jokat 2005a).

A A

OBS
land station
projected station

projected seismic refraction line
(great circle)

land area
seawater

D>
| DD

—
_D
00
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Figure 3.3: (A) Projection of land stations onto a great circle (red line) and (B) onto the

seafloor.

3.1.3 Modelling

P-wave models were developed for both lines. In addition, for line 20090200 an S-wave
model was calculated to substantiate the result of the P-wave model.

For the P-wave modelling the hydrophone channel of the OBS was preferred (Figs. 3.4
and 3.5; further examples see appendix A) because of a higher signal-to-noise ratio
compared with the vertical seismometer component. However, the vertical seismome-

ter component was used from land stations as well as from OBS with unusable hy-
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drophone data (Fig. 3.6). The S-wave model based on the two horizontal seismometer
component data of all OBS along line 20090200 (Figs. 3.7 and 3.8; further examples
see appendix A).

The picking of P- and S-waves, based on refraction and reflection waves, was done
using the software package ZP (Fig. 3.2; Zelt 2004). Estimated pick uncertainties
of seismic waves depend on the overall signal-to-noise ratio of picked seismic waves,
and the decreasing signal-to-noise ratio with depth. Therefore, the pick uncertainties
increase with depth (Tab. 3.2, Fig. A.4; Voss & Jokat 2007, Voss et al. 2009). For the
land stations, the pick uncertainties are 100 ms larger, than these associated with the

OBS data, due to it’s larger off-line locations (Tab. 3.2, Fig. 3.3A).

Table 3.2: Estimated pick uncertainties of different seismic waves. The pick uncertainties are
based on the signal-to-noise ratio of picked seismic waves, and the decreasing signal-to-noise

ratio with depth.

Waves Layers Line 20090200 || Line 20090100
P-waves Sediments 50 ms 50-60 ms
(OBS) Crust and Mantle 75-130 ms 75-130 ms
P-waves Sediments no land stations 150-160 ms

(Land Stations) | Crust and Mantle | no land stations || 175-230 ms

S-waves Sediments 100 ms not picked

(OBS) Crust and Mantle 150 ms not picked

The P- and S-wave models were obtained by forward modelling with the 2D ray trac-
ing software package RAYINVR (Fig. 3.2; Zelt & Smith 1992). Therefore, boundary
conditions are necessary to reduce the multiple solutions related to seismic refraction
modelling (Korenaga et al. 2000). Sediment thickness and basement topography for
line 20090200 were used from seismic reflection line 20020700 running in parallel (Berger

& Jokat 2009, Ehlers & Jokat 2009). Based on this, four sediment layers were included
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Figure 3.4: OBS data example (station 206) of line 20090200 used for the P-wave modelling.
(A) Processed data of hydrophone channel, (B) modelled ray coverage, and (C) modelled and
picked travel times (Hermann & Jokat 2013a). The upper and lower figure are plotted with
a reduction velocity of 8 km/s. Both vertical scales are of different exaggeration. Further

examples are shown in appendix A.
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Figure 3.5: OBS data example (station 114) of line 20090100 used for the P-wave modelling.
(A) Processed data of hydrophone channel, (B) modelled ray coverage, and (C) modelled and
picked travel times (Hermann & Jokat 2013b). The upper and lower figure are plotted with
a reduction velocity of 8 km/s. Both vertical scales are of different exaggeration. Further

examples are shown in appendix A.
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Figure 3.6: REFTEK data example (station 126) of line 20090100 used for the P-wave
modelling. (A) Processed data of hydrophone channel, (B) modelled ray coverage, and (C)
modelled and picked travel times (Hermann & Jokat 2013b). The upper and lower figure are

plotted with a reduction velocity of 8 km/s. Both vertical scales are of different exaggeration.
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Figure 3.7: OBS data example (station 209) of line 20090200 used for the S-wave modelling.
(A) Processed data of a horizontal channel, (B) S-waves travelling with apparent S-wave
velocities, and (C) S-waves travelling with apparent P-wave velocities (Hermann & Jokat
2013a). Modelled ray coverage (B, C; upper panels), and modelled and picked travel times
(B, C; lower panels) for both types of S-waves. Figure (A) and the lower figures of (B) and
(C) are plotted with a reduction velocity of 8 km/s. The three vertical scales are of different

exaggeration.
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Figure 3.8: Observed and calculated P-wave as well as S-wave travel times from OBS
station 207 of line 20090200 plotted with a reduction velocity of 8 km/s (Hermann & Jokat

2013a). Further examples are shown in appendix A.

in the P- and S-wave models. Furthermore, for line 20090100 the still existing P-wave
model as well as it’s picked P-waves from the seismic refraction line 94340 (Schlindwein
& Jokat 1999) were used within the overlapping area of both seismic refraction lines
(Fig. 3.1C). Following Zelt (1999), the final models were obtained in layer-by-layer
forward modelling, starting from the uppermost layer and keeping the velocity-depth-
nodes constant when modelling the deeper layers. However, for the northwestern part
of line 20090100, the refracted mantle waves could not be modelled properly (Fig. 3.5)
due to sharp lateral velocity contrasts at the dipping crust-mantle boundary (Dgssing
et al. 2008, Voss et al. 2009). In this case, the picked P-waves were approximated by
head waves, in contrast to the normally used refracted waves, along the crust-mantle

boundary (Fig. 3.5). For further minimisation of the misfits between the observed and
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calculated travel times, the inversion algorithm of RAYINVR was applied layerwise
(Fig. 3.2).

The initial S-wave model of line 20090200 was calculated by layerwise conversion of the
P-wave velocities with constant Vp/Vs ratios (Fig. 3.2). Thereby, the layer boundaries
of the P-wave model were used as conversion boundaries for the S-waves. Following
Mjelde et al. (2002), we divided the S-wave travel time branches into: (1) S-waves
travelling with apparent S-wave velocities, and (2) S-waves travelling with apparent
P-wave velocities (Fig. 3.7). The P- to S-wave conversion caused by: (1) the down-
ward travelling into the crust or (2) the upward travelling from the crust, respectively
(Fig. 3.9; Mjelde et al. 2002). Therefore, different apparent velocities for the S-waves
are observed (Fig. 3.7). During modelling, the Vp/Vs ratios were varied to achieve
the best fit between the picked and modelled S-waves (Fig. 3.8; further examples see

appendix A) while the layer boundaries from the P-wave model were kept constant.

S-waves travelling with S-waves travelling with
apparent S-wave velocity apparent P-wave velocity

SRR Fl-
T A £ |~
N

N

S P mantle

Figure 3.9: Origin of two types of S-waves caused by P- to S-wave conversion at a layer

boundary.

3.1.4 Error Analysis

The significance of the P-wave models were calculated using the normalised x? method
and the residual time tpyrs (Zelt & Smith 1992). The x? method weights the mismatch
between the observed and calculated travel times. The y? value is defined by the

following equation
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with T, — observed travel time, T, — calculated travel time, U — estimated pick uncer-
tainty, and n — number of picks for different layers. The optimised value of a normalised
x? is 1.0 meaning a nearly perfect fit between the observed and calculated travel times
(Zelt & Smith 1992). For x? > 1.0 small scale velocity anomalies and boundary to-
pographies could not be modelled. In contrast, for y* < 1.0 the model suggest a higher
resolution than it is possible using the acquired data.

Following Schlindwein & Jokat (1999), the model uncertainties were estimated by model
perturbations of single boundary and velocity nodes until the calculated travel times
are not within the uncertainty of the observed travel times. These model perturbations
were carried out for a node interval of 50 km.

The resolutions of the P-wave models were calculated using an inversion method (Zelt &
Smith 1992), which represents a quantitative description of model reliability. Therefore,
the maximum uncertainties of the models were used. Resolution values greater than 0.5
indicate reasonably well resolved model parameters (Zelt & Smith 1992). In contrast,
resolution values smaller than 0.5 describe a low ray covered model.

The significance of the S-wave model, x? and tgyss, was calculated like the significance
of the P-wave models. The uncertainties of the S-wave model, including S-wave velocity

and Vp/Vs ratio, were estimated as explained for the P-wave models.

31



3 Seismic Refraction Data

3.2 Line Boras Basin — Knipovich Ridge (20090200)

The following results of line 20090200 as well as the interpretation of the crustal and
upper mantle structures of the Boreas Basin and the Knipovich Ridge are published

by Hermann & Jokat (2013a).

3.2.1 P- and S-wave Models

The P- and S-wave models have a length of 340 km. The results of S-wave modelling
are displayed within the P-wave model by adding Vp/Vs ratios (Fig. 3.10). For the
description and the interpretation of oceanic crust the classification of Juteau & Maury

(1999) was used (Tab. 2.1).

Sediments

The models consist of four sediment layers with a total thickness of about 0.2 km.
In general, the sediment P-wave velocities range between 1.6 km/s and 3.5 km/s
(Fig. 3.10). The Vp/Vs ratio varies between 6.06 and 2.95.

Along our seismic refraction line, three sediment basins are observed (Fig. 3.10): (1)
from 0 km to 60 km with a sediment thickness of 3 km, (2) from 80 km to 120 km with a
sediment thickness of 1 km, and (3) from 130 km to 190 km with a sediment thickness
of 1 km. Within these basins, in a depth interval of 200 m to 500 m, the P-wave
velocities significantly increase from 2.2 km/s to 2.7 km/s (Fig. 3.10), and the Vp/Vg
ratio decrease from 5 to 4. Berger & Jokat (2009) report a high-impedance contrast
at the same depth interval along their seismic reflection line 20020700. This depth
interval was dated to Mid Miocene age (~13 Ma; Fig. 3.11). Sediments above the depth
interval can be described as poorly consolidated deep-sea sediments with high porosity
and reduced lithification (Mjelde et al. 2002, Ljones et al. 2004). Sediments below the
Mid Miocene interval might be more consolidated deep-sea sediments characterised by

a decreasing Vp/Vs ratio with depth (Domenico 1984, Ljones et al. 2004).
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Crust

Our models consist of three crustal layers with a total thickness of about 3.2 km
(Fig. 3.10). This crustal thickness is well constrained by refracted and reflected waves
from the crust-mantle boundary, especially by reflected waves in the northwestern part
of line 20090200 (Figs. 3.10 and 3.12B). Below a seamount at 70 km (Fig. 3.10), the
crust has its maximum thickness of 4 km. Close to the Northeast Greenland Shelf (20—
60 km, Fig. 3.10), the minimum crustal thickness of 1.4 km was found. The crustal
P-wave velocities range between 3.4 km/s and 6.3 km/s.

The crust is of oceanic origin and the oceanic layers 2A, 2B and 2C can be distinguished
(Fig. 3.11, Tab. 2.1). Oceanic layer 2A has a thickness of approximately 0.6 km. In
particular, between 60-130 km and 220-310 km the thickness of oceanic layer 2A is sig-
nificant increased by 0.4 km and highly variable (0.4—1.2 km thickness, Fig. 3.11). The
P-wave velocities are between 3.4 km/s and 4.3 km/s (Fig. 3.10). From the Knipovich
Ridge rift valley to the Northeast Greenland Shelf, the P-wave velocities increase by
about 1 km/s, from 3.5 km/s to 4.2 km/s, respectively. The average Vp/Vs ratio is 1.73
decreasing with distance to the rift valley (1.81) and reaches 1.63 below the seamount
(Fig. 3.10).

Interpreting our results, the variations in thickness of oceanic layer 2A might be the
result of a variable amount of extrusive rocks and volcanism during the formation
of oceanic crust (Klingelhofer et al. 2000). Within the two distinct locations (60—
130 km, 220-310 km), the magmatic activity was probably higher than throughout the
rest of seismic refraction line 20090200 (Fig. 3.11). In general, the increasing P-wave
velocities and the decreasing Vp/Vs ratios from the Knipovich Ridge to the Boreas
Basin point towards small cracks, fissures and voids in pillow lava filled with secondary
hydrothermal minerals (Grevemeyer & Weigel 1996, Ljones et al. 2004).

Oceanic layer 2B has the same thickness like oceanic layer 2A (0.6 km). However, the
P-wave velocities are higher and range from 4.5 km/s to 5.2 km/s (Fig. 3.10). Below
the rift valley, the P-wave velocities decrease to 3.0 km/s and below the seamount they

increase to 5.4 km/s. The average Vp/Vs ratio is 1.72. Below the Knipovich Ridge
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Figure 3.10: P- and S-wave model of line 20090200 (Hermann & Jokat 2013a). The lower panel shows an enlarged detail of the
upper 10 km, which is marked by the blue dashed rectangle in the upper panel.
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rift valley and the seamount the Vp/Vs ratio is 1.69 and 1.63, respectively (Fig. 3.10).
These results indicate that oceanic layer 2B represents the transition form extrusive
pillow lava to sheeted dykes (Tab. 2.1; Klingelhofer et al. 2000).

Oceanic layer 2C has a thickness of about 2 km and the P-wave velocities vary be-
tween 5.7 km/s and 6.3 km/s (Fig. 3.10). From the Knipovich Ridge rift valley to the
Northeast Greenland margin, the P-wave velocities increase by 0.5 km/s. Below the
Knipovich Ridge rift valley, the P-wave velocities decrease to 5.2 km/s and below the
seamount they increased to 6.7 km/s (Fig. 3.10). The average Vp/Vs ratio of oceanic
layer 2C is 1.73. At 40 km, where the crust is thinnest, the Vp/Vy ratio reaches the
maximum value of 1.81.

Focusing on our interpretation, the low sedimentary and crustal P-wave velocities below
the Knipovich Ridge rift valley were most likely caused by deep reaching cracks and
faults. Along these faults, oceanic water possibly migrated downward to the crust-
mantle boundary, modifying the physical properties and P-wave velocities of the rocks
(Kodaira et al. 1997).

In general, oceanic layer 3 has a thickness of 4 km and typical P-wave velocities of
6.5 km/s to 7.5 km/s (Tab. 2.1, Juteau & Maury 1999). However, we could not
observe oceanic layer 3 in our seismic refraction data due to the absence of typical

oceanic layer 3 P-wave velocities (Figs. 3.10 and 3.13).

Upper Mantle

The upper mantle shows P-wave velocities with small lateral variations (Fig. 3.10). The
P-wave velocities vary between 7.5 km /s, directly below the crust-mantle boundary, and
8.0 km/s, in approximately 15 km depth below sea level. The average Vp/Vs ratio is
1.74 (Fig. 3.10). Large deviations of the Vp/Vjs ratio are found at 170 km and 280 km
with values of 1.87 and 1.76, respectively.

Following our interpretation, the P-wave velocities are low, compared with global upper
mantle studies (Vp > 7.9 km/s, Vp/Vs ~ 1.84, Christensen 1996). In addition, the

partially low Vp/Vs ratios indicate a serpentinised mantle (Fig. 3.11; Horen et al.
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1996, Christensen 2004). Following Horen et al. (1996), a P-wave velocity of 7.5 km/s
equates to a mantle serpentinisation of approximately 13%, which becomes negligible
at about 15 km below sea level, where mantle velocities reach 8.0 km/s (Fig. 3.10).
The serpintinisation of the normal mantle material (peridotite) maybe occurred due
to oceanic water which reached the mantle by migration from the seafloor along faults

and cracks (Horen et al. 1996, Christensen 2004).
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Figure 3.13: One-dimensional (1D) crustal P-wave velocity model of line 20090200 (red line,
Hermann & Jokat 2013a). The black line represents P-wave velocities from global oceanic
crust (Tab. 2.1, Juteau & Maury 1999). The comparison of both curves shows the absence of

oceanic layer 3 in our seismic refraction model.
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3.2.2 Error Analysis

The significance of the P-wave model resulted in a x? value of 1.557 and a tgrass
value of 0.114 s (Tab. 3.3). Approximately 97% of 6627 observed P-wave picks could
be ray traced. The uncertainty of P-wave velocities were estimated with +0.2 km/s
for sediments and crustal layers, and £0.1 km/s for the uppermost mantle. These
low uncertainties for mantle velocities are a consequence of good ray coverage of the
uppermost mantle (Figs. 3.12C). Depth uncertainties of the boundaries are +0.1 km
for the sediments, +0.2 km for the crustal layers and +0.3 km for the crust-mantle

boundary (Fig. 3.13).

Table 3.3: Statistical significance of the P- and S-wave models (x?) based on the numbers
of observed travel time picks (n) for different layers. The residual time trprs represents the

misfit between observed and calculated travel times.

Layer n trus [s] | X2
P-waves | Sediment 1194 | 0.046 0.816
Oceanic Layer 2 | 1692 | 0.076 1.063
Mantle 3741 | 0.141 2.016
All 6627 | 0.114 1.557
S-waves | Sediment 359 | 0.128 0.774
Oceanic Layer 2 | 996 | 0.133 0.812
Mantle 2412 | 0.151 1.024
All 3767 | 0.143 0.945

Using the maximum uncertainty values of 0.2 km/s and 0.3 km, the resolution of
the P-wave model was calculated (Fig. 3.14). The P-wave velocities are generally well
resolved (0.50-1.00). However, two locations of poor resolution (0.03-0.49) are observed
(Fig. 3.14): (1) 100 km to 200 km for the sediments and oceanic layer 2A, and (2) below

basin 1 (0-60 km) for the crustal layers and the upper mantle. The poor resolution
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between 100 km and 200 km was caused by insufficient refracted signals from oceanic
layer 2A due to recordings of only five OBS (203, 206, 212, 213 and 217, Figs. 3.4 and
A.5). Below basin 1, the poor resolution was caused by the locally low ray coverage of
the crust and upper mantle (Figs. 3.12B, C).

For the significance of the S-wave model, x? was calculated with 0.909 and tgyss with
0.143 s (Tab. 3.3). Approximately 96% of the 3767 observed S-wave picks could be
ray traced. The uncertainties of the S-wave model were the same as for the P-wave
model. The uncertainty of the Vp/Vg ratio was estimated with 0.05 in areas of high

ray coverage and 0.12 in areas of low ray coverage (Fig. 3.12D).
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Figure 3.14: Resolution plot of line 20090200 (Hermann & Jokat 2013a). The black dots

mark the positions of the nodes which were used for the calculation of the velocity resolutions.

3.2.3 Discussion of Line 20090200

Crustal and Upper Mantle Variations in Boreas Basin and across Knipo-

vich Ridge

Line 20090200 is the only available seismic refraction line which crosses the Boreas
Basin and the Knipovich Ridge, parallel to its spreading direction (Fig. 3.1B). Addi-

tional seismic refraction lines are located at the southern boundary of the Boreas Basin
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to the East Greenland Ridge (Fig. 2.2; Dgssing et al. 2008) and east of the Knipovich
Ridge towards Svalbard (Fig. 3.15; Ritzmann et al. 2002, Ljones et al. 2004, Kandilarov
et al. 2008, 2010, Jokat et al. 2012a).

Regarding the sediments, the P- and S-wave models show a thin sediment cover in the
area of the Knipovich Ridge rift valley (Fig. 3.11). In contrast, within the three sedi-
ment basins (Fig. 3.11), the thick sediments are divided by the Mid Miocene reflector
into two sublayers (Berger & Jokat 2009). The P-wave velocity contrast at the Mid
Miocene reflector (2.2 to 2.7 km/s, Fig. 3.10) was also modelled by Dgssing et al. (2008)
for the southern part of the Boreas Basin. Similar P-wave velocity contrasts have also
been reported along four seismic refraction lines east of the Knipovich Ridge (Fig. 3.15;
Ritzmann et al. 2002, Ljones et al. 2004, Kandilarov et al. 2008, 2010). Here, Ljones et
al. (2004) modelled Vp/Vs ratios between 7.14 and 2.00 for the upper sediments, and
between 1.87 and 1.78 for the lowermost sediments. These values are interpreted to
represent high-porosity muddy sediments at the seafloor, and a mixture of sand and
shale for the lowermost units (Ljones et al. 2004). However, we modelled different
Vp/Vs ratios in the Boreas Basin for the lower sediments (4.02-2.62, Fig. 3.10). Thus,
the deposition of more fine-grained clay sediments is more likely to have take place

rather than sandy sediments (Berger & Jokat 2009).

The oceanic crustal structure west of Knipovich Ridge is comparable with observations
at other ultraslow spreading ridges (e.g. Jokat & Schmidt-Aursch 2007). Along our
line 20090200, the data quality allows to divide oceanic layer 2 into three sublayers
(2A, 2B, and 2C). In five OBS records (203, 206, 212, 213, 217) three distinct refracted
travel time branches support the existence of the three sublayers (Figs. 3.4 and A.5).
The P-wave velocities as well as the thickness of the three layers correspond well to
general classifications of oceanic layers (Tab. 2.1, Fig. 3.13; Juteau & Maury 1999). In
contrast to our results, Dgssing et al. (2008) modelled one crustal layer in the Boreas
Basin because of limited ray coverage, since only one OBS was placed in the Boreas

Basin close to the East Greenland Ridge (Tab. 3.4).
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Figure 3.15: Crustal and upper mantle structures with average layer thicknesses and P-
wave velocities of several seismic refraction lines across the Knipovich Ridge (Hermann &
Jokat 2013a): (1) Jokat et al. (2012a), (2 and 3) Kandilarov et al. (2008, 2010), (4) Ljones
et al. (2004), (5) Ritzmann et al. (2002), and (6) line 20090200 (Hermann & Jokat 2013a).
If seismic refraction lines cross segment boundaries two 1D columns — amagmatic (AS) and
magmatic segments (MS) — are shown. The magmatic segment centres are after Okino et al.

(2002) and the spreading direction is from DeMets et al. (1990).
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Along the Knipovich Ridge, Ljones et al. (2004), Kandilarov et al. (2008, 2010) and
Jokat et al. (2012a) favour the subdivision of oceanic crust into two sublayers (Tab. 3.4).
Our P-wave velocities and layer thicknesses do not contradict these results, as our
oceanic layers 2A and 2B can be merged because of their similar velocity gradients
and thicknesses (Fig. 3.13). Finally, Ritzmann et al. (2002) modelled one crustal layer
(Tab. 3.4). Again, the large receiver spacing (30-50 km) along their seismic refraction

line did not allow the subdivision of oceanic crust due to low resolution.

Table 3.4: Comparison of various published seismic refraction lines across the ultraslow
spreading Knipovich Ridge. Crustal P-wave velocities (Vp), crustal thicknesses (Crust.
Thick.), numbers of modelled sublayers of oceanic layer 2 as well as the P-wave velocities

of the upper mantle are provided.

Author Crust. Thick. | Vp Layer 2 | Sublayers | Vp Layer 3 | Vp Mantle
[km] [km /s] Layer 2 [km /s] [km /s]
Jokat et al. (2012a) 4.5 2.7-6.6 2 not observed 7.6
Kandilarov et al. (2008) 5.4 2.0-5.8 2 5.7-7.5 6.4-7.9
Kandilarov et al. (2010) 6.2 2.8-5.7 2 6.0-7.3 6.7-8.0
Ljones et al. (2004) 6.7 3.5-6.1 2 6.6-7.3 7.6-8.0
Ritzmann et al. (2002) 3.5 3.5-4.7 1 not observed 7.3-8.2
Line 20090200 3.2 3.4-6.3 3 not observed 7.5-7.6

In the upper mantle, consistently low seismic velocities of less than 7.9 km/s were
observed, which might indicate a serpentinisation of the upper mantle of 13% maximum
(Horen et al. 1996). This result we compared with the recording of a single OBS close to
the East Greenland Ridge (Dgssing et al. 2008). Based on this single, non-reversed short
OBS-recording (30 km offset range into Boreas Basin), mantle velocities of 7.9 km/s
to 8.0 km/s could be modelled. Thus, these data provide little control on the upper
mantle velocities. Our model relies on 15 OBS in the centre of the Boreas Basin and,
therefore, provides reliable seismic velocities for the mantle below the Boreas Basin.

Along the Knipovich Ridge, low upper mantle velocities were identified (Fig. 3.15,
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Tab. 3.4). As it is an active mid-ocean spreading centre, the reduced upper mantle
velocities might be caused by a warmer upper mantle as well as by serpentinisation of
upper mantle rocks (Ritzmann et al. 2002, Ljones et al. 2004, Kandilarov et al. 2008,
2010, Jokat et al. 2012a). Following Ritzmann et al. (2002) and Jokat et al. (2012a),

the serpentinisation of the upper mantle is 15% to 20% maximum.

Absence of Oceanic Layer 3

Along line 20090200, P-wave velocities of less than 6.3 km /s were modelled throughout
the oceanic crust. Higher seismic velocities of 6.7 km/s could only be identified below
the seamount at 70 km (Fig. 3.10). These P-wave velocity values are not typical for
oceanic layer 3 (6.6-7.5 km/s, Tab. 2.1; Juteau & Maury 1999). In general, Vp/Vs
ratios of oceanic layer 3 are between 1.78 and 1.91 (Holbrook et al. 1992). However, for
the seismic refraction line, crustal Vp/Vs ratios vary between 1.63 and 1.87 (Fig. 3.10).
The seismic refraction line of Dgssing et al. (2008), in the vicinity of the Boreas Basin,
also show the absence of oceanic layer 3. However, their northernmost OBS is located
on the East Greenland Ridge, not in the Boreas Basin. Therefore, they could not
model the crustal structure of the Boreas Basin well. Summarising our results, there
is little doubt that the Boreas Basin and the Knipovich Ridge shows a general absence
of oceanic layer 3.

Further seismic refraction lines east of the Knipovich Ridge, close to the Barents Sea
and across the West Svalbard continental margin, provide contrasting models for the
lower oceanic crust (Fig. 3.15, Tab. 3.4). Ljones et al. (2004) modelled an oceanic
layer 3 with seismic velocities between 6.6 km/s and 7.3 km/s (Fig. 3.15, Tab. 3.4).
The oceanic crust is thick (up to 6.7 km) compared with a normal crust of an ultraslow
spreading ridge (~3.5 km, Fig. 3.15, Tab. 3.4). Kandilarov et al. (2008, 2010) calculated
thinner oceanic crust (5.4-6.2 km) with seismic velocities higher than 6.6 km /s, which
was interpreted as oceanic layer 3 (Fig. 3.15). In contrast, 80 km north of line 20090200,
Ritzmann et al. (2002) did not found any evidence for the presence of an oceanic layer 3.

This is valid for the OBS recordings close to the Knipovich Ridge as well as in the Boras

44



3 Seismic Refraction Data

Basin and the small basin east of Knipovich Ridge (Fig. 3.15). Finally, the seismic
refraction line along the Knipovich rift valley (Jokat et al. 2012a) shows no evidence
for an oceanic layer 3 (Fig. 3.15), despite of a smooth basement topography and several
OBS along the line.

Hypothetically, an average crustal thickness of 3 km would imply a thickness of 0.5 km
to 1.0 km for oceanic layer 3 (Juteau & Maury 1999, White et al. 1992). The uncertainty
of our P-wave model is better than 0.3 km, which would resolve an expected oceanic
layer 3 in our seismic refraction data. However, there are no distinctive indications
in our data that would support the existence of oceanic layer 3 (Figs. 3.10). It could
also be argued that the rough basement topography, as shown in our seismic refraction
line, might cause problems for the identification of reflection and refraction waves from
oceanic layer 3. But Jokat et al. (2012a) and Ritzmann et al. (2002) also did not
interpret the existence of an oceanic layer 3 from their seismic refraction lines from the
Knipovich Ridge, including a smoother basement topography (Fig. 3.15).

The differences, whether an oceanic layer 3 exists at ultraslow spreading ridges or
not, can be explained by segmentation of the crust. Therefore, the crustal structure
in basins, which were formed along ultraslow spreading ridges, is more heterogeneous
than the existing seismic refraction lines indicate, and the identification of oceanic
layer 3 depends on the location and configuration (station spacing, line orientation) of
the seismic refraction line.

In general, segmentation along the rift valley of ultraslow spreading ridges leads to
the formation of magmatic and amagmatic segments (Okino et al. 2002, Michael et al.
2003). Magmatic segments are characterised by high productivity magmatic centres
producing a thick crust, including oceanic layer 3. Melt is delivered from magmatic
segments by lateral dyke propagation to otherwise magmatically starved, amagmatic
segments (Minshull et al. 2006). Therefore, the oceanic crust of amagmatic segments
is thin and oceanic layer 3 is generally absent (Jokat et al. 2003). Furthermore, lateral
melt propagation also causes a rough basement topography (Klingelhofer et al. 2000).

For the Knipovich Ridge an interpretation is difficult, because of currently unknown
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position stability of magmatic and amagmatic segments along the Knipovich Ridge rift

valley in geological times (Fig. 3.15; Okino et al. 2002).

Seismic refraction lines running in parallel to the spreading direction of the Knipovich
Ridge are from Kandilarov et al. (2008, 2010) and line 20090200 by this study (Fig. 3.15).
Using the interpretation of Okino et al. (2002), concerning the distribution of magmatic
and amagmatic centres along the present-day Knipovich Ridge rift valley, the seismic
refraction lines of Kandilarov et al. (2008, 2010) might obliquely cross magmatic seg-
ments or might run in parallel to the spreading direction along the track of a long-lived
magmatic centre. Here, the higher magmatic activity has produced an oceanic layer 3
(Fig. 3.15) and explain the rather homogeneous crust. However, the large station spac-
ing (20-35 km) did not allow a more detailed interpretation. On the other hand, seismic
refraction line 20090200 did not cross any magmatic centre. Therefore, it shows only
information about the amagmatic part of the Boreas Basin. In this context, the seismic
refraction lines of Ritzmann et al. (2002) and Ljones et al. (2004) — acquired to under-
stand the crustal structure of the continent-ocean transition zone of Western Svalbard
— run obliquely to the spreading direction and across segment boundaries. They con-
tain crustal information about magmatic and amagmatic segments (Fig. 3.15). While
Ljones et al. (2004) report a significant variability of the oceanic crust with thicknesses
up to 6.7 km, created most likely along an amagmatic centre, Ritzmann et al. (2002)
did not mention such variations. Along the line of Ritzmann et al. (2002), between the
Western Svalbard continent-ocean transition zone and the Boreas Basin, they identified
consistently thin oceanic crust (1.5-4.0 km, Fig. 3.15). The low resolution due to large
station spacing (30-50 km, Ritzmann et al. 2002) and rough basement topography
(Ljones et al. 2004) did not allow to model the small differences between magmatic

and amagmatic segments along both seismic refraction lines.

Finally, along the Knipovich Ridge rift valley, variations in crustal P-wave velocities
(2.7-6.6km/s, 2.7-6.9 km/s) and crustal thicknesses (3.4-5.7 km) between the partic-

ular segments were found (Fig. 3.15; Jokat et al. 2012a). P-wave velocities above
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6.6 km/s, typical for oceanic layer 3, are only observed below the magmatic segments

(Jokat et al. 2012a).

Variations of Magmatic Production along Knipovich Ridge

In general, at ultraslow spreading ridges the oceanic spreading and the evolution of
thicker crust with rough basement topography are concentrated on local magmatic
centres which are highly variable in time and location (e. g. Okino et al. 2002, Jokat
et al. 2003, Jokat & Schmidt-Aursch 2007). These variations are caused by pulse-like
episodic magma injections from the mantle (Tolstoy et al. 2001). At amagmatic centres,
the absence of oceanic layer 3 was reported by e.g. Ritzmann et al. (2002) and Jokat
et al. (2012a).

Using this model, we could identify magmatic and amagmatic sections in the Boreas
Basin along our seismic refraction line 20090200. Following Klingelhofer et al. (2000),
the basement roughness and the thickness of oceanic layer 2A correlate with the mag-
matic activity along mid-ocean ridges. We identified two magmatic sections with rough
basement topography and a thick oceanic layer 2A between 60 km to 130 km, including
the seamount, and 220 km to 310 km (Fig. 3.11). According to the age model of Ehlers
& Jokat (2009, Fig. 3.11), the magmatic active sections date back to >28 Ma — 21 Ma
and 11 Ma — 0 Ma, respectively. In contrast, two areas with smooth basement topo-
graphy and a thin oceanic layer 2A are located between 0 km to 60 km and 130 km to
220 km. These amagmatic sections (Fig. 3.11) formed before 28 Ma and between 21 Ma
to 11 Ma (Ehlers & Jokat 2009). Therefore, the oceanic crust of the Boreas Basin has
been forming at the ultraslow spreading Knipovich Ridge since at least 28 Ma.

The results of the seismic refraction lines east of the Knipovich Ridge rift valley show
also crustal variations wich can be interpreted as magmatic and amagmatic segments
(Ljones et al. 2004, Kandilarov et al. 2008, 2010). Along the seismic refraction line of
Ritzmann et al. (2002), such variations were not observed. Following their conclusion,

the seismic refraction line is located in an amagmatic segment.
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Crustal and Upper Mantle Structures at other Ultraslow Spreading Ridges

Other investigated ultraslow ridge systems are (1) the Gakkel Ridge in the Arctic
Ocean (Jokat et al. 2003, Jokat & Schmidt-Aursch 2007), (2) the Mohns Ridge south
of the Knipovich Ridge (Klingelhofer et al. 2000), and (3) the Southwest Indian Ridge
in the Indian Ocean (Muller et al. 1999). A thin oceanic crust (1.9-6.0 km) is typical
for these ridges (Muller et al. 1999, Klingelhofer et al. 2000, Jokat et al. 2003, Jokat
& Schmidt-Aursch 2007). Along the Gakkel Ridge, the oceanic crust is thinner (1.9
3.3 km, Jokat et al. 2003, Jokat & Schmidt-Aursch 2007) compared with the crust along
the Knipovich Ridge (3.2 km). Furthermore, for the Gakkel Ridge no crustal velocities
greater than 6.4 km/s were observed. Hence, along most parts of the Gakkel Ridge,
oceanic layer 3 is absent. Based on the low mantle velocities ranging from 7.5 km/s
to 7.8 km/s an upper mantle serpentinisation is possible (Jokat et al. 2003). At the
Mohns Ridge and the Southwest Indian Ridge, the crustal thickness varies between
2.0 km and 6.0 km (Muller et al. 1999, Klingelhofer et al. 2000). For both ultraslow
spreading ridges, crustal layer 3 was modelled with velocities between 6.5 km/s and
7.0 km/s and subsequent thicknesses of 0.5 km to 3.5 km, respectively. Low mantle
velocities (7.5-8.0 km/s) were also interpreted as serpentinisation of the upper mantle

(Muller et al. 1999, Klingelhofer et al. 2000).
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3.3 Line Kong Oscar Fjord — Kolbeinsey Ridge (20090100)

The following results of line 20090100 as well as the interpretation of the crustal and
upper mantle structures of Kong Oscar Fjord and the Kolbeinsey Ridge are submitted
by Hermann & Jokat (2013b).

3.3.1 P-wave Model

The seismic refraction line 20090100 was acquired as an extension of the older seismic
refraction line 94340 (Schlindwein & Jokat 1999). The combined P-wave model has a
total length of 685 km and a depth of 30 km (Fig. 3.16). In addition to the classification
of continental crust (Holbrook et al. 1992) and oceanic crust (Juteau & Maury 1999,
Tab. 2.1), we used the definition of a continent-ocean transition zone (COT) after
Whitmarsh & Miles (1995). Hence, our line can be divided into three crustal sections
(Fig. 3.17): (1) continental crust between 0 km and 200 km, (2) transitional crust
between 200 km and 340 km, and (3) oceanic crust between 340 km and 685 km.

Continental Crust (0-200 km)

The continental crust consists of four crustal layers with a total thickness of 28 km
(Fig. 3.17). The upper two layers show P-wave velocities between 5.7 km/s and
6.3 km/s representing the upper continental crust (Figs. 3.16 and 3.17). The lower
continental crust has P-wave velocities between 6.3 km/s and 6.9 km/s (Fig. 3.16).
Following Schlindwein & Jokat (1999), the continental crust was influenced by the

Caledonian orogeny.

Continent-Ocean Transition Zone (COT, 200-340 km)

The transitional crust (Fig. 3.17) is covered by 2 km to 2.5 km thick sediments with P-
wave velocities of 4.4 km/s to 5.1 km/s (Fig. 3.16). Higher sediment velocities between
5.2 km/s and 5.7 km/s (240-280 km, Fig. 3.16) are only constrained by refracted rays
of OBS 123 and land station 124, respectively (Fig. 3.18A).
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Figure 3.16: Combined P-wave model of line 94340 (Schlindwein & Jokat 1999) and line 20090100 (Hermann & Jokat 2013b).
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Compared with the 28 km thick continental crust, the thickness of the transitional
crust is about 18 km (Fig. 3.17). The seismic velocities of the upper crustal layers
within the transitional zone are similar to those of continental crust (5.7-6.7 km/s,
Fig. 3.16). However, the deepest crustal layer has a thickness of about 3 km and high
P-wave velocities larger than 7.0 km/s (Fig. 3.16).

Interpreting these results, we could identify, for the first time, the location of the COT
between 200 km and 340 km, which means about 40 km offshore of Greenland. Fol-
lowing Schlindwein & Jokat (1999), the top layer consists of Mesozoic sediments which
are deposited next to Caledonian rocks, separated by the Western Fault Zone (WFZ,
190 km, Fig. 3.17). The increased P-wave velocities within the Mesozoic sediments
can be explained by intrusions of Lower Tertiary basalt sills and dykes (Fig. 3.17; Es-
cher & Pulvertaft 1995, Schlindwein & Meyer 1999). Below the Mesozoic sediments,
the stretched continental crust of the COT is characterised by a high-velocity lower
crust (HVLC) with P-wave velocities above 7.0 km/s (Fig. 3.17; Schlindwein & Jokat
1999, Schmidt-Aursch & Jokat 2005a). Generally, these HVLC have been interpreted
as underplated igneous crust (e. g. White & McKenzie 1989, Voss & Jokat 2007,
Mjelde et al. 2008a). Several alternative hypotheses have also been proposed as: (1)
igneous transitional or thick oceanic crust (e.g. Weigel et al. 1995, Holbrook et al.
2001), (2) granulite or eglogitic material (e. g. Mjelde et al. 2009), (3) pervasively
intruded continental crust (e. g. White et al. 2008), or (4) serpentinised mantle (e. g.
Whitmarsh et al. 1996, Funck et al. 2003, Lundin & Doré 2011). Therefore, HVLC is
used as generalisation, because a distinction of the different scenarios is only possible
due to deep drilling investigations and further detailed modelling (Peron-Pinvidic et al.

2012b).

Oceanic Crust (340-685 km)

The sediments, covering the oceanic crust, reach the maximum thickness (3 km) at
the shelf edge, and almost vanish toward the Kolbeinsey Ridge rift valley (Fig. 3.17).

The seismic sediment velocities range between 1.6 km/s and 3.8 km/s, which are well
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constrained by refracted and reflected waves (Figs. 3.16 and 3.18A). Slightly higher
velocities of about +0.5 km/s are modelled between 360 km and 420 km (Fig. 3.16).
Hence, the P-wave velocities are smaller than these within the Mesozoic sediments.
The average oceanic crustal thickness is 9 km (Fig. 3.17). The thickness is well con-
strained by refracted and reflected waves from the crust-mantle boundary along the
entire oceanic crust (Figs. 3.16 and 3.18B). Between the transitional and the oceanic
crust (340 km, Fig. 3.16), the P-wave velocities change rapidly. Towards the southeast,
typical oceanic crustal P-wave velocities of 3.6 km/s to 4.3 km/s for oceanic layer 2A,
5.7 km/s to 6.3 km/s for oceanic layer 2B, 6.6 km/s to 7.0 km/s for oceanic layer 3A,
and 7.1 km/s to 7.3 km/s for oceanic layer 3B are observed (Tab. 2.1, Figs. 3.16 and
3.17). Below the Kolbeinsey Ridge rift valley the seismic velocities decrease between
17% for oceanic layer 2A and 3% for oceanic layer 3B (Fig. 3.16).

Following the interpretation of Weigel et al. (1995) and Voss et al. (2009), the up-
per layers consist of Cenozoic sediments. The abrupt change of crustal velocities at
340 km marks the continent-ocean boundary (COB), with oceanic crust to the south-
cast (Fig. 3.17). Below the Kolbeinsey Ridge rift valley the crustal P-wave velocities
decrease and represent most likely higher porosities and higher temperatures compared

with its surroundings (Grevemeyer & Weigel 1996, Kodaira et al. 1997).

Upper Mantle

The upper mantle velocity is 7.9 km/s (Fig. 3.16). Below the Kolbeinsey Ridge rift
valley the mantle velocities decrease to 7.6 km/s (Fig. 3.16). The low velocity can be
assigned to about 10% mantle serpentinisation (Horen et al. 1996, Christensen 2004)
and higher temperatures compared with its surroundings (Christensen 1979, Kodaira

et al. 1997).

3.3.2 Error Analysis

The significance of the P-wave model is described by the x? value of 1.388 and the
trus value of 0.126 s (Tab. 3.5). Approximately 97% of the 18643 P-wave picks could
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be ray traced. Following the method of Schlindwein & Jokat (1999), the uncertainties
of the P-wave velocities are £0.3 km/s for the high-velocity lower crust and +0.2 km /s
for the rest of the P-wave model. The higher uncertainty for the HVLC is based on the
low ray coverage compared with the rest of the P-wave model (Figs. 3.18A-C). The
depth uncertainties of the boundaries vary by +0.3 km for the sediment layers and
+0.7 km for the crust-mantle boundary. Below the Kolbeinsey Ridge and the HVLC,
the depth uncertainty is £1 km due to high lateral variations in crustal structures and
varying ray coverage (Figs. 3.18B-C).

The resolution of the P-wave velocities is well resolved (0.50-1.00) for an uncertainty of
+0.2 km /s within the whole model (Fig. 3.18D). However, three locations of poor veloc-
ity resolution (0.40-0.46) exist (Fig. 3.18D): (1) the HVLC between 210 and 340 km,
(2) the Mesozoic-Cenozoic sediment boundary at 320 km, and (3) the area of non-
reversed ray coverage to the southeast of 650 km. The depth values of the upper layers
are well resolved (>0.50) within our model for an uncertainty of £0.3 km and of the

crust-mantle boundary for £0.7 km (Fig. 3.18D).

Table 3.5: Statistical significance (x?) of the P-wave model based on the numbers of observed
travel time picks (n) and the estimated uncertainties (ts) for the different layers. The residual

time (tgars) represents the misfit between the observed and the calculated travel times.

Layer n test [ms] | trms [s] | X
Sediment 1961 | 50 — 175 | 0.083 1.831
Upper Cont. Crust/Oc. Layer 2 | 4539 | 75— 185 | 0.108 1.054

Lower Cont. Crust/Oc. Layer 3 | 9442 | 110 — 220 | 0.131 1.285
Mantle 2701 | 100 — 220 | 0.164 1.991
All 18643 | 50 — 220 | 0.126 1.388
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3.3.3 Discussion of Line 20090100

Crustal and Upper Mantle Structures in Kong Oscar Fjord and across

Kolbeinsey Ridge

The seismic refraction line crosses two geological provinces: Kong Oscar Fjord and
Kolbeinsey Ridge (Fig. 3.1C). This line represents the only well resolved available
crustal information about the HVLC below Kong Oscar Fjord.

The P-wave model show that thick sediments cover the basement of the outer Kong
Oscar Fjord (180-340 km, Fig. 3.17). Due to observed P-wave velocities of 4.4 km /s to
5.1 km/s (Fig. 3.16), and onshore geological as well as geophysical investigations, the
sediments are most likely of Mesozoic age (Escher & Pulvertaft 1995, Schlindwein &
Jokat 1999, Schlindwein & Meyer 1999). Furthermore, the observed shallow intrusions
within the Mesozoic sediments are postulated from magnetic modelling results as well
(Schlindwein & Jokat 1999).

The P-wave velocities of the continental crust are comparable with other results within
the research area (Weigel et al. 1995, Schlindwein & Jokat 1999). The existence of the
HVLC below the Mesozoic sediments support earlier results from Kong Oscar Fjord
(Weigel et al. 1995, Schlindwein & Jokat 1999, Schlindwein & Meyer 1999). In contrast,
the conjugate margin of East Greenland — the western margin of the Jan Mayen Micro-
continent — shows no HVLC (Fig. 3.19; Kodaira et al. 1998a,b). In addition, the
continental crust is 5 km thick and, therefore, 13 km less compared with the COT of
the Kong Oscar Fjord area. These differences can be related to the geological evolution
of the research area (Mjelde et al. 2008a; next paragraph).

The oceanic crust consists of four modelled sublayers (2A, 2B, 3A, 3B) along the
seismic refraction line. The oceanic crustal thickness of 9 km and the low crustal
P-wave velocities below the Kolbeinsey Ridge fit well with results of Kodaira et al.
(1997, 1998b, 560-680 km, Fig. 3.19), although they did not divide the lower crust
into oceanic layers 3A and 3B. In contrast, Weigel et al. (1995) modelled an oceanic

crustal thickness of 13 km. Our identified location of the continent-ocean boundary is
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in good agreement with the results of Weigel et al. (1995), despite a much larger receiver

spacing (50 km), and a high noise level of their data based on heavy ice conditions.

Evolution of the high-velocity lower crust (HVLC)

The P-wave model indicate the presence of a HVLC in the COT with P-wave velocities
higher than 7.0 km/s and a thickness of 3 km (Figs. 3.16 and 3.17; Holbrook et al.
1992). In general, the HVLC is associated with a volcanic margin, characterised by
excess magmatism during continental breakup (Geoffroy 2005).

In total, HVLC was found at three locations in the Norwegian-Greenland Sea: (1)
north of Kong Oscar Fjord along the East Greenland margin (Voss et al. 2009), (2)
at the eastern margin of the Jan Mayen Micro-continent (Breivik et al. 2012), and
(3) along the Mid-Norway margin (Figs. 3.19 and 3.20; Mjelde et al. 2001). At the
East Greenland and Mid-Norway margin, the thickness of the HVLC decreases distal
to the Jan Mayen Fracture Zone (Fig. 3.20; Mjelde et al. 2001, Voss et al. 2009). The
East Greenland margin south of Kong Oscar Fjord and the western margin of the Jan
Mayen Micro-continent show no HVLC (Figs. 3.19 and 3.20A, 800-900 km; Weigel et
al. 1995, Kodaira et al. 1998a,b, Schlindwein & Jokat 1999, Schmidt-Aursch & Jokat
2005a).

The evolution of the HVLC can be related to episodically large melt production and
magmatism along the Jan Mayen Fracture Zone since Mid Eocene time (~48 Ma,
magnetic anomaly C21; Gernigon et al. 2009, Gradstein et al. 2012, Kandilarov et al.
2012), in particular, due to the separation of the Jan Mayen Micro-continent off East
Greenland. Thereby, the Jan Mayen Fracture Zone (a leaky oceanic transform) acted as
a lithospheric thin-spot (a long-lived magmatic pathway for melts) during the oceanic
spreading rather than a lithospheric barrier (Gernigon et al. 2009). This suggestion is
supported by numerical simulations of Huang et al. (2003), who shows that small-scale
convection can develop beneath the transform itself. A rheology of brittle weakening
of the lithosphere along the fracture zone can also explain regions of enhanced mantle

upwelling as well as elevated temperatures beneath transform faults (Behn et al. 2007).
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Figure 3.20: Crustal transect across the northern North Atlantic (Hermann & Jokat 2013b,
modified after Mjelde et al. 2008a) for (A) present day, (B) ~33 Ma, and (C) ~55 Ma ago. The
map shows the seismic refraction lines used for the crustal transect and triangles representing
schematically decreasing HVLC thickness away form the Jan Mayen Fracture Zone. In con-
trast to Mjelde et al. (2008a), the HVLC below Kong Oscar Fjord evolved due to continental

breakup of the Jan Mayen Micro-continent off East Greenland.
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According to Gernigon et al. (2009), a combination of these mechanisms could explain
enhanced mantle upwelling along the Jan Mayen Fracture Zone. As a consequence,
enhanced mantle decompression and partial melting along the Jan Mayen Fracture
Zone occured, compared with surrounding oceanic domains. Based on this, the HVLC
below Kong Oscar Fjord evolved and likely increased the thickness of the existing

HVLC north of the Jan Mayen Fracture Zone (Fig. 3.20; Voss et al. 2009).

The proposed evolution of the HVLC below Kong Oscar Fjord is first of all indicated by
the extension of the HVLC below the COT and below the oceanic crust (Figs. 3.17 and
3.20A; Gaina et al. 2009). This observation implies the evolution of the HVLC during
and after the breakup of the Jan Mayen Micro-continent off East Greenland (Fig. 3.20).
The excess magmatism along the Jan Mayen Fracture Zone might further explain the
evolution of Jan Mayen island as an oceanic plateau north of the Jan Mayen Micro-
continent (Fig. 3.1; Kandilarov et al. 2012). Below the oceanic plateau a HVLC exists,
too (Kandilarov et al. 2012), which might be the counterpart to the HVLC below Kong
Oscar Fjord. The decreasing thickness of the HVLC (15 km) northwards of the Jan
Mayen Fracture Zone (Voss et al. 2009) as well as the disappearance of the HVLC to
the south of Kong Oscar Fjord (Fig. 3.20; Schmidt-Aursch & Jokat 2005a) support the
interpretation of enhanced partial melting along the Jan Mayen Fracture Zone. The
HVLC north of the Jan Mayen Fracture Zone evolved due to two magmatic events: (1)
excess magmatism during the continental breakup between Europe and Greenland, and
(2) a second magmatic event during the breakup of the Jan Mayen Micro-continent off
East Greenland (Voss et al. 2009). The second magmatic event increased the thickness
of the HVLC north of the Jan Mayen Fracture Zone, in contrast to the thinner HVLC
below the conjugate margin off Norway (Fig. 3.20; Voss et al. 2009). Age dating of
volcanic rocks along the Jan Mayen Fracture Zone indicate young volcanism to the
west and to the north of Jan Mayen island (<1 Ma, Mertz et al. 2004), which supports

our model of enhanced melting along the fracture zone.

We postulate that the HVLC below Kong Oscar Fjord was formed during the separation
of the Jan Mayen Micro-continent off East Greenland (Fig. 3.20), and not during the
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initial breakup between Greenland and Norway in the Early Eocene as proposed by
Mjelde et al. (2008a). Facts supportig our interpretations are: (1) below the Scoresby
Sund no HVLC is observed (Schmidt-Aursch & Jokat 2005a), and (2) below the western
margin of the Jan Mayen Micro-continent no HVLC could be modelled (Figs. 3.19 and
3.20; Kodaira et al. 1998a,b).

Crustal structures of Kolbeinsey Ridge and conjugate margins

Passive continental margins, typically observed around the Atlantic Ocean, show sim-
ilar crustal structures (Tab. 3.6; Peron-Pinvidic et al. 2012b, 2013). Using these
structures for the description of Atlantic rifted margins, the Caledonides (0-200 km,
Fig. 3.19) corresponds to the proximal, and the Western Fault Zone (200 km, Fig. 3.19)
to the necking domain. These domains are characterised by about 30 km thick con-
tinental crust and by a drastic crustal thinning, respectively (Tab. 3.6). However,
Peron-Pinvidic et al. (2012b) could not describe a well defined distal and outer do-
main for the Kong Oscar Fjord margin and the Jan Mayen Micro-continent margin for
the present day tectonic situation using the data of Weigel et al. (1995) (Fig. 3.20A).
Instead, they described the Kong Oscar Fjord and the Jan Mayen Micro-continent
margins separately. Narrow distal and outer domains along the margins of Kong Oscar
Fjord and the Jan Mayen Micro-continent are interpreted.

Following our interpretation, we assume the tectonic situation before the Jan Mayen
Micro-continent break up off East Greenland (Fig. 3.20B). The Jan Mayen Basin (hyper-
extended crust) corresponds to the distal domain of the former continental margin, and
the Jan Mayen Ridge is related to the outer domain (Fig. 3.19). These two domains are
mainly characterised by transitional and hyper-extended crust (distal domain) as well
as by an outer high and significant top basement topography (outer domain) (Tab. 3.6).
Comparing our classification of the former East Greenland margin with the conjugate
southern Vgring margin (VM), significant similarities are found (Tab. 3.6, Fig. 3.21).
The proximal and necking domain of the Vgring margin are related to the Trgnde-

lag platform (TP) and the Bremstein-Vingleia Fault Complex (BVFC), respectively
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(Tab. 3.6, Fig. 3.21; Peron-Pinvidic et al. 2012b, 2013). The 30 km thick continen-
tal crust of the Trgndelag platform significantly thins at the Bremstein-Vingleia Fault
Complex and reaches its minimum thickness of 8 km within the Vgring Basin (VB,
Fig. 3.21). The hyper-extended continental crust of the Vgring Basin corresponds to
the distal domain (Tab. 3.6, Fig. 3.21). The outer domain is associated with the Voring
Marginal High (VMH), which is an outer high of the Vgring margin (Tab. 3.6, Fig. 3.21;
Peron-Pinvidic et al. 2012b, 2013). The classification of both conjugate margins sup-
port the interpretation of the Jan Mayen Ridge as an outer high of the former East

Greenland margin during the initial separation in the Early Eocene.

Table 3.6: Domains of Atlantic rifted margins and their main characteristics (Peron-Pinvidic
et al. 2012b, 2013) compared with corresponding structures of Kong Oscar Fjord-Jan Mayen
margin (Fig. 3.19) and Vgring margin (Fig. 3.21).

Domain | Characteristic Kong Oscar Fjord- Vgring Margin
Jan Mayen Margin

Proximal | ~30 km thick Caledonides Trgndelag Platform
continental crust

Necking | major thinning of conti- | Western Fault Zone Bremstein-Vingleia
nental crust, Moho uplift Fault Complex

Distal hyper-extended or COT Kong Oscar Fjord, | Vgring Basin
transitional crust (COT) | Jan Mayen Basin

Outer significant outer Jan Mayen Ridge Vgring Marginal
basement high High

Oceanic | oceanic crust Kolbeinsey Basin Norway Basin

Hence, our interpretation has significant consequences for the crustal accretion: the
Kolbeinsey Ridge developed in the area of hyper-extended continental crust (distal
domain) of the former East Greenland margin, and initiated the formation of the Jan

Mayen Micro-continent due to changes in "far field forces" (named after Peron-Pinvidic
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(red line in small map) to the East Greenland-Jan Mayen margin (green line in small map);
Mjelde et al. 2009). The map shows the location of the crustal transects of the Kong Oscar
Fjord-Jan Mayen margin (Fig. 3.19) and the conjugate southern Vgring margin.

et al. 2012b). The result is a thicker oceanic crust, compared with normal oceanic crust
(Juteau & Maury 1999). Especially oceanic layer 3 is approximately two kilometres
thicker than a normal oceanic layer 3 (Fig. 3.22).

In general, thick oceanic crust is associated with higher mantle temperatures, for ex-
ample +40°C below the Kolbeinsey Basin (Kodaira et al. 1998b, Hooft et al. 2006). In
contrast, Armitage et al. (2009, 2010) showed that a thick oceanic crust additionally
depends on the rift history of the lithosphere. The rift history includes considerable ex-
tension of the lithosphere prior to the impact of a thermal anomaly within the mantle.
The combination of thinned lithosphere and higher temperature results in an enhanced
melt production at the oceanic ridge. This model explains the thick oceanic crust at
the Kolbeinsey Ridge. In addition, the model also explains the thin oceanic crust north

of the Jan Mayen Fracture Zone due to the different rift history.
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Figure 3.22: Comparison of oceanic crustal thickness at Kolbeinsey Ridge with normal

oceanic crust (Juteau & Maury 1999).
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4 Gravity Data

4.1 Gravimetric 2.5D Modelling

The results of the seismic refraction models (Chapter 3) were further verified by 2.5D
gravity modelling. The 2.5D gravity modelling provides additional information about
sedimentary, crustal and upper mantle densities within the research area. Finally, for
the compilation of a 3D gravity model, our seismic and 2.5D gravity results are used

as boundary conditions (Chapter 4.2.2).

4.1.1 Data Acquisition, Processing and Modelling

Parallel to both seismic refraction lines (Chapter 3), gravity data were continuously
recorded with a sample rate of 10 s using a KSS31 gravimeter developed by Bodensee-
werke (Jokat et al. 2010). Based on an average ship velocity of 2.5 m/s, the resulting
sampling distance was approximately 25 m. For the integration of the relative sea
measurements into the International Gravity Standardisation Network (IGSN) as well
as for the instrumental drift correction, tie measurements with a LaCoste & Romberg
gravimeter (model no. G-1031) were done. The drift of the KSS31 gravimeter is nearly
linear with a drift rate less than 30 pm/s® per month and the accuracy of the marine
gravity data is approximately 25 pm/ s (BGGS 2011).

Processing of the gravity data included: determination of instrumental drift (~23 pm/ s
per month), latitude correction (<1470 pm/s”), Eotvos correction (<219 pm/s®), and
free-air correction (Torge 1989, Blakely 1995). Finally, the free-air anomaly values were
low-pass filtered with a cut-off wavelength of 80 s in order to suppress the ship noise
(Voss & Jokat 2007).

2.5D gravity modelling was done using the software package IGMAS (Gotze & Lah-
meyer 1988). Therefore, our two P-wave models were converted into a preliminary den-

sity model by applying the empirical velocity-density relation of Ludwig et al. (1970)
p = —0.00283V5 + 0.0704V3 — 0.598V2 + 2.23Vp — 0.7 (4.1)

65



4 Gravity Data

with p the density in g/(:m3 and Vp the P-wave velocity in km/s (Fig. 4.1). Using
the P-wave models as boundary conditions, the ambiguity associated with potential
methods was significantly limited (Blakely 1995). For the 2.5D gravity modelling, the
P-wave model layers were split into several polygons with constant densities and were
extended by five times the line length perpendicular to the line orientation (Figs. 4.2
and 4.3). During the modelling, the layer boundaries were kept constant by only
slightly changing the density values. A reasonable fit between modelled and observed
gravity data was reached by minor variations of the sedimentary and crustal densities
and significant modifications of the mantle densities. The modelled density values are
within the error bars of the applied velocity-density relation of Ludwig et al. (1970)
(Fig. 4.1).

The density uncertainties were estimated by model perturbations (density variations) of
single polygons until the residuals are greater than the uncertainty of the marine gravity
data. The uncertainties were estimated with £10 kg/m3. However, the ambiguity of
potential methods (Blakely 1995) is not included in the uncertainty investigations.
Therefore, the modelled densities represent rather relative density values than absolute

density values.

4.1.2 Line Boreas Basin — Knipovich Ridge (20090200)

The following results of the 2.5D gravity modelling of line 20090200 and its interpreta-
tion are published by Hermann & Jokat (2013a).

Gravity Model

The free-air anomaly along line 20090200 ranges between -150 pm/ s* and 800 pum/ §?
(Fig. 4.2). At the Knipovich Ridge rift valley a significant, symmetric gravity low with
an amplitude of approximately 800 pm/s> can be observed (Fig. 4.2). This negative
gravity anomaly is typical for mid-ocean spreading centres (Chapter 4.2.1, Fig. 4.4).

The sedimentary densities increase with depth from 1720 kg/m? to 2230 kg/m3. The

densities of the oceanic crust vary between 2300 kg/m? and 2400 kg/m? for layer 2A,

66



4 Gravity Data

V, [km/s] | . [10° kg/m?] | p,,, [10° kg/m?]
2.0 1.65 217
3.0 2.16 2.45
8 40 2.28 2,64
5.0 2.32 2.70
6.0 2.36 2.80
) 7.0 2.65 3.13
8.0 3.1 3.38
— 6 —
9
£
=
2
©
0o i
°
>
Q
>
©
3
e,
used velocity-density relation
upper limit of
2 - velocity-density relation
lower limit of
velocity-density relation
error bars
I T T T T I T T T T I T T T T I T T T T I
1.5 2 25 3 35

density [103 kg/m3]

Figure 4.1: Empirical velocity-density relation of Ludwig et al. (1970) with its error bars
(small table).

2500 kg/m? and 2600 kg/m? for layer 2B, and 2700 kg/m? and 2900 kg/m? for layer 2C.
Below the Knipovich Ridge rift valley, the crustal densities are decreased and vary
between 2300 kg/m? and 2700 kg/m? (Fig. 4.2). In accordance with our seismic results,
no oceanic layer 3 has to be modelled, to achieve a reasonable fit between the observed
and calculated gravity data. The mantle densities vary between 3300 kg/m?, close to
the Northeast Greenland Shelf, and 3170 kg/m?, below the Knipovich Ridge rift valley
(Fig. 4.2).

Error Analysis

In general, the gravity model is consistent with our seismic refraction model. The

standard deviation is 60 pym/ s” relative to the observed free-air anomaly, which is within
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the uncertainty of the used modelling method (£100 pm/ s?, Ljones et al. 2004). The
maximum residual between the modelled and the measured gravity values is -160m/ s
This value is caused by the 3D effect of the seamount at 70 km line distance (Fig. 4.2),

since the true 3D shape of the seamount is not known.

Comparison of gravity and seismic model

The sediments along line 20090200 show increasing density values and decreasing Vp/Vs
ratios with depth (Chapter 3.2, Fig. 3.10), indicating a growing consolidation of the
sediments with depth. Based on our seismic model (Chapter 3.2, Fig. 3.10), the Mid
Miocene reflector was interpreted inbetween the sediments, where the P-wave velocities
significant changed from 2.2 km/s to 2.7 km/s. However, such a boundary could not
be identified in the gravity model, because of a constant increase of the density values
with depth (Fig. 4.2).

The crustal densities are in good accordance with oceanic layer 2 densities of the
Atlantic ocean (2490-2870 kg/m?, Carlson & Raskin 1984). Small lateral density varia-
tions up to 500 kg/m? (Fig. 4.2) indicate no significant variations in the composition
of oceanic crust as well as thermal density variations. At the Knipovich Ridge rift
valley significant reduced crustal densities (23002700 kg/m3, Fig. 4.2) reveal open
fissures and cracks in the basaltic layers (Grevemeyer & Weigel 1996). Northwest of
360 km, no reduced crustal densities are found (Fig. 4.2), since fissures and cracks are
closing with age. Close to the Northeast Greenland Shelf, reduced crustal densities
(2550-2750 kg/m?, Fig. 4.2) are modelled. However, this region is not well constrained
by seismic refraction waves (Chapter 3, Fig. 3.1B), because heavy sea ice conditions
prevented the prolongation of the seismic refraction line onto the shelf, and therefore,
across the suggested continent-ocean transition zone (Engen et al. 2008). Consequently,
it remains speculative, if the reduced crustal densities indicate the oceanward limit of
the continent-ocean transition zone of the Northeast Greenland margin.

Lateral density variations of the upper mantle range between 3170 kg/m? and 3300 kg/m?

along our entire line (Fig. 4.2). The lateral variations are not observed in the P-wave
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model (Chapter 3.2, Fig. 3.10). Therefore, the increasing mantle densities from the
Knipovich Ridge towards the East Greenland margin can be explained by decreasing
mantle temperatures and thickening of the lithosphere (Breivik et al. 1999, Engen et
al. 2006).

Existence of an extinct spreading centre in the Boreas Basin

Mosar et al. (2002b) suggested an extinct spreading centre in the Boreas Basin. It
is located in the area between 0 km and 80 km (Fig. 4.2). Following Mosar et al.
(2002b), an early spreading segment was linked to the Mohns Ridge segment via the
Greenland Fracture Zone. Unfortunately, the aeromagnetic data of Ehlers & Jokat
(2009) does not cover the area northwest of the seamount (70 km, Fig. 4.2). Therefore,
no magnetic spreading anomalies could be identified in this area. An extinct spreading
centre would produce a symmetric gravity low between 20 km and 50 km (Fig. 4.2),
flanked by two gravity highs at 0 km and 70 km after removing the gravity effect of
sediments (Fig. 4.2). However, no symmetric gravity low is evident (blue line, Fig. 4.2).
Thus, we conclude that no extinct spreading centre exists. Hence, the Boreas Basin

was formed along the ultraslow spreading Knipovich Ridge during its entire history.

4.1.3 Line Kong Oscar Fjord — Kolbeinsey Ridge (20090100)

The following results of the 2.5D gravity modelling of line 20090100 and its interpreta-
tion are submitted by Hermann & Jokat (2013a).

Gravity Model

The free-air anomaly values range between -1030 pm/s” and 710 pm/s® along the en-
tire line (Fig. 4.3). In general, the anomaly values are typical for passive continental
margins (Fig. 4.3; Worzel 1968, Rabinowitz 1982, Watts & Fairhead 1999): (1) free-air
gravity highs over the shelf break (at 400 km), (2) free-air gravity lows over the conti-
nental slope (at 440 km), and (3) a free-air gravity high farther seaward (>520 km). At

the Kolbeinsey Ridge rift valley a symmetric gravity low with an amplitude of approxi-
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mately 200 um/s> can be observed (580 km, Fig. 4.3). The densities of the continental
crust increase with depth from 2750 kg/m? to 3150 kg/m?® (<200 km, Fig. 4.3).

In the continent-ocean transition zone, the Mesozoic sediment cover has a density
of 2540 kg/m? (190-310 km, Fig. 4.3). Higher densities of 2620 kg/m? within the
Mesozoic sediments are based on intrusions of Lower Tertiary basalt sills and dykes
(Escher & Pulvertaft 1995, Schlindwein & Meyer 1999). The upper layer densities of the
transitional crust vary between 2680 kg/m?® and 2910 kg/m? (200-340 km, Fig. 4.3).
The deepest crustal layer has a density of 3180 kg/m?, indicating the HVLC (200
390 km, Fig. 4.3).

In the oceanic domain, the Cenozoic sediments have densities between 1990 kg/m? and
2310 kg/m3, which increase with depth (Fig. 4.3). The oceanic crustal densities are
2370 kg/m? for oceanic layer 2A, 2730 kg/m? for oceanic layer 2B, 2930 kg/m? for
oceanic layer 3A, and 3050 kg/m? for oceanic layer 3B (>340 km, Fig. 4.3). Below the
Kolbeinsey Ridge rift valley, the reduced crustal densities range between 2330 kg/m?
and 3040 kg/m? (580 km, Fig. 4.3), indicating high porosity and higher temperatures
of the young oceanic crust (Grevemeyer & Weigel 1996, Kodaira et al. 1997).

The mantle densities vary between 3220 kg/m? and 3300 kg/m? (Fig. 4.3). Low mantle
densities can be found below the Kolbeinsey Ridge rift valley (3220 kg/m?®) and further
southeast (3250 kg/m?, >640 km, Fig. 4.3) representing thermal anomalies within the
upper mantle (Kodaira et al. 1997, Schmidt-Aursch & Jokat 2005b).

Error Analysis

In general, the gravity model is consistent with our seismic refraction model. The
standard deviation relative to the observed free-air anomaly is 70 pym/ s®. Hence, the
residuals are within the uncertainty of the gravity modelling method of £100 pm/ s2
(Ljones et al. 2004). High residual values between the modelled and measured free-air
anomaly of -340 pum/s® and 330 pum/s” exist between 110 km and 200 km (Fig. 4.3).
These residuals are the result of the pronounced non-straight geometry of line 94340,

which experience difficulties in modelling (Chapter 3, Fig. 3.1C; Schlindwein 1998).
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Hence, the seismic rays do not travel along the projected seismic refraction line, and
therefore sample different structures compared with the acquired gravity data. The
maximum residual value of line 20090100 is 190 pum/s” at 580 km (Fig. 4.3). This
value corresponds to highly variable structures in the lower crust along the Kolbeinsey

Ridge rift valley (Kodaira et al. 1997).

Comparison of gravity and seismic model

Regarding the P-wave and gravity model, thick sediments cover the basement offshore
Kong Oscar Fjord (Chapter 3.3, Fig. 3.17). The sediment density of 2540 kg/m? is
typical for Devonian rocks (180-340 km, Fig. 4.3; Schlindwein 1998). However, typical
Devonian P-wave velocities of 5.5 km/s are not observed (Chapter 3.3, Fig. 3.17).
Shallow intrusions within the sediments produce significant higher average densities of
about 80 kg/m? compared with the surrounding sediment density values (240-280 km,
Fig. 4.3). Based on geological investigations, the sediments are of Mesozoic age (Escher
& Pulvertaft 1995, Schlindwein & Jokat 1999, Schlindwein & Meyer 1999).

Our densities of the continental crust are comparable with other results within the
research area (Weigel et al. 1995, Schmidt-Aursch & Jokat 2005b). Small density
differences of up to 100 kg/m? exist for the HVLC, which is within the error bars of
the velocity-density relation (Figs. 3.16 and 4.3; Weigel et al. 1995, Schlindwein 1998,
Schmidt-Aursch & Jokat 2005b, Voss & Jokat 2007).

The gravity low at the Kolbeinsey Ridge rift valley (200 pm/s”) is smaller than at
the Knipovich Ridge rift valley (800 pm/s*, Chapter 4.1.2). Following Hall et al.
(1986), this observation corresponds to a faster spreading at the Kolbeinsey Ridge
compared with the Knipovich Ridge. Therefore, the amplitude and the wavelength of
a mid-ocean free-air anomaly low decreases with increasing spreading rate of mid-ocean
ridges. The result is a smooth topography of the mid-ocean rift valley and a small low-
density root extending vertical into the mantle (Hall et al. 1986). At the Kolbeinsey
Ridge, no pronounced mid-ocean rift valley and no low-density root exist (Fig. 4.3).

In contrast, the Knipovich Ridge rift valley has a rough topography and a low-density
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root extending into the mantle (Fig. 4.2). These facts describe the main differences
between the ultraslow (Knipovich Ridge) and the slow spreading ridges (Kolbeinsey
Ridge; Dick et al. 2003).
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4.2 Gravimetric 3D Modelling

Combining all seismic refraction and 2D or 2.5D gravity models, a consistent 3D crustal
model along the East Greenland margin can be achieved. The 3D gravity model of the
research area was calculated using the software package IGMAS+ (Gotze & Lahmeyer
1988).

4.2.1 The Arctic Gravity Project (ArcGP)

For calculating the 3D gravity model of the eastern Norwegian-Greenland Sea, the
public-domain Arctic Gravity Project grid (ArcGP, Kenyon et al. 2008) was used. The
ArcGP is a compilation of the gravity field onto a 5'x5’ grid of the free-air anomaly
north of 64°N (Fig. 4.4; Kenyon et al. 2008). This database incorporates data from
different measuring platforms: surface (e.g. Boebel 2000), airborne (Brozena et al. 1997,
Forsberg et al. 2002), submarine (Edwards & Coakley 2003), and satellite (Laxon &
McAdoo 1994, Forsberg & Skourup 2005). Following Forsberg & Kenyon (2004), the
ArcGP includes atmospheric corrected free-air anomalies with reference to the World
Geodetic System from 1984 (WGS84). The error of the ArcGP gravity grid can be
estimated with approximately 20 pm/ s> RMS and a resolution of 6 km (Forsberg
& Kenyon 2001). For the subsequent 3D modelling, the latest ArcGP grid version
(updated: March 19", 2008) was used.

4.2.2 Boundary Conditions

Boundary conditions for 3D gravity modelling are necessary to reduce the ambiguity
of potential methods (Blakely 1995). Thus, additional information of geology, tectonic,
well logs, seismic lines, gravity models, and further geophysical datasets were used as
boundary conditions (Tab. 4.1, Fig. 4.5).

Hence, the bathymetry (IBCAO, Jakobsson et al. 2012) and crustal structures like:
(1) basement depth, (2) horizontal extension of continental crust, (3) boundary depth

between upper and lower continental crust, (4) horizontal extension and thickness of
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Figure 4.4: Free-air anomaly map of northern North Atlantic with a resoluton of 5’ x 5’
(ArcGP, Kenyon et al. 2008). The 13 sections of our 3D gravity model are shown. The four

annotated white sections are presented in Chapter 4.2.3.
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the HVLC, and (5) Mohorovi¢i¢ (Moho) depth are available (Tab. 4.1, Fig. 4.5). Es-
pecially, depth-converted seismic reflection lines and well logs of the Ocean Drilling
Programme (ODP) provide additional constraints for the basement depth. In addi-
tion, reconstructed plate boundaries of the Jan Mayen Micro-continent and the East
Greenland margin indicate the horizontal extension of the continental crust.

Density information were gathered from: (1) our 2.5D gravity models (Chapter 4.1),
(2) other 2D gravity models, (3) 3D gravity models next to the research area, and (4)
bulk density logs of 14 ODP wells, drilled in the Norwegian-Greenland Sea (Tab. 4.1,
Fig. 4.5). Based on these information, the sediments were divided into three layers and
the continental crust into two layers (Tab. 4.2).

For deciding the distance between each section, a spectral analysis of the free-air
anomaly was calculated (Fig. 4.6). The smallest significant peak within the power
spectral density (PSD) of the free-air anomaly is at 80 km. To avoid alias effects, the
distance between each section was set to 40 km. Hence, we focus on the interested
large-scale gravity anomalies. Following Blakely (1995), these gravity anomalies have

their source depths in the lower crust and upper mantle in the research area (4-66 km

depth).
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Table 4.1: Boundary conditions used for our 3D gravity model (Fig. 4.5). The boundary conditions for continental crust include

the horizontal extension of the crust, and the depth of the boundary layer between upper and lower crust.

Data

Author

Feature in Fig. 4.5

Boundary Condition for ...

seismic refraction

lines

Weigel et al. (1995), Kodaira et al. (1997)

Kodaira et al. (1998a), Kodaira et al. (1998Db)
Schlindwein & Jokat (1999), Klingelhofer et al. (2000)
Ritzmann et al. (2002), Ljones et al. (2004)

Ritzmann et al. (2004), Czuba et al. (2005)

Voss & Jokat (2007), Dgssing et al. (2008)

Kandilarov et al. (2008), Voss et al. (2009)

Kandilarov et al. (2010), Breivik et al. (2012)

Jokat et al. (2012a), Kandilarov et al. (2012)

line 20090200 (Chapter 3.2), line 20090100 (Chapter 3.3)

basement and Moho depth,
horizontal extension and
thickness of HVLC,
horizontal extension and
depth of boundary layer

upper—lower continental crust

2D/2.5D gravity
models (along
seismic refraction

lines)

Weigel et al. (1995), Schlindwein & Jokat (2000)

Ritzmann et al. (2002), Ljones et al. (2004)

Ritzmann et al. (2004), Mjelde et al. (2007)

Voss & Jokat (2007), Dgssing et al. (2008)

Kandilarov et al. (2008), Voss et al. (2009)

Kandilarov et al. (2010), Kandilarov et al. (2012)

line 20090200 (Chapter 4.1.2), line 20090100 (Chapter 4.1.3)

density of sediments, crust,

HVLC, and mantle

seismic reflection

lines

Berger & Jokat (2008), Berger & Jokat (2009)

basement depth

Continued on the next page
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Data Author Feature in Fig. 4.5 | Boundary Condition for ...

3D gravity models Schmidt-Aursch & Jokat (2005b), Winter (2011) (1), (2) basement and Moho depth,
horizontal extension and
thickness of HVLC,
horizontal extension and
depth of boundary layer
upper—lower continental crust,
density of sediments, crust,
HVLC, and mantle

bathymetry (IBCAO) | Jakobsson et al. (2012) grey scale bathymetry

bulk density logs Myhre et al. (1995a,b,c,d) @® 907-909, 913 density of sediments,

(ODP) Jansen et al. (1996a,b,c,d) 907, 985-987 basement depth

Talwani et al. (1976a,b,c,d,e) 344348, 350
modelled plate Escher & Pulvertaft (1995), Scott (2000) (a), (b) horizontal extension of
boundaries Tsikalas et al. (2002), Gaina et al. (2009) (), (d) continental crust
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4 Gravity Data

Table 4.2: Densities of the 10 geological model bodies applied in our 3D gravity model. The

reference body surrounds the entire 3D model.

Model Body Density |kg/m3|
Water 1030
Upper Sediments 1900
Middle Sediments 2100
Lower Sediments 2400
Upper Continental Crust 2700
Lower Continental Crust 2950
HVLC 3100
Oceanic Crust 2900
Mantle 3300
Reference 2670

4.2.3 The 3D Model

The 3D gravity model has an extension of 480 km x 1200 km x 50 km and consists of
13 sections (Fig. 4.5). The model area is extended by 2400 km in each direction to avoid
boundary effects. The sections are NE-SW oriented, to cross the important geological
provinces and ocean basins perpendicular (Fig. 4.5). The distance between each section
is 40 km. The station spacing along each section is 10 km. Therefore, modelling of
gravity anomalies with wavelengths > 20 km along the sections is possible.

The modelled mantle densities vary between 3200 kg/m?® and 3350 kg/m? (Tab. 4.3).
Higher densities of 3350 kg/m?, compared with the average mantle density of 3300 kg/m?,
exist below the Greenland Basin and the Boreas Basin. In contrast, below the Knipovich
Ridge, the Mohns Ridge, and the Kolbeinsey Ridge as well as below the Kolbeinsey
Basin low mantle densities are observed (3200-3270 kg/m?3, Tab. 4.3). The modelled
mantle is shown in four exemplary sections from our 3D gravity model (Fig. 4.4):
section 1 (Fig. 4.7), section 4 (Fig. 4.8), section 9 (Fig. 4.9), and section 13 (Fig. 4.10).
80



4 Gravity Data
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depth [m]
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I 3D Gravity Model Section 3D Gravity Model

Figure 4.5: Boundary conditions used for the 3D gravity modelling. References for the used
and shown data see Figure 2.2 and Table 4.1. The black lines show the 13 sections of our 3D

gravity model.
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Figure 4.6: Power spectral density of the Greenland Sea free-air anomaly against the wave-

length. The red line indicates the onset of the first significant local maximum at 80 km.

Table 4.3: Densities of the 6 mantle model bodies applied in the 3D gravity model. The

mantle body "Mantle" represents normal mantle densities.

Model Body Density |[kg/m3|
Mantle 3300
Greenland Basin & Boreas Basin 3350
Knipovich Ridge 3250
Kolbeinsey Basin 3250
Kolbeinsey Ridge 3200
Mohns Ridge 3270
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4 Gravity Data

Section 1

Section 1 is located in the middle of the Norwegian-Greenland Sea and crosses the
eastern margin of the Jan Mayen Micro-continent, the Mohns Ridge, and the Knipovich
Ridge (Fig. 4.7). To the north, the section terminates on the Barents Sea Shelf. The
free-air anomaly varies between -260 pm/ s* and 830 pum/ s*. At the Mohns Ridge, a
symmetric gravity low of 600 ym/s” is observed (450-600 km, Fig. 4.7).

Thin sediments of less than 1 km thickness are modelled along the entire section, ex-
cluding the Barents Sea Shelf. Here, the sediments are 3 km to 4 km thick (>1050 km,
Fig. 4.7). Above the Jan Mayen Micro-continent, the sediment thickness is 1 km
(<100 km, Fig. 4.7). The continental crust of the Jan Mayen Micro-continent has
a thickness of 9 km, increasing to 14 km below the Jan Mayen Ridge (50-150 km,
Fig. 4.7). Below the Jan Mayen Micro-continent, a 2 km thick HVLC can be found
(100-150 km, Fig. 4.7). The remaining part of section 1 shows oceanic crust with 3 km
to 5 km in thickness. At the Jan Mayen Fracture Zone and at the Mohns Ridge, the
crust is 5 km thick. Around the Knipovich Ridge area, the crust has an average thick-
ness of 3 km (Fig. 4.7). The mantle near Mohns Ridge and Knipovich Ridge shows a
low density of 3270 kg/m? compared with a normal mantle densities of 3300 kg/m?3.

Section 4

Section 4 crosses the Jan Mayen Micro-continent and the eastern part of the Greenland
Basin (Fig. 4.8). In addition, the most eastern point of the East Greenland Ridge and
the Knipovich Ridge are passed. The free-air anomaly ranges between -110 pm/ s* and
950 pm/s>. Two significant gravity lows are found along section 4 (Fig. 4.8): (1) at
the Jan Mayen Fracture Zone with a value of 600 zm/s” (300-350 km), and (2) at the
Knipovich Ridge with a value of 700 pm/s” (1000-1100 km).

The sediment thickness is similar to section 1 (less than 1 km), excluding the western
Svalbard margin at the northern end of section 4. Here, the sediments are up to
3 km thick (>1150 km, Fig. 4.8). Below the Jan Mayen Micro-continent, continental
crust is modelled (100-330 km, Fig. 4.8). In detail, below the Jan Mayen Basin, the
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Figure 4.7: Section 1 crosses the Jan Mayen Micro-continent, the Mohns Ridge, and the Knipovich Ridge (Fig. 4.4). The lines in

the lower panel show the boundary conditions based on seismic and gravity data (Fig. 4.5).
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4 Gravity Data

continental crust is 6 km thick, and increases to 25 km below the Jan Mayen Ridge.
South of the Jan Mayen Micro-continent, the oceanic crust has a thickness of 9 km. In
the the Greenland Basin and the Boreas Basin, the thickness of the oceanic crust varies
between 3 km and 4 km. Below the Knipovich Ridge, the crustal thickness is 3 km
(1030-1080 km, Fig. 4.8). The mantle density below the Mohns Ridge is 3270 kg/m?,
and below the Knipovich Ridge 3250 kg/m? (Fig. 4.8).

Section 9

Section 9 starts at the Kolbeinsey Ridge and crosses the Greenland Basin, the East
Greenland Ridge, and the Boreas Basin (Fig. 4.5). At 550 km (Fig. 4.9), the Vesteris
Seamount is located in the Greenland Basin. The free-air anomaly varies between
-260 pm/s” and 770 pm/s>. A symmetric gravity low of 400 pm/s® and a width
of 60 km is observed at the Proto-Jan Mayen Fracture Zone (PJMFZ, 160-200 km,
Fig. 4.9). At the Jan Mayen Fracture Zone (260-380 km), a 120 km wide gravity low
of 500 pym/ s? is found. In contrast, the Vesteris Seamount is characterised by a gravity
high of 600 pm/s” (500-550 km, Fig. 4.9). The East Greenland Ridge (900-950 km)
is characterised by a gravity high of 800 um/ s* and is flanked by two gravity lows of
approximately 400 pm/ s

The sediments have a thickness of less than 1 km along the entire section. Below the
East Greenland Ridge, continental crust with a crustal thickness of 5 km exists (900
950 km, Fig. 4.9). Along the remaining part of section 9, oceanic crust is modelled. The
thickness of the oceanic crust varies between 9 km in the Kolbeinsey Basin (0-300 km,
Fig. 4.9), 5 km in the Greenland Basin (400-900 km), and 3 km to 4 km in the Boreas
Basin (950-1200 km). At the Proto-Jan Mayen Fracture Zone the thickness decreases
to 4 km (150 km, Fig. 4.9). The modelled mantle densities range between 3200 kg/m?
and 3350 kg/m?® along section 9. Increased densities of 3350 kg/m?® are modelled
below the Greenland Basin, the East Greenland Ridge, and the southern Boreas Basin
(Fig. 4.9). In contrast, the mantle below the Kolbeinsey Basin (3250 kg/m?) and below
the Kolbeinsey Ridge (3200 kg/m?) shows lower densities.
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4 Gravity Data

Section 13

Section 13 starts offshore Scoresby Sund, runs along the East Greenland Shelf and
across the Northeast Greenland Shelf to the Boreas Basin (Fig. 4.5). The free-air
anomaly ranges between -90 um/s” and 1020 pm/s” (Fig. 4.10). At the Scoresby Sund
Shelf, a gravity high of 600 um/s” is observed (<100 km, Fig. 4.10). On the Northeast
Greenland Shelf (NEGS, 700-1000 km, Fig. 4.10), free-air anomaly values are larger
than 500 pm/s”.

The thickness of the sediments varies between 1 km and 6 km (Fig. 4.10). Offshore
Scoresby Sund, 6 km thick sediments are modelled (<70 km, Fig. 4.10). In the Green-
land Basin and the Boreas Basin, the sediments are 1 km to 2 km thick. Above
the Northeast Greenland Shelf, the sediment thickness is about 3 km (700-1000 km,
Fig. 4.10). The continental crust below the Northeast Greenland Shelf shows a crustal
thickness of 15 km to 18 km and has a rough basement topography. The thickness of
the oceanic crust along the remaining part of section 13, range between 2 km and 14 km.
Below the Scoresby Sund Shelf, the crustal thickness is 4 km (<70 km, Fig. 4.10). In
contrast, below the Kolbeinsey Basin the oceanic crust is 10 km thick (70-300 km,
Fig. 4.10). At the Jan Mayen Fracture Zone the crustal thickness increase to 14 km
(290 km, Fig. 4.10). In the Greenland Basin the thickness of the oceanic crust is 8 km
to 9 km (330-700 km, Fig. 4.10). In addition, the Greenland Basin is underlain by
a 2 km to 3 km thick HVLC. Below the Boreas Basin, the oceanic crust has a thick-
ness of 7 km to 9 km (1000-1200 km, Fig. 4.10). The mantle densities range between
3300 kg/m? and 3350 kg/m?. Higher densities of 3350 kg/m? are modelled below the
Northeast Greenland Shelf and below the Boreas Basin (>580 km, Fig. 4.10).

Sediment thickness

The sediment thickness of our 3D gravity model ranges between 0 km and 6 km
(Fig. 4.11). In the Kolbeinsey Basin, the Greenland Basin, and the Boreas Basin,
the sediment thickness is less than 1 km, decreasing towards the active spreading mid-

ocean ridges. In contrast, near the shelf and on the Jan Mayen Micro-continent, higher
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4 Gravity Data

sediment thicknesses are modelled (Fig. 4.11). Towards Svalbard and the Barents Sea
Shelf, the sediment thickness is greater than 4 km. At the East Greenland Shelf, off-
shore Scoresby Sund, a sediment fan with up to 6 km thick sediments is located. Above
the Northeast Greenland Shelf and in the western part of the Boreas Basin, the sedi-
ments are 3 km thick (Fig. 4.11). Near the Jan Mayen Micro-continent, the sediment
thickness is about 2 km, especially in the area of the Jan Mayen Basin (western part
of the Jan Mayen Micro-continent). In the western part of the Boreas Basin, N-S to
NW-SE running, narrow, linear depocentres are found (Fig. 4.11). The depocentres

have a sediment thickness of approximately 1 km.

Crustal thickness

The crustal thickness of our 3D gravity model ranges between 2 km and 23 km
(Fig. 4.12). The oceanic crust in the Greenland Basin and the Boreas Basin, is con-
sistently thin with values between 3 km and 4 km. At the Jan Mayen Fracture Zone,
the thickness of the oceanic crust significantly increases within 50 km (from 4 km to
9 km). South of the Jan Mayen Fracture Zone, in the the Kolbeinsey Basin, 8 km to
9 km thick oceanic crust are modelled (Fig. 4.12). Furthermore, thick oceanic crust
exists towards the Northeast Greenland Shelf with a maximum value of 10 km.

The continental crust at the Northeast Greenland Shelf is modelled with a thickness of
15 km maximum (Fig. 4.12). The Jan Mayen Micro-continent has a crustal thickness of
7 km to 13 km below the Jan Mayen Basin and below the Jan Mayen Ridge, respectively.
To the southeast of Jan Mayen island, the crustal thickness of the Jan Mayen Micro-

continent has its local maximum of 23 km.

4.2.4 Residuals

The modelled free-air anomaly match closely with the observed gravity values (Figs. 4.13A,
B). The quality of a 3D gravity model can be evaluated by residuals which are defined
as the deviation between modelled and observed free-air anomalies. For our 3D gravity

model the residuals range between -240 pm/s” and 70 pm/s® (Fig. 4.13C). The stan-
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Figure 4.11: Sediment thickness resulting from our 3D gravity model.
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Figure 4.12: Crustal thickness resulting from our 3D gravity model. Dotted areas mark

continental crust.
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dard deviation (SD) for our 3D gravity model is 10 pm/s*. In most regions of our
model, the residuals are less than £5 pm/ s?. The results are comparable with other
gravity models in Arctic regions (Tab. 4.4). In detail, our residuals are 10-fold smaller
than these published by Schmidt-Aursch & Jokat (2005b) and Winter (2011), because
we used more boundary conditions for our 3D gravity model (Tab. 4.4). In contrast,
the 3D gravity model of Hegewald (2012) from the high Arctic Ocean show similar

residuals.

Table 4.4: Comparison of different 3D gravity models in the Arctic region (Schmidt-Aursch &
Jokat 2005b, Maystrenko & Scheck-Wenderoth 2009, Winter 2011, Hegewald 2012) regarding
data uncertainties and model residuals. For modelling either the free-air anomaly (FA), the

bouguer anomaly (BA), or a combination of both was used.

Reference Data [pm/s’] Gravity Model Remarks
Range [pm/s’] | SD [pm/s?]

Schmidt-Aursch & Jokat £500 -700...500 +100 (ocean.) | BA without

(2005b) +250 (cont.) | topographical

4200 (overall) | correction

Maystrenko & £70 -400...500 £100 BA (onshore),

Scheck-Wenderoth (2009) FA (offshore)

Winter (2011) +9 0...4000 +1250 BA

Hegewald (2012) +20 -30...30 +5 FA (ArcGP)

our study +20 -240...70 £10 FA (ArcGP)

Locally, large residuals exist due to short-wavelength structures, for example near the
Jan Mayen Micro-continent, at the Vesteris Seamount, and at the Hovgard Ridge
(Fig. 4.13C). In addition, short-wavelength residuals in the eastern part of our 3D
gravity model indicate a rough basement topography. Larger residuals are concentrated
at the northern and eastern boundary of our 3D gravity model, showing boundary
effects due to the homogeneous model extension.

The model uncertainties were estimated by model perturbations (variations in depth)
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of single boundary nodes until the residuals are greater than the uncertainty of the ob-
served free-air anomaly. This method is similar to estimations of uncertainties for seis-
mic refraction models (Chapter 3.1.4). The uncertainties were estimated with +0.3 km
for the basement and £1.0 km for the crust-mantle boundary. However, the ambiguity

of potential methods (Blakely 1995) is not included in the uncertainty investigation.

4.2.5 Discussion of the 3D Gravity Model

Comparison of Crustal Structures from Boundary Conditions and

3D Gravity Model

In general, the results of our 3D gravity model match well with the crustal structures
from the used boundary conditions. However, some deviations of crustal structures
between boundary conditions and our 3D gravity model exist. Near the Jan Mayen
Micro-continent, the basement topography deviation is up to 2 km (Fig. 4.8). At the
eastern margin of the Jan Mayen Micro-continent, the basement is 1 km shallower in
our 3D gravity model than in the seismic refraction data of Kodaira et al. (1998a, 100
150 km, Fig. 4.8). The 2.5D gravity model of Mjelde et al. (2007) indicates locally high
sediment densities of about 2600 kg/m3, resulting in a shallower basement topography
in our 3D gravity model. At the western margin of the Jan Mayen Micro-continent, the
basement is 2 km shallower in the 3D gravity model than in the seismic refraction lines
(100-150 km, Fig. 4.7; Breivik et al. 2012). This can be explained by seaward-dipping
reflectors and intrusions with higher densities of 2500 kg/m?® to 2600 kg/m? (Mjelde
et al. 2007, Peron-Pinvidic et al. 2012a,b). Hence, the shallower basement in our 3D
gravity model compared with the seismic refraction data of Kandilarov et al. (2012),
at the northern boundary of the Jan Mayen Micro-continent (230-330 km, Fig. 4.8),
can be explained.

In the Greenland Basin, significant crust-mantle boundary deviations between our 3D
gravity model and the 3D gravity model of Schmidt-Aursch & Jokat (2005b) exist. The
deviations have maximum values of 5 km (300-600 km, Fig. 4.10). The new seismic

refraction lines of Voss & Jokat (2007) and Voss et al. (2009) show detailed information
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Figure 4.13: (A) Measured, (B) calculated, and (C) residual free-air anomaly of our 3D

gravity model. Yellow areas indicate residuals of less than +5 pum/ s2.
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about the Greenland Basin. These seismic refraction lines we used as boundary condi-
tions for our modelling. Furthermore, small-scale crust-mantle boundary deviations up
to 1 km between the 3D gravity model of Schmidt-Aursch & Jokat (2005b) and our 3D
gravity model exist: (1) at the Vesteris Seamount (500-550 km, Fig. 4.9), and (2) at the
Proto-Jan Mayen Fracture Zone (125-175 km, Fig. 4.9). These small-scale structures
could not be modelled by Schmidt-Aursch & Jokat (2005b), because of the section par-
allel location of the structures. Below the Mohns Ridge, the crust-mantle boundary is
approximately 2 km deeper in our 3D gravity model than by Schmidt-Aursch & Jokat
(2005b, 450-600 km, Fig. 4.7). Reason for this is the location of the Mohns Ridge
at the boundary of our 3D gravity model, and therefore, a detailed modelling of the

crust-mantle boundary was not possible.

At the East Greenland Ridge, the basement in the seismic refraction data (Dgssing et
al. 2008) is about 1 km deeper than in our 3D gravity model (925-950 km, Fig. 4.9). In
contrast, Dgssing et al. (2008) also show basement outcrops in their seismic reflection

data supporting our modelling results.

At the western margin of the Boreas Basin, the crust-mantle boundary is 2 km shallower
in our 3D gravity model than in our seismic refraction line 20090200 (1025-1075 km,
Fig. 4.10; Hermann & Jokat 2013a). The deviation is the result of the locally low ray
coverage at the most western point of line 20090200. Therefore, less seismic waves
of the crust-mantle boundary are gathered and uncertainties up to 2 km are possible.
However, if continental crust instead of oceanic crust is modelled in the most western
part of the Boreas Basin, as suggested by Engen et al. (2008), the crustal thickness
would decrease by 2 km (1025-1200 km, Fig. 4.10). East of the Boreas Basin and
at the Knipovich Ridge, the modelled crust-mantle boundary is approximately 2 km
shallower in our 3D gravity model than in the seismic refraction lines of Kandilarov et
al. (2008, 2010, 1100-1150 km, Fig. 4.7; 1125-1175 km, Fig. 4.8). The deviations can
be explained by higher crustal and mantle densities of 3250 kg/m?® and 3500 kg/m?,
respectively, used by Kandilarov et al. (2008, 2010), compared with our density values
(Tabs. 4.2 and 4.3).

96



4 Gravity Data

Regarding the mantle densities, variations are generally related to thermal variations in
the upper mantle (e. g. Breivik et al. 1999, Engen et al. 2006, Greenhalgh & Kusznir
2007). In our 3D gravity model, the mantle densities reveal significant differences
between the Kolbeinsey Basin and the area north of the Jan Mayen Fracture Zone,
namely the Greenland Basin and the Boreas Basin (Fig. 4.14). Thus, indicating that
crustal accretion at the Kolbeinsey Ridge is affected by the rift history and high mantle
temperatures (Chapter 3.3).

Another explanation for the low mantle densities below the Kolbeinsey Basin might
be isostatic anomalies (Menke 1999). However, Hooft et al. (2006) showed that the
Kolbeinsey Basin is isostatically compensated because the topography directly depends
on the crustal thickness. Hence, different seafloor elevations are due to different crustal
thicknesses. Only below Iceland isostatical anomalies are existent (Hooft et al. 2006).
Consequently, isostatical anomalies in the Kolbeinsey Basin might have minor influ-

ences and can be neglected.

Small-scale Segmentation in the Boreas Basin

The deviations between the crust-mantle boundary of our 3D gravity model and seismic
refraction lines at the Knipovich Ridge (Ljones et al. 2004, Kandilarov et al. 2008, 2010)
can also be explained by small-scale segmentation along ultraslow spreading ridges, as
discussed along our seismic refraction line 20090200 (Chapter 3.2). Hence, thicker
oceanic crust, which is produced at magmatic centres, is not sampled in our 3D gravity
model due to the model configuration (section orientation of NE-SW, section spacing
of 40 km, station spacing of 10 km). Based on this, the modelling of the small-scale
segmentation along the Knipovich Ridge (segmentation length ~25 km; Okino et al.
2002) is not possible.

The segmentation at ultraslow spreading ridges can explain the observed linear de-
pocentres in the western part of the Boreas Basin (Fig. 4.11). Periods of low magmatic
activity produce amagmatic sections with smooth basement topography and thin crust.

During this period, small sediment basins evolve (Fig. 3.11) and linear depocentres
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emerge parallel to the spreading direction along the track of amagmatic segments or
parallel to the active mid-ocean ridge. Following Engen et al. (2006) and Dgssing et al.

(2008), more linear depocentres in the Boreas Basin exist.
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Figure 4.14: Gravity effect of the mantle. Smaller values are modelled in the Kolbensey

Basin compared with the Greenland Basin and Boreas Basin.
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5 Crustal Variations along the Northeast Greenland
Margin

The three ocean basins within our research area — Boreas Basin, Greenland Basin, and
Kolbeinsey Basin — evolved at ultraslow to slow spreading mid-ocean ridges. For the
Boreas Basin and the Greenland Basin, the relation of oceanic crustal thickness to
spreading rate fits well (Fig. 5.1). However, the Kolbeinsey Basin does not fit the
general trend of this relation. In contrast, the conjugate Norway Basin, east of the Jan
Mayen Micro-continent, is within the general oceanic crustal thickness to spreading
rate trend (Breivik et al. 2006).

Interpreting the results, the oceanic crustal accretion at the Kolbeinsey Ridge is signif-
icantly influenced by processes in the mantle. However, the Iceland Hotspot and the
subsequent high mantle temperatures might not be the main reason for these processes
(Chapter 3.3.3). This is supported by the thin crust of the Norway Basin, which is

typical for reduced melt generation.

5.1 Iceland Hotspot

In general, the accretion of thick oceanic crust and the formation of volcanic rifted
margins are related to hotspots (e. g. White & McKenzie 1989, White et al. 1992).
Hotspots are regions of long-lived voluminous volcanism and enhanced melt generation.
They are located on mid-ocean ridges (like Iceland) or on lithospheric plates (like
Hawaii; Sleep 2006). A popular model for the Iceland Hotspot assumes that it is caused
by a deep mantle plume (e. g. White & McKenzie 1989, White et al. 1992). Deep
mantle plumes are of simple cylindrical geometry (100-400 km in diameter) consisting
of hot material, which ascend buoyantly (Morgan 1971, Sleep 2006). The mantle
plumes start from "Plume Generation Zones" (named after Burke et al. 2008) which
are located at the core-mantle boundary. Here, "Low S-wave Velocity Provinces" exist,

which are defined as regions with reduced S-wave velocities. The mantle plumes ascend
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Figure 5.1: Crustal thickness versus spreading rate for ultraslow and slow spreading mid-
ocean ridges (Dick et al. 2003). The Kolbeinsey Basin does not fit the general trend of this

relation.

from the boundaries of these low S-wave velocity provinces, which are defined by the
1% reduced S-wave velocity contour line (Vi ~ —1%; Burke & Torsvik 2004). Here,
subducted slabs can trigger starting mantle plumes as described in popular models
(e. g. Steinberger & Torsvik 2012). When the head of the mantle plume arrives the
base of the lithosphere, a brief episode of flood basalts, mafic crustal intrusions, and
radial dyke swarms occur (Sleep 2006).

The subsequent formation of volcanic margins and thick oceanic crust can also be
explained by alternative models, including: (1) delamination, (2) dynamic rifting (ac-
tive upwelling), (3) small-scale rift related convection, and (4) chemical mantle hetero-
geneities (see Meyer et al. 2007 and Voss et al. 2009 for review). Based on this and

unexplained aspects of all models, the existence and the influence of a deep mantle
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plume below Iceland remains controversial (e. g. Foulger & Anderson 2005, Meyer et
al. 2007, Mjelde et al. 2008b, Voss et al. 2009).

Based on our results, we can give some new information about the Iceland Hotspot,
regarding: (1) the Boreas Basin and the Knipovich Ridge, (2) the Jan Mayen Fracture
Zone, and (3) the Kolbeinsey Basin and the Kolbeinsey Ridge. In the Boreas Basin
and at the Knipovich Ridge, thin oceanic crust without a significant oceanic layer 3
does not show any influence of the Iceland Hotspot on the crustal accretion.

At the Jan Mayen Fracture Zone, the thickness of the high-velocity lower crust (HVLC)
decreases away from the fracture zone. This observation indicates that enhanced melt
generation along the Jan Mayen Fracture Zone formed the HVLC below Kong Oscar
Fjord and thickened the HVLC north of the fracture zone. Hence, the enhanced melt
generation along the Jan Mayen Fracture Zone is unrelated to the Iceland Hotspot.
In the Kolbeinsey Basin, thick oceanic crust is based on the rift history and high mantle
temperatures. In general, high mantle temperatures are associated with low S-wave
velocities in the mantle (e. g. Burke & Torsvik 2004, Rickers et al. 2013). Hence, the
area of thick oceanic crust in the Kolbeinsey Basin is compared with a global seismic
tomography model (Fig. 5.2; Ritsema et al. 2011). Following the §V; = —1.25% contour
lines for various depths (200-700 km depth), the contour lines run in parallel to the
boundaries of the Kolbeinsey Basin, especially the Jan Mayen Fracture Zone and the
eastern margin of the Jan Mayen Micro-continent (Fig. 5.2). Therefore, high mantle
temperatures might be present below the entire Kolbeinsey Basin. However, low S-
wave velocities in the mantle are also observed west of Svalbard (300-600 km depth),
indicating that the rift history is more important than higher temperatures. This
conclusion is based on the accretion of thin crust at the Knipovich Ridge, even though
low S-wave velocities are observed in the mantle.

Regarding our conclusion, the Iceland Hotspot is not the main origin for the accretion
of thick oceanic crust, which results in a smaller influence of the Iceland Hotspot on

the evolution of the research area than previously thought.
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Figure 5.2: Iso-velocity contours based on global S-wave tomography (Ritsema et al. 2011)
superimposed on the gravity effect of the upper mantle. The §V; = —1.25% contour lines run
in parallel to the boundaries of the Kolbeinsey Basin (200-700 km depth), especially the Jan

Mayen Fracture Zone and the eastern margin of the Jan Mayen Micro-continent.
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5.2 An Evolution Model for the East Greenland Margin

In Devonian and Mesozoic times extensive rifting, including significant lithospherical
thinning, occurred primarily south of 76°N along the present East Greenland margin
(Schlindwein & Jokat 1999, Schlindwein & Jokat 2000). In most tectonic models it is
accepted that in Paleocene times, about 62 Ma ago, the supposed Iceland Mantle Plume
impinged below (East?) Greenland (Brooks 2011). Simultaneously, a brief period of
flood basalts, dyke swarms, and mafic intrusions occurred (Sleep 2006), which is related
to massive pre- (62-60 Ma) and breakup (57-55 Ma) flood basalts in East Greenland
and West Greenland (Brooks 2011). The following geological evolution, in particular
the influence of the supposed Iceland Mantle Plume on the North Atlantic continental
breakup, is still under discussion.

In the following paragraphs we present three evolution models and describe necessary
modifications based on our new results. Model (1) suggests the formation of thick
HVLC below the continental margin and thick oceanic crust without high mantle
temperatures (van Wijk et al. 2001, Schmeling 2010). During rifting and continen-
tal breakup, shallow melting below the mid-ocean rift valley and deep melting below
the continental margin are calculated in a realistic numerical model (Schmeling 2010).
Thereby, below the continental margin a larger volume of melt is produced than below
the mid-ocean rift valley. Hence, a HVLC as well as a volcanic margin evolved with-
out the existence of a mantle plume or of high mantle temperatures (van Wijk et al.
2001, Schmeling 2010). A HVLC would evolve due to extensive lithosperic thinning
during rifting. Model (1) further shows, that the initial plate separation rate is an
important parameter for the amount of produced melt at continental margins (Collier
et al. 2009, Schmeling 2010). Slow initial plate separation rates of 10 mm/a results
in large melt volumes, which produce a thick HVLC below continental margins. In
addition to slow initial plate separation rates, moderate higher mantle temperatures
are necessary to produce a thick HVLC as observed, for example at the Ethiopian

rift (Schmeling 2010). Regarding our results, model (1) would explain the existence
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of the HVLC below the entire East Greenland margin south of 76°N, including the
castern Jan Mayen Micro-continent margin (66-72°N). However, to the north we could
not observe a HVLC. Using the correlation between a thick HVLC below a continental
margin and slow initial plate separation rates, the existence of a thick HVLC parallel
to the Mohns Ridge and the Aegir Ridge can be explained.

Model (2) is based on active upwelling of the mantle rather than high mantle temper-
atures (Korenaga et al. 2000, Holbrook et al. 2001). Active upwelling describes rapid
vertical movement of material compared with horizontal lithospheric spreading. Passive
upwelling describes reduced vertical movement of material compared with rapid horizon-
tal lithospheric spreading. Model (2) suggests, that active upwelling takes place during
the initial rifting episode and changes to passive upwelling in the post-rift episode.
For the Southeast Greenland margin, normal oceanic crust is produced in distal areas
(>500 km away from hotspot) since 45 Ma. Thereby, the influence of the supposed
Iceland Mantle Plume is spatially restricted to an area of 400 km in diameter (around

hotspot). The surrounding area shows normal mantle temperatures.

Model (3) describes the evolution of thick oceanic crust and a HVLC as the result of pas-
sive upwelling and anomalously high mantle temperatures, produced by the supposed
Iceland Mantle Plume (White 1988, White & McKenzie 1989). The model assumes
a plume head of up to 2000 km in diameter and a increased mantle temperature of
100°C to 200°C. Based on our results, the rifting history is more important than high
mantle temperatures for the accretion of thick oceanic crust at the Kolbeinsey Ridge
(Chapter 3.3). Hence, the crustal accretion took place following model (2), rather than
model (3). This might indicate the minor effect of the supposed Iceland Mantle Plume
on the crustal accretion within our research area. We reject model (3), because of the
thin oceanic crust which was produced a few million years after the continental breakup
along the Mohns Ridge and the Aegir Ridge. At this time, the proposed Iceland Mantle
Plume was located below East Greenland and did not influence the crustal accretion

along both ridges.

Following our interpretation of the 2009 seismic data, the geological evolution has to be
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modified as follows: during rifting and continental breakup, a HVLC and thick oceanic
crust evolved due to: (1) extensive lithospheric thinning, (2) slow initial plate separa-
tion rates, and (3) slightly higher mantle temperatures (model 1). Around 33 Ma ago,
plate reorganisation (Talwani & Eldholm 1977) in combination with the passing of the
Iceland Hotspot of the East Greenland margin, resulted in: (1) the Jan Mayen Micro-
continent breakup off East Greenland (Gudlaugsson et al. 1988), (2) the formation
of the HVLC below Kong Oscar Fjord and the thickening of the HVLC north of the
Jan Mayen Fracture Zone, (3) the initiation of spreading along the Kolbeinsey Ridge,
and (4) the following extinction of the Aegir Ridge (Gaina et al. 2009). Based on our
results, the accretion of thick oceanic crust at the Kolbeinsey Ridge is mainly based
on: (1) significant previous extension between the East Greenland margin and the
Jan Mayen Micro-continent, and (2) higher mantle temperatures below the Kolbeinsey
Basin compared with normal mantle temperatures (Chapter 3.3, Hermann & Jokat
2013b). Hence, the rift history is more important for the Kolbeinsey Basin than the
high mantle temperature due to the Iceland Hotspot. Therefore, the Iceland Hotspot

has a smaller area of influence on the oceanic crustal accretion than previously thought.

5.3 Comparison with South Atlantic Margin

In general, the evolution of the South Atlantic volcanic margins is closely connected
to the Tristan da Cunha Hotspot (e. g. Gladczenko et al. 1997, O’Connor et al. 2012),
which might be explained by a deep mantle plume, rising from the core mantle boundary
(e. g. O’Connor et al. 2012). Here, we focus on the Walvis Ridge of the African
continental margin, showing: (1) that enhanced melt generation might occur along
fracture zones, and (2) that the area of influence of hotspots on crustal accretion is

concentrated on a small area.

The Walvis Ridge originated as hotspot track of the Tristan da Cunha Hotspot (O’Connor
& Duncan 1990) and is bounded by a major transform fault to the north (Fromm et al.

2013). Along the ridge, recent magmatic activity, unrelated to the Tristan da Cunha
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Hotspot, is observed (Haxel & Dziak 2005, Elliott et al. 2009). Regarding our model of
enhanced melt generation along fracture zones, it is suggested that the recent magmatic
activity is explained by accumulated melt along the fracture zone (Jokat et al. 2012b).
Hence, the fracture zone acted as magmatic pathway for melts similar to the Jan Mayen
Fracture Zone.

Regarding the area of influence of hotspots on crustal accretion, the Walvis Ridge has
a maximum width of 360 km and is bounded by normal oceanic crust (7 km thick) on
both sides (Fromm et al. 2013). This value might be similar to suggested values for

the Iceland Hotspot and indicates the reduced influence on crustal accretion.
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The main research area during the ARK-XXIV/3 summer expedition of the RV Po-
larstern in 2009 was the continental margin of Northeast Greenland. Focus of the
expedition was the acquisition of new information about the tectonic history and the
crustal variations along the margin. For these purposes, different datasets — including
two seismic refraction lines and parallel onboard gravity measurements — were recorded.
The first seismic refraction line is located in the Boreas Basin and runs from the ul-
traslow spreading Knipovich Ridge to the Northeast Greenland margin. The second
seismic refraction line starts in the Kong Oscar Fjord and crosses the Kolbeinsey Ridge.
In addition to the recorded gravity data, public-domain gravity data from the ArcGP
are available within the research area.

Summarising our results, both seismic refraction lines provide detailed new facts about
the crustal and upper mantle structures below the Boreas Basin, the Knipovich Ridge,
Kong Oscar Fjord, and the Kolbeinsey Ridge as follows: (1) thin oceanic crust below
the Boreas Basin and the Knipovich Ridge, (2) no significant oceanic layer 3 within
the Boreas Basin, (3) small-scale segmentation along the Knipovich Ridge, (4) thick
oceanic crust below the Kolbeinsey Ridge, and (5) a HVLC below Kong Oscar Fjord.
Based on the gravity data, two 2.5D gravity models were calculated to verify the seis-
mic models by an independent geophysical method. Both models confirmed the seismic
models and were used as boundary conditions for a 3D gravity model. The 3D grav-
ity model represents a consistent crustal and upper mantle model along the Northeast
Greenland margin including our results as well as further published information. Hence,
the 3D gravity model showed that: (1) the oceanic crustal thickness changed signifi-
cantly across the narrow Jan Mayen Fracture Zone, and (2) the upper mantle densities
below the Kolbeinsey Basin are significant lower than below the Greenland Basin and
the Boreas Basin. Using all information, we could give some new statements for the
evolution model of the Northeast Greenland continental margin and the crustal accre-

tion within the research area. Most important new statements based on our results
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are: (1) the structure of oceanic crust (crustal thickness, absence of oceanic layer 3)
along the ultraslow spreading Knipovich Ridge is more heterogeneous than previously
thought, (2) for the accretion of thick oceanic crust at the Kolbeinsey Ridge, the rift
history of Northeast Greenland (extensive thinning before continental breakup) is more
important than high mantle temperatures, and (3) the Iceland Hotspot has a smaller
area of influence on the oceanic crustal accretion than previously thought.

The following discussion focuses on the key statements concerning our results from the

Northeast Greenland margin.

Does hyper-extended continental crust exists within the Boreas Basin?

The ambiguous and weak magnetic spreading anomalies as well as non-reversed seis-
mic refraction results (Dgssing et al. 2008) lead to the conclusion of hyper-extended
continental crust within the Boreas Basin. However, our results of seismic refraction
line 20090200 show that the crust within the Boreas Basin is of oceanic origin. This
conclusion based on the consistent crustal structures along our seismic refraction line
from the active spreading Knipovich Ridge towards the Northeast Greenland margin.
Furthermore, the rough basement topography and the 3 km thin crust, typical for
oceanic crust along ultraslow spreading ridges, speak for an oceanic crust. Therefore,
we conclude that the postulated hyper-extended continental crust within the Boreas

Basin has to be changed into a thin oceanic crust.

Does the ultraslow spreading Knipovich Ridge produce thin oceanic crust

without oceanic layer 37

The Knipovich Ridge has a full spreading rate of 14.6 mm/a, and therefore, it can
be classified as ultraslow spreading ridge (Dick et al. 2003). Compared with other
ultraslow spreading ridges (e. g. Gakkel Ridge; Jokat et al. 2003, Jokat & Schmidt-
Aursch 2007) the Knipovich Ridge produces also no oceanic layer 3, based on our
seismic refraction line 20090200 (crustal thickness of 3 km, crustal velocities <6.3 km/s).

However, seismic refraction lines east of the Knipovich Ridge show a thin oceanic
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layer 3 with crustal velocities above 6.3 km/s (Ljones et al. 2004, Kandilarov et al.
2008, 2010). These seismic refraction lines are located within magmatic segments,
which are characterised by centres of high magmatic productivity. Therefore, a thick
oceanic crust including an oceanic layer 3 is formed. The melt delivered from the
magmatic segments to the magmatically starved, amagmatic segments by lateral dyke
propagation. The amagmatic segments are characterised by thin oceanic crust. This
leads to the conclusion that the crustal structure, including segmentation, along the
ultraslow spreading Knipovich Ridge is more heterogeneous than previously thought
based on former seismic refraction results. Along the Knipovich Ridge an oceanic
layer 3 is produced within magmatic segments and within amagmatic segments no

oceanic layer 3 exists.

Does the HVLC below Kong Oscar Fjord extends below the oceanic crust?

The older published seismic refraction line 94340 within Kong Oscar Fjord shows a
HVLC below the continental crust (Schlindwein & Jokat 1999). However, the seaward
extension of the HVLC could not be verified because the seismic refraction line 94340
does not cross the continent-ocean boundary. Our seismic refraction line 20090100
crosses the proposed continent-ocean boundary and shows a 3 km thick HVLC with
seismic P-wave velocities between 7.0 km /s and 7.4 km /s. Therefore, the HVLC evolved
during the separation of the Jan Mayen Micro-continent off East Greenland, and not
during the Early Eocene breakup of the northern North Atlantic, due to the extension
of the HVLC below the oceanic crust. In addition, we suggest a large melt production

along the Jan Mayen Fracture Zone which caused the HVLC below Kong Oscar Fjord.

Is the accretion of thick oceanic crust at the Kolbeinsey Ridge only caused

by high mantle temperatures?

At the Kolbeinsey Ridge thick oceanic crust of approximately 9 km exists. In general,
normal oceanic crust has a thickness of 7 km (White et al. 1992, Juteau & Maury

1999). Furthermore, a thick oceanic crust relates to high mantle temperatures (White
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& McKenzie 1989, Kodaira et al. 1998b), which could be caused by the proposed
Iceland Mantle Plume. However, these interpretations neglected the rift history of the
Kolbeinsey Basin when explaining the accretion of thick oceanic crust. Following our
interpretation of the Jan Mayen Ridge (eastern part of the Jan Mayen Micro-continent)
as an outer basement high of the East Greenland margin, extensive lithospherical
thinning occured before the continental breakup of the Jan Mayen Micro-continent off
East Greenland. In addition to the extensive lithospherical thinning, subsequent high
mantle temperatures resulted in accretion of thick oceanic crust (Armitage et al. 2009,
2010). Hence, the rift history is more important for the accretion of thick oceanic
crust at the Kolbeinsey Ridge than high mantle temperatures. In addition, our model

explains the crustal thinning to the north across the narrow Jan Mayen Fracture Zone.

Does a simple Iceland Hotspot model explain the crustal variations along

the Northeast Greenland margin?

Along the Northeast Greenland margin significant crustal variations are observable.
The crustal variations — thick and thin oceanic crust, existence and non-existence of a
HVLC —indicate that the Northeast Greenland margin is more heterogeneous compared
with the Southeast Greenland margin. Regarding the HVLC on both sides of the Jan
Mayen Fracture Zone, the evolution is difficult to explain by a simple model of the
Iceland Hotspot. Furthermore, the Iceland Hotspot has a minor area of influence
than previously thought, based on: (1) our model of melt generation along the Jan
Mayen Fracture Zone for the formation of the HVLC below Kong Oscar Fjord, and
(2) the greater importance of the rift history (extensive lithospherical thinning before
continental breakup) compared with high mantle temperatures for the crustal accretion

in the Kolbeinsey Basin.
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This thesis includes the interpretation of: (1) seismic refraction models along two lines,
(2) 2.5D gravity models along both seismic refraction lines, and (3) a 3D gravity model
of the Northeast Greenland margin. Based on our results, many questions remain open
and offering potential for further investigations.

Within local scale, some crustal structures in the Boreas Basin and offshore Kong
Oscar Fjord are still unknown. Therefore, the seismic refraction line 20090200 should
be extended onto the Northeast Greenland Shelf (Fig. 7.1), to seismically determine
the continent-ocean boundary as well as the crustal thickness of the continental crust.
Hence, our suggested non-volcanic margin can be proved. Furthermore, two seismic
refraction lines across the Jan Mayen Fracture Zone are suggested and displayed in
Figure 7.1. Hence, the variation of the HVLC across the fracture zone and our model
of enhanced melt generation along the fracture zone can be proved.

At regional scale, the crustal and sedimentary thicknesses of the Northeast Greenland
Shelf are less well known. Therefore, our 3D gravity model should be extended onto
the Northeast Greenland Shelf (Fig. 7.1). Based on our 3D gravity model, a thermal
model using measured heat flow data from the 2009 summer expedition provides new
information about the mantle structures. In addition, the proposed higher mantle
temperatures below the Kolbeinsey Basin can be tested which will give more new ideas
about crustal accretion and the structure of the Iceland Hotspot.

At global scale, the area of influence of the Iceland Hotspot is still unknown. Therefore,
a numerical geodynamic model of the Iceland Hotspot and northern North Atlantic,
including the local plate tectonic situation, should be developed. Hence, the area of
influence of the Iceland Hotspot can be estimated, using the observed heat flow data,
reconstructed uplift values of the lithosphere, and observed isostatic anomalies. The
results might give new information for the reconstruction of the opening of the northern
North Atlantic, which represents the only deep-water connection into the Arctic Ocean

and, therefore, is important for the global Thermohaline Circulation.
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Figure 7.1: Proposed new seismic refraction lines and new sections for the 3D gravity
model. References for the shown data see Figure 2.2 and Table 4.1. The black lines show the

13 sections of our 3D gravity model.
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A Appendix (Seismic Refraction Data)

Further examples of seismic refraction data, modelled ray coverage, and comparisons
between modelled and picked travel times, are shown in the following figures. Concern-
ing the P-waves of line 20090200, the following examples are presented: (1) OBS data
with picked far offset waves (up to 150 km offset, Fig. A.1), and (2) an OBS station
located in the Knipovich Ridge rift valley (Fig. A.2). For the S-wave modelling of
line 20090200, Fig. A.5 shows observed and calculated P-wave as well as S-wave travel
times for stations with: (1) thick sediments (station 202), (2) crust-mantle boundary
reflections (stations 202, 207), (3) thin sediments (station 210), and (4) refractions
of all three crustal layers (stations 212, 213, 217). P-wave examples of line 20090100
show: (1) an OBS station near the Kolbeinsey Ridge rift valley with no sediment cover
(Fig. A.3), and (2) an OBS station near the shelf slope with thick sediments (Fig. A.4).

The locations of the different stations are shown in Figure 3.1.
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Figure A.1: OBS data example (station 209) of line 20090200 used for the P-wave modelling.

(A) Processed data of hydrophone channel, (B) modelled ray coverage, and (C) modelled and

picked travel times (Hermann & Jokat 2013a). The upper and lower figure are plotted with

a reduction velocity of 8 km/s. Both vertical scales are of different exaggeration.
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Figure A.2: OBS data example (station 216) of line 20090200 used for the P-wave modelling,.
(A) Processed data of hydrophone channel, (B) modelled ray coverage, and (C) modelled and
picked travel times (Hermann & Jokat 2013a). The upper and lower figure are plotted with

a reduction velocity of 8 km/s. Both vertical scales are of different exaggeration.
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Figure A.3: OBS data example (station 103) of line 20090100 used for the P-wave modelling.
(A) Processed data of hydrophone channel, (B) modelled ray coverage, and (C) modelled and
picked travel times (Hermann & Jokat 2013b). The upper and lower figure are plotted with

a reduction velocity of 8 km/s. Both vertical scales are of different exaggeration.
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Figure A.4: OBS data example (station 118) of line 20090100 used for the P-wave modelling,.
(A) Processed data of hydrophone channel, (B) modelled ray coverage, and (C) modelled and
picked travel times (Hermann & Jokat 2013b). The upper and lower figure are plotted with

a reduction velocity of 8 km/s. Both vertical scales are of different exaggeration.
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Figure A.5: Observed and calculated P-wave as well as S-wave travel times from selected
OBS stations of line 20090200 plotted with a reduction velocity of 8 km /s (Hermann & Jokat

2013a). The horizontal scales are of different exaggeration.
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