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Abstract:

The crustal structure in the southern Davis Strait and the adjacent ocean—continent transition zone in
NE Labrador Sea was determined along a 185-km-long refraction/wide-angle reflection seismic
transect to study the impact of the Iceland mantle plume to this region. A P-wave velocity model was
developed from forward and inverse modelling of dense airgun shots recorded by ocean bottom
seismographs. A coincident industry multichannel reflection seismic profile was used to guide the
modelling as reflectivity could be identified down to Moho. The model displays a marked lateral
change of velocity structure. The sedimentary cover (velocities 1.8-3.9 km s™) is up to 4 km thick in
the north and thins to 1 km in the south. The segment of the line within southern Davis Strait is
interpreted to be of continental character with a two-layered 13-km-thick crust with P-wave velocities of
5.6-5.8 and 6.4—6.7 km s in the upper and lower crust, respectively. The crust is underlain by a 2- to
4-km-thick high-velocity layer (7.5 km s™). This layer we interpret as underplated material related to
the Iceland plume. The southern segment of the line in Labrador Sea displays a 2-km-thick layer with
a velocity of 4.5 km s™. This layer can be correlated to a well about 100 km to the west of the line,
where Palaeocene basalts and interbedded sediments were drilled. Underneath is a 12-km-thick crust
with a 2-km-thick upper layer (5.8-6.6 km s™) and a 10-km-thick lower layer (6.8—-7.2 km s™). This
crust is interpreted to be of oceanic character. S-wave modelling yields a Poisson's ratio of 0.28 for the
lower crust, compatible with a gabbroic composition. The igneous crust is 5 km thicker than normal
oceanic crust. We suggest that the increased magma production was created by buoyancy-driving
flow. We propose a model in which initial seafloor spreading occurred between Labrador and West
Greenland, when the Iceland plume arrived in the area at ~62 Ma and caused enhanced magma
production. Shortly afterwards (chron 27-26), plume material was channelled southward underplating
part of Davis Strait and forming basaltic flows interbedded with sediment.
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1 INTRODUCTION

The crustal structure of southern Davis Strait and northern Labrador Sea was
determined along two refraction/wide-angle reflection (R/WAR) seismic lines during
the NUGGET (NUnavut to Greenland GEophysical Transect) experiment in 2003
(Fig. 1). Results from Line 1 are published in Funck et al. (2007). This paper will
analyze Line 2, which is 185 km long and runs from southern Davis Strait into the
northernmost part of Labrador Sea. In addition to the refraction seismic data,
coincident reflection seismic data were made available for the analysis courtesy of
TGS NOPEC. The composition of the crust in Davis Strait is disputed. Chalmers &
Pulvertaft (2001) suggested that Davis Strait primarily consists of continental crust,
while Tucholke & Fry (1985) interpreted the crust as mostly oceanic. The southern

end of the line in Labrador Sea lies in a region that has



been interpreted as oceanic (Chalmers & Laursen 1995), though just north is a region that
extends into Davis Strait, which has been interpreted as a transition zone (Chalmers &
Laursen 1995) with an uncertain affinity between oceanic and continental crust (Fig. 2).
The Davis Strait region is also of interest because of evidence of Paleocene volcanic
rocks associated with the arrival of the Iceland mantle plume beneath the Greenland
lithosphere (Storey et al. 1998). Seaward-dipping reflections close to Line 2 (Chalmers &
Laursen 1995) suggest a volcanic style continental margin in the northernmost Labrador
Sea, while the transition zone in southern Labrador Sea was interpreted to consist of
serpentinized mantle (Chian & Louden 1994), which is characteristic of non-volcanic
continental margins. The objectives of the NUGGET refraction seismic experiment were
to (i) determine the nature of the crust in the southern Davis Strait, (ii) to characterize the
composition of the transitional crust in the northern Labrador Sea, and (iii) to look for
evidence for interaction between the Iceland plume and the transform-rifted margin in

Davis Strait.

2 GEOLOGICAL SETTING

Davis Strait lies between Greenland and Baffin Island and separates Baffin Bay in
the north from Labrador Sea in the south. The onset of rifting between Labrador and
Greenland occurred in the Early Cretaceous (140 Ma; Larsen 2006). The much later onset
of seafloor spreading did not begin until the Late Cretaceous or Early Paleogene. Roest &
Srivastava (1989a) proposed chron 33 (79.5-73.6 Ma; time scales are taken from Ogg and
Smith (2004)) to be the oldest magnetic anomaly in Labrador Sea and hence the onset of

seafloor spreading. Chian et al. (1995) suggest that the seafloor spreading began



sometime between chrons 31 (71-67.8 Ma) and 27 (63.1-61.7 Ma) while Chalmers (1991)
interpreted the oldest magnetic anomaly in Labrador Sea as chron 27n (62-61.7 Ma).
There is some discrepancy in the interpretation of the magnetic data in northern Labrador
Sea. Fig. 2 shows the mismatch of the interpretation of the magnetic anomalies of Roest
& Srivastava (1989b) and of Chalmers and Laursen (1995). Just south of Davis Strait, the
discrepancy in the interpretation of the magnetic anomalies is greatest. Further south
there is a general agreement up to magnetic anomaly 27.

The Ungava Fault Zone (UFZ) marks the NW termination of oceanic crust in
Labrador Sea. The position of the UFZ is assumed to be coincident with a positive
gravity anomaly and a weak positive magnetic anomaly that run from the southeastern tip
of Baffin Island to the northern part of Davis Strait (Chalmers & Pulvertaft 2001). This
structural zone has been interpreted as part of the transform system linking seafloor
spreading in Labrador Sea with spreading in Baffin Bay (Rice & Shade 1982). The UFZ
was the main transform structure in northern Labrador Sea and Davis Strait during
Paleocene spreading, but during Eocene spreading, movement between the North
American and Greenland plates was probably also transferred along the Hudson Fracture
Zone (HFZ; Chalmers & Pulvertaft 2001).

Two major pulses of volcanism have been identified by Storey et al. (1998) in
West Greenland. Paleogene volcanism at ~61 Ma may be associated with the Icelandic
plume and Early Eocene volcanism was probably a result of the reorientation of the
spreading direction in Labrador Sea at chron 24r (56.7-53.8 Ma), when seafloor
spreading began between Europe and Greenland (Srivastava 1978). Seafloor spreading in

Labrador Sea ended during chron 13 (34.8-33.3 Ma; Roest & Srivastava 1989a).



3 WIDE-ANGLE SEISMIC EXPERIMENT
3.1 Data acquisition and processing

Line 2 is oriented in a NNW-SSE direction and a total of 15 ocean bottom
seismometers (OBS) owned by Ifremer (Institut francais de recherche pour I’exploitation
de la mer) were deployed along the line with an average spacing of 12 km. The energy
source used in this survey was a tuned airgun array that consisted of 12 guns (2.0 to 16.4
L) with a total volume of 104 L. The average shot spacing was 146 m. The Global
Positioning System (GPS) was used for navigation and timing.

OBS data were converted to SEGY format, debiased, and corrected for the drift of
the OBS clock. Positions of the OBS at the seafloor were determined from travel time
picks of the direct wave. Strong tidal currents in the study area caused relatively high
noise levels in the frequency range 2-4 Hz. The main seismic energy lies in the window
from 5 to 10 Hz, whereas for close offsets also frequencies in the 10 to 18 Hz range were
observed. For the record sections shown in this paper (Figs. 3 to 5 and 7) a 5 to 10 Hz
bandpass filter was used. Trace amplitudes in the seismograms were weighted by their
distance to the OBS to increase amplitudes with increasing offset. Water depths along
Line 2 were obtained from the coincident MCS profile (GreenCan Line 02-01 collected
by TGS NOPEC). The MCS profile was acquired with a 6-km-long streamer with 480

channels.

3.2 Methodology



The instrument positions were projected onto a baseline that consisted of two
great circle arcs — from the northern end of the line to the cross point with Line 1, and
from there to the southern end of Line 2. The P-wave velocity model for the crust and
upper mantle was developed using the program RAYINVR (Zelt & Smith 1992; Zelt &
Forsyth 1994). Initially, a forward model was developed from top to bottom by fitting the
observed travel times. Then the velocities within the layers were optimized by using the
inversion algorithm. Synthetic seismograms and the coincident MCS data were then used
for a final adjustment the velocity model. The layer geometry down to the basement was

mainly defined by the coincident MCS profile.

3.3 Wide-angle seismic data

Some of the key features of the velocity structure along Line 2 are illustrated in
Figs. 3 to 5. Phase names of the refractions and reflections are summarized in Table 1.
OBS 4 (Fig. 3) shows a change in the signature from north to south. The crustal
refractions P¢; and P¢, with phase velocities of 5.6 km/s and 6.4 km/s, respectively, can
be seen north of the OBS. South of the OBS, a refraction (P.2) with a phase velocity of
5.8 km/s is observed between offsets of 5 to 20 km. A time delay in the first arrivals (time
gap of 0.2 sec.) occurs 20 km south of the OBS, which indicates a low velocity zone
(LVZ). The mantle refraction (Pn2) with a phase velocity of 8.1 km/s (offset 60 to 90 km)
is seen in this section as well as the Py, P reflection from the base of the crust (offset 15
to 45 km, clearest signal in the north) and a reflection P,P in the upper mantle (offset
>110 km). Furthermore, a crustal reflection (P¢,P) is recorded north of the OBS between

offsets of 10 to 20 km.



On OBS 8 (Fig. 4) P, is observed for offsets <20 km. A crustal refraction P 3
with a velocity of 6.8 km/s is identified to the south of the OBS for offsets >20 km. On
this section there is a very sharp and high-amplitude signal from the P,P phase at offsets
between 50 and 80 km. The identification of first arrivals north of station 8 is more
difficult due to higher noise levels than in the previous sections. The reflections P,,P and
PmsP are observed between 10 to 30 km north and between 30 to 70 km south,
respectively. The PP reflection was only observed on OBS 7 and 9.

On OBS 14 (Fig. 5), refractions P, P 3 and P,, are observed, as well as the
reflections P3P and P,P. Furthermore, a refraction Ps with a phase velocity of 4.4 km/s
is observed. All these arrivals have a high signal-to-noise ratio. P, is observed for offsets
of 10 to 30 km, P.3 for offsets of 30 to 90 km, and Py, at offsets >110 km. P3P is

observed at offsets of 40 to 80 km and P,P for offsets of 35 to 120 km.

4 RESULTS
4.1 P-wave velocity model

The P-wave velocity model for NUGGET Line 2 is shown in Fig. 6. The line
displays a marked lateral change in velocity structure. The sedimentary cover with
velocities of 1.8 to 3.9 km/s is up to 4 km thick in the north and thins to 1 km in the
south. South of 50 km in the model, a layer with a velocity of 4.4 km/s is found beneath
the sediments. This layer thickens from 1 km in the north to 2 km in the south. Later, we
will interpret this layer to consist of Paleogene basalts, possibly interbedded with

sediments.



In the northern part of Line 2, the crystalline crust is up to 13 km thick and is
interpreted as thinned continental crust. The crust is divided into two layers, upper and
lower continental crust, with P-wave velocities of 5.6 km/s to 5.8 km/s and 6.4 km/s to
6.7 km/s, respectively. The velocity structure changes to the south, where a 2-km-thick
upper crustal layer and a 10-km-thick lower crustal layer were found. The upper crustal
layer has a high velocity gradient with a velocity of 5.8 km/s at the top and 6.6 km/s at
the base. Lower crustal velocities range between 6.8 km/s and 7.2 km/s. Thickness,
velocities and velocity gradient of the upper layer are very characteristic for oceanic layer
2 and velocities in the lower layer are compatible with oceanic layer 3 (White et al.,
1992). This will be discussed later in more detail. The southward dipping boundary
between the two types of crust is mapped by reflections (Pn3P) that are associated with
the impedance contrast across the boundary. Underneath the continental crust isa 2 to 4
km thick layer with a velocity of 7.5 km/s, which is interpreted as formed by magmatic
underplating. The Moho shallows from 20 km in the north to 17 km in the south. The
velocity in the upper mantle is 8.1 km/s. The P,P reflections were modeled by
introducing an upper mantle reflector that varies in depth from 28 km in the north to 24
km in the south. However, no refractions were observed in the records that could have
determined the velocity beneath this reflector. The velocity model shows two LVZs. The
first one is associated with a thin sliver of oceanic layer 2 and possibly some overlying
basalt flows that overlies the continental crust between 50 and 90 km. The second LVZ
can be found between 90 and 120 km where lower continental crust is overlain by

oceanic layer 3.
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4.2 S-wave velocity model

The quality of S-wave arrivals was very poor except for phases within oceanic
layer 3 (S 3 and Sp.S) (Fig. 7). The S-wave velocity at the top of layer 3 was modeled with
3.75 km/s, which together with the P-wave velocity of 6.8 km/s gives a Poisson’s ratio of

0.28.

4.3 Model uncertainty and resolution

The assigned pick uncertainty, the RMS (root-mean-square) travel time residual,
the number of travel time picks for individual P- and S-phases and the normalized x* are
summarized in Tables 2 and 3. Pick uncertainties are indicated in Fig. 8. The expectation
value of the normalized ? is 1 (Bevington & Robinson 2003). Our results show a good
agreement between observed and calculated travel times. The normalized y* is 0.908 for
the P-phases and 1.064 for the S-phases. Fig. 6 represents the diagonal of the resolution
matrix of the velocity model. Resolution matrix diagonals > 0.5 are said to be well-
resolved model parameters (Lutter & Nowack 1990; Zelt 1999). Resolution is good
within the crust except in the LVZ where the continental crust is overlain by oceanic
crust and no refractions are observed.

A comparison of the ray coverage with the resolution matrix (Fig. 6) shows that
the area with no ray coverage is poorly resolved as expected. The resolution within the
sedimentary layers is reduced compared to the crust, which is related to the lack of
reversed observations in the thin sediment layers. The MCS data compensate partly for
the lack of these reversed observations. Zones in the mantle that are sampled by rays

show an acceptable resolution. The velocity resolution within the underplated layer is
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mostly < 0.5, but both top and bottom of the layer are sampled by a number of P,;P and
Pm2P reflections. The resolution for the basalt layer is acceptable south of 100 km but
farther north very few refractions were observed.

To determine the uncertainty of the velocity and layer boundaries, selected nodes
in the model were perturbed to check for the sensitivity of the travel times on these
changes. The velocity uncertainty in the crust is £0.10 km/s, and +0.20 km/s in the
underplated layer and upper mantle. The depth uncertainty of the layer boundaries is £1.0
km. The sensitivity of the Poisson’s ratio in oceanic layer 3 upon perturbation was tested

as well. This showed that the Poisson’s ratio has an uncertainty of + 0.01.

4.4 The gravity model

Two-dimensional gravity modeling was carried out using the Talwani algorithm
(Talwani et al. 1959), primarily to check the velocity model for consistency with the
gravity data. Free-air gravity data were extracted from Oakey et al. (2001). The gravity
model was obtained from conversion of P-wave velocities to density using the empirical

relationship of Ludwig et al. (1970), which can be approximated by

p = -0.00283v*+0.0704v*-0.598v?+2.23v-0.7

where v is P-wave velocity in km/s and p is density in Mg/m®. The mantle was modeled
with a density of 3.30 Mg/m®. The model was extended 300 km in each direction to
minimize edge effects. The theoretical gravity profile computed from the P-wave velocity

model is shown in Fig. 6. The lateral change in velocity structure in the middle of the
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profile is also visible in the gravity signal. In the south, the free-air gravity anomaly is ca.
10 mGal and decreases to -20 mGal in the north. An approximate match between
observed and calculated gravity was achieved. The largest misfit is observed between 0
and 40 km, and south of 160 km. Fig. 9 shows the regional gridded gravity. The gravity
does not change significantly perpendicular to Line 2, which suggest that the two-
dimensional modeling approach is justified. The largest misfits between observed and
calculated gravity occur at either end of the line. This is attributed to the reduced ray
overage in these zones and to deviations from the horizontal extension of the density

model outside the line.

5 DISCUSSION

The velocity model (Fig. 6) shows four main features: oceanic crust in the
southern end of Line 2, basalt overlying the oceanic crust, continental crust in the
northern end of Line 2, and an underplated layer at the base of the continental crust. Fig.
10 is an updated version of Chalmers & Pulvertaft’s (2001) geological map (Fig. 2) that
includes the results of NUGGET Line 1 (Funck et al. 2007) and Line 2. In the following
sections, we will discuss the oceanic crust in northern Labrador Sea, the nature of the
continental crust in Davis Strait, and the effect of the plume on the formation of the

continental margin.

5.1 Oceanic crust in northern Labrador Sea
The crust in the southern part of Line 2 can be divided into two layers (layer 2 and

3) with a velocity structure similar to normal oceanic crust. Layer 2 is 2-km-thick and has
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a high velocity gradient (0.4 s™) from 5.8 km/s at the top to 6.6 km/s at the bottom. The
velocity increases slightly to 6.8 km/s at the top of layer 3 and the gradient decreases to
0.04 s™. Fig. 11 shows the velocity-depth curve from the southern part of Line 2 in
comparison with the range of velocity-depth curves for 59 to 127 Ma old oceanic crust in
the Atlantic Ocean (White et al. 1992). The southern part of Line 2 fits into the range of
the velocity profile, with the exception of the thickness of oceanic layer 3. Oceanic layer
3 on Line 2 is 10 km thick, which is 5 km more than average. However, the velocity
gradient on Line 2 is similar to average values for layer 3. A thickening of oceanic layer 3
is consistent with refraction models from the Reykjanes Ridge (SSW of Iceland) where
there is similar thickening of layer 3 of up to 8 km (Smallwood & White 1998).
Smallwood & White (1998) propose that this is due to increased temperatures in the
mantle which relates to pulses from the Iceland plume that have been channeled
southward.

Only few S-wave observations were made on Line 2, but they confirm the
gabbroic composition of the lower crustal layer in the south. With a P-wave velocity of
6.8 km/s and S-wave velocity of 3.75 km/s, the Poisson’s ratio is 0.28+0.01, which is
consistent with gabbro (Holbrook et al. 1992). In contrast, serpentinized mantle as found
in the continent-ocean transition zone in southern Labrador Sea (Chian & Louden 1994)
does not match the observed P and S-wave velocities on Line 2.

Louden et al. (2004) have compiled a thickness map for the oceanic crust of the
North Atlantic that shows increased values for the southern part of Line 2. This local high
is uncharacteristic for Labrador Sea but is compatible with the total crustal thickness of

14 km observed on Line 2 (including the additional 2 km of basalts on top). We propose
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that the extra 5 km of oceanic layer 3 may be the result of active mantle upwelling
possibly related to the Iceland plume. The crustal velocity and thickness of Line 2
suggest active upwelling (Korenaga et al. 2002). There is also the possibility that extra
crust was added later on but the velocity model and the MCS data do not show a divided
lower crust. If the thick oceanic crust on Line 2 correlates with the thick crust identified
by Louden et al. (2004), we can use the map of Louden et al. (2004) to trace the regional
extent of the thick crust. The thick crust covers a small region, which extends southwards
to about 61.5°N (Fig. 10). Note that the northern limit of this region could not be mapped
by Louden et al. (2004) beyond the border of NUGGET Line 1.

The southern end of Line 2 is located in a region that Chalmers and Laursen
(1995) interpreted to be of oceanic character, which is consistent with the interpretation
of the velocity model for Line 2 (Figs. 2 and 10). The coverage of magnetic data in this
region is poor, which has resulted in conflicting interpretations of magnetic anomalies
(Roest & Srivastava 1989b; Chalmers & Laursen 1995). Using the Roest & Srivastava
(1989b) interpretation, the southern half of Line 2 is located landward of anomaly 27
(63.1-61.7 Ma, Fig. 12) and partly landward of magnetic anomaly 31 (71-67.8 Ma).
Chalmers (1991) and Chalmers & Laursen (1995) interpretations locate Line 2 between
magnetic anomaly 27 and 26 (63.1-61.7 Ma and 61.7-58.4). Storey et al. (1989) have
suggested that the Iceland plume arrived beneath the Greenland lithosphere at ~62 Ma
and that the initial volcanism from the plume occurred at 61.3-60.9 Ma in the region. If
our interpretation is right that the thick oceanic crust at the southern end of Line 2 is
related to the Iceland plume, then there is a good agreement with the interpretation of

magnetic anomalies by Chalmers and Laursen (1995). Using the Roest and Srivastava
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(1989Db) interpretation, the thick oceanic crust on Line 2 should have formed before
anomaly 31 but there is no onshore evidence for volcanism of that age. This is why we
lean towards Chalmers’ and Laursen’s (1995) interpretation of magnetic anomalies in the
northernmost Labrador Sea. However, our data cannot confirm that anomaly 27 is the
oldest magnetic anomaly in that area as suggested by Chalmers and Laursen (1995). This
is due to our line location parallel to the margin, which prevents the detection of the

continent-ocean boundary.

5.2 Continental crust and underplating in Davis Strait

The nature of the crust in Davis Strait has been controversial. Tucholke & Fry
(1985) suggested that most of the crust in Davis Strait is oceanic while Chalmers &
Pulvertaft (2001) considered that the crust is mostly continental (Fig. 2). Srivastava &
Roest (1999) proposed a propagating rifting model for the initial opening of Labrador
Sea. Their rifting process results in a complex model with regions of oceanic crust of
different ages. Srivastava & Roest (1999) have delinated a boundary from gravity data,
which divides the ocean crust into a northern and southern part. This boundary they call
the western boundary (Figs. 2 and 10; Srivastava & Roest 1999). Our results from the
NUGGET experiment show that the oceanic crust in Labrador Sea does not extend
northward across this boundary. We interpret the crust north of Srivastava & Roest’s
(1999) western boundary to be of continental character. The P-wave velocities of the
crust in the northern part of Line 2 (5.6 to 6.7 km/s), which lies in the southern part of
Davis Strait, are slightly lower than the velocity of oceanic crust (5.8 to 7.2 km/s) found

in the south. In addition, the northern crustal domain on Line 2 is intersected by Line 1,
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where the crust in that segment is interpreted to be of continental character that can be
followed to the coast of Greenland (Funck et al. 2007; Fig. 1). Hence we agree with
Chalmers & Pulvertaft (2001) that southern Davis Strait is mostly of continental
character.

Chalmers (1997) suggests that the continental crust in southern Davis Strait is
underlain in some places by transitional crust (Fig. 2), composed of serpentinized mantle.
We, however, find that the continental crust has been underplated with magmatic material
(Figs. 6 and 10). Underplating with velocities of 7.4-7.5 km/s is also observed in the
centre part of Line 1 (Funck et al. 2007) and can be correlated to the underplating with
velocities of 7.5-7.6 km/s on Line 2. The difference in the crustal velocities in what we
interpret as the underplated layer (7.5-7.6 km/s) and the lower oceanic crust (6.8-7.2
km/s) indicate that higher mantle temperatures were needed to create the underplating
and that the melt of the underplate is different than that of the thick oceanic crust farther
south. The melt that created the additional oceanic crust came from a potentially
complicated system, where the material interacted with the spreading system. Potentially,
this could create a mixture between the two melts that is different from the north, where
the material is only related to the initial melt from the plume.

Picrites, high temperature melt rocks (1480°C; Mckenzie & Bickle 1988), have
been found northeast of the NUGGET lines on Disko Island in northern Davis Strait
(Larsen et al. 1992). The picrites (63 Ma) were formed at the same time as the arrival of
the mantle plume (Larsen et al. 1992) and may be comparable to the high temperature
melt of underplating. High temperature picritic melts associated with continental flood

basalts are derived from hot, plume-source mantle at the plume axis (Campbell &
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Griffiths 1990). The reason why the volcanism began west of Greenland could be related
to the presence of pre-existing regions with thin lithosphere that may control the location
of volcanism over a plume (Larsen et al. 1992; Thomson & Gibson 1991; Nielsen et al.
2002). This may suggest that the underplating on Line 2 is related to the arrival of the
Iceland plume in the Davis Strait area and southward channeling of plume material along

the base of the lithosphere.

5.3 Volcanism in southern Davis Strait

In 1977 the Bundesanstalt fir Geowissenschaften und Rohstoffe (BGR)
conducted a regional seismic survey in Labrador Sea. Some of these lines have been
reprocessed and reinterpreted (Chalmers & Laursen 1995). One line, BGR/77-6,
intersects Line 2 south of OBS 10 and near shot-point 5000 on BGR/77-6 (Fig. 1).
Chalmers & Laursen (1995) identified seaward-dipping reflections, which are
characteristic for volcanic style continental margins, at a depth of 4 to 5.5 s two-way-time
(TWT) in the vicinity where Line 2 intersects BGR/77-6 (Fig. 12). In the southern part of
MSC GreenCan Line 02-01 (collected by TGS NOPEC coincident with Line 2; Fig. 13)
the reflection seismic record shows a series of parallel, horizontal or sub-horizontal high-
amplitude reflections between 4 to 5 s TWT, above what is interpreted as oceanic layer 2.
These reflections correspond to the seaward-dipping reflections interpreted on BGR/77-6
close to the crossing point with Line 2.

Line 1 crosses the Gjoa G-37 well 100 km to the west of Line 2 (Fig. 1). The well
terminates 3 km below sea level in sediments of Maastrichtian age overlain by Paleocene

basalts (Klose et al. 1982). This layer with basalt and interbedded sediments has a
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velocity of 4.3 km/s on Line 1 (Funck et al. 2007) and can be correlated to Line 2, where

it is up to 2 km thick with a velocity of 4.4 km/s. Furthermore, it corresponds to the layer

where seaward-dipping reflections were located on BGR/77-6. Therefore, the layer that

overlies oceanic layer 2 is interpreted to consist of basalts with possible interbedded

sediments.

On basis of these results we propose the following model for the events in

southern Davis Strait and northern Labrador Sea (Fig. 14):

(a)

(b)

(©)

(d)

Continental rifting was initiated as early as in the Early Cretaceous (140 Ma)
between Labrador and West Greenland (Fig. 14a; Larsen 2006) and continued in
several phases up to the early Paleocene (Chalmers et al.1993). The rifting was
associated with crustal thinning.

Seafloor spreading was initiated shortly before or at the time of the arrival of the
Iceland plume (~62 Ma) forming thick oceanic crust (Fig. 14b).

For a brief period during the formation of the earliest ocean crust at chron 27-26,
underplating and basalt flows occurred (Fig. 14c). This crust is similar to the
East Greenland volcanic margin (Hopper et al. 2003), where thick oceanic crust
has been observed with seaward-dipping-reflectors on top.

Seafloor spreading continued forming thick oceanic crust possibly until chron
24. At this time a reorientation of the spreading system occurred when seafloor
spreading began between Greenland and Europe (Srivastava 1978). Seafloor
spreading slowed in the Labrador Sea after chron 24 and ended by chron 13

(Roeat & Srivastava 1989a; Fig. 14d).
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Our interpretation of the velocity model of NUGGET Line 1 and 2 show
underplating and basalt flows, which are normally related to a volcanic style continental
margin. It most, however, be noted that the profile of Line 2 (Fig. 6) does not give a true
picture of the boundary between the oceanic and continental of crust. The profile is
oriented nearly perpendicular to the direction of rifting, which means that the apparent
dip on the profile is influenced by the geometry relative to the line (Figs. 2 and 10). The
boundary between continental and oceanic crust is a sharp contact that is less than 20 km
wide, which is more in line with a volcanic margin. However, volcanism that probably
postdates the onset of seafloor spreading suggests that this is not a normal volcanic
margin. Funck et al. (2007) have proposed the rifting phase was initially non-volcanic
and later overprinted by volcanism associated with the Iceland plume. This is consistent
with the absence of volcanism in southern Labrador Sea, where serpentinized mantle is
found in the continent-ocean transition zone in the Greenland margin (Chian & Louden

1994) and hence interpreted as a non-volcanic margin.

6 CONCLUSIONS
The purpose of NUGGET Line 2 was to determine the composition of the crust
south of Davis Strait in answer to the following questions: (i) whether the crust is of
continental, transitional, or oceanic character, (ii) whether this is a volcanic or a non-
volcanic style continental margin, and (iii) what is the extent of plume material. We draw
the following conclusions:
1) The results from NUGGET Line 2 and Line 1 show that the crust in the southern

part of Davis Strait is of continental character.
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2)

3)

4)

The continental crust was underplated by igneous crust that is related to the
Iceland plume in the Davis Strait area. The plume material was channeled
southward along the base of the thinned lithosphere.

Thick oceanic crust found on southern end of Line 2 was created by enhanced
mantle flow. The melt that created the additional oceanic crust came from a
potentially complex system, where the material was created by interaction of the
Iceland mantle plume interacted with the spreading system.

On Line 2, 12-km-thick igneous crust and up to 2-km-thick basalt flows are
observed. Close by on Line BGR/77-6, seaward dipping reflections were found
that correlate with the basalt layer on Line 2. These features are normally
characteristic for volcanic-style margins. However, the volcanism postdates the
seafloor spreading which makes it possible that the rifting phase was initially non-
volcanic but that the later encounter with the Iceland mantle plume resulted in a

volcanic-style margin.
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Figure 1: Location map of the NUGGET experiment and Line BGR/77-6. TGS-NOPEC
GreenCan Line 02-01 is coincident with NUGGET Line 2. Magnetic anomalies 24-31 are
shown as thin dashed lines, extinct spreading center and faults are shown as gray lines
(Roest & Srivastava 1989b). Depth contours are shown for 2000 m, 2000 m, and 3000 m.
Upper left corner: location of OBS on Line 2 and part of Line 1. Upper right corner:

Regional location of the NUGGET experiment.

Figure 2: Geological map of Davis Strait and Labrador Sea. Modified from Chalmers
and Pulvertaft (2001). See legend for identification of map features. Note that an updated

version based on results from this paper is shown in Fig. 10.

Figure 3: Record section (top) with computed travel times and ray path diagram (bottom)
for the vertical geophone of OBS 4. The vertical scale for the record section is travel time
(s) using a reduction velocity of 6.5 km/s, and the horizontal scale is shot-receiver
distance (offset in km). The horizontal scale in the ray path diagram is distance (km)
along the velocity model. The phases are described in the text. The top right corner shows
a blow up of the record section between 0-40 km offset and 2-6 seconds. The arrow

marks the delay in arrival times associated with the LVZ.

Figure 4: Record section (top) with computed travel times and ray path diagram (bottom)
for the vertical geophone of OBS 8. The vertical scale for the record section is travel time
(s) using a reduction velocity of 6.5 km/s, and the horizontal scale is shot-receiver

distance (offset in km). The horizontal scale in the ray path diagram is distance (km)
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along the velocity model. The phases are described in the text. Despite the generally high
signal-to-noise ratio, the section has increased *wrap around’ noise between -130 and -90
km from previous shots. However, it is still possible to correlate some seismic energy

within the noise.

Figure 5: Record section (top) with computed travel times and ray path diagram (bottom)
for the vertical geophone of OBS 14. The vertical scale for the record section is travel
time (s) using a reduction velocity of 6.5 km/s, and the horizontal scale is shot-receiver
distance (offset in km). The horizontal scale in the ray path diagram is distance (km)

along the velocity model. The phases are described in the text.

Figure 6: P-wave velocity model (middle) along Line 2. Numbers indicate velocity in
km/s and numbers in brackets indicate the density in Mg/m®. Triangles mark the location
of the OBS used for the modeling. Wide-angle reflection interfaces are marked with bold
grey lines. The vertical lines near OBS 5 and 10 show the position of the cross point with
Line 1 and line BGR/77-6, respectively. Ray coverage of the P-wave velocity model is
indicated by light shading. The P-wave velocity model was converted to density using the
velocity-density relationship of Ludwig et al. (1970). The calculated gravity is compared
to the observed gravity (top) from Oakey et al. (2001), shown in Fig. 9. Diagonal values
of the resolution matrix of the P-wave velocity model (bottom). The values for the

velocity nodes have been contoured. Values >0.5 indicate a good resolution.
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Figure 7: Record section with computed travel times of S-waves for vertical geophones
of OBS 10 and 14. The vertical scale of the record section is the travel time (s) using a
reduction velocity of 3.8 km/s, and the horizontal scale is shot-receiver distance (offset in

km).

Figure 8: Comparison of observed and calculated travel times for OBS 1-15 shown
together with the corresponding ray paths. Travel times are displayed with a reduction
velocity of 6.5 km/s. Pick uncertainties of the observed travel times are indicated by the
heights of the vertical bars, calculated data are indicated by solid lines. OBS locations are
marked by inverted triangles. Horizontal scale is distance (in km) for the velocity model

of Fig. 6.

Figure 9: Free-air gravity anomaly map. The gravity data are taken from Oakey et al.
(2001). Black lines show the location of the NUGGET refraction seismic experiment and
the BGR/77-6 line; the position of the well Gjoa G-37 is marked by a red circle with a red
dot in the middle. Gray lines show the position of the extinct spreading axis and faults,
and dashed lines indicate magnetic anomalies (Roest and Srivastava 1989b). Thicker

black line on line BGR/77-6 indicates profile shown in Fig. 12.

Figure 10: Updated geological map based on results from NUGGET Line 1 and 2. See
legend for identification of map features. Original map is shown in Fig. 2 (from Chalmers

and Pulvertaft 2001). Note the extension of basalt and underplating.
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Figure 11: Velocity-depth curve of the southern part of Line 2 (solid line) and stacked
velocity-depth curves (gray shading) for 59 to 127 Ma old oceanic crust in the Atlantic
Ocean (White et al. 1992). Average oceanic crust is 7 km thick whereas the oceanic crust

on Line 2 is 12 km thick.

Figure 12: Subset of record section from line BGR/77-6. Vertical scale is two-way travel
time; horizontal scale is shotpoints. Distance scale bar is shown in top left corner. The
cross point of Line 2 is marked at the top of the section. SDR: seaward-dipping

reflections after Chalmers and Pulvertaft (2001).

Figure 13: (Top) Line drawing of the migrated multi-channel seismic line GreenCan
Line 02-01 collected by TGS NOPEC. This line is coincident with Line 2. Vertical scale
is two-way travel time; horizontal scale is the distance along the velocity model of
NUGGET Line 2 (Fig. 6). The cross points of Line 1 and BGR/77-6 are marked at the top
of the section. Gray lines indicate the layer boundaries of the velocity model. Details of
reflection data within box.

(Bottom) Vertical scale is two-way travel time; horizontal scale is the distance along the
velocity model of NUGGET Line 2 (Fig. 6). Shaded areas represent crustal types as
observed in the velocity model and where obtained from time conversion of layer
boundaries. The cross point with BGR line 77-6 is marked at the top of the section. Bold

lines indicate seaward-dipping reflections (SDR).
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Figure 14: Model for rifting and seafloor spreading in southern Davis Strait and northern
Labrador Sea based on results from the NUGGET experiment. a: Continental rifting
phase between Greenland and Labrador. b: Initial seafloor spreading (light grey shading).
c: Basalt flows (dark gray) and underplating (medium gray). d: Seafloor spreading ended

during chron 13 (34.8-33.3 Ma).
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Table 1: Identification of layers in the velocity model, the name of the seismic phases

and record sections on which they were identified.

Layer Phase OBS records for
observed phases

Refractions in:

Sediment layer 1 Ps1 1-9,11, 14

Sediment layer 2 Ps2 1,2,4,5,9, 10,15

Sediment layer 3 Pss 1-6,8

Sediment layer 4 Psa 1,2

Sediment layer 5 Pss 1-7,11-14

Basalt (+ sediments?) Pss 6, 8-15

Upper continental crust Pa 1-4

Lower continental crust Pe2 1-5,7

Oceanic layer 2 P2 4-15

Oceanic layer 3 Pis 7-15

Underplating Pn1 1,2,6,7,9

Upper mantle Pn2 2-7,10-12, 14

Oceanic layer 3 (S-wave) Si3 10-14

Reflections at:

Base of upper continental crust PP 4,6

Base lower continental crust PmiP 1-8

Base of oceanic layer 2 PLoP 8

Base of oceanic layer 3 PmsP 8-15

Base of underplating Pm2P 7,9

In the upper mantle PP 2-4,6,8-12,14

Base of oceanic layer 3 (S-wave) SmS 10-12, 14-15
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Table 2: The number of travel time picks, the assigned pick uncertainty, the RMS (root-

mean-squares) travel time residual, and the normalized y? for individual P-phases.

Phase Number of Average Pick RMS Normalized
Observations ~ Uncertainty, ms  Misfit, ms e
Direct 1424 50 63 1.588
Ps1 178 57 49 0.787
Ps2 83 49 34 0.773
Ps3 111 62 60 0.878
Psa 41 51 49 0.781
Pss 196 83 80 0.954
Pse 612 78 80 0.760
Pa 500 70 77 0.868
Pe2 1369 79 75 1.023
P2 750 69 64 0.879
PLs 3216 63 61 0.881
PaP 91 89 73 0.612
PP 15 60 52 1.011
PmiP 2165 100 92 0.808
Pm2P 473 88 84 0.900
PmsP 1550 87 81 0.829
Pn1 712 112 97 0.800
Pn2 2177 111 99 0.773
PP 1503 139 174 0.817
Total 17175 95 92 0.908
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Table 3: The number of travel time picks, the assigned pick uncertainty, the RMS (root-

mean-squares) travel time residual, and the normalized y? for individual S-phases.

Phase Number of Average Pick RMS Normalized
Observations ~ Uncertainty, ms  Misfit, ms e

Si3 808 139 135 0.810

SmS 651 139 176 1.380

Total 1459 139 155 1.064
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