




















































































































































































































































































































4 Gravity Data
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Figure 4.14: Gravity effect of the mantle. Smaller values are modelled in the Kolbensey

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

5 Crustal Variations along the Northeast Greenland
Margin

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

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

typical for reduced melt generation.

5.1 Iceland Hotspot

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

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

relation.

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

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

unexplained aspects of all models, the existence and the influence of a deep mantle
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5 Crustal Variations along the Northeast Greenland Margin

plume below Iceland remains controversial (e. g. Foulger & Anderson 2005, Meyer et
al. 2007, Mjelde et al. 2008b, Voss et al. 2009).

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

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

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

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

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

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

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

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

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

hotspot). The surrounding area shows normal mantle temperatures.

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

along both ridges.

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

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

5.3 Comparison with South Atlantic Margin

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

concentrated on a small area.

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

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

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

the Iceland Hotspot and indicates the reduced influence on crustal accretion.

108



6 Conclusion and Discussion

6 Conclusion and Discussion

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

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

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

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

Northeast Greenland margin.

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

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

Basin has to be changed into a thin oceanic crust.

Does the ultraslow spreading Knipovich Ridge produce thin oceanic crust

without oceanic layer 37

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

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

oceanic layer 3 exists.

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

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

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

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

by high mantle temperatures?

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

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

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

Does a simple Iceland Hotspot model explain the crustal variations along

the Northeast Greenland margin?

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

in the Kolbeinsey Basin.
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7 Outlook

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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