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Zusammenfassung

Die Baffin Bucht und die Labrador See befinden sich zwischen Gronland und
Kanada. Beide Meeresbecken sind in der Kreide bis zum Eozin entstanden. Sie werden
verbunden durch die Davis Strafle, eine bathymetrische Erhebung, die den Wasseraus-
tausch zwischen beiden Meeren limitiert.

Die Labrador See ist ein inaktives Riftsystem des frithen Nordatlantiks. Ozean-
ische Kruste wurde anhand magnetischer Spreizungsanomalien identifiziert. Es wird
vermutet, dass auch die Kruste der Baffin Bucht ozeanisch ist, jedoch konnten
Spreizungsmuster bisher nicht eindeutig identifiziert werden. Somit ist auch die Ex-
istenz gedehnter kontinentaler Kruste denkbar. Eine dhnliche Kontroverse liegt in der
Davis Strae vor: dicke ozeanische Kruste und kontinentale Fragmente werden disku-
tiert. Die tektonische Entwicklung dieser Region birgt wichtige Informationen fiir die
Davis StraBe als polaren Durchfluss in Paldo-Ozeanmodellen.

2008 und 2010 wurden auf Forschungsreisen zur Davis Strale und in die Baffin
Bucht geophysikalische Daten erhoben, um die tektonische Entwicklung zu beleuchten.
Ich prisentiere hier P-Wellen Geschwindigkeits- und Dichtemodelle entlang eines
710 km langen Transekts in der siidlichen Baffin Bucht und entlang eines 315 km lan-
gen Querprofils in der Davis Strafle. Diese Modelle werden von Reflexionsseismik und
Magnetikdaten unterstiitzt und erweitert.

Die Modelle bestitigen Ergebnisse vorheriger Studien: die Kruste der siidliche Baf-
fin Bucht ist ozeanisch mit einer mittleren Méchtigkeit von 7,5 km. Sie ist iiberlagert
von bis zu 6 km méchtigen Sedimenten. Konjugierend zu den Aufbruchsvulkaniten vor
der Baffin Insel, finden wir seewirts geneigte Reflektorsequenzen in der Reflexions-
seismik vor Gronland. Wir schlieBen somit auf eine magmatisch geprigte Offnung der
stidlichen Baffin Bucht. Auch die Davis Stral3e ist von Vulkanismus geprigt - entlang
des gesamten Querprofils sind Basaltfliisse zu erkennen. Die Modelle zeigen, dass die
Davis Strafe in erster Linie aus Blocken kontinentaler Kruste besteht. Dazwischen
liegt eine 45 km breite Einheit aus neuer magmatischer oder aus stark magmatisch in-
trudierter, gedehnter, kontinentaler Kruste. Wir fiihren diese Einheit auf einen Einfluss
des frithen nordatlantischen Manteldiapirs zuriick.

Mit den neuen Informationen unserer Krustenmodelle konnte ich ein plattenkine-
matisches Modell entwickeln, welches auf bestehenden Rotationspolen basiert. Das
Fehlen klarer magnetischer Spreizungsanomalien in der Baffin Bucht trotz der Prédsenz
von ozeanischer Kruste, ist vermutlich auf die Vielzahl an Stérungen zuriickzufiihren.
Dies fthrt zu kleinen Krustenfragmenten, die zueinander verschoben sind. Durch die
Bewegungsinderung der gronldndischen Platte im spiten Paleozdn wurden Kompres-
sionskrifte aufgebaut. Diese haben vorerst im Bereich der Ungava Verwerfung (der
pria-Eozédnen Plattengrenze) zu Deformationen gefiihrt. AnschlieBend muss sich eine



neue Transformstorung gebildet haben - die Hudson Stérungszone.

Um abzuschitzen zu welchem Zeitpunkt ein Wasseraustausch durch die Davis
Strale moglich war und wie sich die Labrador See entwickelte, habe ich eine palio-
bathymetrische Rekonstruktion erstellt. Hierzu habe ich die Stratigraphie der neu
gewonnenen seismischen Daten mit publizierten Interpretationen und Bohrdaten zusam-
mengefiihrt. Mit dem sogenannten “backstripping” Verfahren berechne ich die Ent-
lastungsflexur der Lithosphire, die Dekompaktion von Sedimenten, die Effekte durch
Meeresspiegelinderungen und die thermische Subsidenz der Lithosphire. Palido-
Lokationen der Profile und die Altersstruktur der Kruste wurden aus unserem neuen
plattenkinematischen Modell abgeleitet.

Obwohl die paldo-bathymetrischen Gitter mit hohen Unsicherheiten behaftet sind,
konnen wir schlussfolgern, dass die Davis Strafle in pria-Eozédner Zeit die Labrador See
von der Baffin Bucht getrennt hat. Es ist wahrscheinlich, dass bereits seit dem Paldozén
der frithe Westgronlandstrom eine Ringstromung dhnlich der heutigen Situation in der
Labrador See verursachte. Unsere Berechnungen konnen in Paldo-Ozenmodellen ver-
wendet werden und somit helfen Paldo-Klimamodelle zu verbessern.
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Summary

The Baffin Bay and the Labrador Sea are located between Greenland and Canada.
Both basins evolved from Cretaceous to Eocene times. They are linked by the bathy-
metric high of Davis Strait, which limits the water transport between both basins.

The Labrador Sea is an extinct rift system of the early North Atlantic. Oceanic crust
has been identified from magnetic spreading anomalies. It is also proposed that the
crust of Baffin Bay is oceanic. But no clear magnetic spreading anomalies are detected
and therefore the presence of stretched continental crust is also possible. A similar
controversy exists on the nature of the Davis Strait crust. Thick oceanic crust as well
as continental fragments are debated. The tectonic evolution of the area is an important
factor for the role of Davis Strait as a polar gateway in palacocean models.

In 2008 and 2010 research expeditions to the Davis Strait and Baffin Bay were un-
dertaken to collect geophysical data on the tectonic evolution of this area. Here, I present
P-wave velocity and density models of a 710-km-long line in southern Baffin Bay and
of a 315-km-long line in the central Davis Strait. The models are supported and com-
plemented by seismic reflection and magnetic anomaly data.

The models support results of previous studies: southern Baffin Bay is underlain
by oceanic crust of 7.5 km thickness on average. The crust is covered by sediments of
up to 6 km thickness. Conjugate to breakup volcanics off Baffin Island, we find sea-
ward dipping reflector sequences in the seismic reflection data of the Greenland margin.
We conclude, that the opening of southern Baffin Bay was accompanied by volcanism.
The Davis Strait is also characterized by volcanism - along most of the profile basalt
flows are imaged. The models reveal that the Davis Strait consists mainly of sections of
continental crust. These are saparated by a 45-km-wide unit of new igneous or highly
intruded, stretched, continental crust. We account this feature to an influence of the
early North Atlantic mantle plume.

With the new information of our crustal models, I developed a plate kinematic
model. Although southern Baffin Bay is underlain by oceanic crust, magnetic spread-
ing anomalies are probably missing due to many fractures. These lead to small scale
crustal sections which are shifted to each other. Due to the reorientation of the Green-
land plate in the Late Paleocene, compressional forces were compensated in the Davis
Strait. These probably resulted first in a deformation within the Ungava Fault Complex
(the pre-Eocene plate boundary) and then caused the evolution of a new transform fault,
the Hudson Fracture Zone.

To estimate at what time a water transport was possible via the Davis Strait and
how the Labrador Sea basin evolved, I calculated palacobathymetry grids. I compiled
published and new seismic data with information from drill sites. In a backstripping
routine, I calculated the effects of flexual unloading for the lithosphere, of sediment
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decompaction, of global sea-level changes, and of thermal subsidence of the lithosphere.
Palaeolocations of the profiles and the age structure of the crust are derived from our
recent plate kinematic model.

Although the grids are characterized by great uncertainties, we can conclude that
the Davis Strait separated the Labrador Sea from the Baffin Bay in pre-Eocene times.
We propose that, similar to today, an early West Greenland Current formed a cyclonic
circulation in the early Labrador Sea basin since the Paleocene. Our palacobathymetric
reconstruction can be used in palacocean models and improve palaeoclimate reconstruc-
tions.
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Chapter 1

Introduction and Motivation

1.1 Polar Gateways

One of the main tasks for geosciences is to understand the factors that control our cli-
mate. Besides human generated changes, such as the concentration of climate forcing
gases in the atmosphere, natural changes like the distribution of land masses, the patterns
of global wind systems and ocean circulations are of great interest. The heat transfer by
ocean currents plays a major role in the climate system, which can easily be recognized
by the mild temperatures in Ireland and Great Britain due to the warm Gulf Stream.

Ocean currents transport great amounts of thermal energy between the latitudes.
As oceanic gateways limit the water transport between different oceans, they are key
features in the global circulation pattern and need special attention. The polar regions
act as energy sinks and play an important role in the global climate system.

Today, the oceanic currents that control the heat transfer between the polar and the
temperate zones are the Antarctic Circumpolar Current in the south and the North At-
lantic and East Greenland Current along with several smaller currents in the north (Fig.
1.1). The Antarctic Circumpolar Current evolved after the opening of the Drake Passage
and the deepening of the Tasman Gateway in the Mid Eocene to Oligocene (e.g. Liver-
more et al., 2007; Stickley et al., 2004). The circulation prevents an invasion of warmer
water masses to the Antarctic coast and is thought to be the controlling factor for the
evolution of an icecap on Antarctica. The dominating currents in the Arctic Ocean are
the Beaufort Gyre and the Transpolar Drift (Fig. 1.1). Warm waters flow into the Arctic
Ocean from the North Atlantic Current and to a smaller extent from the North Pacific
through the shallow Bering Strait. Cold water is transported into the Atlantic by the East
Greenland Current and by a shallow water exchange across the Canadian Archipelago
and the Baffin Bay-Labrador Sea system. While the Polar Ocean was connected to
the world oceans throughout the Mesozoic, it was probably isolated from Late Creta-
ceous to Early Paleogene (Marincovich Jr. et al., 1990). An exchange of deep water
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Figure 1.1: Bathymetry of the Arctic and Antarctic (GEBCO_08 Grid, Version
20090202, http://www.gebco.net) with direction of ocean currents in yellow; redrawn af-
ter Rekacewicz (2005); Rintoul et al. (2001). Abbreviations are: C. (Current), G. (Gyre),
D. (Drift), KC (Kamchatka Current), BC (Baffin Current), LC (Labrador Current), WGC
(West Greenland Current), EGC (East Greenland Current), IC (Irminger Current), NAC
(North Atlantic Current), NC (Norwegian Atlantic Current), BS (Bering Strait), FS (Fram
Strait), DS (Denmark Strait), ACC (Antarctic Circumpolar Current), E. Aust. C. (East
Australian Current), DP (Drake Passage), TG (Tasman Gateway).

with the North Atlantic established between Early Oligocene and Mid Miocene via the
Fram and Denmark Strait (Marincovich Jr. et al., 1990; Engen et al., 2008). The Baf-
fin Bay-Labrador Sea system evolved from Cretaceous to Eocene times (e.g. Chalmers
& Pulvertaft, 2001) and is subject of this study. The tectonic evolution is discussed in
detail in the following section.

1.2 Evolution of the Baffin Bay - Labrador Sea System

The Labrador Sea is an extinct rift system of the early northern Atlantic. While the
North Atlantic still opens between Greenland and Europe, seafloor spreading between
Canada and Greenland ceased in the Late Eocene (Srivastava, 1978). The rift system of
the Labrador Sea is connected to the Baffin Bay basin via the Davis Strait (Fig. 1.2).
While the Labrador Sea and the Baffin Bay exceed water depths of 2000 m, the Davis
Strait is a bathymetric high with less than 700 m water depth (GEBCO_08 Grid, Version
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1.2. Evolution of the Baffin Bay - Labrador Sea System

20090202, http://www.gebco.net). It is characterized by the Ungava Fault Complex, a
major transform fault, that is easily recognized in regional gravity data by a series of
positive anomalies (e.g. Funck et al., 2007; Gregersen & Skaarup, 2007; Gerlings et al.,
2009), Fig. 1.2. Oblique to the Ungava Fault Complex runs the Hudson Fracture Zone
and both meet north of the Davis Strait (e.g. Chalmers & Pulvertaft, 2001). The Hudson
Fracture Zone was first recognized in magnetic anomaly data by Srivastava (1978), but
is often neglected in newer literature (e.g. Sgrensen, 2006; Gregersen & Skaarup, 2007;
Dickie et al., 2011; Oakey & Chalmers, 2012).

Greenland separated from the North American Plate in the Mesozoic. Dyke swarms
that are attributed to rifting of the Labrador Sea margins are dated to Late Triassic to
Early Cretaceous (Larsen et al., 2009; Watt, 1969). Seafloor spreading first started at
magnetic chron 33 (Roest & Srivastava, 1989) or at chron 27N (Chalmers & Laursen,
1995). This is between 80 to 62 Ma according to the timescale of Gradstein et al.
(2004), which is used throughout the text for dating. After Paleocene spreading, the
motion of the Greenland plate changed to a more northward direction, during magnetic
chron 24R (Early Eocene, Srivastava (1978)). This change coincided with the onset
of seafloor spreading between Europe and Greenland (Chalmers & Pulvertaft, 2001).
Seafloor spreading ceased by magnetic chron 13 (Early Oligocene, (Srivastava, 1978;
Chalmers & Laursen, 1995)).

The Labrador Sea and the Baffin Bay basins offer a unique opportunity to study
different crustal structures. While the Labrador Sea is underlain by oceanic crust of 7 km
thickness (Chian & Louden, 1994), central Baffin Bay is underlain by abnormally thin
crust of only 4 km thickness (Keen & Barrett, 1972). The Davis Strait crust is interpreted
as 22-km-thick oceanic crust by Keen & Barrett (1972). Chalmers & Pulvertaft (2001)
argue that the crust is continental.

The Labrador Sea and Baffin Bay margins are characterized by different processes
during their evolution. In the northern Baffin Bay and the southern Labrador Sea, ser-
pentinized mantle material forms the transition from stretched continental to oceanic
crust, Fig. 1.3 (Jackson & Reid, 1994; Reid & Jackson, 1997; Chian & Louden, 1994).
This implies an amagmatic rifting and breakup process, while the Davis Strait area is
characterized by volcanism. Tertiary volcanics crop out onshore of Baffin Island at
Cape Dyer, which are related to the breakup process (Clarke & Upton, 1971; MacLean
et al., 1978). At Disko Island and Nuussuaq Peninsula, Greenland, Early Tertiary vol-
canics are related to the Iceland mantle plume, which Greenland passed (Storey et al.,
1998). Offshore, basalt flows can be traced as sea-ward dipping reflector sequences at
the Baffin Island margin (Skaarup et al., 2006). P-wave models of the crust include a
high velocity lower crust in the Davis Strait area, interpreted as magmatic underplating
(Gohl & Smithson, 1993; Funck et al., 2007; Gerlings et al., 2009). Magmatic under-
platings are mafic bodies attached to the crust in regions of intensive melt production
due to thermal anomalies in the mantle. Funck et al. (2007) and Gerlings et al. (2009)
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1. Introduction and Motivation
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Figure 1.2: (Top) Bathymetric map of the Baffin Bay, Davis Strait, and Labrador Sea area
(GEBCO_08 Grid, Version 20090202, http://www.gebco.net) with place names and direc-
tion of oceanic currents. BC (Baffin Current), LC (Labrador Current), WGC (West Green-
land Current), EGC (East Greenland Current). (Bottom left) Free-air gravity anomalies
derived from satellite altimetry (Sandwell & Smith (2009), version 18.1); UFC (Ungava
Fault Complex), CD (Cape Dyer), NP (Nuussuaq Peninsular), DI (Disko Island). (Bottom
right) Magnetic anomalies (EMAG2 V2, Maus et al. (2009)); HFZ (Hudson Fracture Zone).
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1.3. Research Questions

interpret the underplated crust in southern Davis Strait as a product of the early North
Atlantic - Iceland mantle plume (lines NUGGET-1 and -2 in Fig. 1.3).

1.3 Research Questions

Chalmers & Pulvertaft (2001) provide a detailed overview of the geologic evolution of
the Labrador Sea, Davis Strait and Baffin Bay area. In the following, I only summarize
some of the most important results that help to set the research questions in the following
paragraphs and the papers in chapters 4, 5, and 6 into context.

1.3.1 Crust of the Southern Baffin Bay

While magnetic spreading anomalies in the Labrador Sea clearly characterize this as
oceanic crust (Fig. 1.3, (e.g. Srivastava, 1978; Roest & Srivastava, 1989; Chalmers
& Laursen, 1995)), magnetic spreading anomalies in southern Baffin Bay are debated.
Jackson et al. (1979) first reported magnetic lineations in central Baffin Bay. Due to
the scarce data no identification of magnetic chrones was possible. Recently, Oakey &
Chalmers (2012) re-interpreted the magnetic data in context with a plate tectonic recon-
struction. They interpret short magnetic lineations as results of Paleocene spreading in
the central Baffin Bay.

Keen & Barrett (1972) interpret abnormally thin oceanic crust in the central Baffin
Bay from sonobuoy readings (locations in Fig. 1.3). Rice & Shade (1982) and Jackson
et al. (1992) also identify oceanic type crust in central Baffin Bay from seismic reflection
data. At the EGU Assembley in Vienna, 2007, Chalmers and Oakey first presented a
geologic map that includes the Baffin Bay area with oceanic crust of two spreading
phases (Fig. 1.3). This map is now part of the "Map of the Arctic” by Harrison et al.
(2008) and was recently published in Oakey & Chalmers (2012). This geologic map is
mainly based on potential field data with additional information from seismic reflection
lines.

Although oceanic crust is proposed to underlay Baffin Bay, no clear magnetic
spreading anomalies are detected. Is there stretched continental crust or is there
oceanic crust in southern Baffin Bay? What is the extent of crustal units? How did
southern Baffin Bay evolve tectonically?

1.3.2 Crust of the Davis Strait

Similar to southern Baffin Bay, the nature of the crust in the Davis Strait is dis-
puted. Keen & Barrett (1972) first interpreted a 22-km-thick pile of oceanic crust from
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Figure 1.3: Geologic map (Chalmers & Oakey, 2007) and locations of seismic refraction
profiles; in white are published profiles, in red new data from cruise leg MSM09/3, in
yellow leg ARK XXV/3; L3 (Funck et al., 2006); 1, 3 (Jackson & Reid, 1994); 2, 4 (Reid
& Jackson, 1997); short lines in central Baffin Bay and Davis Strait (Keen & Barrett,
1972); GR89-WA (Gohl & Smithson, 1993); NUGGET-1 (Funck et al., 2007); NUGGET-2
(Gerlings et al., 2009); 88R2 (Chian & Louden, 1994); 90R1 (Chian et al., 1995).
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sonobuoy readings. Srivastava et al. (1982) interpret the Davis Strait High as a continen-
tal fragment, which is enclosed by oceanic crust. Chalmers & Pulvertaft (2001) argue
from sequence stratigraphy that the Davis Strait crust is continental. A recent seismic
refraction profile in the southern Davis Strait reveals that stretched continental crust is
separated by a 140-km-wide section of oceanic crust (line NUGGET-1, Fig. 1.3, Funck
et al. (2007)). This section of oceanic crust coincides with the location of the Ungava
Fault Complex. Oakey & Chalmers (2012) compiled these informations in a geological
map (Fig. 1.3).

What type of crust underlies the central Davis Strait? Is there a similarity to
the published model in the southern Davis Strait? What is the tectonic evolution of
the Davis Strait area?

1.3.3 Palaeobathymetry of the Davis Strait

The Davis Strait limits the water transport between the Labrador Sea and the Baffin Bay.
Part of the West Greenland Current passes the strait and brings warmer waters into the
Baffin Bay. Cold waters from the Arctic Ocean enter the Baffin Bay via Nares Strait and
Lancaster Sound. The cold Baffin Current transports these waters southwards across the
Davis Strait. Here, they form the Labrador Current and enter the Atlantic Ocean.

Which role did the Davis Strait play as a polar gateway in the past? At what
time was a water transfer possible between the Labrador Sea and the Baffin Bay?
What was the palaeobathymetry of the Davis Strait area?

To asses these research questions, new geophysical data were collected. The data
acquisition and the evaluation procedures are briefly described in the following chapter.
Chapters 4, 5, and 6 are the paper contributions I made during my dissertation. Each
manuscript deals with one of the research topics listed above. Overall conclusions and
an outlook are given in chapter 7.






Chapter 2

Dataset, Methods & Processing

2.1 New Geophysical Data

The new data that are evaluated in this study were collected during the cruise leg
MSMO09/3 of the research vessel Maria S. Merian in 2008 (Gohl et al., 2009) and during
the leg ARK XXV/3 of the research icebreaker Polarstern in 2010 (Damm, 2010).

The cruise of 2008 was a cooperation of the Alfred Wegener Institute for Polar
and Marine Research (AWI) and the Federal Institute for Geosciences and Natural Re-
sources (BGR) with the Geological Survey of Denmark and Greenland (GEUS) and the
Canadian Dalhousie University. The cruise was part of a project called DAVIS GATE
of the International Polar Year (IPY 2007/2008) Lead Project Plate Tectonics and Polar
Gateways in the Earth System (Plates & Gates). Survey area was the southern Baffin
Bay and the Davis Strait. The cruise of 2010 was a cooperation of the AWI and the
BGR with focus on the central and northern Baffin Bay. Unfortunately, the acquisition
of data was limited to Greenland waters only due to permitting reasons.

On both expeditions, high resolution seismic reflection and wide-angle seismic re-
fraction data were acquired to analyze the sediment cover and the crustal structure.
Gravity and magnetic anomaly data were collected to complement crustal modelling
and to search for seafloor spreading anomalies and indications of volcanism. Addi-
tionally, multibeam bathymetry and sediment echosounding were recorded. At several
locations of the Greenland margin, the geothermal heat flux was measured during ARK
XXV/3.

For my dissertation, I first developed a crustal and tectonic model in the south-
ern Baffin Bay. The deep-crustal seismic line AWI-20080500 with the extension-line
AWI-20100400 was set up across proposed Paleocene and Eocene oceanic crust with
an Eocene spreading centre (Fig. 1.3). Secondly, I developed a crustal and tectonic
model in the central Davis Strait. Seismic line AWI-20080700 crosses the strait and
the Ungava Fault Complex (Fig. 1.3). For a calculation of the palacobathymetry, I
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Figure 2.1: OBS used during ARK XXV/3 with components labelled (Damm, 2010).

thirdly interpreted new seismic reflection lines (BGR08-301, -304, and -319), compiled
a dataset of existing interpretations, and developed a backstripping routine.

2.2 Data Acquisition

2.2.1 Seismic Refraction Survey with Ocean Bottom Seismometers
(OBS)

Fig. 2.1 displays the components that compose an OBS during deployment. Four chan-
nels of data are acquired by a 3-component seismometer and an additional hydrophone.
In this study, only data of the hydrophone or of the z-component of the seismometer are
used. S-wave modelling of the x- and y-components was not persued due to limited data
quality. Technical details of the OBS and the air-guns are listed in chapters 4 and 5 and
in the cruise reports (Gohl et al., 2009; Damm, 2010). In the following I summarize the
typical actions during the setup of a seismic refraction survey.

e OBS are deployed along a profile and sink to the ground due to the additional
weight of an anchor.

e Seismic pulses are emitted by air-guns along the profile (Fig. 2.2). The seis-
mometers and hydrophones of the OBS receive the motion and data are recorded
on a hard drive within a pressure cylinder (Fig. 2.1).

e After completion of the profile, the vessel returns to the first OBS location.

10



2.2. Data Acquisition

Figure 2.2: (Left) G-Gun used during ARK XXV/3. (Right) A cluster of six G-Guns and
two additional G-Guns are towed by Polarstern during the seismic refraction survey of
ARK XXV/3. Fotos from M. Koch, 2010.

e An acoustic signal is transmitted to open the releaser unit - a device that holds the
anchor fixed to the instrument.

e Disconnected from the anchor weight, the OBS floats up and can be collected
from the surface. The vessel can continue to the next OBS location.

e Data that are stored on the hard drive are transferred to a PC.

The continuous data files, that are recorded by the seismometers and hydrophones,
are cut into traces of 60 s length, according to the shot time. Because the OBS drifted
in the water column after deployment, the actual position has to be determined. This
process is called relocalization. The direct wave is picked and the shortest travel time is
shifted to 0-offset. The OBS section is then ready for traveltime picking.

2.2.2 Multichannel Seismic Reflection (MCS) Survey

During a marine seismic reflection survey, seismic pulses are generated by air-guns
towed by a vessel. The receiving unit is a streamer - a chain of hydrophones that is
also towed by a vessel. Data are recorded on-board and demultiplexed. A real-time
quality control is set up, where the operator can check the signal recorded by a single
hydrophone (channel) and the functionality of all channels. After completion of a sur-
vey, the seismic data are transferred from tape or hard drive to a PC and merged with
navigation information. Subsequent processing steps usually include frequency filter-
ing, velocity analysis, normal move-out correction, stacking, multiple supression, and
migration. The technical details of the equipement and the processing steps are listed in
chapters 4, 5, 6 and in the cruise reports (Gohl et al., 2009; Damm, 2010).

11
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2.2.3 Potential Field Data

Sea gravimeter systems were operated during both cruises. The instruments were lo-
cated at the gravimeter rooms of each vessel and logged data continuously. To account
for the drift of the instruments, calibration measurements were performed at the start
and at the end of each cruise. For these calibrations a separate gravimeter is used at
reference locations. The magnetic anomaly data that are presented in this study were
acquired by towed systems. During the seismic reflection surveys, magnetometers were
towed on a cable behind the vessel. A detailed description of the gravimeters and mag-
netometers is given in the cruise reports (Gohl et al., 2009; Damm, 2010).

2.3 Modelling

2.3.1 P-wave Velocity Model

I developed the P-wave velocity models in chapter 4 and 5 by following a standard
procedure, which I will outline here only briefly. First, traveltimes have to be picked in
the seismic sections of the OBS. Subsequently a P-wave velocity model is obtained by
forward modelling (Fig. 2.3).

For the picking of phases I used the software “zp” (Barry Zelt), which is a free
software that can be downloaded at http://www.soest.hawaii.edu/users/bzelt/zp/ zp.html.
Another common software is zplot (Colin Zelt), http://terra.rice.edu/department/faculty/
zelt/fast.html. Traveltimes of refracted and reflected signals are picked and referred to
as phases of a specific layer. While reflected phases appear as hyperbolas in the seismic
sections, refracted phases are straight or slightly bent lines with an apparent seismic
layer-velocity as the inverse of the slope (Fig. 2.3).

I obtained the P-wave velocity structure by forward modelling using the software
“rayinvr” (Zelt & Smith (1992); Zelt (1994), Fig. 2.3). The model has to be set up
carefully, taking into account the total model length and the positions of relocated OBS
along this line. The dip of refracted phases is an indication of the average P-wave
velocity within a layer, while reflected phases mark layer boundaries (Fig. 2.3). P-wave
velocity and thickness are assigned manually to each layer from top to bottom and are
varied in a trial and error procedure until a best fit for all phases is obtained. Rayinvr
offers the possibility to run an inversion for selected model nodes. I used the inversion
algorithm within single layers to obtain a better fit and statistical values on the quality
of the model. Rayinvr is a well established algorithm that is widely used (e.g. Chian
et al., 2001; Mjelde et al., 2005; Funck et al., 2007; Voss et al., 2009).
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Figure 2.3: (Top) Seismic section of OBS 6, line AWI-20080500. (Bottom) During forward
modelling with rayinvr” the model layers and calculated ray paths are displayed in a
window above the picked travel times (green and red bars) and calculated times (thin black
lines).
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2.3.2 Gravity Model

The density models were developed in a collaboration with by Dr. Ingo Heyde, BGR,
from the free-air gravity data. For a better understanding, I will summarize our proce-
dure briefly. Density modelling was accomplished by forward modelling and a subse-
quent inversion with the software GM-SYS (Northwest Geophysical Associates, Inc.).
We used a first version of a P-wave velocity model as starting model. The layer bound-
aries were used directly, while we calculated average P-wave velocities of each layer
to transfer them into densities. A compilation of P-wave velocities and corresponding
densities is given in Barton (1986). We applied an inversion of the density values to this
starting model, which usually resulted in a better fit of the calculated to the measured
data. We kept density values fixed within a range that was corresponding reasonably to
the P-wave velocity values. Where layer boundaries were not constrained by the P-wave
velocity model, we adjusted these to fit the gravity data and subsequently adjusted the
P-wave velocity model. In several iterations we were able to obtain models that satisfied
the seismic refraction and the gravity data.

2.3.3 Palaeobathymetry

To calculate the palacobathymetry of the Davis Strait area, I collected published stra-
tigraphy from seismic lines to enlarge our dataset from cruise leg MSMO09/3. As most
original data could not be recovered by the authors, I digitized most information from
the published figures. All authors pick different horizons, but the Base Neogene, Base
Cenozoic, and Mid Cretaceous Unconformity are mapped by most authors. By analysis
of the crosspoints of profiles, it is possible to check the depth of each horizon and to
decide if it is misinterpreted.

Several programs exist that perform backstripping. A program by N. Cardozo
performs backstripping at a single point, e.g. a drill site, and is freely available at
http://www.ux.uis.no/~nestor/work/programs.html. The package “balpal” was used at
AWTI in a previous study (Ehlers, 2009; Ehlers & Jokat, 2013). It was developed by C.N.
Wold at GEOMAR, Kiel, 1994, to calculate a palacobathymetry on grids. Unfortunately
it is limited to oceanic crust and consists of more than 40 subroutines, that are difficult to
manage. Commercial seismic interpretation software can perform backstripping along
profiles, but this was not available to me.

I developed a backstripping routine along profiles that accounts for flexual unload-
ing (isostasy), sediment decompaction, and subsidence due to sea-level changes. It is
written in Fortran.90 and can handle up to 10 sediment layers. It can be downloaded
at: https://dl.dropbox.com/u/53905623/backstripping_routine_suckro.zip. The advan-
tage of calculations along a profile is that the result can easily be checked by plotting
the backstripped profile with the original (Fig. 2.4). The backstripped sediment cover
can subsequently be gridded. To account for the thermal subsidence of the crust, I di-
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Figure 2.4: (Top) Original stratigraphy along line BGR77-06 (Chalmers et al., 1993). (Bot-
tom) The same line after backstripping of the first sedimentary sequence; original strati-
graphy underlain in grey.

vided it into sections of the same age and type within a tectonic model. The subsidence
is then calculated at several positions and also gridded. The combination of both grids
produces the palaeobathymetry. The calculations and formulas are described in chapter
6 and appendix C.2
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Chapter 3

Contributions to Scientific Journals

The crustal structure of southern Baffin Bay: implications from a seismic refrac-
tion experiment

S.K. Suckro, K. Gohl, T. Funck, I. Heyde, A. Ehrhardt, B. Schreckenberger, J. Ger-
lings, V. Damm, and W. Jokat

Geophysical Journal International (2012), 190(1), p. 37-58,

doi: 10.1111/5.1365-246X.2012.05477.x

In this paper, we present a P-wave velocity and a density model in the southern
Baffin Bay along with MCS and magnetic anomaly data. The models show that the
basin is underlain by oceanic crust of normal thickness (7.5 km), extending for at least
305 km. From a P-wave velocity increase at the Greenland margin and the occurrence
of sea-ward dipping reflector sequences, we conclude that the margins are volcanic.
With our new crustal models we develop a plate tectonic model, which suggests minor
changes to the map of Chalmers & Oakey (2007).

I calculated the P-wave velocity model, developed the plate kinematic model, pro-
cessed part of the MCS data, and wrote the manuscript. Karsten Gohl supervised the
work and was Chief Scientist during MSMO09/3. Thomas Funck relocalized the OBS de-
ployed during MSM09/3 and explained P-wave velocity modelling to me. Ingo Heyde
completed the density modelling. Axel Ehrhardt processed part of the MCS data. Bernd
Schreckenberger provided the magnetic anomaly data. Joanna Gerlings assisted in the
collection of seismic data and represents the Dalhousie University as cooperation part-
ner in the project. Volkmar Damm was Chief Scientist during ARK XXV/3. Wil-
fried Jokat agreed to the profile-setup during ARK XXV/3. All authors revised the
manuscript and contributed to the results in several discussions.
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The Davis Strait crust - a transform margin between two oceanic basins

S.K. Suckro, K. Gohl, T. Funck, I. Heyde, B. Schreckenberger, J. Gerlings, and V.
Damm

Geophysical Journal International (2013), 193(1), p. 78-97,

doi: 10.1093/gji/ggs126

We present a P-wave velocity and a density model in the central Davis Strait along
with MCS and magnetic anomaly data. The line is mostly underlain by continental
crust with a 45-km-long section that is similar to an oceanic section along a line in
the southern Davis Strait (Funck et al., 2007). With a plate kinematic model we can
demonstrate the evolution of the Ungava Fault Complex and the Hudson Fracture Zone.
Given that the poles of rotation are correct, the Hudson Fracture Zone must have played
a far greater role than previously assumed.

I calculated the P-wave velocity model, developed the plate kinematic model, and
wrote the manuscript. Karsten Gohl supervised the work and was Chief Scientist dur-
ing MSMO09/3. Thomas Funck relocalized the OBS. Ingo Heyde completed the density
modelling. Bernd Schreckenberger provided the magnetic anomaly data. Joanna Ger-
lings and Volkmar Damm assisted in the collection of seismic data and represent the
Dalhousie University and BGR as cooperation partners in the project. All authors re-
vised the manuscript and contributed to the results in several discussions.

Palaeobathymetric reconstruction of the Davis Strait area - a polar gateway
between Canada and Greenland

S.K. Suckro, K. Gohl, and V. Damm

to be submitted to Palaeogeography, Palaeoclimatology, Palaeoecology (2013)

We estimate the palacobathymetry of the Davis Strait area from Mid Cretaceous
to Late Eocene. To accomplish this, we compiled seismic stratigraphy and drill site
information for a backstripping routine and used a plate tectonic model for thermal sub-
sidence calculations. The palacobathymetry grids show that the Davis Strait probably
prevented a water transfer between the Labrador Sea and the Baffin Bay before the Late
Eocene. It is likely that a cyclonic current, similar to today, was present in the Labrador
Sea since the Paleocene.

I re-interpreted the new MCS data, compiled the dataset from the literature, devel-
oped the procedure for the calculation of a palaecobathymetry, and wrote the manuscript.
Karsten Gohl supervised the work and was Chief Scientist during MSMO09/3. Volkmar
Damm assisted in the collection of seismic data and represents the BGR as cooperation
partner in the project. All authors revised the manuscript and contributed to the results
in several discussions.
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4. The crustal structure of southern Baffin Bay

4.1 Summary

Baffin Bay represents the northern extension of the extinct rift system in the Labrador
Sea. While the extent of oceanic crust and magnetic spreading anomalies are well con-
strained in the Labrador Sea, no magnetic spreading anomalies have yet been identified
in Baffin Bay. Thus, the nature and evolution of the Baffin Bay crust remain uncer-
tain. To clearly characterize the crust in southern Baffin Bay, 42 ocean bottom seismo-
graphs were deployed along a 710-km-long seismic refraction line, from Baffin Island
to Greenland. Multichannel seismic reflection, gravity, and magnetic anomaly data were
recorded along the same transect. Using forward modelling and inversion of observed
traveltimes from dense airgun shots, a P-wave velocity model was obtained. The de-
tailed morphology of the basement was constrained using the seismic reflection data. A
2-D density model supports and complements the P-wave modelling. Sediments of up
to 6 km in thickness with P-wave velocities of 1.8 - 4.0kms™! are imaged in the centre
of Baffin Bay. Oceanic crust underlies at least 305 km of the profile. The oceanic crust
is 7.5 km thick on average and is modelled as three layers. Oceanic layer 2 ranges in
P-wave velocity from 4.8 - 6.4kms~! and is divided into basalts and dykes. Oceanic
layer 3 displays P-wave velocities of 6.4 - 7.2km s~'. The Greenland continental crust
is up to 25 km thick along the line and divided into an upper, middle, and lower crust
with P-wave velocities from 5.3 - 7.0kms~!. The upper and middle continental crust
thin over a 120-km-wide continent-ocean transition zone. We classify this margin as a
volcanic continental margin as seaward dipping reflectors are imaged from the seismic
reflection data and mafic intrusions in the lower crust can be inferred from the seismic
refraction data. The profile did not reach continental crust on the Baffin Island mar-
gin, which implies a transition zone of 150 km length at most. The new information
on the extent of oceanic crust is used with published poles of rotation to develop a new
kinematic model of the evolution of oceanic crust in southern Baffin Bay.

Keywords: plate motions, continental margins: divergent, crustal structure, Arctic
region
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4.2 Introduction

Baffin Bay is located between the Canadian Baffin Island and Greenland. It represents
the northern extension of the rift system in the Labrador Sea, from which it is separated
by the bathymetric high of Davis Strait (Fig. 4.1). Although the opening of the North-
east Atlantic is an ongoing process, the opening of the Labrador Sea and Baffin Bay
ceased in mid Eocene times (Chalmers & Pulvertaft, 2001). Since then, subsidence and
sedimentation are the dominant geologic processes in these basins.

The crustal structure and evolution of the Labrador Sea have been studied in detail
(Chian & Louden, 1994; Chian et al., 1995; Chalmers & Pulvertaft, 2001). Magnetic
spreading anomalies can clearly be identified in the central Labrador Sea and models
of oceanic spreading have been proposed (Srivastava, 1978; Roest & Srivastava, 1989;
Oakey, 2005). However the identification of the oldest magnetic spreading anomaly
remains enigmatic. Roest & Srivastava (1989) use chron 33 in their model, which dates
to 74 - 82 Ma after Gradstein et al. (2004), while Chalmers & Laursen (1995) argue that
magnetic anomaly 27N is the oldest one observed (62 Ma after Gradstein et al. (2004).

The extent of oceanic, transitional, and continental crust in the northern Labrador
Sea has been mapped with two seismic refraction lines (Funck et al., 2007; Gerlings
et al., 2009). Along NUGGET line 1 a 140-km-long segment of oceanic crust is in-
terpreted between continental blocks (Funck et al., 2007). A layer of magmatic under-
plating is modelled beneath the oceanic crust and for 200 km at the Greenland margin
(Funck et al., 2007). NUGGET line 2 images the transition from continental to oceanic
crust (Gerlings et al., 2009).

Although the evolution of Baffin Bay is closely related to the evolution of the
Labrador Sea, no clear magnetic spreading anomalies are identified there. Therefore,
the nature and evolution of oceanic crust in Baffin Bay remain uncertain.

A first comprehensive study on the nature of Baffin Bay crust is provided by Keen &
Barrett (1972). From sonobuoy recordings, the crust of the central basin is interpreted as
abnormally thin oceanic crust. Rice & Shade (1982) and Jackson et al. (1992) identify
oceanic crust in northern Baffin Bay from seismic reflection lines.

In northern Baffin Bay five seismic refraction lines are located near Ellesmere Island
and across Nares Strait (Fig. 4.1; Jackson & Reid 1994; Reid & Jackson 1997; Funck
et al. 2006). Line 1 and 3 image a thinning of crystalline crust towards the basin but no
oceanic crust (Jackson & Reid, 1994). Along line 4 (Fig. 4.1) serpentinized mantle is
interpreted which implies an amagmatic continental margin (Reid & Jackson, 1997).

Mainly from potential field data, Chalmers & Oakey (2007) compiled a tectonic
map of the Baffin Bay and Labrador Sea region. This is incorporated in the Geological
Map of the Arctic (Harrison et al., 2008), but will be quoted as Chalmers & Oakey
(2007) in the following. The locations of extinct spreading centres in Baffin Bay are
oriented along distinct free-air gravity lows, striking northwest - southeast, as previously
proposed by Chalmers & Pulvertaft (2001) and also visible in Fig. 4.1. Chalmers &
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Figure 4.1: (Left) Bathymetric map of the Baffin Bay area (GEBCO_08 Grid, Version
20090202, http://www.gebco.net) with place names and locations of published seismic re-
fraction data. The profiles discussed in this paper are marked in white and red (Gohl et al.,
2009; Damm, 2010), black dots and short black lines mark sonobuoy locations and profiles
from Keen & Barrett (1972); all other data are seismic refraction lines; Numbers 1 to 4
are line 1 to 4 (Jackson & Reid, 1994; Reid & Jackson, 1997); NS is Nares Strait Line
3 (Funck et al., 2006); AWI-20080600 (Funck et al. (2012), submitted); AWI-20080700
(Gohl et al. (2009), in preparation); NUGGET-1 and -2 (Funck et al., 2007; Gerlings et al.,
2009). (Right) Free-air gravity anomalies derived from satellite altimetry (Sandwell &
Smith (2009), version 18.1) of the offshore area of Baffin Bay. The same locations as in the
left map are marked.
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4.2. Introduction

Figure 4.2: Locations of OBS along line AWI-20080500 (white line with red OBS locations)
and AWI-20100400 (red line with white OBS locations); OBS 3 did not record data and
is therefore not marked; line AWI-20080600 is marked in black; bathymetry map from
GEBCO_08 Grid, Version 20090202, http://www.gebco.net.

Oakey (2007) differentiate Paleocene from Eocene oceanic crust due to a change of
direction in sea-floor spreading.

In order to clearly characterize the type and extension of the crust in Baffin Bay,
we present data from ocean bottom seismographs (OBS) along a 710-km-long seismic
refraction line in southern Baffin Bay (Figs 4.1, 4.2). The line is oriented across the pro-
posed location of an extinct spreading centre and oceanic crust of Paleocene and Eocene
age (Chalmers & Oakey, 2007). Multichannel seismic reflection (MCS) data are used
to model the detailed morphology of the basement. Magnetic field data are analysed for
indications of magnetic spreading anomalies and volcanic intrusions. Additional den-
sity modelling was performed using shipboard gravity data to complement the P-wave
model. This analysis now allows for the characterization of the crustal affinity in south-
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4. The crustal structure of southern Baffin Bay

ern Baffin Bay. From previous plate reconstruction models (Roest & Srivastava, 1989;
Oakey, 2005; Miiller et al., 2008), we chose the poles of rotation from Oakey (2005)
and with our new data, develop a kinematic model for the evolution of oceanic crust in
southern Baffin Bay.

4.3 Tectonic background of the opening of the Labrador
Sea and Baffin Bay

Baffin Bay and the Labrador Sea formed during Paleocene to Eocene times when the
Greenland plate first separated from the North American craton and subsequently from
Eurasia (Chalmers & Pulvertaft, 2001; Tessensohn & Piepjohn, 2000). The opening
history of Canada and Greenland is derived from magnetic spreading anomalies in the
North Atlantic and Labrador Sea by various authors (Srivastava, 1978; Roest & Srivas-
tava, 1989; Chalmers & Laursen, 1995). Srivastava (1978) first dated magnetic spread-
ing anomalies in the Labrador Sea and proposed a single, linear spreading centre in
Baffin Bay. Roest & Srivastava (1989) modified the previous reconstruction and sug-
gested two spreading centres in Baffin Bay, separated by a transform fault. Jackson et al.
(1992) again proposed a single spreading centre. The latest opening reconstruction from
Oakey (2005) uses the isochrones from Roest & Srivastava (1989) in the Labrador Sea
and the geometry of fracture zones.

The initiation of extension between Canada and Greenland is dated to 223 - 150 Ma
from dykes in Southwest Greenland (Larsen et al., 2009). Following extension, re-
gional rifting emplaced > 400-km-long dyke swarm in a coast-parallel fracture system
in Southwest Greenland from 140 - 133 Ma (Watt, 1969). The duration of rifting is
disputed, as the timing of initial breakup remains uncertain. The oldest undisputed
magnetic spreading anomaly is chron 27N (Chalmers & Laursen, 1995).

The motion of the Greenland plate relative to the North American plate changed at
magnetic chron 24 from an eastward motion to a more northeastward motion, indicated
by the orientation of magnetic spreading anomalies (Srivastava, 1978; Roest & Srivas-
tava, 1989; Oakey, 2005). The breakup between East Greenland and Northwest Europe
is also dated to chron 24 (Talwani & Eldholm, 1977; Olesen et al., 2007) and may thus
have caused the change in motion of the Greenland plate. According to Storey et al.
(1998), the reorientation of spreading caused a volcanic pulse at 54.8 - 53.6 Ma in the
Disko Island area. An older volcanic pulse is identified at 60.7 - 59.4 Ma and correlated
with the arrival of the Greenland-Iceland mantle plume (Storey et al., 1998). Spread-
ing ceased in the Labrador Sea between chrons 20 and 13 (Srivastava, 1978), while
spreading between Greenland and Eurasia and the opening of the Northeast Atlantic is
ongoing.
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4.4. Data acquisition

Table 4.1: Parameters of seismic refraction measurements.

MSMO09/3 (2008) ARK-XXV/3 (2010)

OBS type 3-component Mark seis- | 3-component broad-band
mometers, 4.5Hz natural | Giiralp seismometers,
frequency, 1 hydrophone | 60s natural period, 1

hydrophone

OBS spacing approx. 18 km approx. 12km

Seismic source array of 16 G.Guns™ and | array of 6 G.Guns™ and 2
2 Bolt™ guns G.Guns™

Total source volume | 114.8 litres, 7006 in® 68.2 litres, 4160 in®

Shot interval 60s 60s

4.4 Data acquisition

The seismic and potential field data presented in this study consist of two profiles (Fig.
4.1, 4.2), acquired during the research cruise MSMO09/3 of RV Maria S. Merian in 2008
(line AWI-20080500, Gohl et al. 2009) and the cruise ARK-XXV/3 of RV Polarstern
in 2010 (line AWI-20100400, Damm 2010). While AWI-20080500 and AWI-20100400
denote seismic refraction lines, BGR08-304 and BGR10-309 refer to seismic reflec-
tion, gravity, and magnetic anomaly data along the same lines. The survey in 2008
was designed to cross the proposed location of an extinct Eocene spreading centre as
well as various units of oceanic and transitional crust, according to the tectonic map of
Chalmers & Oakey (2007). On the 2010 cruise, the line from 2008 was extended to
image the transition from thin crust in the centre of the basin to continental crust on the
Greenland shelf.

The 24 southernmost ocean bottom seismometers (OBS) belong to line AWI-
20080500, an additional 17 OBS were deployed along line AWI-20100400. An overlap
of 72km of both profiles was chosen to ensure overlapping ray coverage in the deep
crust. Acquisition parameters of both surveys are listed in Table 4.1. On both seismic
refraction lines, multichannel seismic reflection (MCS) data were acquired. Parameters
of the MCS setup are summarized in Table 4.2.

Gravity data were recorded in 2008 with the KSS31M and in 2010 with the KSS31
sea gravimeters (Bodensee Gravitymeter Geosystem GmbH) at 1 Hz sampling rate. To
reference the shipboard gravity data connection measurements were carried out with a
LaCoste&Romberg land gravity meter at the beginning and end of each cruise (Gohl
et al., 2009; Damm, 2010). Magnetic field data were recorded on RV Maria S. Merian
with an Overhauser SeaSPY marine magnetometer system towed approximately 600 m
behind the vessel. On the Polarstern cruise, an Overhauser SeaSPY marine gradient
magnetometer system consisting of two sensors at 150 m distance was used. The use of a
gradiometer allows for the elimination of the diurnal variations induced by solar storms
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4. The crustal structure of southern Baffin Bay

Table 4.2: Parameters of MCS measurements.

MSMO09/3 (2008) ARK-XXV/3 (2010)
Active streamer length 3450 m 3750 m
Number of channels 276 300
Sampling rate 2 ms 2 ms
Recording length 14s 13s
Seismic source array of 16 G.Guns™ array of 6 G.Guns™
Total source volume 50.8 litres, 3100 in3 51.1litres, 31201in3
Operation pressure 100 - 135 bar 150 bar
Shot interval 18s 15s

during the survey (Roeser et al., 2002). Multi-beam bathymetry data were recorded
during both cruises. In this study, we only use the centre beam for depth of the seafloor
in the P-wave velocity and density models. Research vessel Maria S. Merian is equipped
with an EM-120 multi-beam echo-sounder for continuous mapping of the seafloor while
on research vessel Polarstern a Hydrosweep DS-2 swath system was operated. For
calibration of the depth measurements, sonic log profiles were acquired on both cruises.

4.5 Seismic data

4.5.1 Processing of seismic data

Raw data from the OBS recorders were merged with navigation data, transferred to
SEGY-format, cut according to the shot interval into 60 s traces, and the OBS locations
were more accurately determined using direct arrivals. We picked all refracted and
reflected signals with the software ZP (by B. Zelt), using a bandpass filter of 4 - 15Hz
applied for the near offset signals (30 km distance from the OBS) and 4 - 10 Hz for
more distant signals. Picking errors of 0.02 to 0.50 ms were assigned manually for each
phase.

In the MCS data, we mapped the basement for the P-wave velocity and den-
sity model (Fig. 4.3). We processed line BGR08-304 with the software package
FOCUS™and line BGR10-309 with ProMAX™. The processing steps are listed in
Table 4.3.

4.5.2 P-wave modelling

We obtained a P-wave velocity structural model with the software RAYINVR (Zelt
& Smith, 1992) by forward modelling and subsequent inversion of each layer (Figs
4.4, A.1 - A4). The detailed basement morphology was constrained using the high
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4. The crustal structure of southern Baffin Bay

Table 4.3: Processing of the MCS lines.

FOCUS™ processing ProMAX™ processing

of line BGR08-304 of line BGR10-309

- Resampling: 4 ms - Resampling: 4 ms

- Geometry: CMP binning of 6.25m - Geometry: CMP binning of 6.25 m
- Interactive velocity analysis - Bandpass filter: 4-8-80-160 Hz

- Gain: spherical divergence - Gain: spherical divergence

- Bandpass filter: 2-7-90-120 Hz - Prestack deconvolution

- Multiple suppression: fk filter "zmult” | - Interactive velocity analysis

- Normal move out (NMO) correction - Surface related multiple estimation
- Stack - NMO correction

- Kirchhoff migration - Stack

- Coherency filter after two way travel- | - Kirchhoff migration

time of first multiple

resolution MCS data (Fig. 4.3). From the model distance of 560 to 708 km, the depth
of basement is modelled with OBS data only, as the basement is not clearly visible
on the MCS line. At OBS 34 to 41, we modelled deep crustal reflections from water
multiples. At OBS 42, a multiple reflection within the sediment cover was used. In areas
lacking refracted phases, velocity values were interpolated from constrained velocity
nodes nearby.

Refracted and reflected phases in the sedimentary layers are grouped in the following
to Psq and P4 P, respectively. The name of the reflected phase always refers to a
reflection at the base of a layer. Beneath the sediments, phases of a layer that we later
interpret as basalts are encountered and named P, and P, P. Apart from the basaltic
layer, we divide the crust into three layers: upper crust / dykes (P,.; and P.; P), middle
crust (P, and P, P), and lower crust / oceanic layer 3 (F.3). Oceanic layer 2 comprises
basalt and dyke phases. Reflections from the Moho are named F,, P, refractions in the
mantle P, and reflections from floating reflectors in the mantle P, P. Phases modelled
from multiples in the water column and in the sediment package are identified with
superscripts “ and ° (Figs A.1 - A.4).

Figs 4.5 and 4.6 display sections from different parts of the model where data quality
and the corresponding raytracing were good. In Fig. 4.5 sediment phases are visible to
16 - 20 km offset and modelled with a 4 to 5km thick sedimentary cover. Although
no B, or P, P phases are observed in OBS 6, it was necessary to introduce the basalts
layer in order to match the basement on the MCS data. The thickness of the basalt layer
was determined from the delay required for the crustal phases. OBS 20 does display a
P, phase. Due to the overlay of sediment and crustal phases at the basement, signals
from the basaltic layer are often hidden. OBS 6 recorded a strong P, P phase from 30 -
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Figure 4.4: (Top) Magnetic anomaly data along the presented line. (Centre) P-wave ve-
locity model. White triangles indicate OBS locations; rotated numbers are OBS numbers;
numbers on contour lines are P-wave velocities in kms~!; thick layer boundaries mark
discontinuities that are constrained by reflections; white shaded areas are not passed by
rays. (Bottom) Grid of the diagonal values of the resolution matrix of the P-wave velocity
model. Velocity nodes are displayed with black dots and are shifted inside the layers to

indicate their affiliation; white triangles indicate OBS locations; rotated numbers are OBS
numbers.
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4. The crustal structure of southern Baffin Bay

70 km offset. This runs into the P,z refraction and coincides with this phase for offsets
greater than 50km. OBS 20 also detected a F,, P phase, but it is much weaker and
best visible in the multiple at 8 s travel-time. Between offsets -50 to -45 km, a F,, phase
was modelled. As there are only few picks for this phase, an accurate determination
of the mantle velocity is not possible. In Fig. 4.6, OBS 29 is displayed as an example
for raytracing in three-layered crust with the refractions P.;, P.;, and P.3. OBS 40 is
chosen as an example for modelling from multiples (Fig. 4.6). The grey dashed rays of
the PP and F,, P phases are reflected at the seafloor and at the water surface, before
propagation in the subsurface. Apart from a P, phase, these multiples are the only
signals at offsets greater than 30 km. A reason for the missing crustal phases can be the
absorption of energy by an upper crustal basaltic layer.

Fig. 4.7 shows the ray coverage in the different layers to assess how well the model is
constrained. P-wave velocities of the sediments are well constrained by refractions with
the exception of the lowermost sediment layer between the model distances of 280 to
420 km. The thickness of this layer is constrained solely by reflections off the basement.
The basalts are constrained by P, and P, P phases for the first 80 km of the model and
from a distance of 300 km to the end of the model. In the area between, the layer is
needed to model the basement from the MCS data and to account for the delay of other
crustal traveltimes. The upper crust and dykes are well constrained by rays between the
model distances of 20 to 170 km and 380 to 620 km. Outside these areas only sparse
reflections mark the lower boundary of this layer. The middle crust is mainly modelled
from reflections found as multiples. The velocity structure was extrapolated from P,
phases at the beginning of the mid-crustal layer (distance 440 to 520 km). Velocities in
the lower crust are well constrained from the model distances of 40 to 190 km, 250 to
380km, and 400 to 480km. At the Baffin Island margin, the velocities are gradually
lowered landwards to correspond with the density decrease in the gravity model. On the
Greenland margin (distance 480 to 708 km), the velocity at the top of the lower crust
was increased slightly with respect to the middle crust to create a velocity impedance
that could generate various P, P phases. P, P phases constrain the depth of the Moho
along most of the profile. P, phases are detected for some stations from distance 0 to
320km. Northeast of the model distance of 320 km, only OBS 36 recorded a mantle
refraction (Fig. 4.7).

Table 4.4 summarizes statistical values as a measure of quality for the model’s fit
to the picked traveltimes. The root mean square (RMS) traveltime error is calculated
by RAYINVR (Zelt & Smith, 1992) from the misfit between calculated and picked
traveltimes. The normalized y? is a measure of how well the calculated traveltimes
are within range of the assigned pick uncertainties and should ideally be one. The
P-wave velocity model presented here has a normalized x? value of 2.3 and an RMS
traveltime error of 112 ms for modelling without multiples. Typical RMS traveltime
errors can be in the range of 80 ms (Bullock & Minshull, 2005) to 153 ms (Lau et al.,
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Figure 4.5: (Top) Part of seismic sections from OBS 6 and 20, plotted with a reduction-
velocity of 8kms~! and a bandpass-filter of 4 - 10 Hz. (Centre) The same sections with
picked signals (red bars with bar length according to assigned pick uncertainty) and mod-
elled phases (black lines). Often phases of the lower crust and mantle are stronger in
the multiple, as the data from OBS 20 show. (Bottom) Raytracing in the P-wave velocity
model; refracted waves in white, reflected waves in black; for clarity only every fifth ray is
drawn; colour scale of the P-wave velocity model according to Fig. 4.4: blue - water, brown
- sediments, green - basalts, orange - dykes, red - oceanic layer 3, purple - mantle; white
triangles mark OBS locations.
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Figure 4.6: (Top) Part of seismic sections from OBS 29 and 40, plotted with a reduction-
velocity of 8kms~! and a bandpass-filter of 4 - 10 Hz. (Centre) The same sections with
picked signals (red bars with bar length according to assigned pick uncertainty) and mod-
elled phases (black lines). (Bottom) Raytracing in the P-wave velocity model; refracted
waves in white, reflected waves in black, those derived from the water multiple with gray
dashes; for clarity only every fifth ray is drawn; colour scale of the P-wave velocity model
according to Fig. 4.4: blue - water, brown - sediments, green - basalts, yellow - upper
crust, orange - middle crust, red - lower crust, purple - mantle; white triangles mark OBS
locations.
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Table 4.4: Statistical values of the P-wave velocity model calculated by rayinvr and dm-
plstsqr for the inversion of each layer. For the inversion of a layer only the rays specifying
this layer were activated. Rays from the direct arrival are not taken into account.

Phase Number Pick uncertainty RMS (ms) | Normalized y?
of picks (ms)

Pieq 5555 47 60 2.328
PyeaP 3370 55 81 2.232
P, 927 75 78 2.039
bP 446 73 83 1.585
P 3527 82 96 1.881
P.P 753 128 148 1.954
P.PY 126 150 130 0.752
P 602 134 138 2.135
PoP 233 190 114 0.774
PoPY 487 200 157 0.618
P, P? 197 200 142 0.504
P 3876 82 109 2.207
pP,P 3367 117 218 3.361
P, PY 1507 222 500 4.133
= 1224 114 184 2.286
total without 23880 80 111 2.315
multiples

total  with 26197 92 135 2.367
multiples

2006). Normalized y? values can be higher than 3.7 (Voss et al., 2009), depending on
the data quality and assigned pick uncertainty.

Fig. 4.4 shows the diagonal values of the resolution matrix as a color grid. These
values are calculated at the velocity nodes and provide a measure of how well a velocity
value is constrained by all rays passing though it. Lutter & Nowack (1990) refer to val-
ues greater than 0.6 as well resolved, which is true for most of the model. Perturbation of
single velocity and boundary nodes gives an uncertainty of modelled P-wave velocities
and layer thicknesses. The P-wave velocity of the sediment layers and the basalts-layer
is constrained to +0.1kms~!. As the basement is constrained by the MCS data, this
boundary can only be varied by +0.1 km. The P-wave velocities of the upper and mid-
dle crust are constrained to 0.2 kms~! and their boundaries to 0.2 km. Where the
lower boundary of the middle crust is only modelled from multiples, the uncertainty can
reach +1.0km. The lower crust is constrained to 0.1 kms™! and +0.5 km. Where it
is modelled from multiples these values can be twice as high.
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4.5.3 Results and interpretation of the P-wave model

The P-wave velocity model (Fig. 4.4) shows a thick sedimentary layer (up to 6 km) in
the centre of the basin from the model distance of 170 to 200 km. Average velocities
of the sediment layers range from 1.8 kms™! at the top to 4.0kms™! at the bottom.
The basement morphology varies on the profile from smooth segments in the deep sea
environment to fault-block features and rough segments at the Greenland continental
shelf (northeast of the model distance of 430 km, Fig. 4.3). Three distinct basement
highs at the distances of 170, 215, and 245 km dominate the basement morphology in
the centre of the basin.

The first crustal layer, which we interpret as basalts from the model distance of O to
560 km has velocities ranging from 4.2 - 5.7 km s~! (Fig. 4.4). Along the NUGGET line
1 some 600 km to the south, P-wave velocities in the same range (4.2 - 5.8 km s~!, Funck
et al. (2007)) were interpreted as basalts and are confirmed by drill holes. Although there
are no drill holes along our line, we adopt this interpretation. The layer we interpret as
dykes from the model distance of 0 to 330 km ranges in velocities from 5.5 - 6.4 km s~
This interpretation is supported by Gilbert & Salisbury (2011), who report a P-wave
velocity range of 5.65 - 6.61 kms™! for upper and lower dykes in oceanic crust from
samples. From the model distance of 380 to 708 km, the layer interpreted as upper
crust displays velocities of 5.1 - 6.1 kms~! and thickens northeastwards. The middle
crust is only present from a distance of 440 km northeastwards. The P-wave velocities
range from 6.1 - 6.7 kms~!, but are only constrained for the southeastern 80 km by P.,
phases (Fig. 4.7). Oceanic layer 3 has P-wave velocities of 6.3 - 7.2kms™! and is 4
- 7km thick. P-wave velocities of the lower crust, from distance 520 to 708 km, are
modelled with 6.9 km s~! and 6 - 10 km thickness. The velocity at the top of the mantle
is kept constant at 7.9 kms~!.

The thickness and velocity structure of the crystalline crust, including basalts, upper,
middle, and lower crust, allow a classification into oceanic, transitional, and continental
crust.

Oceanic crust

We interpret oceanic crust from model distances of 75 to 380 km. Due to differences
in the oceanic layer 2, comprising basalts and dykes, we separate the oceanic crust
into five segments that are described in the following section. Fig. 4.8 shows vertical
velocity profiles of these oceanic sections in comparison with a data review by White
et al. (1992). The compiled data by White et al. (1992) represent oceanic crust in the
Atlantic, which formed between 59 - 127 Ma.

85 to 155 km and 255 to 330 km:
The crust is 7 - 8.5 km thick. Oceanic layer 2 is 1 - 2.5 km thick and has a P-wave
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Figure 4.8: Velocity-depth profiles from different segments of the crystalline crust in the
P-wave velocity model, taken every fifth kilometer. Thin black lines are velocity-depth
profiles from the model distances labeled in the upper right corner of each pannel. Gray
shaded is the area outlined by the data compilation from White et al. (1992) of Atlantic
oceanic crust from 59 - 127 Ma.
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velocity range from 4.8 - 6.4 kms~!. Oceanic layer 3 is 4.5 - 6.1 km thick with P-wave
velocities of 6.4 - 7.1 kms™!. Fig. 4.8 shows, that thickness and velocity structure are
compatible with oceanic crust.

155 to 255 km:

In the centre of southern Baffin Bay lies the deepest basin along the profile (Fig. 4.4,
from model distance 170 to 200 km) with basement ridges on both sides. The velocity
structure does not vary significantly from the previously described sections. From dis-
tance 190 to 210 km, the crust is only 6 km thick with a thickening of the oceanic layer
3 to both sides. Due to the thinner crust and the deep basin, we propose that this part of
the profile represents an extinct spreading centre. Notable is also the symmetry of the
Moho topography to this axis. Adjacent to the location of the extinct spreading centre,
the crust thickens to 9 km, due to a thickening of oceanic layer 3 by 3 km and ridges
in oceanic layer 2. The changes in thickness are well illustrated by the variability of
velocity-depth-profiles in Fig. 4.8.

75 to 85 km and 330 to 380 km:

Along the model distance of 330 to 380 km, the crust is very homogeneous with respect
to basement morphology and to thickness (6 - 7.5km). In contrast to the previously
mentioned segments, oceanic layer 2 is not divided into two layers. The basaltic layer
with velocities of 4.7 - 5.1kms~! lies directly on the oceanic layer 3 with velocities
of 6.3 - 7.2kms ™. The small segment from the model distance of 75 to 85km has a
crustal thickness of 8.5 km. In oceanic layer 2, the basaltic layer thickens while the layer
of dykes thins to only 0.5 km.

Continental crust

500 to 710 km, Greenland:

The crust is 21 - 23.5 km thick and consists of an upper, middle, and lower crust with
an additional upper crustal layer landward from a model distance of 620 km. Velocities
of the upper crust average to 5.5km s~ ! and decrease northeastwards. The middle crust
is modelled with 6.3 - 6.7 kms~! and the lower crust with 6.9 s~1. Both layers are kept
homogeneous in their velocity structure as they are not well constrained by the OBS
data. P., P phases indicate an impedance contrast at the middle to lower crust bound-
ary, which can also exceed the modelled velocity contrast of 0.2kms™!, but cannot be
quantified due to missing raycoverage. The modelled velocity trend of the crust fits well
to the P-wave velocity range that Christensen & Mooney (1995) report for extended con-
tinental crust. They report P-wave velocity ranges of 4.7 - 6.5kms™! for upper crust,
6.6 - 6.8km s~ for middle crust, and 6.8 - 7.2kms~! for lower crust. The minimum
of the global average of 30.545.3 km thickness (Christensen & Mooney, 1995) exceeds
the thickness of 23 km found here by only 2.2 km.
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4. The crustal structure of southern Baffin Bay

Landward of the model distance of 620km, a layer with P-wave velocities of
5.0kms~! is modelled on top of the upper crust. The lower boundary of this layer
is only constrained by one reflection (Figs 4.4 and 4.7). The P-wave velocities of this
layer can equally be interpreted as basalts or consolidated sediments (Fox et al., 1973;
Castagna et al., 1985). As the MCS data do not image the basement on this part of the
profile well, no interpretation from the basement morphology can be given.

Transitional crust

We here use the term “transitional crust” where thickness and / or velocity structure
of the crystalline crust vary significantly from that of oceanic and stretched continental
crust.

380 to 500 km, Greenland:

The crust thickens from 8 - 21 km. At a model distance of 380 km an upper crustal
layer appears with an average P-wave velocity of 5.5kms™~!. It thickens from 0 - 4km
over a distance of 60 km with decreasing P-wave velocities further landward. At the
model distance of 440 km, a mid-crustal layer appears, which thickens from 0 - 5 km.
Noticeable is also the rise of P-wave velocities in the lower crust by 0.4 km s~! northeast
of a model distance of 430 km, which is consistent with an increase in mafic content.
The MCS data show a basement morphology with block faulting after a model distance
of 430 km (Fig. 4.3) and from the distance of 390 to 410 km seaward dipping reflectors
are imaged (Block et al., 2012).

The comparison with the data compilation from White et al. (1992) in Fig. 4.8
shows, that the oceanic character of the velocity distribution in the crust is well pre-
served up to a model distance of 400 km. From distance 405 km northeastwards, the
thickening of upper and lower crust lead to a mismatch with the oceanic velocity-depth
function from White et al. (1992). Though the type oceanic crust” can be extended to
a model distance of 400 km, we interpret the area southwest of 380 km as clear oceanic
crust and the area northeast as transitional crust.

0 to 75 km, Baffin Island:

Toward the Baffin Island shelf, the crystalline crust thickens from 8 -11 km. Upper and
lower crust shift to lower P-wave velocities southwestward, which is consistent with a
decreasing amount of mafic material. Velocity-depth functions from model distances
of 0 to 25 km differ from the compilation of White et al. (1992) due to slow P-wave
velocities in the upper crust and thick basalts (Fig. 4.8). From distance 30 to 70 km, an
increase of P-wave velocities in the upper crust and a decreasing thickness of the basalts
are modelled, and an oceanic character develops. Unfortunately, this part of the profile
is not well covered by the OBS data and will be discussed in connection with the density
modelling.
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Table 4.5: Corrections applied to the gravity data.

- time shift due to overcritical damping of the sensor

- conversion from instrument reading units to mGal

- tie to world gravity net IGSN 71 with connection measurements
- correction for the E6tvos effect with navigation data

- correction for instrument drift during the cruise

- subtraction of normal gravity (GRS80)

4.6 Gravity data

4.6.1 Processing and modelling of the gravity data

Several processing steps were applied to the gravity data to obtain the free-air grav-
ity anomalies for subsequent modelling (Table 4.5). The forward modelling of gravity
data was accomplished with the software GM-SYS (Northwest Geophysical Associates,
Inc.). To set up a starting model, we used the geometry and velocity distribution of the
P-wave velocity model. We calculated average P-wave velocities for each layer and
converted them to density, according to the data synthesis from Barton (1986). To sim-
plify the model, we combined the three upper sedimentary layers into one density unit
(Fig. 4.9). However, we included a lateral variation from 2140 kg m—3 to 2250 kg m 3
between the model distances of 490 to 580 km in accordance with the higher average
P-wave velocities in this part of the model. To obtain a best fit between modelled and
observed free-air gravity anomalies, the density values were inverted while the geom-
etry was kept fixed. The inverted density values differ only slightly from the initial
values and all lie within the range from Barton (1986). During modelling, we compared
the density and the P-wave model and adjusted layer boundaries in either to obtain an
optimal correspondence between both. Generally, the correspondence between the P-
wave velocity and density models is excellent, except between the model distances of
200 to 260 km and 440 to 560 km where the geometry of the layer boundaries had to
be changed to reproduce the high observed gravity values. The geometry at the ends
of the profile were edited to account for the regional gravity field. The RMS difference
between the observed and modelled gravity is 2.03 mGal on average with a 6.63 mGal
maximum at the distance of 483 km (Fig. 4.9).

4.6.2 Results and interpretation of the density model

The mean free-air gravity value is 24 mGal on the first 460 km of the profile (Fig. 4.9),
except for the model distance of 190 km where -6 mGal were measured. Across the
transition to continental crust on the Greenland shelf, the free air gravity rises to 97 mGal
and then drops to negative values to the northeast with a minimum value of -93 mGal.
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Figure 4.9: (Top) Observed and modelled free-air gravity data (blue and red respectively).
(Centre) Difference of modelled and observed gravity. (Bottom) Density model; numbers

inside the layers indicate density values in kgm—3,

Along the profile the sediment density varies from 2100 - 2250kgm~2 on top of
a 2350 kgm~? dense lower sediment layer. The density of the basalts (2500 kg m~3)
on oceanic, transitional, and continental crust is kept constant, while the other crustal
layers vary in density along the profile.

From model distances of 75 to 430 km the dykes are modelled with 2750 kg m~3.
Oceanic layer 3 is modelled by a 2950 kg m— dense body, extending from distance 70
to 450 km. From distance 200 to 260 km, the boundary of oceanic layer 2 and 3 differs
significantly from the P-wave velocity model. This can represent the actual thickening
of the oceanic layer 3, or it can indicate an increase in denser material at this location.
As the OBS data do not cover this section well, the density model will be emphasized
in the discussion.

The crust of the Baffin Island shelf, from a model distance of 0 to 75 km, is modelled
with 2700 kg m—2 and 2800 kg m~3 beneath the basalts. These are lower density values
than are needed at the adjacent oceanic crust. The transition to lower densities supports
the interpretation of this section as transitional crust, which was already indicated by
the P-wave model, but uncertain due to poor raycoverage. The density model already
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indicates a thickening of the crust to Baffin Island with a deeper Moho at the beginning
of the profile. This thickening was not imaged by the OBS data, as the profile was not
extended further landward.

From a model distance of 430 km to the northeast, the upper crust is modelled with
2600 kg m~3 and a mid-crustal layer is modelled with 2880 kg m—3 from the distance of
440 km to the end of the model. These values are lower than the densities of the adjacent
oceanic layers and thus separate these units. The lower crust displays high density
values of 3050 kg m~—3, which indicate a mafic composition. Unlike the P-wave model,
the density model displays denser middle-crust-material at shallower depth at a model
distance of 460 to 530km. An increase of dense material near the surface is needed
to model the distinct higher values of a free-air gravity anomaly at the shelf break. A
strong gravity high is observed at various shelf breaks, named ”sedimentation anomaly”
according to Watts & Fairhead (1999). If a 2-D model is oriented perpendicular to the
shelf break, the density contrast between water and sediments is sufficient to model this
anomaly. As our line runs oblique to the Greenland shelf (Fig. 4.1), it is likely, that a
3-D effect of the shelf break leads to the modelled upward arch of dense material in the
2-D model.

4.7 Magnetic field data

On profile BGR08-304, the reference field values of the IGRF-10 were removed from
the measured magnetic total intensity values to obtain residual anomaly values. On
profile BGR10-309 the reference field IGRF 11 was used. In the overlapping range,
the BGR10-309 data were shifted to the BGR08-304 data to obtain a constant anomaly
level. Finally, the anomalies on the combined profile were adjusted to meet the mean
level of two published magnetic maps (Verhoef et al., 1996; Maus et al., 2009) by adding
a constant value of 100 nT.

It was not possible to derive the distribution of oceanic and continental crust from the
pattern of the magnetic anomalies alone (Fig. 4.4). Except for a distinct anomaly around
the model distance of 150 km, the oceanic crust is characterized by small amplitudes
and shorter wavelengths, while longer wavelengths and higher amplitudes dominate the
transitional and continental crust. Despite the thick sediment cover, we had expected
to find indications for magnetic spreading anomalies and a distinction for oceanic and
continental crust.

4.8 Plate kinematic model

For the plate reconstruction we used GPlates (Boyden et al. (2011), www.gplates.org),
which visualizes plate motion on a sphere. We compare published poles of rotation from

41



4. The crustal structure of southern Baffin Bay

ih © b oo & L Loy S b © b oo b by
. FTEETTIS8RB R B pEFRTEBRB R
SO R N I T W VA WA AR A R R N N N U U G
3 \; S DGR T
J% 33 Ma & saMa |
78] chron 13N 4 E‘ chron 24R [ 1
” < 2,
74 EE’ 1%
) {2! 72
70° | 70
pes
i
68 | )
66° 60
SN 64"
7 T T T T
¥ 1 s
¥F 8 8 3 %

Figure 4.10: Distribution of oceanic crust from Chalmers & Oakey (2007). Dark brown
segments are Paleocene oceanic crust, light brown segments are Eocene oceanic crust. The
configuration at 33 Ma (left) is also valid for today. At 54 Ma (right) the greatest gap occurs
in Paleocene oceanic crust with the poles of rotation from Oakey (2005).

Roest & Srivastava (1989), Oakey (2005), and the compilation from GPlates (Miiller
et al. (2008), version 1.0.1). In the reconstruction from GPlates, Baffin Island is moving
as a microplate from 95.2 to 33.5 Ma. As we did not find any evidence of this, we kept
Baffin Island fixed to the North American continent and, therefore, refer to a modified
GPlates reconstruction.

The location of extinct spreading centres and the extent of oceanic crust were pro-
posed previously by Srivastava (1978), Roest & Srivastava (1989), Jackson et al. (1992),
Tessensohn & Piepjohn (2000), Geoffroy et al. (2001), and Chalmers & Oakey (2007).
We digitized the crustal segments from the detailed tectonic map from Chalmers &
Oakey (2007) with ArcGIS™, and displayed the evolution of these segments for the
different reconstructions to verify the tectonic map.
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4.8. Plate kinematic model

4.8.1 Results and interpretation of the plate kinematic model

We rotated the segments of oceanic crust from the tectonic map from Chalmers & Oakey
(2007) in GPlates with the rotation poles from Roest & Srivastava (1989), Oakey (2005),
and the modified GPlates rotation (Miiller et al., 2008). All sets of rotation poles lead
to a gap in Paleocene oceanic crust (Fig. 4.10). The gap has a maximum width of
44 km for the rotation poles from Oakey (2005), of 57 km for the poles from Roest &
Srivastava (1989), and of 88 km for the modified GPlates poles (Miiller et al., 2008).
This indicates, that either the rotation poles need to be re-calculated, or that the tectonic
map from Chalmers & Oakey (2007) needs modifications. Deriving a new set of rotation
poles from our data is not possible but the tectonic map from (Chalmers & Oakey, 2007)
can be modified.

To explain the missing oceanic crust in the Paleocene, we outline the extent of
oceanic crust at different stages in the reconstruction from Oakey (2005). To date the
rotation poles, that are given in magnetic anomaly chrons, we use the time scale from
Gradstein et al. (2004).

On the Greenland shelf, we kept the eastern boundary of oceanic crust as proposed
by Chalmers & Oakey (2007), which is within an error of 5km to the boundary we
derived from the P-wave velocity and density models of this study. At the Baffin Island
shelf, we used the more detailed continent-ocean boundary (COB) from Skaarup et al.
(2006), which was derived from seismic reflection data (Fig. 4.11). At the location of
our profile, we modified the COB from Skaarup et al. (2006) according to our interpre-
tation by placing it 17 km further seaward (at a model distance of 75 km). This is 11 km
further landward than the COB proposed by Chalmers & Oakey (2007). The location
where we interpret the extinct spreading centre corresponds within 5 km with the loca-
tion of the southern Eocene spreading centre given by Chalmers & Oakey (2007). We
orientate the spreading centre along a pronounced low in the free-air gravity data (Fig.
4.11). The northern Eocene spreading centre was also placed along a distinct gravity
low. No assumptions can be made on the extent of oceanic crust in northern Baffin Bay
due to a lack of constraining data. By rotating the Greenland plate back to its position at
47 and 54 Ma, we mapped the extent of oceanic crust, avoiding gaps and overlaps. For
the Paleocene oceanic crust, we introduce a spreading centre by dividing the oceanic
crust in two equal parts. This differs from the spreading centre from Chalmers & Oakey
(2007), who postulate more oceanic crust on the Baffin Island margin (Fig. 4.10). As we
did not find indications for asymmetric spreading, we preferred a spreading centre that
produces equal parts of oceanic crust. An uneven distribution of oceanic crust can be
indicated by clear magnetic spreading anomalies, which are not observed here. We in-
troduced three spreading centre segments, as the outline of oceanic crust from Chalmers
& Oakey (2007) indicates fracture zones in the centre of the Paleocene crust.

Fig. 4.12 illustrates the evolution of oceanic crust in Baffin Bay, according to the
results of this study with the rotation poles from Oakey (2005). At 61 Ma (chron 26R),
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Figure 4.11: (Top) Features of our kinematic model and the location of the presented line
(grey) on top of satellite derived free-air gravity data (Sandwell & Smith (2009), version
18.1). (Bottom) Features of our kinematic model and the location of the presented line
with interpretations of the crustal character on top of magnetic anomaly data (EMAG2
V2, Maus et al. (2009)). Closeup in the upper right: positive magnetic anomaly at the
location of the transform fault.
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Figure 4.12: Evolution of oceanic crust in southern Baffin Bay with rotation poles from
Qakey (2005). Thick grey lines outline the continent - ocean transition: on the Baffin Island
margin from Skaarup et al. (2006), modified at the location of our line; on the Greenland
margin from Chalmers & Qakey (2007). The extent of transitional crust is marked on
the Greenland margin only at the location of our line. Paleocene oceanic crust is marked
in dark brown, Eocene oceanic crust in light brown, spreading centres in white. Arrows
indicate the motion of Greenland relative to the North American plate.
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oceanic crust begins to form due to east-west extension. At magnetic chron 24N (54 Ma)
the direction of extension changes to a southeast-northwest direction. This direction
change marks the change from Paleocene to Eocene spreading. The Paleocene oceanic
crust breaks into several fragments as two Eocene spreading centres evolve, connected
by a major transform fault. At chron 13N (33 Ma), seafloor spreading ceases.

4.9 Discussion

4.9.1 Oceanic crust

Our P-wave and density models show that the basin is mostly underlain by oceanic
crust with an average thickness of 7.5km. Keen & Barrett (1972) report abnormally
thin crust of 4 km thickness from sonobuoy readings in the centre of Baffin Bay, along a
line at 72°N, 200 km northwest from our line (Fig. 4.1). We suggest, that the northward
decrease in crustal thickness indicates a decrease in magma production.

The oceanic crust in Baffin Bay developed during two stages with different spread-
ing directions (Oakey, 2005; Chalmers & Oakey, 2007). Our profile is perpendicular to
the Eocene spreading centre, which we locate in the P-wave velocity and density model
at a model distance of 190 to 210km (Figs 4.4, 4.9). From GPlates, the Paleocene
spreading centre is located at a model distance of 300 km (Fig. 4.12) but we prefer to
place it at 292 km (Fig. 4.13) where a depression is visible in the basement (Figs 4.4,
4.9).

Oceanic layer 2 consists of basalts and dykes, which are modelled as individual
layers. While the basalts layer is always modelled, the dykes were not modelled as a
separate layer from a distance of 330 to 380 km, and only as a very thin layer from the
model distance of 75 to 85km in the P-wave velocity model. These are the regions
closest to transitional crust and could indicate a change in material due to spreading or
alteration. Where basalts and dykes are modelled as separate layers, only few reflections
indicate that there is a significant velocity contrast between them. It is unlikely that
oceanic layer 2 does not contain dykes. So where they are not modelled as separate
layer, the velocity structure does not allow for discrimination and the velocity contrast
between basalts and dykes is more continuous.

In the centre of the basin, north of the extinct Eocene spreading centre, the density
model shows a thickening of oceanic layer 3 from the distances of 200 to 260 km, which
is not resolved by the OBS data. This thickening of the lower crust is equivalent to an
increase of dense material at this location. The accumulation of dense material and/or
the thickening of oceanic layer 3 can be the result of volcanic activity (Jokat & Schmidt-
Aursch, 2007) or it can represent the natural variability of oceanic crust. As positive
free-air gravity anomalies are present 30 km north and south of our line (Fig. 4.1), the
influence of a 3-D effect also needs to be considered.

46



4.9. Discussion

SwW Distance (km) NE
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
o ! ! | | | | | | | ! ! | | L

1
Eocene Paleocene
spreading spreading
center center

Depth (km)

N
o

N
w

nsitional

w
o

oceanic crust

w
(6]

sediments

Paleocene oceanic crust, layer 2
Paleocene oceanic crust, layer 3
Eocene oceanic crust, layer 2
Eocene oceanic crust, layer 3
mafic intrusions

basalts

sediments / basalts
continental upper crust
continental middle crust
continental lower crust
mantle

/)

Figure 4.13: Geologic interpretation of the P-wave and density model.

In the oceanic domain, a symmetric magnetic anomaly pattern around the inferred
extinct spreading centre at distances 190 to 210 km would be expected. Such an anomaly
pattern is not observed, neither for the Eocene nor for the Paleocene spreading. As the
oceanic crust in Baffin Bay is highly fragmented, the identification of magnetic spread-
ing anomalies will remain difficult. Fragmentation is caused by the change in spreading
direction at magnetic chron 24 (Figs 4.11, 4.12; Srivastava (1978); Roest & Srivastava
(1989); Oakey (2005)) and by the offset due to small fractures that accompany spread-
ing.

The high amplitude magnetic anomaly at model distances of 130 to 170 km remains
enigmatic, because neither the P-wave velocity nor the density model indicate a sig-
nificant difference in material composition. The kinematic model shows that this part
of oceanic crust lies at the transition from Paleocene to Eocene crust and at the south-
ern termination of the major transform fault, linking the northern and southern Eocene
spreading centres. The magnetic anomaly data imply, that this region was subject to
volcanism, when the spreading direction changed and the transform motion initiated.
This region is structurally complex and 3-D effects need to be considered.

4.9.2 Greenland continental crust

According to the definition from Christensen & Mooney (1995), stretched continental
crust is interpreted from a model distance of 500 to 710 km. On the nearby NUGGET
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line 1 (Fig. 4.1), south of Davis Strait, a 10-km-thick layer of P-wave velocities similar
to our middle crust is also interpreted as middle crust (6.4 - 6.6 km s~!) on the Greenland
margin (Funck et al., 2007). A 5-km-thick lower layer of 6.6 - 6.8 km s~ is interpreted
as lower crust (Funck et al., 2007). Although the middle crust velocities are similar in
both models, the lower crust velocities differ by 0.2kms~!. This difference is within
the assigned error and as both models are separated by 1100 km along the margin, a
variation in composition is not unlikely.

If a greater impedance contrast was modelled between middle and lower crust, for
example an average P-wave velocity of 7.3kms™! is assumed for the lowest crustal
layer, this layer would be 2km thicker. It would also be interpreted differently, as
P-wave velocities higher than 7.2kms~! indicate magmatic underplating (White &
McKenzie, 1989). This interpretation would mean, that middle crust directly overlies
an underplated body of 12 km thickness. On the nearby NUGGET line 1 (Fig. 4.1) a
section of the Greenland margin is modelled with an underplated body with a P-wave
velocity of 7.4kms™! and 5 km thickness below middle crust (Funck et al., 2007). Al-
though the velocity structure is similar, the thickness of the underplating is only one
third. Underplating of 9 - 16 km thickness is modelled under stretched continental crust
on the East Greenland margin, north of the Jan Mayen Fracture Zone along seismic re-
fraction lines (Voss & Jokat, 2007). Together with seaward dipping reflector sequences
of the initial break-up along 20 - 50 km distance (Hinz et al., 1987), the profiles are in-
terpreted to indicate a weak-magmatic evolution of the northeastern Greenland margin
(Voss et al., 2009). As the P-wave velocity structure of the lower crust is not resolved
by the OBS data on our line, an interpretation of stretched continental lower crust with
middle crust overlying an underplate is possible.

The Moho has a steep step of 4 km at a model distance of 660 to 675 km, that was
introduced due to F,,, P phases from three OBS (Figs 4.7, A.4). The recorded reflections
could have also been modelled as an inner crustal reflection. Although the density model
also included the steep Moho dip, a flattened boundary would only cause minor changes
in the gravity fit. A step of 4 km in the Moho should be isostatically compensated by a
depression in the basement, which was not observed. From the available data it cannot
be differentiated between a Moho-step and an inner crustal reflection.

4.9.3 Greenland transitional crust

Passive margins are typically characterized as volcanic or magma-poor margins. Ocean-
continent transitions of magma-poor margins often display a gradual increase of P-wave
velocities from the basement to mantle depth without an abrupt Moho transition due to
complete serpentinization of mantle material (Chian & Louden, 1994; Reid & Jackson,
1997; Minshull, 2009). We find F,, P phases in the OBS data as well as phases from
a layered crust. Therefore, the crust cannot consist completely of serpentinized mantle
material. Characteristics of a volcanic margin typically are a high velocity lower crust
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(magmatic underplating) and seaward dipping reflector sequences of flood basalts, that
formed at the initial break-up (Hopper et al., 2003; Mjelde et al., 2005; Voss et al.,
2009). Seaward dipping reflectors of flood basalt are imaged on the MCS data from 390
- 410 km (Block et al., 2012), supporting an interpretation as volcanic margin, as does
the discussion on magmatic underplating in the previous section.

If the volcanic seaward dipping reflectors found along our line are products of the
initial breakup, their counterpart should be found on the Baffin Island margin. Accord-
ing to our kinematic model, these should be located at the Baffin Island coast at 68 -
68.5°N. Skaarup et al. (2006) mapped seaward dipping reflectors from MCS lines in
this area, but do not report any at this location. In the case that no counterpart exists,
the Greenland seaward dipping reflectors may be sequences of a later volcanic phase.
Studies of the Southeast Greenland margin also report volcanic seaward dipping reflec-
tors on oceanic crust, 180 km seaward of the continent-ocean-boundary (Hopper et al.,
2003). Therefore, seaward dipping reflectors are not necessarily related to the initial
break-up.

P-wave velocities in the lower crust rise by 0.3kms~! at the model distance of 410
to 450 km. This can indicate increased mafic composition, as mafic intrusions are often
encountered at volcanic margins (Minshull, 2009). The density modelling does not re-
quire an increase of denser material at this location but this is likely because the density
difference is too small to cause a misfit between the observed and calculated gravity
values.

4.9.4 Baffin Island transitional crust

The comparison with velocity-depth profiles from White et al. (1992) shows, that the
crust displays oceanic type velocities northeast of a model distance of 30 km (Fig. 4.8).
This is the location, where Skaarup et al. (2006) place the limit of oceanic crust. As
the thickness of layers 2 and 3 are not typical according to the compilation from White
et al. (1992), we only interpret oceanic crust northeast of 75 km.

The lower crust of the Baffin Island transitional zone has P-wave and density val-
ues similar to the middle continental crust of the Greenland side. Regardless of this
similarity, it is marked as lower crust in Fig. 4.13 as it directly overlies the mantle.

A pronounced thickening of crust that would indicate continental crust is not ob-
served, although the profile ends at a distance of 75km from the Baffin Island coast.
The extent of transitional crust can therefore add up to a maximum of 150 km, which is
in the same range as the extend of transitional crust at the Greenland margin (120 km).

4.9.5 Evolution of southern Baffin Bay

We introduce several changes to the tectonic map of Chalmers & Oakey (2007) (Fig.
4.10). In our kinematic model, we define the extent of oceanic crustal segments dif-
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ferently to prevent gaps in oceanic crust at all times. Based on our P-wave velocity
and density model (Figs 4.4, 4.9) we shift the COB at the Baffin Island shelf 11 km
westwards, shift the Eocene spreading centre 5 km northwards, and reaffirm the extent
of transitional crust at the Greenland margin. We shift the Paleocene spreading centre
20 km southwestwards to obtain equal spreading (Fig. 4.12). In our kinematic model,
the major transform fault, that connects the northern and southern Eocene spreading
centres, is rotated by approximately 6° counter clockwise with respect to the north-
south trending transform fault, that Chalmers & Oakey (2007) propose. Chalmers &
Oakey (2007) orient the transform fault along a gravity low in the centre of Baffin Bay
(Fig. 4.11). In our model, the transform fault is in the range of the gravity low, but
does not fit it exactly. Instead it lies on a positive magnetic anomaly, that has previously
been recognized by Oakey (2005) (Fig. 4.11). We suggest, that the magnetic high is a
product of volcanic activity along the major transform fault.

4.10 Conclusions

We present P-wave velocity and density models along a 710-km-long transect in south-
ern Baffin Bay (Figs 4.4, 4.9). With the new information from these models we develop
a kinematic model of the evolution of oceanic crust with the rotation poles from Oakey
(2005) (Fig. 4.12).

A minimum of 305 km of oceanic crust of Paleocene and Eocene age is interpreted
from the P-wave velocity and density models. The oceanic crust is 7.5 km thick on aver-
age with a sediment package of up to 6 km thickness. From the comparison with Keen
& Barrett (1972), we suggest a northward decrease of crustal thickness and therefore
of magma production in Baffin Bay. From our models we are able to propose locations
for the extinct Paleocene and Eocene spreading centres (Fig. 4.13). Although the pro-
file is oriented along the direction of Eocene spreading, no typical seafloor spreading
anomalies are found in the magnetic anomaly data (Fig. 4.4). Most likely the oceanic
crust is too fragmented and covered by too much sediment to display a clear magnetic
signature.

On the Greenland shelf, the models image 5 km of sediments on top of a 23-km-
thick, three-layered, stretched continental crust (Fig. 4.13). The Greenland continental
margin is classified as a volcanic margin as no evidence of serpentinized mantle material
is found and seaward dipping reflectors are imaged on the MCS data (Block et al.,
2012). Mafic intrusions in the lower crust are inferred from a P-wave velocity increase
and support this interpretation. From the available data, the existence of an underplated
body, typical for volcanic margins, is unclear. The crustal structure of the Baffin Island
margin is only coarsely resolved by the data presented here as our line did not extent
further landward.

Plate kinematic modelling showed that modifications to the tectonic map from
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Chalmers & Oakey (2007) are necessary. The modified model that we present spans
from late Cretaceous to the end of seafloor spreading (Fig. 4.12). Lows in the free-air
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4.11).
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5. The Davis Strait crust

5.1 Summary

The Davis Strait is located between Canada and Greenland and connects the Labrador
Sea and the Baffin Bay basins. Both basins formed in Cretaceous to Eocene time and
were connected by a transform fault system in the Davis Strait. Whether the crust in
the central Davis Strait is oceanic or continental has been disputed. This information
is needed to understand the evolution of this transform margin during the separation
of the North American plate and Greenland. We here present a 315-km-long east-west
oriented profile that crosses the Davis Strait and two major transform fault systems - the
Ungava Fault Complex and the Hudson Fracture Zone. By forward modelling of data
from 12 ocean bottom seismographs, we develop a P-wave velocity model. We compare
this model with a density model from ship-borne gravity data. Seismic reflection and
magnetic anomaly data support and complement the interpretation. Most of the crust is
covered by basalt flows that indicate extensive volcanism in the Davis Strait. While the
upper crust is uniform, the middle and lower crust are characterized by higher P-wave
velocities and densities at the location of the Ungava Fault Complex. Here, P-wave ve-
locities of the middle crust are 6.6 km s~! and of the lower crust are 7.1 km s~! compared
to 6.3kms™! and 6.8 km s~! outside this area; densities are 2850 and 3050 kg m 3 com-
pared to 2800 and 2900 kg m—3. We here interpret a 45-km-long section as stretched and
intruded crust or as new igneous crust that correlates with oceanic crust in the southern
Davis Strait. A high-velocity lower crust (6.9 - 7.3kms™!) indicates a high content of
mafic material. This mantle derived material gradually intruded the lower crust of the
adjacent continental crust and can be related to the Iceland mantle plume. With plate
kinematic modelling, we can demonstrate the importance of two transform fault sys-
tems in the Davis Strait: the Ungava Fault Complex with transpression and the Hudson
Fracture Zone with pure strike slip motion. We show that with recent poles of rotation
most of the relative motion between the North American plate and Greenland took place
along the Hudson Fracture Zone.

Keywords: plate motions, transform faults, continental margins: divergent, crustal
structure, Arctic region
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5.2 Introduction

The Davis Strait is located between Canada and Greenland and connects the Baffin Bay
in the north with the Labrador Sea in the south (Fig. 5.1). The strait is a bathymetric high
with water depths <700 m, while the water depth in the Baffin Bay and the Labrador
Sea exceeds 2000 m. Prominent tectonic features of the Davis Strait are the Ungava
Fault Complex and the Davis Strait High. A line of positive southwest-northeastward
striking free-air gravity anomalies marks the location of the Ungava Fault Complex, a
major transform fault (Funck et al. (2007); Gregersen & Skaarup (2007); Gerlings et al.
(2009)). In the center of the strait, the Davis Strait High is characterized by outcropping
basement between 66 - 67°N (Dalhoff et al., 20006).

The Davis Strait area has experienced Paleogene volcanism. Outcrops of volcanic
sequences are located on Disko Island and the adjacent Nuussuaq Peninsula (Storey
et al., 1998; Pedersen et al., 2006). On the Canadian margin, volcanics are mapped at
Cape Dyer (Clarke & Upton, 1971) and offshore in seismic reflection data (Skaarup
et al., 2006). Volcanics are drilled offshore at several wells as indicated in Fig 5.1 a.

The Davis Strait crust has long been a subject of debate. Sonobuoy readings reveal
a 22 km-thick crust, which is interpreted as a thick pile of oceanic crust by Keen &
Barrett (1972). Chalmers & Pulvertaft (2001) interpret the crust as continental, while
Srivastava et al. (1982) argue that the Davis Strait High is a continental block and the ad-
jacent basins are underlain by oceanic crust. A seismic refraction line in southern Davis
Strait showed that continental crust is separated by a 140-km-wide zone of oceanic crust
(NUGGET-1, Funck et al. (2007), Fig. 5.1 b).

To determine the nature of the crust in the central Davis Strait, a 226-km-long seis-
mic refraction profile was recorded during the cruise MSMO09/3 of RV Maria S. Merian
in 2008 (Gohl et al., 2009). Additionally, multichannel seismic reflection (MCS), ship-
borne gravity, and magnetic field data were collected on the same line with an additional
90-km-extend to the east. We here present the results of P-wave velocity and gravity
forward modelling together with magnetic field and MCS data. The results are used
in a plate kinematic model to determine the role of the Ungava Fault Complex in the
evolution of the Davis Strait.

5.3 Tectonic background of the opening of the Labrador
Sea and the Baffin Bay

The tectonic evolution of the Davis Strait is linked to the evolution of the Baffin Bay and
the Labrador Sea. These have formed in the Cretaceous to Eocene during the separa-
tion of Greenland from the North American craton (e.g. Chalmers & Pulvertaft (2001),
Tessensohn & Piepjohn (2000)). The time of initial rifting of North America and Green-
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Figure 5.1: a): Bathymetric map of the Davis Strait area (GEBCO_08 Grid, Version
20090202, http://www.gebco.net) with place names and locations of wide-angle seismic
data. Abbreviations are: (NP) Nuussuaq Peninsula, (DI) Disko Island, (CD) Cape Dyer.
Line AWI-2008500, -600, -700 were acquired during the MSM09/3 cruise of RV Merian
in 2008 (Gohl et al. (2009); Funck et al. (2012); Suckro et al. (2012)); black dots and
short black lines are locations of sonobuoys and profiles of expandable sonobuoys from
Keen & Barrett (1972); NUGGET-1 (Funck et al., 2007), NUGGET-2 (Gerlings et al.,
2009), and GR89-WA (Gohl & Smithson, 1993) are seismic refraction lines; diamonds
mark well locations: (d1) Hellefisk-1 , (d2) Ikermiut, (d3) Kangamiut-1, (d4) Nukik-
2, (d5) Nukik-1, (d6) Qulleq-1, (d7) Gjoa G-37, (d8) Ralegh N-18, (d9) Hekja O-71;
red diamonds: volcanics are drilled; black diamonds: Precambrian rocks are drilled;
white diamonds: neither is drilled; all well information are from the BASIN database:
www.basin.gdr.nrcan.gc.ca/wells/index_e.php. b): Free-air gravity anomalies derived from
satellite altimetry of the offshore area (Sandwell & Smith, 2009), version 18.1; grey shaded
areas mark the extend of oceanic crust on seismic refraction lines (Funck et al., 2007; Ger-
lings et al., 2009; Funck et al., 2012; Suckro et al., 2012); positive gravity anomalies that
mark the Ungava Fault Complex (UFC) are circled, as is the Davis Strait High (DSH) and
the Nuuk Basin (NB); location of the Hudson Fracture Zone (HFZ) after Chalmers & Pul-
vertaft (2001). c¢): Closeup of the coinciding seismic refraction line AWI-20080700 with
OBS locations marked by red dots and line BGR08-301 with seismic reflection, gravity
and magnetic anomaly data. 56



5.3. Tectonic background of the opening

land is dated to earliest Cretaceous by Larsen et al. (1999) from dyke intrusions in south-
ern West Greenland. On the Nuussuaq Peninsula, tectonic instability with three phases
of uplift occurred in the Maastrichtian (Chalmers et al., 1999). The age of the oldest
oceanic crust in the Labrador Sea is disputed. Roest & Srivastava (1989) date it to mag-
netic chron 33 (80 Ma after Gradstein et al. (2004), which is used throughout this paper
for dating), while Chalmers & Laursen (1995) use chron 27N (62 Ma). Recent seismic
refraction and gravity data have now confirmed Paleocene and Eocene oceanic crust in
southern Baffin Bay (Funck et al., 2012; Suckro et al., 2012).

A first volcanic pulse at 60.7 - 59.4 Ma is identified from volcanics on Disko Island
by Storey et al. (1998) and correlated with the arrival of the Greenland-Iceland mantle
plume in the Davis Strait area. Funck et al. (2007) attribute a thick high-velocity lower
crust in their P-wave velocity model of the NUGGET-1 line to the southward flow of
plume material.

During magnetic chron 24R (55Ma), the relative motion of Greenland to the North
American craton changed from east to northeast, as indicated by magnetic spreading
anomalies in the Labrador Sea (Roest & Srivastava, 1989; Oakey, 2005). This caused
new fractures and the breaking of Paleocene oceanic crust in the southern Baffin Bay and
the evolution of new spreading centres in the Eoecene (Chalmers & Pulvertaft, 2001;
Oakey, 2005; Suckro et al., 2012). The opening of the Norwegian-Greenland-Sea is
dated to chron 24 (Talwani & Eldholm, 1977; Olesen et al., 2007)), therefore, Greenland
moved as an independent plate from this time until the end of relative motion between
Greenland and the North American craton (Tessensohn & Piepjohn, 2000). According
to Storey et al. (1998) the reorientation of spreading caused a second volcanic pulse at
54.8 - 53.6 Ma in the Disko Island area.

Spreading ceased in the Labrador Sea at chron 13 (33 Ma) according to Srivastava
(1978), while separation of Greenland and Eurasia and the opening of the Northeast
Atlantic is still ongoing. Since then sedimentation and subsidence are the dominant
geologic processes in the Baffin Bay and the Labrador Sea (Chalmers & Pulvertaft,
2001).

The Ungava Fault Complex consists of several northeast-southwest striking faults
that are oriented along positive gravity anomalies in the Davis Strait (Fig. 5.1 b,
Segrensen (2006)). The Ungava Fault Complex marks the northwestern border of oceanic
crust in the Labrador Sea (Chalmers & Pulvertaft, 2001). It is interpreted as a transform
system, linking sea-floor spreading in the Labrador Sea with spreading in the Baffin
Bay (Rice & Shade, 1982; Chalmers & Pulvertaft, 2001). Skaarup et al. (2006) in-
terpret the Ungava Fault Complex in the Davis Strait as the continent-ocean boundary
of the Greenland plate. East of the Ungava Fault Complex runs the north-south strik-
ing Hudson Fracture Zone, which meets the Ungava Fault Complex in the Davis Strait
(Chalmers & Pulvertaft, 2001). The Hudson Fracture Zone was first identified from
magnetic anomaly data by Srivastava (1978).
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5. The Davis Strait crust

Table 5.1: Setup parameters of the seismic refraction survey.

OBS type 3-component Mark seismometers, 4.5 Hz natural
frequency, 1 hydrophone

OBS spacing nominally 18 km

Seismic source array of 16 G.Guns™ and 2 Bolt™ guns

Volume G.Gun™ array 50.8 litres, 3100 in3

Operation pressure 145 bar

Volume 2 Bolt™ guns 64 litres, 3906 in®

Operation pressure 120 bar

Total source volume 114.8 litres, 7006 in?

Shot interval 60s

Table 5.2: Setup parameters of the seismic reflection survey.

Streamer length 3450 m

Number of channels 276

Sampling rate 2 ms

Recording length 14s

Seismic source array of 16 G.Guns™
Operation pressure 100 - 135 bar

Total source volume 50.8 litres, 3100 in®
Shot interval 18s

5.4 Data acquisition

Seismic and potential field data of this study were acquired during the research cruise
MSMO09/3 of RV Maria S. Merian in 2008 (Gohl et al., 2009). The profiles presented
here were set up to determine the crustal thickness and structure across the Davis Strait
and the Ungava Fault Complex (Fig. 5.1).

We collected seismic refraction data along the 226-km-long profile AWI-20080700
with 12 ocean bottom seismometers (OBS) (Fig. 5.1 c). Technical details are listed in
Table 5.1. On line BGR08-301 we recorded MCS and potential field data. BGR08-301
coincides with line AWI-20080700 and extends 90 km further eastwards (Fig. 5.1 ¢).
Setup parameters of the MCS measurement are summarized in Table 5.2.

Gravity data were recorded with a KSS31M sea gravimeter (Bodensee Gravitymeter
Geosystem GmbH) at 1 Hz sampling rate. To reference the ship borne gravity data, we
carried out connection measurements on land with a LaCoste&Romberg gravity me-
ter at the beginning and end of the cruise (Gohl et al., 2009). Magnetic field data
were recorded with an Overhauser SeaSPY marine magnetometer system towed ap-
proximately 600 m behind the vessel.
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5.5. Seismic data

Table 5.3: Processing steps applied to the MCS data of line BGR08-301 in ProMAX™,

- Resampling: 4 ms

- Apply geometry: common mid point binning of 6.25 m
- Bandpass filter: (4 -) 8 - 80 (- 160) Hz

- Velocity analysis

- Surface related multiple estimation

- Velocity analysis

- Predictive deconvolution

- Normal move out correction

- Stack

- Poststack Kirchhoff migration

5.5 Seismic data

5.5.1 Seismic reflection data

The MCS data is common depth point (CDP) sorted to 6.25m and processed with
ProMAX™with the processing steps listed in Table 5.3. We were able to remove the
first seafloor multiple by a surface related multiple estimation procedure. The trade off
of this procedure is that primary signals are also partly absorbed (white band between
1 - 2s from a model distance of 90 - 290 km, Fig. 5.2). Multiples that are not sup-
pressed by this procedure are multiples of the basement at distances of 0 - 70 km and
95 - 135 km. At these locations the acoustic basement is close to the seafloor (less than
0.1 s two-way traveltime) and the remaining basement multiples can easily be confused
with seafloor multiples. But their shape varies from the seafloor morphology, especially
at 40 km and at 115 km model distance (Fig. 5.2).

We interpret the acoustic basement from the seismic reflection data in order to use
it in the P-wave velocity and the density models. From distances of 70 - 95 and 165 -
325 km, the basement is the lowest continuous reflector and marks the base of stratified
sedimentary sequences. From a distance of 135 - 165 km, we use the top of a series of
high amplitude reflectors below a more transparent sediment succession. The base of
these high amplitude reflectors cannot be defined from the seismic reflection data, but in
combination with the P-wave velocity and density model an interpretation is discussed
later. The deformation of sediments in this section will be discussed later and is there-
fore highlighted in closeup B of Fig. 5.2. As mentioned before, distances of 0 - 70 km
and 95 - 135 km are only covered by very little sediment. Here, the basement morphol-
ogy is best determined from the basement multiples. Dipping reflector sequences from
a distance of 55 - 67 km are also better visible in the multiple (closeup A in Fig. 5.2).
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5. The Davis Strait crust
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Figure 5.2: Final processing of MCS data along line BGR08-301; basement is marked
in red; depth-scale is approximated by average P-wave velocities of sediments along the
profile. Closeup A shows dipping reflectors in the basement multiple. Closeup B shows
folded sediments.

Table 5.4: Statistical values of the P-wave velocity model calculated by rayinvr and dmplst-
sqr (Zelt & Smith, 1992). n is the number of observations; pick uncertainties are averaged
for all observations; RMS is the misfit between calculated and observed traveltime; the
normalized y? is a measure of how well calculated traveltimes are within the range of the
pick uncertainty.

Layer n Pick uncertainty (ms) | RMS (ms) | Normalized x>
Py, - Py 424 67 47 0.527
Py, P - PP 211 89 70 0.915
P, 644 82 48 0.401
P,.P 288 90 99 1.040
Pras 84 92 46 0.278
PryzP 113 70 50 0.296
P 707 100 68 0.692
P.P 188 115 100 1.006
P 2647 123 170 2.261
PsP 429 166 153 0.764
P 1217 189 279 2.064
P, P 1286 158 351 4.682
P, 221 200 109 0.300
total 8459 131 177 1.965
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5.5.2 P-wave velocity model

We relocalized the OBS positions with the arrival of the direct wave. All
refracted and reflected signals were picked with the software zp (by B. Zelt,
www.soest.hawaii.edu/users/bzelt/index.html), using a bandpass filter of 4 - 15 Hz ap-
plied for the near offset signals (30 km distance from the station) and 4 - 10Hz for
greater offsets. Picking errors were assigned manually to each phase, taking into ac-
count the signal to noise ratio. In Table 5.4 the assigned pick uncertainties are summa-
rized for each phase. Refracted phases are named P, and reflected phases Pqye, P,
except for the reflection at the Moho, P, P, and the refraction in the upper mantle, F,.

By forward modelling with the software rayinvr (Zelt & Smith, 1992) we obtained
the P-wave velocity model in Fig. 5.3. Raycoverage of the single layers is displayed in
Fig. 5.4; modelling of all stations is given in the appendix in Figs B.1 and B.2; examples
of modelling for OBS 2, 8, and 11 are displayed in Figs 5.5 - 5.7. The modelled layers
are described in the following paragraphs. The accuracy of the model depends on the
data coverage and quality; typical uncertainties of the P-wave velocity are + 0.1 km s~

water: For the seawater we used an average velocity of 1.47 kms~!, which was cal-
culated from a conductivity temperature density (CTD) measurement during the cruise
(Gohl et al., 2009). We took the depth of the sea-floor from bathymetry data of the
on-board multi-beam echo-sounder.

sa, sb, s¢, sd: Sediment layers with P-wave velocities ranging from 1.5 to 3.5 km s ™!
are determined from the OBS data (Fig. 5.3). The complex structure of the basement is
incorporated from the high resolution MCS data (Fig. 5.2).

From a model distance of 68 - 100 km a sediment basin with P-wave velocities from
1.8 to 2.9kms~! is modelled from phases of OBS 4 and 5 (Figs 5.3 and 5.4). The
sediment infill of the basin at a model distance of 135 - 165 km consists of two units. A
1-km-thick unit with P-wave velocities of 1.5 - 2.4kms™! overlies a 0.5-km-thick unit
with an average P-wave velocity of 3.3kms™! (Fig. 5.3). The low velocity of the upper
unit is extrapolated from the sediment package of the eastern basin. The lower sediment
unit is confirmed by P, phases of OBS 8 (Fig. 5.4). The sediments east of a model
distance of 165 km, in the Nuuk Basin, are of similar character. A 2-km-thick sediment
sequence with P-wave velocities of 1.5 - 2.6 kms™! overlies a 1-km-thick unit with an
average P-wave velocity of 3.3kms™ ! (Fig. 5.3). Py, P, and P,; phases from OBS 9
to 12 confirm these sequences (Fig. 5.4).

se: We later interpret this layer, with P-wave velocities between 4.1 and 5.1 kms™!,
partly as basalts and therefore name it here separately from the other sediment layers.

At a model distance of 0 - 68 km, this layer is modelled with P-wave velocities of 4.4
-5.5kms ™! according to P, phases of OBS 1, 2, and 4 (Figs 5.3, 5.4, and B.1). From a
model distance of 35 - 50 km lies a body of higher velocities (5.4 kms~!). From a model
distance of 68 - 95 km, the layer se is modelled with 2 km thickness and is confirmed
by P, phases of OBS 5 (Figs 5.3 and B.1). From a model distance of 95 - 135 km, the
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Figure 5.3: a): P-wave velocity model with layer names. Interpretation of the layers are:
sb, sc, sd are sediments; se are basalts intercalated with sediments; bas is a basalt unit;
Ivz abbreviates low velocity zone and represents burried sediments; c1 is the upper crust,
c2 the middle crust, c¢3 the lower crust. White triangles indicate OBS locations; rotated
numbers are OBS numbers; numbers on contour lines are P-wave velocities in kms™!;
thick lines mark layer boundaries that are constrained by reflected phases; white shaded
areas are not passed by rays. b): Gridded diagonal values of the resolution matrix of the P-
wave velocity model. Layers are annotated; white triangles indicate OBS locations; rotated

numbers are OBS numbers.
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Figure 5.4: Ray coverage of the different layers in the P-wave velocity model (Fig. 5.3).
Refracted phases are displayed in white, reflected in black.
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Figure 5.5: a): Seismic section of OBS 2, displayed with a reduction velocity of 6kms~1.
b): The same seismic section with picks in red; the pick length corresponds to the as-
signed pick uncertainty; calculated traveltimes are displayed in black with thick black
lines corresponding to the picks. c¢): P-wave velocity model with ray paths. Model layers
are annotated; black rays indicate reflected phases, white rays refracted phases; thick lines
correspond to the picks in the central panel.
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5.5. Seismic data

Figure 5.6: a): Cutout of the seismic section of OBS 8, displayed with a reduction velocity
of 6kms—!. b): the same seismic section with picks in red. c): The same seismic section
with picks in red and calculated traveltimes in black. d): P-wave velocity model with ray
paths; black rays indicate reflected phases, white rays refracted phases; model layers are

annotated.

=2 T-X6(s) © T-X6(s) & T-X/6 (s)

Depth [km]

1 L,' “»’\"r i

\ i
- J".H[['r ," it

West Offset (km) East
5 10 15
‘,‘\'f, | it \H'I T va. f '\ ” i ;‘ i "pyl Y
i :‘.“j“ ‘ it 1 m\P:\‘s!N{e l“l%} i : } : I ‘: f i I\ ‘F‘)?S.n? L
Vi i " ‘ i .‘.y i )

N\W"

LT , s N
B i i
bt LTI UL Hulwlmniln ":—
"‘_mnlll.\.lrmmm'm”m, i ‘N !

nM,JWH BB H'!, ,k,n“?l.,

il " .Jl
| :y i i ‘MJ" l
,n;‘ Hil " u-:mw'm o
h

il »' ) W
' h r, ’h m.ﬁ‘m"ﬁ

R
;\

i
i "L I I W.»wn,;w”w"q },,_, Tl nulm"mwwn»».»u» "
| {1 Wl it i B m;]m.)mn'l it
RS Wi mm kI
e u'v' i L:?rh i FWM ”“m“””m““ ’“H’ ) i : Ll
r

T

L |
‘“?mh@mﬂuﬁ'swwxj‘“?‘..'s T l'r'h,r. o
“ ‘W'nﬁ;\xu“\\,i\,:y'\
I y N L[l il -m,’l,u|,
i1 » theid b
..I i w: il m}\ “' W
lmlml M[;. W RIS

Ik | ;}‘[}!,\H‘ i lwi\nnum,'t.“ S

il WI"‘["M[“MIW il "”“"h"”"”"”'Wu.l;'., W

i o 0 NN i ""”»II!D'HN. wicf
it )

| ‘xw ‘ . ::"m“""”"”""""Hlm1“ i !i,”‘
| :

| H I w'
W ‘ “M R \., w il
| Y )
i Whip YL

'ﬂ \‘M\[W‘:: i ‘»Py il 0 "‘ :’l l.l n'rl "' (| ;’_
it

| PclP AT

| M” il ;mlm“nm.wn» ».»uu

] i
) |
. T
| T M\h { »
) - llenmmmw mnnmm”' -”,h ”::’h
) | (TRl
) !m

T

nmn i n,

Uivpede it
| H‘w“ N m»mm»nmmnm‘ nhy
2 T

v ——

whrivaw, wa)
105125 4% AW/

Distance [km]

65

‘ i ‘]dela
il ln""*"”'mrwnw W Hk'ﬂ—’, y



5. The Davis Strait crust
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Figure 5.7: a): Seismic section of OBS 11, displayed with a reduction velocity of 8 kms~!.
b): The same seismic section with picks in red; the pick length corresponds to the as-
signed pick uncertainty; calculated traveltimes are displayed in black with thick black
lines corresponding to the picks. c¢): P-wave velocity model with ray paths. Model layers
are annotated; black rays indicate reflected phases, white rays refracted phases; thick lines
correspond to the picks in the central panel.
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5.5. Seismic data

layer se is only 0.5 km thick and modelled with a P-wave velocity of 4.8 kms~! west
of 117km (Fig. 5.3). East of 117km, a P-wave velocity of 4.1kms™! is modelled.
This velocity difference is needed to account for different P, phases from OBS 6 and
7. From a model distance of 135 - 165 km, the layer se is 2 km thick and modelled with
4.9 - 52kms™!, according to P,, phases of OBS 8 (Figs 5.3, 5.4). The thickness is
confirmed by OBS 9 (Fig. B.2). East of a model distance of 165 km, in the Nuuk Basin,
the velocity structure is determined only by a P;. phase of OBS 11 (Fig. 5.7), which
indicates a P-wave velocity of 4.0km s,

bas: We modelled a separate body of higher P-wave velocities than the surrounding
layer se from a refracted phase P,s of OBS 2 (Fig. 5.5). The average P-wave velocity
is 5.4kms~! and the thickness is 1.5 km.

Ivz: Low velocity zones (LVZ) are modelled at a model distance of 0 - 50 km and
of 135 - 170km. Phases in OBS 1 and 2 indicate a LVZ at a model distance of O -
50 km by fading P, and F,,s phases and by a delay of crustal phases (Figs 5.5 and B.1).
We chose a velocity of 4.9kms™! for the LVZ, as this is the average P-wave velocity
of the surrounding layer se. The LVZ from a model distance of 135 - 170 km was
introduced due to delayed phases in OBS 8 as shown in Fig. 5.6. The delay of 0.14 s
is modelled with a 0.6-km-thick layer of P-wave velocity of 4.9kms™!. The P-wave
velocity of the LVZ has to be smaller than 5.2 kms™!, which is the velocity at the base
of the overlying layer. We have chosen 4.9 km s™!, which is the P-wave velocity at the
top of the overlying layer se. It can therefore be interpreted as part of this layer, which
is later interpreted as basalts intercalated with sediments.

cl: P-wave velocities of the first crustal layer range from 5.2kms™! at the top to
5.8kms~! at the base. The average P-wave velocity is 5.5kms~!, which is well con-
firmed by P,.; phases throughout the model except for the western end of the model
(Figs 5.3, 5.4). The thickness varies between 0.5 - 3.5 km along the profile.

From a model distance of 0 - 68 km, the upper crust (c1) is 2.5 - 3.0 km thick, while
it thins from 3 to 0.5 km eastwards beneath the sediment basin from a model distance
of 68 - 95 km (Fig. 5.3). From a model distance of 100 - 210 km, the thickness is more
uniform with 1.5 - 2.0 km. East of a model distance of 210 km, a thickening to 3 km is
modelled due to P.; P phases in OBS 11 and 12 (Figs 5.4 and B.2). The top of the upper
crust (cl) is modelled from the basement interpretation of the MCS data from a model
distance of 135 - 226 km (Figs 5.2 and 5.3).

1

¢2: The second crustal layer is modelled with P-wave velocities of 5.9 - 6.7kms™,
except for a model distance of 40 - 95 km where it is characterized by higher P-wave
velocities of 6.5 - 6.8 kms~! (Fig. 5.3). Here the middle crust (c2) is only 2.5 - 4km
thick, while it reaches 7.5 - 12km thickness in the adjacent model parts. Except for
the model boundaries, the velocity structure is well confirmed by F,., phases (Fig. 5.4).
The velocity structure west of a profile distance of 40 km is only confirmed at the top
of the layer by OBS 4 (Fig. B.1). The velocity at the bottom can thus be chosen in a
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5. The Davis Strait crust

wide range. An extrapolation of high velocities, such as in the thin lower crust section
from 40 - 95km, did not lead to the required delay of later crustal phases. We thus
adopt a lower velocity structure, similar to the model distances east of 95 km for the
western profile termination. Also from model distances of 210 - 226 km, we use low
P-wave velocities of 5.9 - 6.3kms™! instead of 5.9 - 6.7kms~! to model the delay of
later arrivals. Fig. B.2 shows that the P, P phase in OBS 12 has travelled through crust
with considerably lower P-wave velocities than the P, P phase in OBS 10 and 11.

¢3: The third crustal layer has P-wave velocities between 6.5 and 7.4 km s—!. Similar
to the middle crust (c2), the lower crust (c3) is characterized by higher P-wave velocities
in the centre of the model than at the sides (Fig. 5.3).

At a model distance of 50 - 160 km, P-wave velocity ranges from 6.8 to 7.4 kms™1.

At 190 - 226 km, the average velocity is considerably lower with only 6.7 kms~. This
velocity reduction is necessary to account for the F,, P phase in OBS 12. Fig. B.2
shows, that even slower velocities are necessary for modelling of OBS 12, but this
would then change the fit of P,3, P,,,P and P, phases in OBS 10 and 11 and we thus
did not further lower the P-wave velocities. Similar to the modelling of the P, P phase
of OBS 12, there is a misfit in the modelling of the P, P phase of OBS 1. Another
possibility of modelling OBS 1 is with a deeper Moho at the eastern termination of the
profile. Because this leads to a misfit with the gravity model and with data from OBS
4, we did not chose this option. At both profile terminations we chose the model that
fits best to the data of OBS with good ray coverage and to the gravity model. The lower
crust is well resolved from a model distance of 65 - 190km by F,.; and P, P phases
(Figs 5.3, 5.4). From 0O - 65 km, modelling only depends on £, P phases (Fig. 5.4) and
P-wave velocities are thus not well constrained. The depth of the Moho varies between
21and 24.5 km and is confirmed by various F,, P phases (Fig. 5.4).

mantle: A P-wave velocity of 7.8 kms™! is modelled at the top of the mantle from
a P, phase of OBS 11 (Figs 5.7 and B.2).

Table 5.4 summarizes statistical values as a measure of quality for the model’s fit
to the picked traveltimes. The root mean square traveltime (RMS) error is calculated
by rayinvr from the misfit of calculated and picked traveltime. The normalized x? is a
measure of how well the calculated traveltimes are within the range of the assigned pick
uncertainties and should ideally be 1. The normalized x? of our model is 1.965, which
is almost twice the ideal value. But a comparison with the P-wave velocity models of
Mackenzie et al. (2005) (x? of 2.563) and Voss & Jokat (2007) (x? of 2.804 and of
3.049) shows, that X2 values greater than 2 are not uncommon. The RMS error of our
model is 177 ms, which is higher than the values of the before mentioned publications,
which range from 137 to 164 ms. Especially phases from the lower crust contribute to
the high RMS error. We think that the high RMS error is mainly due to the low signal to
noise ratio of the OBS data. The model depicts a complex crust, which various vertical
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5.6. Gravity and magnetic anomaly data

Table 5.5: Corrections applied to the gravity data.

- time shift due to overcritical damping of the sensor

- conversion from instrument reading units to mGal

- tie to world gravity net IGSN 71 with connection measurements
- correction for the E6tvos effect with navigation data

- correction for instrument drift during the cruise

- subtraction of normal gravity (GRS80)

features where scattering of the deep phases can lower the signal amplitudes. Fig. 5.3
shows the diagonal values of the resolution matrix as a color grid. The resolution is a
measure of how well a velocity value is constrained by all rays passing though it. The
layers of the model are over all well resolved, except for the profile terminations.

5.6 Gravity and magnetic anomaly data

For free-air gravity anomalies, standard processing steps as listed in Table 5.5 were
applied to the gravity data. We obtained a density model by forward modelling with
the software GM-SYS (Geosoft, Inc.). For the starting model (Fig. 5.8 c), we used a
simplified geometry of the P-wave velocity model. Line AWI-20080700 of the P-wave
velocity model only extends up to a model distance of 226 km, while gravity data were
recorded on line BGRO8-301up to a model distance of 315km. Density values were
derived from average P-wave velocities according to Barton (1986). For simplicity we
combined the upper three sediment layers with P-wave velocities of 1.7 - 2.9kms™!
to one density body of 2200kg/m? (s1). The two underlying layers of 3.1 - 5.6 km s~
are combined to one layer of 2450 kg m~* density (s2). The basalt flow from a model
distance of 35 - 50km is added to the first crustal layer. We used the basement interpre-
tation of the MCS data along the whole density model (Fig. 5.8 c).

Calculated free-air gravity values of the starting model are generally too high along
the western part of the profile and too low at the eastern part (Fig. 5.8 b). We there-
fore divided the mantle at a model distance of 170 km into a body of 3200 kg m—* and
of 3300kgm~3. Where this density change was not sufficient, we adjusted the layer
boundaries. From a model distance of 117 - 135 km, we replaced the second sediment
layer (2450 kg m—3) by the first (2200 kg m~?), to meet smaller free-air gravity values in
this region. This density change is also indicated by a lateral change in P-wave veloci-
ties (4.8 - 4.1 kms™1) along line AWI-20080700. Further, we adjusted the crustal layers
east of a model distance of 225 km. This area is not covered by the P-wave velocity
model, so only the depth of the basement is constrained by the MCS data. To fit the
high free-air gravity values east of 270 km, we modelled a shallowing of the middle and
lower crust.

1
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Figure 5.8: a): Magnetic anomaly data along line BGR08-301. b): Free-air gravity data
along line BGR08-301. Observed gravity in black, calculated gravity of the start model in
blue (lower centre panel), of the final model in red (bottom panel). c¢): Start model of the
density modelling; layer boundaries are taken from the P-wave velocity model and average
P-wave velocities are transferred to densities according to Barton (1986). Numbers inside
the model indicate densities in kg m—3. d): Final density model.
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5.7. Plate kinematics

The average difference between the calculated gravity of the final model (Fig. 5.8
d) and the observed free-air gravity values is 7.2 mGal, in contrast to 40.5 mGal for the
starting model. The greatest mismatches between modelled and observed gravity occur
at model distances of 0 - 65 km and of 110 - 150 km. These regions are in the vicinity
of strong positive anomalies off the profile (Fig. 5.1 b) and we therefore interpret these
as the influence of 3-D effects.

To obtain residual magnetic anomaly values, the appropriate IGRF reference field
values (IGRF-10) were removed from the measured magnetic total intensity. It was
necessary to add 100 nT to the anomaly curve to meet the mean level of two published
magnetic maps (Verhoef et al., 1996; Maus et al., 2009). The magnetic anomalies (Fig.
5.8 a) vary between positive and negative values of -1146nT (at a model distance of
32km) and 1015nT (47 km). In general, magnetic anomalies have small amplitudes
and long wavelengths at the locations of sedimentary basins (at model distances of 68
- 100 km and east of 135km) and high amplitudes with small wavelengths where the
basement is near the surface.

5.7 Plate kinematics

We use GPlates (www.gplates.org) to visualize the tectonic evolution of the Davis Strait
area. For the relative motion of the Greenland plate to the North American craton, we
use the set of rotation poles by Oakey (2005). This recent reconstruction complements
the previous reconstruction from Roest & Srivastava (1989). The most relevant time
steps in the tectonic evolution of the Davis Strait, as illustrated in Fig. 5.9, are:

90 Ma: Greenland separates from Canada in an eastwards direction; rifting is active,
but sea-floor spreading has not started in the Labrador Sea (Roest & Srivastava, 1989;
Chalmers & Laursen, 1995).

57Ma: Greenland and Canada are at a maximum east-west distance in the Davis
Strait; the motion of Greenland changes from an eastward to a northeastward direction
(Srivastava, 1978); sea-floor spreading is active in the Labrador Sea (Srivastava, 1978;
Chalmers & Laursen, 1995).

33 Ma: Sea-floor spreading ceases in the Labrador Sea (Srivastava, 1978); Green-
land and Canada are placed at their modern configuration.

Between 57 and 33 Ma, Greenland moved northwards by 310 km relative to the
North American craton. This resulted in a narrowing of the central Davis Strait. If
we use the location of the Hudson Fracture Zone as shown in Chalmers & Pulvertaft
(2001) for the plate boundary, pure strike slip motion occurs along this fault (Fig. 5.9
e). If we use the location of the Ungava Fault Complex instead, a crustal overlap of
70 km width must be compensated. The area of this overlap coincides with the positive
free-air gravity anomalies that are associated with the Ungava Fault Complex. This is
the area, where transpressional forces were compensated.
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as plate boundary as plate boundary free-air gravity (mGal)

Figure 5.9: Tectonic evolution of the Davis Strait with poles of rotation from Oakey (2005).
a): Configuration at 90 Ma. b) and c): The maximum east-west separation of the North
American craton and Greenland is reached at 57 Ma. The area of additional crust relative
to 90 Ma (stretched continental and oceanic crust) is shaded in yellow; the location of the
Ungava Fault Complex and the Hudson Fracture Zone are marked. Lower row: Relative
motion between Greenland and Canada terminates at 33 Ma; the plates are at their present
day configuration. d): Case 1: The Ungava Fault Complex is used as plate boundary;
due to the northward motion of Greenland an overlap of crust needs to be compensated
(shaded in orange). e): Case 2: The Hudson Fracture Zone is used as plate boundary;
only strike slip motion is active without thickening or thinning of the crust. f): Free-air
gravity anomalies (Sandwell & Smith, 2009), version 18.1, with the outline of overlapping
crust, the Ungava Fault Complex in blue, the Hudson Fracture Zone in red, and oceanic
crust in the Labrador Sea as outlined by Chalmers & Pulvertaft (2001) in white; line AWI-
20080700/BGR08-301 in the Davis Strait as thick white line.
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Figure 5.10: Geological structure of line AWI-20080700/BGR08-301 compiled from the
MCS data (Fig. 5.2), the P-wave velocity and the density models (Figs 5.3 and 5.8).

5.8 Discussion

5.8.1 Basalts and sediments

Below the sediment packages sc and sd we modelled a layer se (Fig. 5.3). This layer
with P-wave velocities of 4.1 - 5.1 km s~ is similar to a layer with P-wave velocities of
4.3 -5.3kms™!, observed on NUGGET-1 (Funck et al., 2007). This layer was drilled
at the Hekja O-71 and the Gjoa G-37 wells (Fig. 5.1 a) and consists of basalts interca-
lated with sediments (Klose et al., 1982). Due to the similarity of the P-wave velocity
character and the proximity to NUGGET-1, we follow this interpretation for line AWI-
20080700/BGRO8-301.

At a model distance of 55 - 68 km, dipping reflectors in the MCS data confirm this
interpretation (basalt flows in closeup A in Fig. 5.2). High amplitudes and frequen-
cies of the magnetic anomaly data also support the interpretation of volcanics near the
surface (Fig. 5.8 a).

The only indication of the separately modelled body bas with P-wave-velocities of
5.4kms~! in the MCS data is an undulation of the basement at a modal distance of
38 km (Fig. 5.2). It is confirmed by the density model, where it is modelled with the
same density as the upper crust (model distance 35 - 50 km). Due to this high density, we
interpret this feature as a separate basalt unit, which is not intercalated with sediments.
Model distances 0 - 50 km are underlain by a LVZ, which we interpret as sediments that
were covered by the basalt unit (Fig. 5.10).

From a model distance of 95 - 130 km the layer se is much thinner than modelled
to the west (0.5 km instead of 2 km). High amplitudes and frequencies of the magnetic
anomaly data indicate that volcanics are near the surface (Fig. 5.8 a). From the available

73



5. The Davis Strait crust

West Distance (km) Nuuk Basin East
0 50 | 1(|)0 I 150 I 200 250 300

_| basalts &
sediments

vz

upper crust

O
= 34 -3
E intruded / new
4 BIRERUS @i middle crust L4
middle
crust
57 F5
high velocity
lower crust
6 Le

Figure 5.11: Linedrawing of the MCS data of line BGR08-301 overlain with the time-
converted P-wave velocity model from Fig. 5.3.

data, it is not clear whether this sequence was deposited on this basement high with
only 0.5 km thickness, or if it was deposited before an uplift of the basement with 2 km
thickness like in the west. In the later case, 1.5 km of it were eroded due to uplift and
exposure at the sea-floor. P-wave velocities of 4.8km s~ from a model distance of 95
- 117 km support this interpretation as do dipping reflectors in the MCS data (Figs 5.2
and 5.11). A graben structure of the interpreted basement separates this section from
lower P-wave velocities (4.1 kms~!) and densities (2450 - 2200 kg m~3) from a model
distance of 117 - 130km (Fig. 5.11). As P-wave velocities of basalts can range between
3.5 to 6.5kms™! due to varying composition and deposition (Christie et al., 2006) we
here also interpret layer se as basalts intercalated with sediments.

From a model distance of 130 - 165 km, high-amplitude reflections of low frequency
line up in the MCS data (Fig. 5.2 with closeup B). The reflection pattern is similar to
drilled volcanics in the vicinity of the Gjoa G-37 well (fig. 9 in Klose et al. (1982)). The
P-wave velocity of 5.0km s~! is also within the range for basalts (Christie et al., 2006).
This section is underlain by a LVZ, which represents old sediments that were covered
by the basalt flows.

East of a model distance of 165 km, in the Nuuk Basin (Fig. 5.1 b), P-wave velocities
of layer se are only 4.6 kms~! (Fig. 5.3). This is the only part of the profile, where we
interpreted the lower boundary of this layer as basement instead of the upper boundary.
The top of layer se causes a high-amplitude continuous reflection in the MCS data from
a model distance of 165 - 190 km (Fig. 5.2). This is similar to reflections of the top of
basalts from a model distance of 140 - 165 km. From 165 - 230 km the upper boundary
of layer se is characterized by diffuse reflections, which can indicate a broken surface
(Fig. 5.2). Although P-wave velocities of layer se are lower in the Nuuk Basin than
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along the rest of the model, we here also interpret basalt flows, due to the high-amplitude
reflections in the MCS data (Fig. 5.10).

5.8.2 Crustal structure

The P-wave velocity and density model consist of a three-layered crust: the upper, mid-
dle, and lower crust. While the P-wave velocity and density structure of the upper crust
is uniform along the profile, the middle crust is characterized by higher P-wave veloci-
ties and densities from a model distance of 50 - 95 km, like the lower crust between 40
to 170 km. A lateral change was also modelled in the mantle with smaller densities west
of a model distance of 170 km.

Stretched and highly intruded / igneous crust, model distance: 50 - 95 km

The higher P-wave velocities and densities of the middle and lower crust at a model
distance of 40 - 100 km show an increased content of mafic material. This can be in the
form of mafic intrusions in a stretched and fractured continental crust, or in the form of
newly formed oceanic crust. The following paragraphs discuss both options.

The average thickness of normal oceanic crust is 7.1+£0.8 km and of plume affected
oceanic crust is 10.3+1.7 km (White et al., 1992). This is only half of the crustal thick-
ness of our model. From the top of layer cl to the base of layer ¢3 we measure 20 km
thickness. Oceanic crust of a similar thickness is reported at oceanic plateaus as parts
of large igneous provinces. Gohl & Uenzelmann-Neben (2001) report a 17-km-thick
high-velocity lower crust (P-wave velocities of 7.0 - 7.5kms~!) overlain by a 3-km-
thick layer of P-wave velocities of 6.5 - 6.8 kms~! at the Agulhas Plateau. This crustal
structure is similar to the model of line AWI-20080700 with P-wave velocities of 6.9 -
7.3kms~! in a 15-km-thick lower crust and 6.3 - 6.9kms™! in a 3.5-km-thick middle
crust. Therefore, an interpretation of new igneous crust from the P-wave velocities is
possible.

Other locations of thick oceanic crust are the volcanic continental margins of East
Greenland (Holbrook et al., 2001; Hopper et al., 2003) (more than 30 km thickness
to 18.3 km thickness depending on the distance to the Iceland hotspot track) and the
Vgring Plateau (Mjelde et al., 2005) (23.5 - 9 km thickness). Like the Davis Strait area,
both locations were influenced by the Iceland mantle plume, with production of thick
basalt flows during the breakup process (Storey et al., 1998; Holbrook et al., 2001;
Hopper et al., 2003; Mjelde et al., 2005). Basalt flows are also present along AWI-
20080700/BGRO8-301 with varying thickness. The basalts from a model distance of 0
- 68 km are part of the sea-ward dipping reflectors at the Baffin Island margin reported
by Skaarup et al. (2006).

A difference to the East Greenland margin and the Vgring Plateau are the moderate
P-wave velocities in the middle and lower crust. Along AWI-20080700 the middle crust
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5. The Davis Strait crust

is 3.5km thick with an average P-wave velocity of 6.6kms~! and the lower crust is
14 km thick with an average P-wave velocity of 7.1 km s . Hopper et al. (2003) model a
crust with 6.6 km s~ at the top and 7.5 km s ! at the base. P-wave velocity models of the
East Greenland margin shown in Holbrook et al. (2001) exceed 7.5km s~ in the lower
crust. Mjelde et al. (2005) model a layer of 6.8 kms™!, of 7.1 kms~! and of 7.3kms™ .
It is therefore likely that the crust along AWI-20080700 does not consist completely of
new igneous material, but of highly intruded continental crust. According to Rudnick &
Fountain (1995) the middle crust of rifted margins is 7.5£5.6 km thick with an average
P-wave velocity of 6.440.3 kms~?; the lower crust is 8.6+5.1 km thick with a P-wave
velocity of 7.04-0.3 km s~!. Although rifted margins vary greatly, these global averages
fit well to the layers of our model (see above). This interpretation requires that the
basalt flows along the model are not products of the breakup, but that they are related to
volcanism along fractures of the Ungava Fault Complex.

Other methods that are used to identify oceanic crust are magnetic spreading anoma-
lies and the basement morphology. Because of the small scales (45 km of crust), no
magnetic sea-floor spreading anomalies can be expected. The basement morphology is
only visible below the sedimentary basin from a model distance of 68 - 95km in the
MCS data. But it can not distinguished between a basalt covered continental crust and
newly formed oceanic crust.

As we can not rule out either interpretation, we refer to the crust between a model
distance of 50 - 95 km as stretched and intruded / igneous crust in the following (Fig.
5.10).

We compare the crustal model along line AWI-20080700/BGR08-301 to that of
NUGGET-1 (Funck et al., 2007). Along both profiles, the continental crust of Baffin
Island and Greenland is separated by thin crust with a high content of mafic material.
On NUGGET-1 (Funck et al., 2007) modelled a 140-km-long section of oceanic layer 2
(5.4-6.2kms ) and 3 (6.7 - 7.0km s~ ') underlain by a thick magmatic underplating of
P-wave velocities of 7.4kms~!. On NUGGET-1 and AWI-20080700/BGR08-301 this
crust is divided into a western and an eastern section. On line AWI-20080700/BGRO8-
301, at a model distance of 68 km, the upper crust thins by 1.5 km and rises. The western
part, from a model distance of 50 - 68 km, is covered by a thick succession of basalts
intercalated with sediments. The eastern part, from 68 - 100 km, is also covered by
basalts and by a sedimentary basin. On NUGGET-1, a graben structure filled with
basalts divides the western and eastern section. We interpret the sharp boundary between
the eastern and western segment of intruded / igneous crust as a transform fault of the
Ungava Fault Complex.

Funck et al. (2007) propose that the western part of the oceanic crust is related to
the volcanic type margin of Baffin Island and Labrador. We expand this interpretation
to line AWI-20080700/BGR08-301, as we also imaged basalt flows at the western end
of our profile in the models, the MCS and the magnetic anomaly data (Figs 5.2, 5.3,
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5.8). These volcanics, southeast of Cape Dyer, are partly exposed at the sea-floor and
are mapped by Skaarup et al. (2006) from seismic reflection lines and potential field
data.

Funck et al. (2007) further describe the evolution of oceanic crust at the eastern seg-
ment as an upwelling of magma in areas of transtensional movement along the Ungava
Fault Complex. From the plate kinematic reconstruction (Fig. 5.9) we know that in
the period between 57 - 33 Ma strike slip motion and compression were active in the
Davis Strait. The stretched crust must therefore have evolved prior to 57 Ma when the
strait was opening. The intruded / igneous crust along line AWI-20080700/BGROS-
301 and the oceanic crust along NUGGET-1 (Funck et al., 2007) are both in line with
gravity anomalies of the Ungava Fault Complex. We therefore propose that stretched
and intruded crust / oceanic crust is present between both lines along the Ungava Fault
Complex. The location of the Ungava Fault Complex therefore marks the plate bound-
ary between Baffin Island and Greenland prior to 57 Ma.

High-velocity lower crust

P-wave velocities of the lower crust higher than 7.0 km s~! are often interpreted as mag-
matic underplating (Furlong & Fountain, 1986; Marillier & Reid, 1990). Underplating
has also been reported on the nearby lines GR89-WA (Gohl & Smithson, 1993) and the
NUGGET-1 and -2 (Funck et al., 2007; Gerlings et al., 2009), Fig. 5.1. P-wave veloc-
ities of these magmatic underplatings are higher than the velocities we have modelled
on line AWI-20080700 (in the range of 7.4 - 7.7km s~ ! instead of 6.9 - 7.4kms~!). As
there is no boundary detected between lower crust and an underplated body, we interpret
a gradual increase of mafic material from the sides to the centre of the model. The thick-
ening of the lower crust from a model distance of 30 - 100 km, shows that mafic material
was added to the lower crust. This is similar to the interpretation of a magmatic under-
plating along other profiles (GR89-WA (Gohl & Smithson, 1993), NUGGET-1 (Funck
et al., 2007), and NUGGET-2 (Gerlings et al., 2009)).

Lower mantle densities in the free-air gravity model indicate that the high veloc-
ity lower crust is underlain by a hotter mantle than the eastern part of line AWI-
20080700/BGRO8-301. The high content of mafic material in the centre of the models
can be the result of decompressional mantle melts during extension of the lithosphere
(McKenzie & Bickle, 1988) and / or due to the influence of a mantle plume (White &
McKenzie, 1989).

Funck et al. (2007) relate the magmatic underplating along NUGGET line 1 to the
Greenland-Iceland mantle plume. Volcanics of Disco Island are dated to 61 Ma and have
been related to the Iceland plume (Storey et al., 1998). Funck et al. (2007) suggest that,
according to the hypothesis of Sleep (1997), buoyant plume material flowed southwards
along thin lithosphere in the central Davis Strait. Although we can not confirm the origin
of the mafic material along line AWI-20080700/BGR08-301, it supports the hypothesis
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5. The Davis Strait crust

of Funck et al. (2007) that material of the Iceland plume was channeled southwards
along thinned lithosphere in the Davis Strait.

Continental crust, model distance: 0 - 50, 95 - 315 km

We interpret the crust, west of a model distance of 40 km and east of a model distance
of 100 km, as rifted continental crust according to the P-wave velocity compilation from
Rudnick & Fountain (1995) and the thickness of up to 19 km.

The section from a model distance of 95 - 135 km is the Davis Strait High, which
crops out farther north. Although the Davis Strait area was a rifting system prior to
57 Ma (see section 5.7), the Davis Strait High is elevated to sea-floor level instead of
having subsided. As Chalmers & Pulvertaft (2001) have proposed, this indicates that
compressional forces within the Ungava Fault Complex caused an uplift of continental
crust. We suggest that the presence of buoyant plume material has supported this uplift.

Steps in the basement morphology indicate faults at a model distance of 68, 95, 135
and 165km (Fig. 5.2). From the P-wave velocity and density model we introduced
an additional fault at the western border of continental to intruded / igneous crust at a
model distance of 50 km. The faults from a model distance of 50 - 135 km are within the
transform fault system of the Ungava Fault Complex (Sgrensen, 2006) and we therefore
interpret them as transform faults with a normal component (Fig. 5.10). The fault
at 165 km lies at the location of the Hudson Fracture Zone (Chalmers & Pulvertaft,
2001), which is also a transform fault with a normal component. The continental crust
is broken into several segments, that have been uplifted relative to one another and
were transported along transform faults of the Ungava Fault Complex and the Hudson
Fracture Zone.

model distance 0 - 50 km: stretched continental crust of 6 - 16 km thickness, di-
vided into upper, middle, and lower crust, covered by basalts intercalated with sediments

model distance 50 - 95 km: stretched and intruded crust or new igneous crust with
a high-velocity mafic lower crust, covered by basalts intercalated with sediments and
partly by a sediment basin

model distance 95 - 226 km: stretched continental crust of 12 - 19 km thickness,
with a high-velocity lower crust merging into less intruded lower crust from west to
east, covered by sediments and partly by basalt flows

5.8.3 Ungava Fault Complex and Hudson Fracture Zone

Transform faults of the Ungava Fault Complex are derived by Sgrensen (2006) from
Bouguer gravity data. Our new models and data offer new constraints on the location
of these faults. We use regional magnetic anomaly and satellite derived gravity data to
extend the faults perpendicular to our profile (Fig. 5.12).
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Figure 5.12: a): Locations of seismic refraction lines (AWI-20080700, GR89-WA (Gohl
& Smithson, 1993), NUGGET-1 (Funck et al., 2007), NUGGET-2 (Gerlings et al., 2009)).
On the profiles fractures and interpretations are marked. b): Magnetic anomaly data
(EMAG?2 V2, Maus et al. (2009)) overlain with the same data as in the upper left panel.
Locations of faults of the Ungava Fault Complex after Sgrensen (2006), the location of
the Hudson Fracture Zone after Chalmers & Pulvertaft (2001), and our interpretation are
marked. c): Satellite derived free-air gravity anomalies (Sandwell & Smith (2009), version
18.1) overlain with the same information as in the upper right panel. d): Bouguer gravity
anomalies reduced to sea-level (DNSCO08 free-air gravity data (Andersen et al., 2008) and
Smith & Sandwell (1997) topography, version 13.1, used with code from Fullea et al. (2008))
overlain with the same information as in the upper right panel.
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5. The Davis Strait crust

The fault at a model distance of 95 km separates intruded / igneous crust from the
Davis Strait High and matches exactly the location that Sgrensen (2006) proposes (Fig.
5.12). On our line, the eastern border of the Davis Strait High lies 14 km east of the
location from Sgrensen (2006). We also propose a more north-south striking trend from
the gravity data. The fault that bounds the crust of the Nuuk Basin to the west (at a model
distance of 170 km) is not mapped by Sgrensen (2006). It lies on the Hudson Fracture
Zone, which is a north-south striking fault (Srivastava, 1978; Chalmers & Pulvertaft,
2001), that is not clearly imaged by the regional potential field data. While the eastern
boundary of the intruded / igneous crust coincides well with the existing fault map,
the western boundary needs to be shifted eastwards by 40 km. The north-south extent
of this fault is well indicated by a polarity change in the magnetic anomaly data (our
interpretation in Fig. 5.12 b). Furthermore, the fault within the intruded / igneous crust
is well marked by a polarity change. On our profile this fault had to be shifted 14 km
eastwards relative to the Sgrensen (2006) interpretation.

To determine the role of the Ungava Fault Complex and the Hudson Fracture Zone
in the time between 57 - 33 Ma, we develop two plate tectonic end-member models:

In the first case, we use the Ungava Fault Complex as plate boundary and neglect the
Hudson Fracture Zone: Although transform forces dominate the Ungava Fault Complex,
compressional forces also occur and must compensate overlapping crust of 70 km width
(Fig. 5.9 d). Evidence for compression is the varying thickness of the crust along our
line. The middle crust of the Davis Strait High is, for example, 2.5 km thicker than
that of the adjacent eastern crust (at a model distance of 140 - 170km). This can be
due to compression. However, these units may have been transported to their present
position along the Greenland margin via transform faults of the Ungava Fault Complex,
and thus the crustal thickness does not need to be equal. If a deformation in the scale of
70 km has occurred this should also affect the pre-Eocene sediments that directly overly
the basement. Deformed sediments are present at a model distance of 140 to 170 km
(east the Davis Strait High, closeup B in Fig. 5.2). Balancing the bulged sediments
only leads to a lateral extension of 0.5 km, which is far from the expected value of
70 km. On the Davis Strait High, there is no sediment cover detected which could verify
deformations. We conclude that our models image transform faults of the Ungava Fault
Complex dividing the crust, but compression can only have occurred in a scale of a few
kilometers.

In the second case, we use the Hudson Fracture Zone as a plate boundary and neglect
the Ungava Fault Complex: No compressional forces occur in the Davis Strait area, only
strike slip motion along the Hudson Fracture Zone connects the opening of the Labrador
Sea and the Baffin Bay (Fig. 5.9 e). Although this model fits the plate kinematics and
the sediment record, some motion must have occurred along the Ungava Fault Complex
which is clearly imaged by the data we here present and by the regional potential field
data.
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Given that the poles of rotation from Oakey (2005) are correct, the Ungava Fault
Complex and the Hudson Fracture Zone must have been active in the Davis Strait
area. We propose that a change took place from transpression along the Ungava
Fault Complex to strike slip motion along the Hudson Fracture zone. Prior to 57 Ma,
Davis Strait was opening and highly stretched and intruded continental crust (line AWI-
20080700/BGRO8-301) or oceanic-type crust (NUGGET-1, Funck et al. (2007)) evolved
within the location of the Ungava Fault Complex, which marks the plate boundary at
that time. When the Greenland motion relative to the North American craton changed
to a more northward direction at 57 Ma, transpression along the Ungava Fault Complex
was active as a result of its relative weak lithosphere. As the northward motion of Green-
land continued, the stress was no longer compensated by the deformation of crust within
the Ungava Fault Complex, but the Hudson Fracture Zone evolved with pure strike slip
motion. Although the Hudson Fracture Zone is not well imaged by the regional gravity
data and has thus often been neglected in the literature, it likely compensated most of
the relative motion between the North American craton and Greenland. As the crust
along the Hudson Fracture Zone was not deformed with respect to its thickness, it is not
indicated by the regional gravity data.

5.9 Conclusions

To determine the nature of the central Davis Strait crust we developed a P-wave velocity
and a density model, and interpret these with additional seismic reflection and magnetic
anomaly data (Figs. 5.2, 5.3, 5.8). The profile is dominated by continental crust, that is
separated by a 45-km-long section of stretched and intruded / new igneous crust (Fig.
5.10). It is similar in the P-wave velocity and density structure to oceanic crust along
NUGGET-1 in the northern Labrador Sea, Fig. 5.1 (Funck et al., 2007). On both pro-
files, this section is divided into an eastern and a western segment by a transform fault
of the Ungava Fault Complex. We suggest that oceanic crust / stretched and intruded
crust is also present between both lines and follows the gravity anomalies that mark the
Ungava Fault Complex (Fig. 5.12 ¢, d). Beneath the intruded / igneous crust lies a thick
high-velocity lower crust (Fig. 5.10) that can be related to the Iceland plume which
influenced the Davis Strait region in the Paleocene (Lawver & Miiller, 1994; Storey
et al., 1998). We infer that buoyant plume material was channeled southwards along
thinned lithosphere in the Davis Strait and formed a zone of magmatic underplating in
the northern Labrador Sea. Resulting volcanic activity along the Baffin Island margin is
also indicated by basalts flows along our profile (Fig. 5.2).

The Davis Strait is dominated by the transform fault system of the Ungava Fault
Complex and the Hudson Fracture Zone. We analyzed the role of both fault systems for
the Davis Strait area with plate kinematic modelling (Fig. 5.9). While the Davis Strait
was opening prior to 57 Ma, stretched and intruded crust evolved along the location
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of the Ungava Fault Complex, which was the plate boundary at that time. When the
Greenland motion changed to a more northward component, transpressional motion
had to be compensated and the Ungava Fault Complex evolved. Crust was deformed
and transported along transform faults. At some point compressional deformation of
the crust caused more stress than could be compensated and the Hudson Fracture Zone
with pure strike slip motion evolved. As this transform fault is not accompanied by
crustal thickening or thinning it is not well represented by the regional potential field
data and has thus not been recognized to the same extent as the Ungava Fault Complex
has. As we only find evidence of minor compression along our profile, most of the
motion between the North American plate and Greenland at 57 - 33 Ma must have taken
place along the Hudson Fracture Zone.
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6. Palaeobathymetric reconstruction

6.1 Abstract

The Davis Strait is a bathymetric high between the Labrador Sea and the Baffin Bay. It
acts as a barrier for ocean circulation between the Atlantic and the Arctic Ocean. As
a polar gateway, Davis Strait plays a key role for palaeocean circulation models. In
order to estimate at what time a water mass transport was possible via Davis Strait and
what role the Labrador Sea basin played for the North Atlantic currents, we calculate
palacobathymetry grids. We compile published and new seismic data with information
from drill sites. We calculate the effects of flexual unloading, of sediment decompaction,
of global sea-level changes, and of thermal subsidence. Palacolocations of the profiles
and the age structure of the crust are derived from our recent plate kinematic model.
Although the grids are characterized by great uncertainties, we can conclude that the
Davis Strait separated the Labrador Sea from the Baffin Bay from Eocene to Cretaceous
times. We propose that, similar to today, an early West Greenland Current formed a
cyclonic circulation in the early Labrador Sea basin since the Paleocene.

Keywords: bathymetry, backstripping, plate tectonics, ocean circulation
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Figure 6.1: Left: overview map with names used in the text. Right: Bathymetry of
the Davis Strait area (GEBCO_08 Grid, Version 20090202, www.gebco.net) with location
names and oceanic currents as sketched in Lazier & Wright (1992); L.C = Labrador Cur-

rent; BIC = Baffin Island Current; WGC = West Greenland Current. The size of the yellow
arrows does not scale to velocity or water mass transport.

6.2 Introduction

The evolution of oceanic currents as heat transport mechanisms plays an important role
in the climate system. Especially polar gateways, that limit the heat transfer between
southern latitudes and the Arctic are an important feature. Palaecobathymetric recon-
structions of oceanic gateways are a key prerequisite for simulations of palaeocurrent
and palaeoclimate scenarios. Here, we focus on Davis Strait, which is a bathymetric
high separating the Labrador Sea in the south from Baffin Bay in the north (Fig. 6.1).
The Labrador Sea is a northwestward continuation of the Atlantic; Baffin Bay is a polar
ocean, connected to the Arctic Ocean via Nares Strait and the Canadian Archipelago.
With water depths of less than 700 m, Davis Strait acts as a barrier for regional water
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circulation.

The modern surface circulation of the Labrador Sea consists of the West Green-
land Current, the Baffin Island Current, and the Labrador Current (Clarke & Gascard,
1983). These surface currents and a deep current form a cyclonic circulation (Clarke &
Gascard, 1983). Cold waters of the East Greenland Current form the West Greenland
Current, which transports fresh cold waters into the Labrador Sea (e.g. Lazier & Wright,
1992; Cuny et al., 2001). Part of the West Greenland Current continues northward into
Baffin Bay, while the major branch bends westward, south of Davis Strait. Combined
with cold fresh waters of Baffin Bay from the Baffin Island Current, this branch forms
the southward flowing Labrador Current (e.g. Cuny et al., 2001).

We here provide an estimate of the palaeobathymetry of the Davis Strait area to
analyze the role of this gateway since the Cretaceous.

We use new and published seismic data with information from drilling sites to back-
strip sediment layers and to calculate thermal subsidence. The backstripped segments
are rotated in a plate tectonic reconstruction model to their palaeolocations. We con-
struct palaecobathymetric grids for the late Eocene and the end of Cretaceous and com-
pare these with information of drill sites and onshore outcrops.

6.3 Database

To reconstruct the palacobathymetry in the Davis Strait area, we interpreted new seis-
mic lines and collected published interpretations of seismic data (tables 6.1 to 6.3).
The sediment stratigraphy of the Davis Strait area is well documented from outcrops,
drillings, and seismic data (e.g. Dam & Sgnderholm, 1994; Bojesen-Koefoed et al.,
2001; Rolle, 1985; Gregersen & Bidstrup, 2008). We use a simplified stratigraphy,
based on Chalmers & Pulvertaft (2001); Sgrensen (2006); Dgssing (2011); Chalmers
et al. (1993), Fig. 6.2. New seismic data were collected during the cruise MSM09/3
in 2008 (Gohl et al., 2009; Funck et al., 2012; Suckro et al., 2012), Fig. 6.3. The
interpretation of these lines is summarized in C.1.

Sediment thickness maps of the Kenamu (Bell & Moir, 1989b), Cartwright (Bell
& Moir, 1989a), and Markland Formation (Bell & Moir, 1989c) and the depth of the
acoustic basement (Balkwill et al., 1988) are available at geogratis.gc.ca/api/en/nrcan-
rncan/ess-sst. We digitized these data to construct artificial profiles named path 1- 3
along the Labrador margin (Fig. 6.3). To obtain the depth of each formation from the
thickness maps, we used GEBCO bathymetry (GEBCO_08 Grid, Version 20090202,
www.gebco.net) and the base of the Mokami Formation from dill sites (Wielens &
Williams (2009); Jauer et al. (2009); Canada-Newfoundland and Labrador Offshore
Petroleum Board, 2008: www.cnlopb.nl.ca/well _alpha.shtml). We constructed a grid of
the Mokami depth and added the thickness of the Kenamu, Cartwright, and Markland
formation. Path 1- 3 are cuts through these grids.
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Figure 6.2: Simplified sediment stratigraphy of the Labrador Sea at the Labrador and
West Greenland margin, based on Chalmers & Pulvertaft (2001); Sgrensen (2006); Dgssing
(2011); Chalmers et al. (1993). Box sizes are not to scale with regard to formation thickness
and deposition time.

Table 6.1: Listing of seismic data used in this study for Late Eocene, drifting - postdrift,
40 Ma; line names and interpreted horizons are named as in the cited publications.

Seismic line name Interpreted formations References
BGR77-06, -12, -17, -21 Tertiary post drift Chalmers et al. (1993)
BUR BG-18 Tertiary post rift Chalmers et al. (1993)
Fig. 4a, 13 Mokami Chalmers & Pulvertaft
(2001)

Hekja D-Dr Upper Eocene Klose et al. (1982)
path 1,2,3 Mokami www.GeoGratis.gc.ca
connect e-w, n-s Mokami, Manitsoq, Miocene | BASIN database

to Eocene unconformity
BGRO08-301, -304, -319 Manitsoq, postdrift C.1
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Figure 6.3: Locations of seismic lines and drill sites used for backstripping.
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6.3. Database

Table 6.2: Listing of seismic data used in this study for Cretaceous/Paleocene, rifting - drift-
ing, 65 Ma; line names and interpreted horizons are named as in the cited publications.

Seismic line name Interpreted formations References

BGR77-06, -17 Tertiary syn drift Chalmers et al. (1993)

BGR77-12 Tertiary volcanics Chalmers et al. (1993)

BGR77-21 Tertiary Chalmers et al. (1993)

BUR BG-18 Tertiary syn rift Chalmers et al. (1993)

Fig. 4a Cartwright Chalmers & Pulvertaft
(2001)

Fig. 5 Nukik Chalmers & Pulvertaft
(2001)

Fig. 13 basalts below Cartwright Chalmers & Pulvertaft
(2001)

Fig. 5,7,8,9, 10a, 10c Paleocene Dgssing (2011)

GGU 90-6 Paleocene GHEXIS
(www.geus.dk/ghexis/)

GGU 90-7, -8, -9, Paleocene basalts GHEXIS

HS_90A-8, Fig. 3.7 (www.geus.dk/ghexis/)

path 1,2,3 Cartwright www.GeoGratis.gc.ca

connect e-w, n-s basalts below Cartwright, BASIN database,

Ikermiut, Hellefisk, top Funck et al. (2007)
Campanian
BGRO08-301, -319 Ikermiut, postrift C.1
BGRO08-304 basalts below syn drift C.1

Table 6.3: Listing of seismic data used in this study for Mid Cretaceous, prerift - rifting,
100 Ma; line names and interpreted horizons are named as in the cited publications.

Seismic line name Interpreted formations | References

BGR77-06 Pretertiary post rift Chalmers et al. (1993)

Fig. 4a Freydis Chalmers & Pulvertaft (2001)
GGU 90-6, -7, -8, -9, Kangeq GHEXIS

Fig. 3.7 (www.geus.dk/ghexis/)

path 1,2,3 Markland www.GeoGratis.gc.ca
BGRO08-319 Kangeq, synrift C.1

89



6. Palaeobathymetric reconstruction

a) original setting b) flexually unloaded c) decompacted
water water water
- sedirment to he.backstripped | »f— — s el A
" sediments- | L T sediments L ST Usediphents e Lt
. .. - " . e . . . . e . .t . .
crust crust crust

mantle mantle mantle

Figure 6.4: Sketch of backstripping process.

We also developed artificial profiles from drilling sites in the Davis Strait
area (basin.gdr.nrcan.gc.ca/wells/index_e.php). We use the depth of formations
from Hekja O-71, Ralegh N-18, Gjoa G-37 (Wielens & Williams, 2009; Jauer
et al., 2009), and Qulleqg-1 (GEUS well data summary sheets at geuskort.
geus.dk/GeusMap/info_samba.jsp?iWellName=list_all&iSector=GREENLAND) which
lie on the seismic refraction line Nugget-1 (Funck et al., 2007). With the basement depth
and basalt thickness from the P-wave velocity model (Funck et al., 2007) we construct
the profile "connect e-w”. For the profile "connect n-s” we only interpolated between
the formations from drill sites Hellefisk-1, Ikermiut, Kangamiut-1, Nukik-2, Nukik-1
(Rolle, 1985), and Qulleg-1 (GEUS well data summary sheets).

Data coverage of the time slices varies in the cited publications and depends on the
data quality and drilling depth. Most authors document the Base Neogene/Oligocene
Unconformity (ca. 40 Ma), the Base Cenozoic Unconformity (ca. 65 Ma), and the Mid
Cretaceous Unconformity (ca. 100 Ma).

6.4 Method

In a first step, seismic two-way traveltimes (TWTT) of sediment horizons and base-
ment are converted to depth. The depth-converted profiles are then backstripped, which
includes flexual unloading, decompaction of sediments (Fig. 6.4), and adjustment to
palaeo-sea-level. In some cases, levels were adjusted manually to account for local tec-
tonics. To determine the locations of profiles during the tectonic evolution of the Davis
Strait area, we rotate the profiles in a plate-kinematic model based on rotation poles by
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Figure 6.5: Sediment P-wave velocities of seismic refraction lines in the Davis Strait area
(Nugget-1, Funck et al. (2007); AWI-20080700, Suckro et al. (2013)) and in southern Baffin
Bay (AWI-20080600, Funck et al. (2012); AWI-20080500 & AWI-20100400, Suckro et al.
(2012)). An exponential fit to the Davis Strait data with a corridor of +20% is plotted in
black.

Oakey (2005) and Oakey & Chalmers (2012). The data are then gridded and corrected
for thermal subsidence of the lithosphere. Each step of the palaeobathymetry calculation
is described in detail in the following paragraphs.

6.4.1 Depth conversion of seismic data

For depth conversion of TWTT we use P-wave velocity models from seismic refraction
data in the Davis Strait area: line Nugget-1 (Funck et al., 2007) and AWI-20080700
(Suckro et al., 2013), Fig. 6.3. P-wave velocity models in southern Baffin Bay are
also included in Fig. 6.5 for comparison. We extracted velocity-depth profiles for the
sediment cover every 10 km along these models. To compare the velocities despite the
varying thickness of the sediment cover, we refer to depth as percentage of the total
sediment cover at each location. P-wave velocity vp with depth dp.,. is best estimated
by the following fit:

vp = 1.667 exp(0.0116 dper.) , rms error = 0.45 6.1)
We transfer eq. 6.1 into a TWTT dependent equation (Fig. 6.6). To calculate depth
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Figure 6.6: Average depth-velocity profile for the Davis Strait area (black); stacked veloci-
ties (blue), stacked and converted to two-way traveltimes for depth conversion (red).

from any TWTT in the sediment column, rms velocities vp,.,,s are needed. The best fit
is a fourth order polynom:

Vrms = D JAE S TWTT* —8.63E S TWTT? +56E* TWTT?

6.2
—73E3TWTT + 1.75 6.2)

TWTT is again given in percent of the whole sediment column. We assume that
the P-wave velocity within each sediment layer is constant. Eq. 6.2 is applied to a
representative location of each profile to assign rms velocities to each horizon.

6.4.2 Flexual unloading

For flexual unloading, we calculate the Airy isostasy at every datapoint along a profile.
We use the relationship given by Watts (2001) for an elastic beam as a mathematical
loading function to account for the rigidity of the lithosphere. A detailed explanation of
this process is given in the Appendix C.2.1.
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Table 6.4: Density of the upper sediment layers.

data source sediment density reference

Upper 500 meters, ODP site 645, cen- | 1600 - 2300kg/m>® | Shipboard Scientific
tral Baffin Bay, bulk density Party (1987a)

Upper 500 meters, ODP site 646, east- | 1300 - 2100kg/m>® | Shipboard Scientific
ern Labrador Sea, bulk density Party (1987b)

Upper 500 meters, Nugget-1, southern | 1680 - 1950 kg/m® | Funck et al. (2007)
Davis Strait, density model

Upper 4  kilometers, AWI- | 2100 - 2250kg/m® | Suckro et al. (2012)
20080500/AWI-20100400, southern
Baffin Bay, density model

Upper 3 kilometers, AWI-20080700, 2200 kg/m? Suckro et al. (2013)
central Davis Strait, density model

Table 6.5: Upper mantle density from gravity models.

line name and location mantle density reference

R2, Greenland margin, Labrador Sea | 3300 kg/m? Chian & Louden (1994)
Line 5, northern Labrador 3220 - 3315kg/m® | Funck & Louden (1999)
Nugget-1, southern Davis Strait 3300 - 3330 kg/m?® | Funck et al. (2007)
AWI-20080500/AWI-20100400, 3200 kg/m? Suckro et al. (2012)
southern Baffin Bay

AWI-20080700, central Davis Strait | 3200 - 3300kg/m?® | Suckro et al. (2013)

Necessary input parameters are the densities of sea water (p,,), the backstripped
sediment layer (p;), and the upper mantle (p,,). Also the flexual length parameter A is
needed; the crust is no longer affected by a load in the distance of £2)\. We use:

e p, = 1030kg/m?3, unpublished CTD measurements during cruise MSMO09/3
(Gohl et al., 2009) and ARK-XXV/3 (Damm, 2010)

e p; = 1800 kg/m3, see table 6.4; we use a very low density value mainly founded
on data from ODP site 646, because we also use the porosity-depth function from
this location.

® Pmantte = 3300 kg/m3, see table 6.5

e )\ = 150 km, several examples in Watts (2001) show, that the crust is no longer
affected by a load in a distance of 300 km.
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6. Palaeobathymetric reconstruction

6.4.3 Decompaction

According to Sclater & Christie (1980) the porosity f(d) of sediments decreases with
increasing depth (d) by an exponential law:

f(d) = foexp(—c-d) (6.3)

fo 1s the porosity at the top of the sediment column; ¢ is a constant.

After backstripping the top sediment layer, the relative depth of each remaining
sediment horizon decreases. Therefore the depth-dependent porosity changes. The cal-
culation of the decompacted depth of horizons is given in the C.2.2. Necessary input
parameters are the top porosity f, and the depth dependent constant c. Porosity values
with depth are available at ODP site 645 in southern Baffin Bay and 646 in the eastern
Labrador Sea (Shipboard Scientific Party, 1987a,b), Fig. 6.7. Due to a material change
at 335 m depth at ODP site 645, this site cannot be described with one set of f, and ¢
values. Because porosities from the lower part of ODP site 645 are similar to the values
from site 646 we use only these to obtain an average f, and c. We use: f, = 0.69,
c = 0.0007.

6.4.4 Palaeosea-level

A change in sea-level (sl) has the same isostatic effect as the unloading of sediment has
(section 6.4.2). Similar to eq. C.1 the rebound thickness dg due to sea-level changes is
calculated by:

dy = Puwater - (—s) (6.4)

Pmantle — Pwater
We use the global sea-level curves presented in Miller (2005) from Vail et al. (1977);
Hagq et al. (1987); Haq & Al-Qahtani (2005). Sea-level was estimated to be 140 m higher
than today at 40 Ma and 200 m higher at 65 and 100 Ma.

6.4.5 Plate tectonic reconstruction

We use the most recent plate-kinematic reconstruction of the opening of the Labrador
Sea and Baffin Bay which is described in detail in Suckro et al. (2013) and is based on
rotation poles from Oakey (2005); Oakey & Chalmers (2012). Rotation was performed
using the software GPlates (www.GPlates.org). Fig. 6.8 summarizes the evolution of
the Davis Strait area and shows the projected palaeolocations of the seismic data that
we use.
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Figure 6.7: Porosity-depth profiles of ODP sites 645 and 646 with exponential functions.
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6. Palaeobathymetric reconstruction

e 90Ma: Greenland separates from the North American craton in a northeast-
ward direction. Rifting is active in the Labrador Sea (Roest & Srivastava, 1989;
Chalmers & Laursen, 1995). We use the 90 Ma-reconstruction for the 100 Ma
grid, because this is oldest reliable time step given in Oakey (2005).

e 65 Ma: Seafloor spreading is active in the Labrador Sea and southern Baffin Bay
(Roest & Srivastava, 1989; Chalmers & Laursen, 1995; Suckro et al., 2012).

e 57Ma: The Davis Strait had opened to the widest extent. The Greenland motion
changes from the former northeastward direction to a more northward direction
(Srivastava, 1978). The Ungava Fault Complex evolves (Suckro et al., 2013).

e 54 Ma: The convergence within the Ungava Fault Complex can no longer be com-
pensated and the Hudson Fracture Zone evolves with strike-slip motion (Srivas-
tava, 1978; Suckro et al., 2013).

e 40Ma: The second phase of seafloor spreading is active in the Labrador Sea and
southern Baffin Bay (Oakey & Chalmers, 2012).

e 33 Ma: Seafloor spreading ceases in the Labrador Sea; Greenland and the North
American craton move as a single plate from this time on (Srivastava, 1978;
Chalmers & Pulvertaft, 2001).

A detailed overview of the Labrador Sea and Baffin Bay evolution is given in
Chalmers & Pulvertaft (2001); detailed tectonic models of the southern Baffin Bay and
Davis Strait evolution are given in Suckro et al. (2012) and Suckro et al. (2013).

6.4.6 Thermal subsidence

After rifting and seafloor spreading, the lithosphere subsides due to cooling. The sub-
sidence of oceanic lithosphere is proportional to the square root of its age (Parsons &
Sclater, 1977). Subsidence of rifted continental lithosphere can be calculated by an ex-
ponential age-relationship (McKenzie, 1978). In addition to fixed parameters, listed in
table C.3, the lithospheric extension factor is needed. As crustal models in the Davis
Strait and Labrador Sea area are available, we use the thinning of crust as equivalent to
the extension of the lithosphere. We take 40-km-thickness as original crustal thickness
according to the crustal thickness of northern Labrador (Funck & Louden, 1999) and di-
vide this value by the thickness of rifted crust (26 - 5 km, Chalmers et al. (1999); Chian
& Louden (1994)). A comparison of the different subsidence calculations is shown in
Fig. 6.9. To assign an age to the crust we use the tectonic model described in section
6.4.5 and map segments of the same age (Fig. 6.10). The equations for the calculation
of thermal subsidence are given in C.2.3.
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Figure 6.9: Thermal subsidence of rifted continental lithosphere (equation C.7, McKenzie
(1978)) within the range of expected thinning factors; thermal subsidence of oceanic crust
(equation C.6, Parsons & Sclater (1977)).

As thermal subsidence changes the depth of seafloor and thus the water depth, iso-
static rebound has to be recalculated with equation 6.4.

6.4.7 Gridding

We produce palacobathymetry grids with the “blockmean” and “’surface” modules in
GMT (gmt.soest.hawaii.edu/). The gridding increment is 0.2°W and 0.1°N; tension
factor 0.2. To obtain a more natural looking bathymetry, we keep points along the
Greenland, Labrador, and Baffin Island coast fixed to 0 m palaeosea-level.

6.5 Results

Fig. 6.11 displays compilations of the thicknesses of postdrift, syndrift, and synrift
sediments. We treat basalts that are intercalated with sediments like other sediments,
thus these layers also add to the thickness maps. The sedimentation rates and patterns
changed during the tectonic evolution of the Davis Strait area. Postdrift sediments reach
2km thickness in the southern Baffin Bay and the eastern Labrador Sea. This corre-
sponds to an average sedimentation rate of 0.05 mka~!. At the Labrador shelf, less than
1.5km were deposited. This was different during the phase of seafloor spreading in
the Paleocene to Eocene. At that time sedimentation rates were highest at the Labrador
shelf with a deposition of up to 5 km thickness (0.2 mka~'). At the Greenland shelf less
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Figure 6.10: Crustal age as determined from the tectonic model (section 6.4.5). White dia-
monds with black crosses mark locations where we calculate thermal subsidence of rifted
crust; white diamonds with red crosses mark locations where we calculate subsidence of
oceanic crust; locations of crustal models are marked in black: seismic refraction lines
a) AWI-20080600 (Funck et al., 2012), b) AWI-20080500 & AWI-20100400 (Suckro et al.,
2012), d) GR89-WA (Gohl & Smithson, 1993), e) AWI-20080700 (Suckro et al., 2013), g)
NUGGET-2 (Gerlings et al., 2009), h) NUGGET-1 (Funck et al., 2007), 1) R2 (Chian &
Louden, 1994), n) line 5 (Funck & Louden, 1999); seismic reflection lines i) BGR77-06, j)
BGR77-12, k) BGR77-21, m) BGR77-17 (Chalmers, 1997); gravity modelling c¢) (Chalmers
et al., 1999), f) (Dgssing, 2011).
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Figure 6.11: Thicknesses of the sediment cover in the Davis Strait area, compiled from
seismic reflection data and drill sites in Fig. 6.3.
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than 1km of sediment was deposited. The indicated change of the deposition pattern
can be the product of a change in the ocean currents or in the erosional system on land.

With the backstripping routine and thermal subsidence calculation described in
chapter 6.4, we obtain the palaecobathymetry grids in Fig. 6.12. At the end of the drifting
phase (ca. 40 Ma) water depths of the Labrador Sea were similar to today (3000 m com-
pared to 3500 m today). The main basin was located in the eastern half of the Labrador
Sea, near the Greenland coast. The setting of the Davis Strait and the southern Baffin
Bay differed from today with large areas above sea-level. At the beginning of sea-floor
spreading (ca. 65 Ma), the main basin of the Labrador Sea was located near southern
Baffin Island and northern Labrador. The Davis Strait was above sea-level, as were vast
areas off West Greenland. During early rifting, at ca. 90 Ma, a small oceanic basin can
only be expected in the northern Labrador Sea.

6.6 Discussion

We first discuss the accuracy of the palacobathymetry calculations. Due to the choice
of input parameters the relative errors are high. We compare our grids with drilling
information and outcrops onshore. This gives an indication of the accuracy of our grids
and of the amplitude of regional tectonics.

6.6.1 Accuracy of the palaeobathymetry
Depth conversion

Fig. 6.5 shows that sediment P-wave velocities vary 1 km/s for different locations. It
is reasonable to assume a relative error of +20%, as indicated in Fig. 6.5.

Flexual unloading

Errors of flexual unloading result from the set of chosen density values. The density of
sea water is well known with a relative error of £1% (unpublished CTD measurements
during cruise MSMO09/3 (Gohl et al., 2009) and ARK-XXV/3 (Damm, 2010)). The
density of the backstripped sediment layer varies between 1300 and 2300 kg/m? (table
6.4). This is a relative error of £28% to 1800kg/m>. Upper mantle density is better
known with values between 3200 to 3330 kg/m3, and a relative error of -3% / +1% to
3300 kg/m®. The choice of A does not influence the amount of uplift due to backstrip-
ping, but the shape of the bathymetry. Errors are made especially along small profiles
where we extrapolate the edges to calculate a flexual unloading within +2 for all data
points.
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Figure 6.12: Bathymetry in m below present and palaeosea-level. Today’s bathymetry is
from the GEBCO_08 Grid, Version 20090202, www.gebco.net. Palacobathymetry at 40, 65,
90 Ma is calculated as discribed in chapter 6.4.
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Decompaction

We have chosen the porosity parameter f and ¢ according to ODP site 646 and the lower
section of site 645 (Shipboard Scientific Party, 1987a,b). To compare these values with
other porosity-depth profiles, we plot ODP data from the East Greenland margin in Fig.
6.13. fy can be chosen between 50 and 80% and ¢ between 0.0005 and 0.0007. This
leads to relative errors of -28% / +16% for fy (69%) and -29% for ¢ (0.0007).

Palaeosea-level

Despite the large spread in the reconstructed sea-level in the literature, we here again
use the parameters p,, and p,, from flexual unloading. Both are assigned with relative
errors of £1% and -3% to +1%, respectively.

Thermal subsidence

Errors in the calculation of thermal subsidence can originate from errors of the input
parameters and from the validity of the empirical equations used.

Thermal subsidence is calculated from the crustal age. We use a simplified tectonic
model which is based on rotation poles of Oakey & Chalmers (2012) and is described in
Suckro et al. (2013). The actual setting is most likely more complicated than the model
in Fig. 6.10 illustrates, with more small scale fracture zones and thus smaller sectors
of equally aged crust. If we assume an error of =3 Ma in the age determination, this
results in a relative error of £9% on average for the time interval analyzed here. But for
the early cooling times, the relative error can be as high as £100%.

The choice of a lithospheric extension factor depends on the accuracy of the crustal
models in the Davis Strait region. We assume that the crustal thickness is determined to
+2 km. For values around 7-km-thickness the relative error is 3.0%, while in locations
of thick crust (24 km) the error is 13.5%. At 65Ma, we only use the equations for
rifted crust, although first oceanic crust evolved during this time (Chalmers & Pulvertaft,
2001). The difference between subsidence of rifted and of oceanic crust at 65 Ma is
1 km.

Accuracy of other parameters used in the calculation add up to £66% (C.2.3).

The subsidence equations used are designed for Atlantic type “normal” oceanic and
rifted crust. But there are indications that Greenland and the Davis Strait area were
affected by the early Iceland mantle plume (Chalmers et al., 1993; Storey et al., 1998;
Funck et al., 2007). The crust therefore underwent a different thermal evolution. Re-
gional tectonics in West Greenland cause uplift with an amplitude of 1 to 2 km (Bonow
et al., 2006, 2007; Japsen et al., 2011). Thus, uncertainties of this magnitude are possi-
ble in the elevation calculations.
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Figure 6.13: Porosity-depth profiles of ODP sites 914 to 987 on the East Greenland margin
(Shipboard Scientific Party, 1994a,b,c,d,e, 1996), of site 645 in Baffin Bay and of 646 in
the Labrador Sea (Shipboard Scientific Party, 1987a,b); the thick black line is the porosity
depth relation in eq. 6.3 that we use with fy = 69% and c = 0.0007 (section 6.4.3); thin
black lines display alternative parameters.
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6.6. Discussion

Relative errors due to the choice of parameters for the palacobathymetry calculation
add up to -197% and +152% at most. Although these values are high, it is unlikely
that all parameters are chosen in a way that the grid is affected by these maximum
errors. The maximum errors are most likely smaller because we choose the density p;
in accordance with the porosity fy. This means that for smaller porosity values one also
has to choose a higher density. Another large error source is the calculation of thermal
subsidence with the parameters listed in Table C.3. But we decided that it is better to
include this important step than omitting it.

6.6.2 Deposition hiatuses

The stratigraphy in the Davis Strait area is characterized by several depositional hia-
tuses, especially in the Oligocene to Eocene and the Maastrichtian to Campanian
(Sgrensen, 2006; Dgssing, 2011). As no information is available on the amount of
eroded sediment during this time, the palacobathymetry that we calculate is always a
maximum depth estimate.

6.6.3 Comparison with wells and onshore information

We compare the palacowater-depth of our grids with biostratigraphic information of the
drill sites Hekja O-71, Ralegh N-18, Gjoa G-37, and Qulleq-1 (Fig. 6.3, Table 6.6).
While depths of the two eastern drill sites coincide with our calculations, there is a
discrepancy of 450 m and -100 m at the two eastern sites. We therefore exclude a sys-
tematic error in our calculations. Although the drilling locations are not representable
for the whole grid area, we can assume that the grid is accurate to -100/+450 m.

According to Dam & Sgnderholm (1994), the central Nuussuaq Peninsula represents
the palaeoshore-line in latest Campanian to earliest Maastrichtian. Our grid at 65 Ma
yields values between -39 to -68 m depth at this location. Tertiary basalts of the Cape
Dyer area were extruded at approximately 70 m waterdepth according to Clarke & Up-
ton (1971). We also compare these information with the 65 Ma grid, because the basalts
can represent volcanics related to the onset of the drifting phase. Our palacobathymetry
has values between -159 to -281 m depth at this location. Although Nuusuaq Peninsula
and Cape Dyer are at the edge of our grids, we conclude that it is possibly 50 - 200 m too
low. In Fig. 6.14 we show a minimum and maximum palaeobathymetry with a range
of £500 m for each time step. We also included the possible direction of palaeocean
currents. The currents are oriented along contour lines, as we think that they are mainly
effected topographic steering.

In Cretaceous times (Fig. 6.14, 90-100 Ma), the Labrador Sea was a small rift basin.
Due to its small size we do not draw any conclusions on ocean currents at that time.
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Figure 6.14: Bathymetry in m below palaeosea-level. Centre column as shown in Fig. 6.12;
left column lifted by 500 m; right column lowered by 500 m. Yellow arrows indicate likely
directions of palaeocean currents. 106



6.7. Conclusions

Table 6.6: Comparison of palaeowater-depth and biostratigraphic information from dill site
information at 40 Ma. Drill site locations are marked in Fig. 6.3.

Drill site | Palaeo- | Palynology Depth Difference
bathymetry
Hekja -477m | non-marine to coastal-marginal ~0m 450 m
0-71 marine (Williams, 2007a)
Ralegh 87m marginal marine to inner shelf: <100 m -100m
N-18 with shallow tidal channels
and/or bars, intertidal? (Miller &
D’Eon, 1987)
Gjoa -209m | outer neritic (Williams, 2007b) 100 - 200 m 10 m
G-37
Qulleg-1 | -1003m | open marine to oceanic (Piasecki, >200m Om
2003)

At the end of the rifting and beginning of the drifting phase (Fig. 6.14, 65 Ma),
the Labrador Sea probably did have a cyclonic, anti-clockwise current, similar to today.
If we apply the maximum depth-calculation, it is also likely that a cyclonic current
was present in the early Baffin Bay. For a minimum depth calculation we doubt that
a cyclonic current evolved in the Labrador Sea at all, because the region consists of
isolated basins.

At the end of seafloor-spreading (Fig. 6.14, 40 Ma), the Labrador Sea basin is well
developed and a cyclonic current similar to today must have existed. Although the
maximum depth calculation suggests a water transfer via Davis Strait, we think that it
is unlikely because the normal and minimum calculation oppose this scenario. That a
water transfer was not possible is confirmed by data of the Davis Strait Drift Complex:
According to Nielsen et al. (2011) a present-day oceanographic setting with an Arctic-
Atlantic connection was not established prior to Middle Miocene.

6.7 Conclusions

We use seismic data and drill site information for a backstripping process and thermal
subsidence calculation in combination with a plate kinematic model to derive a palaeo-
bathymetric model in the Davis Strait area from Eocene to Cretaceous.

By compiling thickness maps of sediment formations, we showed that syndrift sed-
iments mainly accumulated at the Labrador shelf, causing the asymmetric shelf widths
of the Labrador Sea. The cause of this accumulation pattern can be the transport of
suspended material with ocean currents or the evolution of a depositional system on
land.
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6. Palaeobathymetric reconstruction

The palaecobathymetry grids demonstrate that a transfer of water masses via the polar
gateway Davis Strait established in post-Eocene times. This supports the interpretations
of Nielsen et al. (2011) of the Davis Strait Drift Complex.

A cyclonic current, similar to the West Greenland and Labrador Current of today,
probably existed already at the end of Cretaceous. Combined with palacobathymetric
models from the North Atlantic (Wold, 1995; Ehlers & Jokat, 2013), our grids can be
used for palaeoclimate studies in palacocean circulation simulations.

Although our palacobathymetry still suffers from large uncertainties, it is currently
the best possible estimate from present day data and the first study of the Davis Strait
gateway that provides a regional picture for further palaco-modelling.
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Chapter 7

Conclusions and Outlook

Most of the research questions in chapter 1.3 could be answered with the analysis of the
new geophysical data from cruise leg MSM09/3 and ARK XXV/3.

The crustal model in chapter 4 confirms that southern Baffin Bay is underlain by
oceanic crust. The thickness and velocity structure is similar to the world average,
presented by White et al. (1992). The extend of oceanic crust matches the map of
Chalmers & Oakey (2007) well. Like in the Davis Strait, also the breakup of southern
Baffin Bay was accompanied by volcanism. This is indicated by basalt flows, visible
in the seismic reflection data of the Greenland margin. While large volcanic sequences
of the breakup were reported previously offshore Baffin Island, this is the first mapping
of breakup volcanics at the conjugate margin.

The crust in central Davis Strait consists of sections of stretched continental
crust, separated by a 45-km-wide unit. This can be interpreted as oceanic crust
or as highly intruded, stretched, continental crust (chapter 5). This is similar to a
crustal model in southern Davis Strait (NUGGET-1, Funck et al. (2007)). Interestingly,
the crust within the area of the Ungava Fault Complex did not subside - the Davis Strait
High is a basement high that crops out at the sea floor. The Nuuk Basin, adjacent to
the east, subsided like most rift basins. We think that compressional tectonics and the
influence of the early North Atlantic mantle plume caused an uplift of the western
Davis Strait area.

Although the interpretations are based on models, which are always ambiguous, the
summarized results are distinct enough to remain. Even though, new data or a reanalysis
of the presented data may lead to different P-wave velocity and density distributions.

For southern Baffin Bay and the Davis Strait area we developed a plate kinematic
model. This is based on the newest set of rotation poles by Oakey (2005); Oakey &
Chalmers (2012). In southern Baffin Bay, the plate kinematic modelling confirmed
the general location and extend of Paleocene and Eocene oceanic crust as outlined
by Chalmers & Oakey (2007). We suggest, that magnetic spreading anomalies were
not clearly imaged because small scaled crustal fragments, that are divided by fractures,
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are rotated and shifted to each other. This results in small scaled fragments. Addition-
ally, a thick sediment cover damps the signal. We propose to locate the fracture zone,
that connects the northern and southern Eocene spreading centre in the Baffin Bay along
a magnetic anomaly. Chalmers & Oakey (2007) in contrast locate the fracture zone
along a gravity anomaly. Both anomalies differ by an azimuth of only 6°.

Kinematic modelling in the Davis Strait area shows that it is not possible to com-
pensate compressional forces that result from the reorientation of the Greenland plate
in the Late Paleocene by the Ungava Fault Complex alone. It is essential to introduce
a zone of pure strike slip motion in the Davis Strait. The Hudson Fracture Zone,
which is found in the literature of the 1970ies exactly fits this location. All published
sets of rotation poles lead to this conclusion (Roest & Srivastava, 1989; Oakey, 2005;
Miiller et al., 2008). We therefore think, that the existence of the Hudson Fracture Zone
has to be reconsidered.

The compilation of seismic stratigraphy data in chapter 6 shows that syndrift sedi-
ments accumulated mainly at the Labrador shelf and not at the Greenland shelf. We
suggest, that the asymmetric deposition results from the transportation pattern of sus-
pended material in the water or from a depositional system onland. Both possibilities
should be further investigated.

We continue to use the plate kinematic model from chapters 4 and 5 for the palaeo-
bathymetric reconstruction of the Davis Strait area in chaper 6. Although uncertainties
of the calculations depending on the choice of input parameters are great, we can con-
firm results of previous studies. It is likely that a water transport via Davis Strait
developed in post Eocene times. A cyclonic current, similar to today, probably
existed in the Labrador Sea since the Paleocene. A study that combines the palaeo-
bathymetric grids of the North Atlantic and the Norwegian-Greenland Sea (Wold, 1995;
Ehlers, 2009; Ehlers & Jokat, 2013) with our grids will be of great value for palacocean
modellers.

The plate kinematic model played a big role in all subtopics. It is based on the
rotation poles from Oakey (2005); Oakey & Chalmers (2012). Although the poles were
carefully developed and the accuracy is stated to be high, the study of the Baffin Bay
- Labrador Sea system would have been more complete with a re-analysis of rotation
poles. To accomplish this, magnetic spreading anomalies of the Labrador Sea, the North
Atlantic, and the Norwegian-Greenland Sea have to be reanalyzed. New data, e.g. north
of Greenland (Lehmann, 2012) should be extended and incorporated.

Seismic refraction lines and other geophysical data, acquired in central and northern
Baffin Bay during ARK XXV/3, are currently analyzed at the AWI by Tabea Altenbernd.
Her crustal models will complement the studies presented here.
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phases in red, with vertical bar length according to the assigned pick uncertainty, calcu-
lated travel times as thin black lines and phase names. A reduction velocity of 8 kms~?!
is used for plotting. Bottom pannels: Raypaths of the corresponding phases in the model.
For clarity, only every 20th ray is plotted. 126
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lated traveltimes as thin black lines; phase names are annotated; a reduction velocity of
6kms~! is used. Lower panels: Raypaths of the corresponding phases in the P-wave ve-
locity model. For clarity only every 10th ray is plotted.
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Figure B.2: Raytracing in the P-wave velocity model for OBS 7 - 12. Top panels: Picked
phases in red with vertical bar length according to the assigned pick uncertainty; calcu-
lated traveltimes as thin black lines; phase names are annotated; a reduction velocity of
6kms~! is used. Lower panels: Raypaths of the corresponding phases in the P-wave ve-
locity model. For clarity only every 10th ray is plotted.
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Appendix, Palaeobathymetric
reconstruction of the Davis Strait area

C.1 Interpretation of new seismic lines

During cruise MSMO09/3 of RV Maria S. Merian in 2008, multichannel seismic reflec-
tion (MCS) data were acquired (Gohl et al., 2009). We here show lines BGR08-301,
-304, and -319 (Fig. 6.3). Setup parameters of the survey and processing steps are listed
in table C.1 and C.2.

BGRO08-301 crosses the Davis Strait with the Ungava Fault Complex and the Hudson
Fracture Zone. The profile is also shown in Suckro et al. (2013) and Altenbernd (2010).
Drilling Nukik-1 at the eastern termination of the seismic line allows an interpretation
of the Manitsoq, Kangamiut and Nukik Formation in the Nuuk Basin (Fig. C.1). We
propose that also sediments of the Ikermiut Formation overly the synrift strata. West
of the Hudson Fracture Zone a correlation is not possible. Due to similarities in the
reflection pattern and thickness, we interpret the Kangamiut Formation ontop of basalts
west of the Hudson Fracture Zone (120 to 150 km distance). Because an erosion fan

Table C.1: Setup parameters of the MCS survey during MSM09/3.

Streamer length 3450 m

Number of channels 276

Sampling rate 2ms

Recording length 14s

Seismic source array of 16 G.Guns™
Operation pressure 100 - 135 bar

Total source volume 50.8 litres, 3100 in®
Shot interval 18s
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Figure C.1: MCS data of line BGR08-301. Top: processed seismic data with stratigraphic
information from drilling Nukik-1 (Rolle, 1985). Bottom: interpretation of formations and
faults. UFC = Ungava Fault Complex, HFZ = Hudson Fracture Zone, DSH = Davis Strait
High.
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Table C.2: Processing of the MCS data from MSM09/3.

FOCUS™ processing ProMAX™ processing

of line BGR08-304 of line BGRO08-301, -319

- Resampling: 4 ms - Resampling: 4 ms

- Geometry: CMP binning of 6.25m - Geometry: CMP binning of 6.25m
- Interactive velocity analysis - Bandpass filter: 4-8-80-160 Hz

- Gain: spherical divergence - Velocity analysis

- Bandpass filter: 2-7-90-120 Hz - Surface related multiple estimation
- Multiple suppression: fk filter "zmult” | - Velocity analysis

- Normal move out (NMO) correction - Predictive deconvolution

- Stack - Normal move out correction

- Kirchhoff migration - Stack

- Coherency filter after two-way travel- | - Poststack Kirchhoff migration
time of first multiple

begins from this section and fanns into the Nuuk Basin, we suggest that the section from
120 to 150 km distance has been uplifted prior to the main deposition of the Manitsoq
Formation. The tectonic model in Suckro et al. (2013) shows that the sediment basin
between 55 to 85 km distance evolved from Late Cretaceous to the end of Paleocene.
We therefore propose that it is based by Paleocene sediments of the Ikermiut Formation.
We suggest the Kangamiut and Manitsoq Formations for stratigraphic borders at 1.2 and
1.5s TWTT.

BGRO08-319 crosses the northern Davis Strait where the Ungava Fault Complex and
the Hudson Fracture Zone merge (Fig. 6.1, 6.3). This line is also presented in Al-
tenbernd (2010). We could trace the Manitsoq, Kangamiut, and Ikermiut Formation
between the basement high at CDP number 25000 and the eastern termination of the
profile from the Ikermiut drilling (Rolle, 1985), Fig. C.2. A formation of at least Cre-
taceous age must underly these sediments, so we assign the Kangeq Sequence. The
Ungava Fault Complex and Hudson Fracture Zone highly disturb the Cretaceous and
Paleocene formations in this part of the profile. The western part of BGR08-319 is
underlain by basalt flows (CDP number 47000 to 30000). These volcanics can have
formed during the breakup of Greenland and the North American plate in Late Creta-
ceous. They can then represent new igneous crust which implies a phase of drifting. The
basalts can also be products of the influence of the Greenland-Iceland mantle plume in
the Early Paleocene (Storey et al., 1998). Instead of representing new igneous crust, the
basalts can be extruded from fractures within stretched continental crust. This implies
only a phase of rifting. In either case, the postrift or postdrift sediments that overly the
basalt flows are of Paleocene to Eocene age.

BGRO08-304 crosses the extinct Eocene and Paleocene spreading centers in southern
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Figure C.2: MCS data of line BGR08-319. Top: processed seismic data with stratigraphic
information from drilling Ikermiut (Rolle, 1985). Bottom: interpretation of formations
and faults. UFC = Ungava Fault Complex, HFZ = Hudson Fracture Zone.
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Baffin Bay (Chalmers & Oakey (2007); Suckro et al. (2012), Fig. 6.3). This line is
also shown in Suckro et al. (2012); Block et al. (2012). From shot point 1600 to 7400,
the profile is underlain by oceanic crust (Fig. C.3). At the northern termination of the
profile, basalt flows are covered by synrift sediments. According to the tectonic model
in Suckro et al. (2012), we propose a Late Cretaceous age. Postdrift sediments make
up most of the total sediment cover. The oldest postdrift sediments are according to the
stratigraphic chart in Fig. 6.2 of Late Eocene age.

C.2 Backstripping method

C.2.1 Flexual unloading

Flexual unloading is a weighted isostatic rebound. The backstripped sediment package
is replaced by a volume of water and mantle; thickness of the crust and the remaining
sediments are kept constant at this stage. According to Airy’s law, isostasy is reached,
when:

dsedl P11 = drebound * Pm + (dsedl - drebound) * Pw

dseqr: thickness of the backstripped sediments
p1: density of the backstripped sediments
dyrebound: amount of rebound

Pm: density of the mantle

pw: density of sea water

d’rebaund = P17 Puater dsedl (Cl)

Pmantle — Pwater

The depth of the remaining sediment layers and the crust are the original depth
subtracted by the rebound.

The calculation of Airy isostasy at every datapoint along a profile neglects the rigid-
ity of the crust. Neighboring displacements influence each other. For the flexure of the
crust we use the relation given by Watts (2001) for the deformation of a beam. The
displacement y at a location x is given by:

y = Dy e (cosAx + sinAx) (C.2)

Dy is the resulting displacement of a force acting at x = 0. A is a material param-
eter of flexual length. Depression is transformed to a bulge at z = 437 /4\. For our
estimation, the deformation is small enough to be disregarded for values outside +2\.
We use eq. C.2 as mathematical loading of the Airy rebound from eq. C.1. Subsequent
normalizing leads to the displacement in Fig. C.4
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Figure C.4: Rebound of the crust due to Airy isostasy (displacement = 1.0 for 95 > x <
105) in black and due to flexual unloading (A = 25) in red.

Because every point along the profile is influenced by data in the distance of £2),
we need to enlarge each profile by 2\ at the terminations. We here use rebound(0) for
all values smaller than 0 and rebound(n) for all values greater than n.

C.2.2 Decompaction

During decompaction the original porosity is reconstructed below the backstripped
layer. While all sediment layers gain in volume, the depth of the basement remains
constant as we do not consider porosity changes in the crust. We also assume that no
porosity changes occur in basalt layers. Sclater & Christie (1980) show that the thick-
ness of a sediment layer is given by the volume of sediment particles and the volume of
water within the pore space. The water content between depth d1 and d2 follows this
exponential law:

d2
w(dl,d2) = foexp(—c-d) = % exp(—c-dy) — exp(—c- dy) (C.3)

dl

Because the volume of sediment particles below the backstripped layer stays con-
stant, the following relation is true:
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Table C.3: Parameters that are used for the subsidence calculation of rifted crust.

Para- | Name Used value Reference
meter
a lithosphere thickness 1254+10km (Parsons & Sclater, 1977)
pm | density of the mantle 3.30 g/cm? section 6.4.2, Table 6.5
pw | density of sea water 1.03 g/cm? section 6.4.2
o thermal expansion coefficient | (3.141.1)-107°1/°C | (Parsons & Sclater, 1977)
T1 | asthenosphere temperature 1365£276°T (Parsons & Sclater, 1977)
T thermal time constant 62.8 Ma (Parsons & Sclater, 1977)

(dfup — dfus1) — w(dfup, df us) = (df up — decomg;) — w(dfuy, decomg)  (C.4)

dfuy: depth of basement after flexual unloading
dfus: top of the remaining sediment column after flexual unloading
decomg: top of the remaining decompacted sediment column / water depth after de-
compaction
Substitution of eq. C.3 into eq. C.4 leads to:

(df up — dfug) — fo [exp(—c~ (dfugy) — exp(—c - dfub)}
¢ (C.5)

= (dfup — decomgy) — %[exp(—c - decomg) — exp(—c - dfup)

We solve equation C.5 iteratively first for the total sediment column below the back-
stripped layer and then for each horizon within this column.

C.2.3 Thermal subsidence

According to Parsons & Sclater (1977), the subsidence d(t) of oceanic crust depends
only on the age ¢ of the crust. For ¢ < 70 Ma the following empirical relation describes
the seafloor depth:

d(t) = 2500 + 350Vt [m] (C.6)

The subsidence of rifted crust depends on the time since rifting () and on the exten-
sion of continental lithosphere, 3, (McKenzie, 1978). The first order approximation of
the seafloor depth d(t) is given by:

d(t) = Eyr ea:p( t) [m] (C.7)

T
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with the factors:

4CLIOmO‘fFl B . (T
Ey=—F—"—=, r= (—)sm(—)
™ (pm - pw) ™ 6

Variable names and values that we use are summarized in Table C.3. If we assume
that the volume of crust remains constant during rifting, we can use the crustal thinning
factor instead of the lithospheric stretching factor. For published crustal models of the

Davis Strait area (3 varies between 8.0 and 1.5 (Fig. 6.9).
We calculate the effect of subsidence o at a given time 7', e.g. 40 Ma. Therefore we

have to calculate the difference between the subsidence of today () and the given time
T

o(T) = d(t) — d(t — T) (C.8)
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