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Abstract

When continental lithosphere is stretched, it thins, subsides, and ruptures, followed
by formation of a new oceanic basin between the continental margins. The processes that
govern the evolution of rifted continental margins have been controversially addressed,
especially in the construction of rifting models (pure or simple shear) and in the
interpretation of an anomalous high-velocity lower crustal layer that is commonly
observed on both (conjugate) sides.

This thesis presents the first conjugate margin studies based on crustal seismic
velocity structure. The study area is the Labrador Sea conjugate margins: southwestern
Greenland and Labrador margins. Data include wide-angle seismic records from two 230-
km-long profiles along and across the southwestern Greenland margin, and a 150-km-long
profile and a 350-km-long profile along and across the Labrador margin. Coincident deep
multi-channel and single-channel reflection data are used during wide-angle modeling and
final interpretations. Modeling of observed gravity and magnetic data is also performed
and used in the interpretations.

The results indicate three distinct zones across each margin. From the continent
seaward, Zone I represents thinned continental crust, Zone II the transitional crust, and
Zone 11 the true oceanic crust. The landward end of the cross-section in Zone I represents
27-30 km thick preexisting continental crust whose middle to lower crust has velocity of
6.2-6.9 km/s and whole upper crust has velocity of 5.5-5.6 km/s. This crust is thinned
gradually seaward over a distance of ~100 km in Zone I on the Labrador margin while on
the SW Greenland margin it is thinned sharply over a distance of only 20 km. Zone II is
characterized by a distinct lower crust with a high-velocity of 7.0-7.6 km/s. This layer is 4-
5 km thick, extends for a horizontal distance of 70-80 km, and is located seaward of
Chron 31 on both margins. Combined interpretation for this lower crustal block favors an
origin of serpentinization rather than magmatic underplating. Comparison with the
seafloor spreading magnetic anomaly data suggests that true oceanic crust started to form
between Chrons 27 and 31, with the first clear magnetic anomaly occurring at Chron 27.

The crustal cross-sections are used as a starting point in reconstruction of the
rifting history. Results suggest that the initial continental stretching started symmetrically.
At a later stage of stretching, more thinning occurred at the eastern side of the rift zone,
leading to a lower crustal separation near the seaward end of the continental slope on
western Greenland. A composite pure and simple shear model is favored in which all the
lower crust in the rift zone moves with Labrador and most of the upper crust in the rift
zone moves with Greenland. Serpentinization of upper mantle materials started after the
crustal separation, forming undercrusting beneath the thinned upper crust on the
southwestern Greenland margin and seaward of the lower crust on the Labrador margin.
This proposed model explains all the new data presented in this thesis, as well as other
observaticns that have been controversially addressed on similar margins.
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Chapter 1. Introduction

This thesis is aimed at a better understanding of initial rifting mechanisms for
Atlantic-type continental margins. The data that will be used primarily include crustal-scale
wide-angle seismic measurements, coupled with coincident multi-channel or single~-channel
reflection, and gravity and magnetic data across the conjugate margins of the Labrador
Sea. The resulting crustal structure for both margins is used for a reconstruction of pre-
breakup crust, which leads to a continental stretching and rifting model that is consistent
with existing observations for the Labrador Sea margins as well as for similar continental
margins worldwide.

1.1 Continental Stretching

When continental lithosphere is stretched, it thins and subsides with sediments
accumulating atop the thinned crust (McKenzie 1978). Continued stretching causes the
continental lithosphere to break, allowing asthenosphere to upwell to the surface and a
new ocean basin to form.

Two contrasting end-memter styles are believed to exist for continental stretching;
pure shear and simple shear. In the most basic pure chear model (McKenzie 1978),
thinning takes place uniformly with.n the crust and the upper mantle This model predicts a
phase of tectonic subsidence due to crustal thinning and lithospheric heating, followed by a
phase of thermal subsidence due to lithospheric cooling. In addition to subsidence, the

pure shear model predicts time- and space-domain variations in heat flow and thickness of
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continental crust that have been tested in basins such as the North Sea continental basin
(Sclater and Christie 1980), the northern Bay of Biscay continental margin (Le Pichon and
Sibuct 1981; Chenet et al. 1983), and the Baltimore Canyon Trough and Georges Bank
Basin (Sawyer et al. 1982). For some regions, such as the margins of the Labrador Sea
and of Nova Scotia, a depth-dependent model which allows crustal and sub-crustal
(mantle) material to extend differentially can account for major observations (Royden and
Keen 1980; Beaumont et al. 1982; Issler and Beaumont 1987).

Although the pure shear model can explain many observations in extensional
basins, it does not address the asymmetry that is observed on many continental margins.
This asymmetry is manifested in a variety of ways, such as the volume and history of
sedimentation, the extent of crustal thinning, and the patterns of basin-forming listric
normal faults.

The alternative end-member type simple shear model suggests that this asymmetry
may be a product of detachment faulting (Wernicke 1981) or delamination (Lister, et al.
1986; Wernicke and Tilke 1989) of the whole lithosphere. This model invokes a low-angle
detachment fault that cuts through the continental crust and separates the resulting
margins into asymmetric, upper and lower conjugate plates. The upper plate margin
records more thinning of the lower crust and less syn-rift subsidence than does its
conjugate, lower plate margin. Quantitative modeling of simple shear extension predicts
asymmetry in subsidence and thermal evolution for the upper and lower plates (Voorhoeve

and Houseman 1988; Issler et al. 1989). On rifted continental margins such as the Bay of



Biscay (Le Pichon and Barbier 1987) and Galicia Bank (Boillot et al. 1989b, 1992), the
simple shear model has been supported by the observation of an S-reflector, interpreted as
the trace of the detachment fault, and a smaller amount of upper crustal stretching as
compared to total crustal thinning.

An alternative explanation of the asymmetry observed on rifted continental margins
is that the continent was rifted symmetrically by pure shear but resulted in asymmetric
conjugate margins because rupturing was close to one side of the rift zone. This
explanation was proposed by Keen et al. (1989) in reconstructing rifting between Canada
and Europe based on deep seismic profiles across the Flemish Cap margin and its
conjugate Goban Spur margin (Peddy et al. 1989). Offsets between preexisting weak
zones within the continental crust and the location of a hot ascending mantle plume may
result in this process (Dunbar and Sawyer 1989; Braun and Beaumont 1989). In this
model, rifting may occur by pure shear, or by a composite pure and simple shear
mechanism in which the lower crust deforms by a pure shear mechanism while the upper
crust detaches along a low-angle fault (Braun and Beaumont 1984; Keen et al. 1989;
Sibuet 1992).

1.2 Volcanism on Rifted Continental Margins

As summarized by White and McKenzie (1989), volcanism may significantly
modify the shape and thermal history of rifted continental margins. These margins are
called volcanic to contrast with nonvolcanic margins which are devoid of surface volcanic

activity.
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Typical volcanic rifted conjugate margins exhibit major zones of extrusive and
intrusive volcanic material on each side. The existence of these extrusives has been
observed on reflection profiles as seaward-dipping reflectors, such as in Rockall and
Voring Plateaus (Hinz et al. 1987), and has been confirmed by drilling (Eldholm et al.
1986). In addition, an even larger amount of melt products are underplated immediately
beneath the thinned continental crust and seaward-dipping reflectors, bearing a high
velocity of 7.2-7.6 km/s as observed from wide-angle seismic data (e.g. Mutter et al.
1984; White ct al. 1987). One explanation for this is that these volcanics were formed as a
result of upwelling of anomalously hot asthenosphere beneath thinned continental crust.
As shown by White and McKenzie (1989), the observed magmatic material in the Hatton
Bank margin could be generated if the potential tempcrature of the asthenosphere under
the rifted margin was ~100—1500C hotter during the rift stage than the mean potential
temperature of normal oceanic spreading centers. The load of the extrusives makes the
margin subside, while the addition of intruded material in the lower crust, together with
the dynamic uplift caused by mantle convection and lithospheric heating, elevates the crust
(White et al. 1987). Horizontal transport of the extrusives forms a group of seaward
dipping sequences typically 4-7 km thick (Hinz et al. 1987) with a significant velocity
increase of 3.5-6.5 km/s from top to bottom. This velocity gradient is probably caused by
increasing crack closure with depth (Whitmarsh and Miles 1987; White et al. 1987). The
addition of igneous material into the ductile lower crust forms the underplating layer

which is typically 15 km thick with a well-defined velocity of 7.2-7.5 km/s. This velocity
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coincides with the predicted velocity range of 7.0-7.8 km/s for the mantle-derived
underplate based on thermo-petrologic models and initiall and equilibrium
pressure/temperature conditions (Furlong and Fountain 1986).

The problem with this model is that not all volcanic margins show a clear
association with a thermal anomaly (e.g. Holbrook and Keleman 1993) and that the high-
velocity lower crust is also observed, at a much smaller thickness, in many nonvolcanic
margins (e.g. Whitmarsh et al. 1990; Reid 1994). These phenomena can be partly
explained by an alternative convective partial melting model (Buck 1986; Mutter et al.
1988) in which mantle rocks are advected upward to a new depth depending on the
amount of stretching. This model does not require a thermai anomaly in the asthenosphere
and yet can result in the formation of underplating in the crust, a feature especially useful
for nonvolcanic rifted margins such as those along eastern Canadian coast (Keen et al.
1994a). A disadvantage with this model is that currently there is no obvious mechanism
vther than the high asthenospheric temperature for the underplates to have a velocity
higher than 7.2 km/s.

1.3 Seismic Measurements on Rifted Continental Margins

Given the various complications involved in determining the initial continental
stretching mechanisms, it has been difficult to discriminate convincingly between
competing stretching models, especially between pure and simple shear models. As

Steckler and Watts (1982) noted:
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“Seismic studies (refraction and reflection) with large aperture arrays in
combination with biostratigraphic data from deep wells in the continental shelf,
appear to hold the most promise of addressing these problems during the next
decade.”

While abundant MCS reflection and refraction data on rifted continental margins
have been collected and interpreted, a complete understanding of the formation of these
margins does not yet exist. In fact, indisputable evidence suggesting any dominance of
cither of the existing rifting models has not been observed. This is partly because (1) the
margins are wide and with one exception (Keen et al. 1989), existing deep seismic profiles
do not cover the complete conjugate margins from the continent to the ocean; (2) no
combined studies of coincident refraction and reflection profiling have been made for crust
on the complete conjugate pairs; (3) a thick pile of sediment frequently exists which
prevents clear seismic signals from deep crustal layers from being recorded.

Seismic refraction methods have been used to define crustal affinities on rifted
continental margins, but mainly for volcanic passive margins where refraction experiments
reveal the existence of the high-velocity (7.2-7.5 km/s) lower crust (e.g., Mutter et al.
1984; Holbrook et al. 1994). The initial rifting mechanism, however, is probably best
preserved on nonvolcanic margins, where the preexisting velocity signature of the
continental crust has not been altered by subsequent volcanic activity. For investigating the
nature of rifting mechanisms, refraction methods must delineate the detailed velocity

structure from unstretched continent tc normal oceanic crust. An example is the Goban
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Spur margin where the cross-margin velocity contours from refraction profiling suggest a
uniform, gradual thinning of both the upper and lower crust (i.e., pure shear) across the
margin (Horsefield et al. 1994), which is in agreement with reflection data for the
conjugate margins (Keen et al. 1989; Peddy et al. 1989). On the other hand, the wide zone
of thin crust off the Iberia margin bears a velocity structure which is different from normal
oceanic crust and therefore is interpreted to represent thinned continental crust (Ginzburg
et al. 1985; Whitmarsh et al. 1986, 1990). The existence of a thin lower crustal layer
bearing a high velocity of 7.2-7.6 km/s in nonvolcanic margins is interpreted to be either
underplate igneous rocks (Todd and Reid 1989; Reid and Keen 1990; Whitmarsh et al.
1990) or serpentinized mantle (Pinheiro et al. 1992; Reid 1994).
1.4 Conjugate Margins of the Labrador Sea

The Labrador Sea is one of the best areas for a detailed study of the structure of
rifted continental margin. This small basin, about 900 km wide (Figures 1.1-2), includes
almost all the major tectonic elements appearing in the much larger Atlantic Ocean, This
allows us a good opportunity to study with limited resources the geological and
geophysical signatures of continent-ocean crustal changes. Although alrecady well studied
in terms of sedimentary sequences (Balkwill 1987; Rolle 1985) and magnetic anomaly and
seafloor spreading history (Srivastava .nd Tapscott 1986; Roest and Srivastava 1989), the
detailed structures of the continental and oceanic crust and the transitional region in

between are still unclear. Our understanding of the basin-forming mechanisms of the
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Labrador Sea conjugate margins is still confused by the combined occurrence of features
typical of both volcanic and nonvolcanic margins.

Both the Labrador and southwestern (SW) Greenland margins are classified as
nonvolcanic, due to the lack of thick syn-rift extrusive basalts (Balkwill 1987; Rolle 1985).
Cross-basin seismic reflection sections show a clear Atlantic-type margin asymmetry both
in shelf/slope morphology and sedimentology. The southwestern Greenland margin is
sediment-starved while the conjugate margin of the Labrador side has accumulated up to
11 km thick sediments underneath the shelf (Tucholke 1988). Seaward-dipping reflectors
are not observed on either margin along available multi-channel reflection lines (Balkwill
1987). However, some features characteristic of volcanic margins are observed. Shallow
marine to non-marine environments during deposition of syn-rift mid-Cretaceous
sediments in the Labrador margin (Balkwill 1987) and southwestern Greenland margin
(Rolle 1985) indicate little or no subsidence accompanying initial rifting. Seismic
refraction studies reveal that a thin (<5 km thickness) layer with velocity of ~7.2 km/s in
the lower crust seems to be sporadically present in the following areas: (a) in some
oceanic areas, as shown by sonobuoy data at ODP site 646 (Srivastava et al. 1989), and
near magnetic Chron 24 (Osler and Louden 1992); (b) offshore on both sides of the basin,
as shown by several previous refraction lines for the southwestern Greenland side
(Stergiopoulos 1984) and earlier refraction lines for the Labrador side (Van Der Linden
1975); (c) underneath the Greenland shelf of the northern Labrador Sea (Gohl and

Smithson 1993). The latter area exhibits a high-velocity (~7.5 km/s) lower crust
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thickening northward to ~10 km towards Davis Strait, interpreted as magmatic
underplating into the lower continental crust during the initial rifting. It is likely that this
underplating is related to extensive hotspot activity in Davis Strait at Chrons 25-56 time
(~58 Ma; Clark and Upton 1971). However, by this time the central and southern
Labrador Sea was already opened and it is unclear whether the high-velocity lower crust in
the central and southern areas is a result of underplating or other processes such as
serpentinization.

The following topics are of particular interest to the refraction studies to be
presented in this thesis:

(1) No seismic determination of the Precambrian continental crust has previously been made on
either side of the Labrador Sea. The crustal structurai models constructed for the Labrador
margin (Hinz et al. 1979) and used for geodynamic modeling (Issler 1987) are based on old
refraction data under the Superior and Grenville Cratons to the west of Labrador (Berry and
Fuchs 1973), as well as on the non-unique interpretation of gravity data (Hinz et al. 1979).

(2) The nature of the continent-ocean boundary (COB) remains unclear. The position of the COB
is normally set close to Chrons 33-34 (75-84 Ma), which are the oldest magnetic anomalies
identified for the Labrador Sea (Srivastava and Tapscott 1986; Roest and Srivastava 1989).
However, this COB position has been challenged by Chalmers (1991), who proposed that the
COB occurs much farther seaward at Chron 27.

(3) The high-velocity (7.2-7.5 km/s) lower crustal layer seems to be present under some places of

the Labrador Sea but disappears under others, as revealed by existing refraction data (Van Der
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Linden 1975; Stergiopoulos 1984; Srivastava et al. 1989; Gohl and Smithson 1993; Osler and
Louden 1992). The most puzzling fact is that some of these high velocities appear to lie in
oceanic areas, unlike volcanic margins, where underplating appears beneath the continental
slope. I would like to define the distribution of this layer and to determine if it exists on both
conjugate margins, and represents underplate igneous rocks or serpentinized peridotite.

(4) Refiaction profiling should be able to help determine whether the observed asymmetry in
sediment thickness and shelf/slope morphology also exists in the deeper crust, and whether
there is a clear separation between upper and lower plates in the pre-breakup crust, as
predicted by a simple shear rifting model, or the pre-breakup crust was stretched uniformly, as
predicted by a pure shear model.

1.5 Methodology and Data

In this thesis I use wide-angle seismic reflection and refraction techniques to study
crustal structure. Ocean bottom seismometers (OBS) are used for recording seismic
signals shot from large airgun arrays at the sea surface. During a field experiment (Figure
1.3), a number of OBS are deployed to the seafloor along a pre-defined seismic line. Shots
are fired from the beginning to the end of the line, with a dense shot interval of 100-200
meters. The seismic rays of each shot travel in all directions. Only a limited portion of
these rays are recorded together with noise by the OBS receivers. The primary component

of the recorded seismic energy includes direct water wave, and wide-angle reflections and
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Figure 1.3 Schematic diagram showing the ray paths during a wide-angle seismic field experiment using
ocean bottom seismometers (OBS).



14
refractions from the sediment, crust, and upper mantle. Refractions are the best indicator
of velocity values, while reflections are most efficient in defining velocity discontinuities or
reflectors. The direct water wave can be used for correcting possible errors associated
with the OBS positioning and shot timing, To obtain the velocity structure, I use forward
modeling techniques to match the observed travel-time and amplitude. This includes
methods of one-dimensional reflectivity, WKBJ (Chapman 1978), and two-dimensional
ray tracing (Cerveny et al. 1977). In the simple one-dimensional modeling, velocity is only
a function of depth. This can be a valid approximation to simple structures with small
lateral variation, such as along-strike on the continent. For complicated structures such as
across continental margins, the two-dimensional approach should be used, in which
velocity is a function of both depth and horizontal distance. Because of the introduction of
an extra variable, many more complications are added to the modeling processes,
expecially in ways of parameterization and updating of the velocity model.

In 1988 and 1990, five wide-angle seismic reflection/refraction lines were shot to
study the conjugate margins of the Labrador Sea (Figure 1.2). Among these profiles are
two 230-km long refraction profiles (lines 88R, and 88R;) shot in 1988 along and across
the southwestern Greenland margin. Profile 88R, is situated on the Precambrian craton of
the West Greenland and profile 88R; extends from this craton seaward to the basin profile
&7R: (Osler and Louden 1994). The data and results of five unpublished sonobouy lines
(Stergiopolous 1984) which are in the area close .0 87R; are referenced during the wide-~

angle modeling. A coincident single-channel reflection profile was recorded along 88R,,
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and is used to constrain sediment layers and basement topography. A recent MCS
reflection profile (90-3; Keen et al. 1994b) runs close to line 87R, (Figure 1.2) and is
referenced in the final interpretation of crustal structures across the margin.

Three refraction lines were shot in 1990 along and across the conjugate Labrador
margin. The transect line 90R; is 350 km long, intersecting with the other shorter line
90R;, which is along-strike atop the thick sediments, and with another refraction line
90R3, (Reid 1994) which constrains the velocity structures of the preexisting Labrador
continental crust. Line 90R, was complemented by a coincident multi-channel reflection
line (Keen et al. 1994b). A combined analysis of these seismic data and their wide-angle
modeling provides a clear picture of velocity structures across the wide continental shelf
and slope of the Labrador margin. When this cross-section is inferpreted in combination
with that across the conjugate southwestern Greenland margin, it will be possible, for the
first time, to reconnect the two-dimensional velocity structure of pre-breakup crust, from
which to construct an initial rifting model for a nonvolcanic conjugate margin pair.

1.6 About This Thesis

Chapter 1 gives a general introduction to our current knowledge and remaining
problems associated with studying rifted continental margins and introduces the seismic
techniques that will be used in this thesis to tackle these problems. Chapter 2 provides a
general geological and geophysical background for the area surrounding the J.abrador Sea,
which will be useful in the geological interpretation of the refraction results. Chapter 3

presents the results and interpretation for the Precambrian crust along the shelf of
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southwestern Greenland, the contents of which have been published in the Canadian
Journal of Earth Sciences (Chian and Louden [992). Chapter 4 analyzes the refraction
data along 88R; across the Greenland margin, the contents of which have beea published
in the Journal of Geophysical Research (Chian and Louden 1994). Chapter 5 analyzes
wide-angle data from fifteen OBS on two seismic lines on the Labrador margin. The
combined interpretation of all these data on both margins, including refraction, reflection,
gravity and magnetic data, appears in Chapter 6. This Chapter restores the crustal
structure across the conjugate margins during rifting, and compares the results with those
on several other nonvolcanic rifted margins, including the position of the continent-ocean
boundary, the origin of the observed high-velocity lower crust, the nature of the upper
continental crust, and the initial rifting mechanisms. Finally, Chapter 7 summarizes the
major observations and interpretations of this thesis and presents some possible
implications from the new results that may lead to future work for studying rifted
continental margins.

The major contribution of this thesis is that it presents the first detailed seismic
velocity cross-sections for crust across a complete conjugate pair of nonvolcanic rifted
continental margins. Based on these cross-sections, the pre-breakup stretched continental
crust is reconstructed, and a new rifting model is proposed. This model is compatible with

existing data and overcomes the difficulties encountered by existing rifting models.



Chapter 2. Geology and Previous Geophysical Data

In this Chapter, I will briefly review the regional geology and tectonic setting of
the Labrador Sea. Geology of two different eras is involved: Precambrian and
Phanerozoic. Precambrian rocks span a time period of about 1700-1900 Ma. Refraction
lines 88R; and 90R; were deployed over these rocks to constrain their crustal structure,
Phanerozoic geological events took place after ~150 Ma. The primary interests of this
thesis will be in the latter geological period, whose crustal structure is constrained by
refraction lines 88R;, 90R,, and 90R,, as well as by reflection, gravity and magnetic data.
2.1 The Labrador Sea

The Labrador Sea forms a northwestward extension of the North Atlantic Qcean,
with the main basin about 900 km wide, bounded in the west by Labrador, in the cast by
SW Greenland, and in the north by Davis Strait (Figure 1.1). Its coast lines span a length
of ~1300 km from its southern limit to Davis Strait in the north. The continental shelf and
slope are much narrower on the western Greenland margin than on the Labrador margin
(Figure 1.2; Srivastava et al. 1981). About 4 million cubic kilometers of Cretaceous,
Tertiary, and Quaternary clastic sediments have been deposited into the basin (Balkwill
1987). Half of this material comprises terrace prisms on the Canadian and Greenland
margins, most of which is along the Canadian margin. The other half forms a thick blanket
on the basin flo )r. The crust is deeply subsided under the Labrador shelf, partly duc to
sediment loading, whereas little or no subsidence has occurred under the western

Greenland shelf (Rolle 1985).

17
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2.2 Precambrian Geology

Both sides of the Labrador Sea are occupied by several Precambrian metamorphic
complexes (Figure 2.1). To the west side, the rocks of eastern Labrador comprise two
distinct crustal blocks: Middle Proterozoic block (<1710 Ma) in the south (Grenville
Craton), and Archean to Lower Proterozoic craton (Nain Province) in the north, which
was affected by the Makkovikian Orogeny between 1860-1760 (Scharer et al. 1988). On
the eastern side of the Labrador Sea, the rocks of West Greenland comprise three distinct
groups: the Archean Block, Ketilidian Mobile Belt, and Nagssagtoqidian Mobile Belt
(Srivastava 1978). While the Nain province corresponds to the Archean Block in
Greenland, the Makkovik Orogen is possibly a trans-Labrador-Sea extension of the
Ketilidian Mobile Belt in southern Greenland. The Nagssagtogidian Mobile Belt in
northern Greenland received northward-progressive deformation and metamorphism until
~1700 Ma. Dating of surface Precambrian rocks show younger ages in southern Labrador
than in northern Labrador. Two possible models to explain this age difference are the
southward tilting of continental crust or the progressive southward accretion of the crust
(Scharer and Gower 1988). The latter resembles the determination that southwestern
Greenland was formed through the late Archean juxtaposition of several separately-
evolved terrains (Friend et al. 1988).
2.3 Phanerozoic Geology and Previous Geophysical Data

The rift-related Mesozoic extension of the Canada-Greenland continent possibly

started at ~160 Ma, as evidenced from the dating of coast parallel dike swarms in SW
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Figure 2.1 Correlation of various Precambrian provinces that were part of the North Atlantic Craton before
the Mesozoic opening of the Atlantic Ocean, Areas shaded with dots represent oldest rocks in Archean time,
After Korstgard et al. (1987).
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Greenland (Watt 1969). Propagating from south to north, the Atlantic rifting event arrived
at the Grand Banks by the early Cretaceous, first split the Greenland-Europe continent
from Canada during the mid-Cretaceous, and then separated Europe from Greenland in
the late Paleocene. The first of these two rifting phases allowed active seafloor spreading
produced in the Labrador Sea. This rifting occurred with minimal volcanic activity, leaving
less than 800 m of syn-rift extrusive basalts on the Labrador margin (Balkwill 1987).
Unlike the continental breakup in other parts of the North Atlantic where the rift axes are
superimposed to a large extent on Phanerozoic megasutures of different cratons, the rift
between Labrador and Greenland developed entirely within Precambrian basement and
cross-cut the structural grain (Ziegler 1989).

Little or no subsidence accompanied the rifting, as suggested from the depositional
environment of syn-rift sediments under both margins (Balkwill 1987; Rolle 1985).
Features typical for Atlantic-type passive margins are present, including asymmetry in
shelf/slope morphology and sediment distribution. Less than 4 km of sediments are
deposited near the western Greenland margin while the Labrador margin has accumulated
up to 11 km of sediments under the shelf (Tucholke 1988; Figure 2.2).

The seafloor spreading history of the Labrador Sea is documented by magnetic
anomaly lineations, with well-defined anomalies observed between Chrons 21 and 27 (48-
62 Ma) (Srivastava 1978; Rcest and Srivastava 1989). Anomaly lineations older than
Chrons 24-25 (54-57 Ma) are broken by several fracture zones (Figure 1.1), which are

associated with a NW rotation of the spreading axis at anomalies 24-25 when Eurasia
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separated from Greenland. The less clearly defined, low amplitude anomalies in areas older
than Chron 27 have been interpreted by Roest and Srivastava (1989) as Chrons 31 and 33.
This has been challenged recently by Chalmers (1991) who, on the basis of reprocessing of
MCS reflection data BGR-21 (the Federal Institute for Geosciences and Natural
Resources), suggested an initiation of seafloor spreading at Chron 27 (62 Ma; Figure 2.3).
His interpretation places the continent-ocean boundary (COB) ~120 km farther seaward of
the previously suggested position.

The sediment-corrected oceanic basement depths across the whole basin are
approximately 1 km too shallow compared with the world average depth for crust of the
same age, which is similar to what is observed in the Norwegian-Greenland Sea (Hyndman
1973; Srivastava and Arthur 1989). The progressive northward shoaling of bathymetry
from southern Labrador Sea to Davis Strait lead Hyndman to suggest that the rifting was
caused by a hotspot, which was activated at Davis Strait in the late Cretaceous and then
moved through Greenland to its current position under Iceland. Surface and borehole
measurements of heat flow at site 646 are 20-25% higher than predicted by a standard
lithospheric thermal model (Louden et al. 1989). Therefore a significant amount of this
depth anomaly may be due to elevated temperatures from the hot-spot activity in the
Davis Strait during late Cretaceous-Paleocene time. Geochemical studies of the large
volume of basalts onshore and offshore Baffin Island and the west Greenland coast
suggests that they are products of intraplate volcanism as opposed to MORB (mid-ocean

ridge busalts; Clarke et al. 1988). The geochemical relationship between the basalts of
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Davis Strait and Site 647 in the Labrador Sea appears to be similar to that between the
basalts of the Iceland hot-spot and Rockall margin which also suggests a hot-spot origin
for the elevation and thermal anomalies (Srivastava and Arthur 1989).

Recent refraction studies on the Greenland margin of the northern Labrador Sea
show the existence of a high-velocity (~7.5 km/s) lower crust thickening toward Davis
Strait, interpreted as magmatic underplating into the lower continental crust during initial
rifting (Gohl and Smithson 1993). It is likely that this underplating is related to hotspot
activity in Davis Strait at Chrons 25-26, by which time the central and southern Labrador
Sea was already opened. Deep crustal structure for the Labrador basin is partly shown by
some scattered, old refraction lines on the northern Labrador margin (Van der Linden
1975; Figure 2.4), on the SW Greenland margin (Stergiopolous 1984; Figure 2.5), and
some newer sonobuoy data near ODP site 646 (Srivastava et al. 1989) and OBS data in
the center of the basin (Osler and Louden 1992; 1994). Some of these data show the
existence of a high-velocity lower crust with a small thickness of <5 km in the oceanic

regions. A proper interpretation for the high-velocity layer awaits further data.
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Chapter 3. Archean/Ketilidian crust Along the Continental Shelf of SW Greenland

From a Seismic Refraction Profile

3.1 Introduction

In the summer of 1988, two 230-km-long seismic refraction profiles were shot
along and across the southwestern Greenland continental margin. This chapter presents
the interpretation of the line shot along the shelf of southwestern Greenland parallel to the
ocean-continent boundary. The purpose of this investigation is two-fold: to study the
crustal velocity structure of the Archean/Proterozoic boundary of the southwestern
Greenland continental crust and to determine if this part of the continental crust has been
affected by the Mesozoic rifting which produced the Labrador Sea.

The location of the refraction profile with respect to major geological boundaries is
shown in Figure 3.1. About half of the refraction line lies in the Archean gneiss complex;
the other half crosses the border zone and extends into the Ketilidian granite mobile belt,
Geochemical studies indicate that the southern border of the Archean craton in Greenland
is a Proterozoic continental margin (Van Breemen et al. 1974; Patchett and Bridgwater
1984; Kalsbeek and Taylor 1985a, b). Surface geological and geochemical studies suggest
that the formation of the various tectonic units in this North Atlantic craton was
dominated either by successive late Archean to Proterozoic intrusions (Schérer and Gower
1988), or by late Archean juxtaposition of several separately-evolved terrains (Friend et al.
1988). One of the most important questions is whether the Archean/Proterozoic boundary

is a predominantly vertical feature, as suggested by surface geology, or whether it
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shallows at depth. Although magnetic and gravity modelling tend to favour a vertical
contact (Woodside and Verhoef 1989), no crustal seismic data have been obtained in this
area to constrain the geological models.

Following the formation of the continental crust in the Precambrian, Greenland
separated from North America by rifting and subsequent sea-floor spreading in the
Labrador Sea between mid-Cretaceous and Oligocene times (Srivastava et al. 1981).
Hyndman (1973) and Srivastava et al. (1981) suggested that this area was possibly
affected by a hotspot which was activated in Davis Strait in the Paleocene. Although the
margins of Davis Strait show extensive outpourings of lavas during the initial opening, the
maximum thickness of the syn-rift basalts found so far along the Labrador margin is only
800 m (Balkwill 1987). However, seismic refraction data in some offshore and other
oceanic areas of the Labrador Sea reveal sporadic occurrences of a high velocity (~7.5
km/s) lower crustal layer which possibly represents lower crustal magmatic underplating
resulting from the hotspot activity (Van Der Linden 1975; Stergiopoulos 1984; Srivastava
et al. 1989). It is, therefore, important to define the nature of the lower crust of the
Precambrian continent to determine if it also has been affected by underplating.

3.. Data Acquisition and Processing

The seismic data lie on a 230-km-long profile along the outer shelf of the
southwestern Greenland margin (Figure 3.1). Seven ocean bottom seismometers (OBS)
were deployed roughly uniformly along the line, five of them (OBS N, M, L, K and J)

giving useful information (Table 3.1). The seismic source was an array of six 1000 cu. in



30
(16.4 1) air guns firing every minute (~150 m between adjacent shots). Slow-speed analog
cassette tapes continuously recorded 4 channels of data, including internal clock pulses
and seismic signals from hydrophone, and vertical and horizontal geophones. The data
were digitized and interpolated to a fixed sampling rate (80 or 72 samples per second).
Subsequent processing included zero mean, baidpass filtering (2-8 Hz) and clipping of
high amplitudes. A variable gain scales the amplitude of seismograms in order to
compensate for dissipation of the wave energy. Two examples of full record sections from
OBS N and J at opposite ends of the line are shown in Figures 3.2 and 3.3. Because the
data along the southwestern Greenland margin are noisy (except from OBS K), a stack or
semblance stack of 5 or 7 adjacent shots is applied to every displayed trace for most of the
profiles. The semblance stack is defined as a stack of a number of traces along an optimal
phase velocity, which produces the maximum semblance within a moving time window of
0.015 sec, followed by weighting with the normalized semblance (0-1). The semblance
stack is especially useful in displaying S wave records because of interference from P wave
reverberations.

Several factors may have affected the signal-to-noise ratio (S/N). It is clear that the
semi-diurnal tides shook the shallow OBS instruments during ebb and flood, which is most
clearly observed at OBS J (Figure 3.3). The roughness of the seafloor (the average water
depth is 130 m with a maximum relief of ~200 m) and the lack of sediments overlying
basement may have scattered the incident sound energy. Smaller-scale structural

complexities in the upper crust under OBS M and L. may also have diffracted the seismic
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energy and thus weakened or complicated the coherent seismic events. The association of
multiples with almost every seismic event, together with the reverberations, create a
complex pattern in the profiles. The OBS in the middle of the line (K) has the highest S/N
ratio and the best defined upper and intermediate crustal refractions Pg(1) and Pg(2), but
their maximum horizontal range is only 125 km, which is not long enough to sample the
entire suite of lower crustal and Moho arrivals.

In determining the velocity structure for both £ and S wave profiles, plane layer
solutions from T-X tr:vel-time curves were constructed for each OBS data set in order to
get a rough idea of the crustal P and § wave velocity model. This model was then
modified by comparing the amplitudes and travel-times of the observed seismic record
sections and synthetic seismograms produced by the one-dimensional WKBIJ algorithm
(Chapman 1978; Chapman and Drummond 1982). In most cases, § wave phases are also
observed (e.g. Figures 3.2-3). However, the later-arrival, § wave travel-times are usually
more difficult to pick than the first-arrival P waves, and therefore the thickness of each
layer was primarily obtained from P waves arrivals, These thicknesses were then used as a
starting point in modelling the § waves.

3.3 Seismic Modeling

The similarity in travel-time curves among the five uscful OBS profiles enables us
to arrive at a single, one-dimensional, first-order interpretation. Relatively consistent 72 and
S wide-angle reflections and/or refractions travel from the upper crust (Pg(1), Sg(1;), the

intermediate crust (Pg(2), Sg(2)), the lower crust (PcP, Pc, Sc§, Sc) and the Moho
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boundary (PmP, Sn ). I will show how to relate these seismic phases to the crustal

structure and velocities and will present one-dimensional modelling results for the

Table 3. 1 OBS positions along southwestern Greenland shelf

N M L K J

Latitude ("N) 61.8845 61.5943 61.3322 61.0118 60.5376

Longitude "W) | 504750 49.9990 49.5552 49.0482 482981

seismograms recorded by OBS N and J (Figures 3.2-3). These two OBS profiles represent
the general crustal structure along the refraction line. The other OBS profiles show
features similar to the general structure but record some lateral changes and will be
discussed at the end of this section.

Sediments

The P wave arrival Ps, refracted in the thin sediment layer, is identified only in OBS N
and J as a small initial segment for ranges less than 10 km (not shown in this paper). It
represents a thin sediment layer which is ~400 m thick with a velocity of ~2.8-4.2 km/s
under OBS N and ~50 m thick with a velocity of ~3.9 km/s under OBS J. This sediment
layer and the overlying water column generate multiples and reverberations that

sometimes mask other arrivals, In addition, the thickening of this thin layer under OBS N
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makes Pg(1) and Pg(2) arrive slightly later on profile N (Figure 3.2) than on profile J
(Figure 3.3).
Upper and Intermediate Crust
The refracted arrivals Pg and Sg from the upper and intermediate crust mainly
include two linked segments (Pg(1), Pg(2), and Sg(1), Sg(2)) which form a change in
slope at ranges of 25-40 km (Figures 3.2-3). Pg(1) is slightly curved at near ranges,
representing a rapid velocity increase from ~5.5 to 6.0 km/s within the first ~1.5 km depth.
Below this depth the velocity stays nearly constant, eventually producing a constant slope
for Pg('). The slope jump from Pg(1) to Pg(2) is caused by a sudden velocity increase
from 6.0 to ~6.3 km/s for P wave and ~3.4 to ~3.6 km/s for § wave at a depth of 3-5 km
under OBS N and J. This velocity discontinuity represents the boundary between the
upper and intermediate layers. It was originally thought that between this velocity
discontinuity and the seafloor are generated S wave multiples which accompany every
arrival in the P and S wave profiles of OBS N and J at a nearly constant travel-time delay
(~2 seconds). Modelling shows, however, that the main energy for such multiples occurs
only at horizontal ranges greater than 25 km (e.g. Figure 3.3d), while on field profiles the
multiples have strong energy even at ranges close to zero. I deduce that these multiples
must be S waves bounded within the thin upper sediment whose § wave velocity may

reach as low as 200 m/sec, similar to arrivals observed by Lewis and McClain (1977).
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Lower Crust and Upper Mantle

The lower crustal arrivals include both wide-angle reflections (PcP and ScS) from

the Conrad boundary and refractions (Pc and Sc) from within the upper part of the lower
crust (Figures 3.2-3). The Conrad boundary for P waves appears to be relatively sharp
since PcP arrivals usually carry strong amplitudes. Around the critical point (between
ranges of 100 and 130 km), the amplitudes of PcP and Pc overlap and hence are most
visible. Modelling shows that the depth of the Conrad discontinuity is 15.5 km in both
profiles N and J. The Pc segment at ranges of 100-140 km on profile N and at ranges of
95-155 km on profile J defines the P wave velocity in the upper part of the lower crust to
be consistently 6.6 km/s. The velocity for i lower part of the lower crust cannot be
measured directly from the field data. However, modelling shows that a slight change of
this velocity will change the curvature and timing of the wide-angle reflection PmP. Since
PmP can be well traced on profile J (Figure 3.3), I was able to estimate the P wave
velocity above the Moho by matching the vature of PmP between synthetic
seismograms and profile J. The best matching velocity for the lower crust above the
Moho is 6.9 km/s. A similar value is also estimated for profile N (Figure 3.2). Modelling
shows that the S wave velocity in the upper part of the lower crust is 3.8 km/s for both
OBS N and J (Figures 3.2-3). In the lower part of the lower crust, this same S wave
velocity (3.8 km/s) has to be used in order to match the curvature of SmS and its travel-

time.
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The transition zone from the bottom of the lower crust to the upper mantle is best
seen on profile N. A slope change of Pc at a range of ~150 km is probably caused by an
increased velocity gradient in the transition zone from 6.9 km/s at 29 km depth to 8.0 km/s
at 31 km depth. PmP on profile J arrives <0.2 seconds earlier at a range of 100 km than on
profile N at the same range, indicating a slightly shallower (1-2 km) Moho depth under
OBS .
Along-Strike Variations
The P and § wave data recorded by the five OBS (N, M, L, K, and J) (Figures 3.2-
5) enable us to investigate crustal velocity variations along the strike of the refraction line.
I used one-dimensional WKBJ seismic modelling to deduce the velocity-depth structure
for each individual OBS profile since large lateral variations are not apparent in the data.
The modelling results are shown in Figure 3.6. Seismograms at either side of each OBS
were modelled separately. Each modelled velocity value was horizontally positioned
approximately at the centre of the offset from the OBS to the major energy of the seismic
event. The results were then combined to give an approximate two-dimensional (2D)
crustal structure (Figure 3.7), which subsequently was checked with a full 2D ray-tracing
algorithm (Cerveny et al. 1977).
The P and § wave velocities for the upper and intermediate zones as shown in
Figure 3.7 are obtained from least-squares fitting of the Pg(1) and Pg(2) arrivals on all the
useful T-X OBS profiles (Figures 3.2-5). The corresponding error in the calculation of

the slope of these phases is estimated to be within $0.05 km/s. It should be noted,
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however, that this error estimate is valid only for a plane layer solution. Additional errors
may arise when a wide-angle reflection is picked instead of a refraction, which may happen
in the Border Zone (velocities with a question mark in Figure 3.7) where the structure
becomes more complicated. The lower crustal velocities are mainly derived from one-
dimensional WKBJ modelling. Although precise error bounds cannot be calculated,
velocity variations in excess of 0.1 km/s will significantly degrade the match of the
synthetic seismograms to the data.

Figure 3.4 shows a comparison of the recorded upper and intermediate crustal
phases in profiles M, L and K. For OBS N (Figure 3.2), M, L and K, positive ranges
represent shots to the south of OBS locations while for OBS J (Figure 3.3) the records are
displayed in a reverse direction. These profiies show that the slope of the Pg(1) phase at
OBS N and M represents a velocity of 6.0 km/s which decreases to 5.6 km/s at OBS J.
Similarly, Pg(2) represents a velocity of 6.4 km/s at OBS N and M which decreases to 6.3
km/s at OBS J. The slope jump from Pg(1) to Pg(2) and from Sg(1) to Sg(2) is at a similar
position on T-X profiles for positive ranges of profile N, negative ranges of profile K and
positive ranges of profile J. This indicates that the boundary between the upper and
intermediate zones is at a similar depth (~5 km) south of OBS N and north of OBS K and
J. However, the boundary is deeper (~9 km) under OBS M and L, as inferred from the
lateral shift of the junction point of Pg(1) and Pg(2) to 55 km for the positive range of
profile M and the negative range of profile L (shown in Figure 3.4). This junction point

shifts to 40 km for the positive range of profile L, where the boundary is modelled at a
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depth of ~7 km. The phases of Pg and Sg become complicated for positive ranges of
profile K, indicating interruptions in the upper crust within a region about 30 km wide
south of OBS K. These lateral variations of upper and intermediate crustal velocity
structure are summarized in Figure 3.7.

Figure 3.5 shows a comiparison among the various profiles of PcP (or Pe), the
lower crustal arrival, and PmP, the wide-angle reflection from the Moho. Although PcP
shows strong amplitudes for profiles N, J and K, it is less clear for the other two profiles,
M and L. 2D modelling shows that some of the rays that generate the apparent PcP in
profiles N and J actually turn below the thickened upper crust, producing an extended
Pg(2) arrival (denoted as Pg*(2) in Figure 3.5) between ranges of 100 and 140 km in
profiles L. Pgt(2) has slightly earlier arrival times than Pc, masking the weaker Pc arrival.
The PcP on profile K (Figure 3.5) suffers a travel-time distortion and amplitude build-up.
This amplitude enhancing appears on all record sections at the same horizontal position
along the line, indicating a shallow complexity which is not modelled. However, the travel-
time curves are similar, indicating little changes in the depth of the Moho along the
refraction line. There are varying amplitude features among different profiles for PmP, but
the limited data quality and coverage prevent us from further detailing lower crustal
variations along the strike.

3.4 Interpretation
The continental crust of southwestern Greenland is separated into upper,

intermediate, and lower zones according to velocity values (Figures 3.6-7). The boundary
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that divides the intermediate crust from the upper crust lies at ~5 km depth in the north
(OBS N) and the south (OBS J), and deepens up to ~9 km in the middle (OBS M),
producing a change in slope of arrivals from Pg(1) to Pg(2). The near-range curvature of
Pg(1) indicates that within the top 1.5 km of crust, there is a velocity gradient from ~5.5
to 6.0 km/s for P waves, and from ~3.2 to 3.5 for § waves. This velocity gradient is
probably caused by increasing crack closure with depth (Christensen 1978). Horizontally,
P wave velocities in the upper crust in general decrease from 6.0 km/s in the north to 5.6
km/s in the south. In the intermediate crust, P wave velocities show a similar trend from
6.4 km/s in the north to 6.3 km/s in the south. § wave velocities show smaller and
unsystematic lateral variations around values of 3.4 km/s within the upper crust and 3.6
km/s within the intermediate crust.

Since thick syn-rift extrusive basalts occur as seaward-dipping reflectors on the
shelf of central east Greenland (Hinz et al. 1987), as well as on the margins of Davis Strait
(Srivastava 1983), by analogy it is natural to consider the uppermost 5 km thick layer
under the shelf of southwestern Greenland as Mesozoic extrusive volcanics. However, the
fact that velocities in general decrease from north to south and that the Proterozoic
structural trends cut through the top of the upper crust appears to preclude this possibility.
In addition, the P and § wave velocities do not seem to correspond to the velocity range
(3.5-6.0 kmy/s for P waves and 2.7-3.0 km/s for § waves) within the Mesozoic seaward-
dipping reflectors southwest of Rockall Plateau (Whitmarsh and Miles 1987). Hence 1

suggest that the top crustal layer is of Precambrian origin. Syn-rift basalts, if they exist,
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should be much thinner and comparable with those (<400 m thick) of the conjugate
Labrador margin (Balkwill 1987).

Lateral changes in structural boundaries and velocity values within the upper crust
partly match the divisions of the Archean block, the Border Zone, and the Ketilidian
mobile belt, which are based on surface isotopic and petrological measurements (Figure
3.7). The boundary between the Archean block and the Border Zone is matched by a
thickening of the upper crust northwards from the Border Zone to the Archean block. The
velocity discontinuity between the upper and intermediate zones shallows relatively
abruptly under OBS M, possibly due to normal faulting (Figure 3.7).

The P and S wave velocities from refraction surveys provide much information on
the bulk composition of rocks which can be determined when compared with laboratory
velocity measurements (e.g. Hall 1987; Holbrook er al. 1988). Since laboratory
measurements of P and § wave velocities are not available in adjacent areas, I compare
the results of the field velocity measurements (Figure 3.7) with laboratory measurements
of P and S wave velocity for Lewisian metamorphic rocks (Hall and Simmons 1979; Hail
and Al-Haddad 1979), and P wave velocity for rock samples from the Grenville Front
Tectonic Zone (Burke 1990). Surface geological observations (Allaart 1976; Bridgwater
et al. 1976) are also used in constructing bulk rock types for upper crust. Since laboratory
velocity measurements are made at various confining pressures (at room temperature), it is
necessary to establish the relationship between depth of crust and its confining pressure. |

estimate the overburden pressure at each depth level from a vertical distribution of
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densities (p) inferred solely from P wave velocities (Vp) by p=0.252+0.3788 Vp. The
estimated pressures, as well as temperatures (Issler 1987) at various depths are shown at
the right side of Figure 3.7. I find that the upper crust of the Archean block in
southwestern Greenland most likely matches a quartz-feldspar gneiss composition, whose
P wave velocity at a pressure of 0.5 kbar is 5.99 km/s. The bulk of the intermediate crust
is likely amphibolitized pyroxene granulite, whose P and § wave velocities at 2 kbar are
measured to be 6.41 and 3.54 km/s, respectively. The upper crust in the Ketilidian mobile
belt bears a P wave velocity value much lower (5.6 km/s) than in the Archean (6.0 km/s),
and is matched by quartz granite. A unique match for the composition of the intermediate
layer in the Ketilidian is not obtained because of the lack of § wave laboratory data.
However, this layer is consistent with a granite and granitic gneiss composition (Holbrook
et al, 1988). South of OBS K and within the Border Zone there appears to be some high
velocity (6.6 km/s 7) material that forms a complicated pattern for the southern ranges of
profile K (Figure 3.4). This may be a manifestation of uplift of lower crustal rocks.

The lower crust is characterized by a small velocity gradient from 6.6 to 6.9 km/s
for P waves and a nearly constant velocity of 3.8 km/s for S waves (Figure 3.6).
Considering the effects of temperature and pressure on the velocity values, I suggest that
the most likely rocks for the lower crust of southwestern Greenland are gabbroic and
homblende granulites. This is consistent with the experimental velocity studies of

Christensen and Fountain (1975) and the petrological modelling of wide-angle seismic
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data in southwestern Germany by Holbrook et al. (1988). Consistent Moho wide-angle
reflections are observed from both ends of the refraction line, suggesting an approximately
equal thickness for the lower crust within both the Archean block and the Ketilidian
mobile belt (Figure 3.7). The Moho discontinuity is characterized by a transition zone less
than 2 km thick between the crust and the upper mantle. The Moho is 1-2 km shallower in
the Ketilidian mobile belt than at the southern edge of the Archean block.

Van Breemen et al. (1974), Patchett and Bridgwater (1984), and Kalsbeck and
Taylor (1985a; 1985b) used Sr, Nd, and Pb isotope systematics, respectively, to show that
the Ketilidian crust has a large component of mantle-derived material with short residence
time in the mid-Proterozoic, and that only the Border Zone is underlain by older Archean
basement. The orientations of ductile overthrusts and dyke swarms in some arcas of the
North Atlantic craton (Figure 3.1) tend to favour a collisional model in which a rigid
continental plate (including the Ketilidian mobile belt) pushed north against the North
Atlantic craton (Brigwater et al. 1973; Watterson 1978; Korstgdrd et al. 1987). Some
supporting geological evidence includes thrusting of the Ketilidian sediments and volcanics
over Archean gneisses in Grenseland and Midterna@s inside the Border Zone (Allaart
1976). Although the details of deeper crustal changes in the Border Zone are not revealed
from the refraction data, the signiricant thickening of the upper crust in the southern part
of the Archean block (Fig'— ? 7) is consistent with the mechanism of Precambrian plate
collision between the Archean crust and the Ketilidian mobile belt. The gravity anomaly

(Woodside 1989) along the southwestern Greenland continental margin shows a
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significant low around OBS L, which is consistent with the thickening of a low
velocity/density upper crust. Good wide-angle reflections from the Moho are observed
from most of the OBS instruments (Figures 3.2-5), the modelling of which suggests an
approximately equal thickness (15 km) and composition for the lower crust and a Moho
boundary at ~30 km (Figure 3.7). However, a ductile lower crust could have been re-
equilibrated during the post-orogenic period, eliminating the remnants of an earlier crustal
root (Meissner et al. 1991).

The 30-km-thick crust along the shelf of southwestern Greenland (Figure 3.7)
obtained from the wide-angle seismic data, is thinner than the 34-39 km thick crust
obtained from earlier wide-angle seismic data under the Precambrian shield to the
southwest of Labrador (Berry and Fuchs 1973), which has commonly been used in
geodynamic modelling of the Labrador Sea (Royden and Keen 1980; Issler and Beaumont
1987). Apart from its lesser thickness, the continental crust under the refraction line has a
velocity structure typical of Precambrian crust, with no evidence for a high-velocity, lower
crustal, underplated layer caused by the Mesozoic opening of the Labrador Sea. Since the
sediment thickness (<400 m) and water depth (<500 m) are negligible compared to the
total crustal thickness in southwestern Greenland, the principle of isostasy requires little or
no thinning (<2 km) of the pre-existing continental crust. However, it is possible that
crustal thickness increases to 40 km north of the study area, possibly as an effect of
gradual northward thickening of a syn-rift lower crustal underplating (Gohl and Smithson

1993).
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3.5 Conclusions

1) The continental crust of southwestern Greenland is composed of upper,
intermediate, and lower crust with distinct P and S wave velocity values. The boundary
between the upper and intermediate crust is at ~5 km depth for the Archean block and the
Ketilidian mobile belt, and deepens to ~9 km in the southern end of the Archean. In the
Archean block, the velocities of the upper and intermediate zones are 6.0 and 6.4 km/s for
P waves and 3.4 and 3.6 km/s for S waves. These velocities match a composition of
quartz-feldspar gneiss for the upper crust and amphibolitized pyroxene granulite for the
lower crust. In the Ketilidian mobile belt, the corresponding velocities are 5.6 and 6.3
km/s for P waves and 3.3 and 3.6 km/s for S waves. These velocities match a composition
of quartz granite for the upper crust and granite and granitic gneiss for the intermediate
crust.

2) The boundary between the intermediate and lower crust is a prominent seismic
discontinuity at 15-16 km depth in both the Archean block and Ketilidian mobile belt. P
wave velocity in the lower crust shows a small vertical gradient from 6.6 km/s at the
boundary to 6.9 km/s at the Moho. § wave velocity, however, shows little vertical
variation in the lower crust and averages 3.8 km/s. This velocity structure shows a typical
continental-type crust with no evidence of Mesozoic magmatic underplating in the lower
crust nor extrusive basaltic emplacement on top of the upper crust. According to the
observed velocities, the most likely rocks for the lower crust of the Archean/Ketilidian

units are gabbroic and hornblende granulites.
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3) The refraction data support a mechanism for a Precambrian collision~ boundary

between the Archean and the Ketilidian mobile belt.



Chapter 4. The Continent-Ocean Crustal Transition Across the SW Greenland
Margin

4.1 Introduction

A major goal of studying the structure of Atlantic-type, passive continental
margins has been to discriminate between different rifting models, especially between pure
(McKenzie 1978) and simple (Wernicke 1985; Lister et al. 1986) shear mechanisms. A
simple shear model invokes a low-angle detachment fault that cuts through the continental
crust and separates the resulting margins into asymmetric, uppcr and lower conjugate
plates. The upper plate margin records more thinning in the lower crust and less syn-rift
subsidence than does its conjugate, lower plate margin. This model has been supported by
the existence of an S-reflector, interpreted as the detachment fault, and a smaller amount
of upper crustal stretching as compared to total crustal thinning in the Bay of Biscay (Le
Pichion and Barbier 1987) and Galicia Bank (Boillot et al. 1989b, 1992). On the other
hand, the observed overall symmetry of crustal thinning across the restored rift zone for
the conjugate margins of Flemish Cap (Keen and de Voogd 1988) and Goban Spur (Peddy
et al. 1989) suggests a pure shear, symmetric extension with final breakup cioser to one
side of the rift zone (Keen et al. 1989). Finally, it is possible to interpret the rifting of some
margins using a mixture of pure shear for the lower crust and lithosphere and simple shear
for the upper crust (e.g., Galicia Bank; Sibuet 1992),

The conjugate margins of the Labrador Sea are ideal for the investigation of

passive margin formation. Reconstructed positions of the margins can be well constrained

31
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from the seafloor spreading history of the basin, given its small overall width (Srivastava
1978; Roest and Srivastava 1989). The margins are nonvolcanic and exhibit an apparent
asymmetry in the shelf/slope morphology, sediment thickness (Balkwill 1987; Rolle 1985),
and gravity anomalies (Woodside 1989). This chapter presents detailed seismic velocity
variations and their lithologic and tectonic interpretation for the complete transition from
continent to ocean crust across the SW Greenland margin of the Labrador Sea (Figure
4.1). P and § waves from dense airgun shots penetrating the crust and upper mantle are
observed on ocean bottom seismometers along a 230-km-long profile. These data are used
to construct a two-dimensional (2-D) seismic model. This model contains a 50-80-km
wide transitional zone with a low-velocity upper layer interpreted as thinned upper
continental crust and a high-velocity lower crustal layer interpreted as serpentinized
mantle. The data suggest that Chron 27 marks the initiation of seafloor spreading in the
Labrador Sea, More detailed constraints on the rifting mechanism, however, must await a
seismic model for the conjugate margin, east of Labrador (Chapter 5).

4.2 Reflection Profile

The setsmic data to be presented in this chapter inciude wide-angle refraction and
coincident single-channel reflection profiles along a 230-km-long line (88R7) that covers
the complete transition from preexisting continental to oceanic crust across the SW
Greenland margin (Figure 4.1). The seismic source for both data sets is an array of six,
1000 in3 (16.4 1) air guns firing every 90 s with an approximate spacing of 200 m. The

reflection data were recorded primarily for constraining the sediment thickness and
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Figure 4 1 Location map of the Labrador Sea, including bathy metric contours plotted every 1.000 m (dotted lines). numbered magnetic anomalies (thin
lines). fracture zones (thick grey lines), and an extinct rift axis (thick broken lines) Refraction lines (thick lines) include 88R2 (Chapter 4). 88R1 (Chapter 3),
and two lines along and across the extinct ridge axis [Osler and Louden. 1992; Osler. 1993] Labeled crosses are OBS instrument locations A-G (Table 4.1):
circle 15 sonobuoy F [Sterzopolous. 1984]. RV MINNA 74 gravity and magnetic profile is nearly coincident with line 88R2.
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basement morphology.

The pattern of reflectivity on the single-channel profile (Figure 4.2) enables a gross
definition of three primary seismic sequences within the sedimentary section. The first and
second layers are characterized by high-amplitude reflectors on top and low-amplitude
reflectors below. A group of continuous seismic phases forms the boundary between the
second and third (bottom) layers. This boundary can be traced continuously from the
margin to the east and may correspond to boundary R34 at Ocean Driiling Program
(ODP) Site 646 (Srivastava et al. 1989). The layer beneath this boundary contains the
syn-rift sediments, which are adjacent to the shelf and characterized as strongly folded and
faulted scismic sequences (Figure 4.2).

The most significant feature of the profile is the topography of the basement. In
general, the profile shows three zones of distinct basement topography, separated by two
basement highs. From the shelf seaward, Zone I with large tilted basement blocks probably
represents stretched continental crust. At the seaward end of the line (Zone III), where
magnetic anomalies 26 and 27 are located, reflection hyperbola from the basement are
typical of oceanic crust. Zone II in between is characterized by a number of smaller tilted
blocks and is interpreted as transitional crust.

As a first-order approximation, the stretching factor (B) for the upper crust is

calculated based on the geometry of the tilted blocks in Zones I and II following the
method of Chenet et al. (1983) (Figure 4.2). In order to convert two-way travel times

into depth, I measured P wave velocities for each sediment layer from sediment- corrected
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ocean bottom seismometers (OBS) profiles, with reference to the one-dimensional (1-D)
modeling results from sonobuoy data around ODP Site 646 (Srivastava et al. 1989). A
value of 2.2-3.0 is obtained in transition Zone II which is slightly higher than the [ value
of 2.0 in Zone I. The amount of stretching determined in this manner is typically less than
the stretching of the crust as a whole. It is likely to represent only the extension in the
most brittle layers of the upper crust (Le Pichon and Barbier 1987). The remaining
extension may be accommodated by creep in the lower crust for depth-dependent pure
shear models or low-angle faulting for simple shear models.
4.3 Wide-Angle Seismic Data and Modeling

4.3.1 Data

Seven OBS were deployed along line 88R2, six of them (OBS B, C, D, F, and G)
giving useful information. The OBS used along line 88R2 recorded seismic signals from
hydrophone and vertical and horizontal 4.5 Hz geophones on cassette tapes. These analog
data were digitized and interpolated to a fixed sampling rate of 80 samples per second.
Subsequent processing includes band-pass filtering (4-9 Hz for P waves and 2-8 Hz for §
waves), clipping of high amplitudes, and gain that increases linearly with horizontal
distance.

Since different recording channels sometimes respond differently to various seismic
phases, I find that a sum of several channels is a useful way to present seismograms that
demonstrate all prominent phases with just one figure. Before the summation, however,

careful correction for the relative time difference between channels is nec. .ry to
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maintain or enhance the coherency of major seismic phases. In addition, a coherency filter
is applied to some of the profiles. This algorithm (Chapter 3) is defined as a stack of a
number of traces along an optimal phase velocity, which produces the maximum
semblance within a moving time window of 0.15 s, followed by weighting with the
normalized semblance (0-1). The coherency filtering thus defined can be used to enhance
certain phases, particularly S waves, which are frequently entangled with P wave
reverberations and multiples (Figure 4.3).

Major constraints on the crustal velocity structure come from OBS B, C, and D,
which provide the best data quality. The data from OBS E are of poorer quality, possibly
due to increased noise from deepwater currents. OBS F and G, situated under shallow
water (~200 m; Table 4.1), also give good seismic signals, but the seismic rays are
severely distorted by the sharp shelf break and/or the Moho relicf, making it difficult to
extract crustal information. Because of the failure of OBS A, data from an older sonobuoy
profile (Stergiopolous 1984) are used to help constrain the oceanic crustal structure.

4.3.2 One-Dimensional Reflectivity Modeling of Sonobuoy F

The wide-angle profile from sonobuoy F (Figure 4.4), shot along strike during
Hudson 79-013 (Figure 4.1), is used to constrain the crustal velocily structure at the
western end of line 88R2. An additional sonobuoy, but with poorer data quality was also
deployed at the opposite end of the same profile. Previous slope-intercept analysis of the

reversed travel times (Stergiopolous 1984) yielded similar velocity models, indicating a
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homogeneous structure along the line. In the reanalysis of sonobuoy F, a full waveform
record section (Figure 4.4a) was produced by digitizing the original shipboard FM tape
recording. Horizontal ranges were calculated from direct or reflected water waves using
an average water velocity of 1.486 km/s. Determination of the P and § wave velocity-
depth structure is based on forward modeling of the observed record section using 1-D ray
tracing and full reflectivity synthetic seismograms (Figure 4.4b).

Crustal P phases contain two separate amplitude maxima centered at 13-16 and
17-23 km, with relatively abrupt changes in phase velocity. To fit this pattern requires a
layered structure for the crust, with thicker units of low velocity gradient at velocities of
5.5, 6.5, and 7.2 km/s, separated by higher gradient zones with variable thicknesses. The
initial velocity gradient from 4.8 to 5.5 km/s is not well constrained, apart from the total
travel time, on account of the interference of the water reflection with the ground wave.
The linear gradient of 1.3 s-| from 5.5 to 6.5 km/s creates the initial amplitude buildup in
the refracted wave (P9), although at ranges slightly less thun observed. The sharp
discontinuity from 6.5 to 7.2 km/s creates the second amplitude maximum from the wide-
angle reflection (P3P), although it is not as abrupt or as strong as observed. The depth and
velocity transition at the base of the crust is poorly constrained by modeling a third set of
phases as P,,P with increasing amplitudes at ranges 27-30 km.

S waves show a similar although less well-developed pattern of amplitudes and
phase velocities. The one exception is that the uppermost crustal layer (with Vj,=5.5 kin/s)

must represent a gradient zone (with V=3.0to 3.2 km/s), primarily in orderto fit the §
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Table 4. 1 OBS Positions and Water Depths Along Refraction Line 88R2

OBS Latitude, ©N Longitude, OW

Water Depth, m

59.8408
60.0517
60.2767
60.4442
60.5516
60.6633
60.7400

caTmmoounw>

52.1033
51.2900
50.4233
49.7767
49.3514
48.9100
48.6133

3368
3303
3076
2916
2823

136

175

Table 4. 2 One-Dimensional Velocity Model for Sonobuoy F

Thickness, km Vp, km/s Vs, km/s

3.335 1.485

0.10 1.90 0.58
0.58 2.10 0.64
1.21 2.50 0.85
0.10 4.80 2.70
0.20 5.10 2.90
0.40 5.50 3.00
0.50 5.50 3.15
0.15 5.60 3.20
0.15 5.80 3.30
0.15 5.95 3.45
0.15 6.10 3.50
0.15 6.30 3.55
1.20 6.45 3.60
0.10 6.80 3.85
1.80 7.15 4.10
1.80 7.25 4.15
8.00 4770
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wave travel times. The two deeper constant velocity layers are modeled with Vi of 3.6 and
4.1 km/s, giving Poisson's ratios of 0.28 and 0.26 for the mid and lower crust,
respectively.

Figure 4.4b compares velocity models of sonobuoy F with results of 2-D synthetic
modeling for a separate profile (Osler and Louden 1992; Osler 1993) which terminates 70
km to the southwest, as located in Figure 4.1. This comparison indicates that at sonobuoy
F: (1) The upper crust is thicker and contains a more complex structure, and (2) The
lower crust is of similar thickness but contains a smaller velocity gradient.

4.3.3 Two-Dimensional Modeling of OBS Data

Since significant lateral variations in seismic velocity are expected across the
continent-ocean transition, I use 2-D dynamic ray tracing (Cerveny et al. 1977) for
modeling the observed OBS data. The sedimentary structure and basement relief used in
the modeling are derived from the coincident reflection data (see previous section). I tried
two methods for describing the crustal structure. The first one divided the crust into
several homogeneous layers using velocities obtained from sediment-corrected sections.
The depth of each boundary was varied along the profile to match the observed travel
times of crustal and mantle arrivals. This method generated strong wide-angle reflected
energy which does not produce an acceptable fit to the observed amplitudes. Small misfits
in travel times also existed. A second approach therefore represented most structural
variations by lateral and horizontal velocity gradients. Velocities on a regular grid are

obtained by bilinear interpolation of values at arbitrary points.



Filtered

SIBF

(=)
|\

30

o
1141 m.L_‘.:.n_ .mmfm.w%«r.mmﬂnwn«u 1 S [ A T
: Nwm FAR Mﬁ%ﬁu
Mal £2Y ooy I ey
R asieAR g WMes: ALY r
& AARAD Bl £
T BT s VA AP 25
T ﬁp A z
e i e at.
e ER
[ & TRy Y ee s
g, ot = B
. A 1% m
By E o
2 2 ar.
rn ..\ i
Mwﬂrﬂu‘nnn).»» P
2 S

[oni
vs.nwmmm ¢ eI
\t v e e o]
Sy e

et

A 13

LX< AR A o S ...‘.
L N

PO | P o

e <k AN

y SRR T,

. .. f-imar;.
.M * A

o YRR &
_f ..ﬁ.wummm»wwﬂwﬁ. %

0
‘”;;n‘ '

i

!
N

et
Veloclty km/S)

3
i) “nﬁv!\vmldnlmx U+ »M81
R

S Rt aren s axl]
PIREIIE S AL s -

Sror T weapps T ey
N TR Ay T

[Pt

20

Distance (km)
; PmP and SmS are reflections from upper mantle, S waves are doubly converted from and

bottom reflection at 10-30 km, assuming an average water velocity of 1.486 km/s.

nal reflectivity synthetic seismograms generated from the P and S velocity model (solid line) in the upper left corner. Complete velocity-depth

10
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10

values for this model are given in Table 4.2. Dotted line in the inset shows the P velocity structure 70 km southwest of sonobuoy F [Osler, 1993]. P2 and S2 are

refractions from upper crust; P3P and S3S are reflections from lower crust;

calculated from direct water wave (not shown) at 0-10 km and from water
to P waves at the sediment-basement interface.

Figure 4 4. (top) Sonobuoy F hydrophone filtered at 4-
(bottom) Gne-dimens
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The seismograms generated from the final, 2-D velocity model with this second
method are compared to individual recorded sections for OBS B, C, D, E, and G in
Figures 4.4-8. The strong seismic phases that are crucial in determining the P velocity
model include refractions from the sediment layers (Pgg(), refractions from the upper and
the lower crust (P2, P3), and reflections and refractions from the upper mantle (PP, Pp,).
In addition, two sets of strong multiples are sometimes useful. The water column multiple
(Py,P7) is frequently strong. Its curvature can constrain the velocity of the lower crust and
its travel time the depth of the Moho when the first arrival cannot be recognized (e.g.,
OBS B; Figure 4.5). Another prominent multiple (Py,P') is produced between the seafloor
and the sediment/basement interface. This multiple is strongest in the hydrophone channel
of both OBS B (Figure 4.5) and OBS C but is minimal, for example, in the horizontal
geophone of OBS C (Figure 4.6).
OBS B. The velocity-depth structure of crust from the model of sonobuoy F (Figure 4.4)
is used as a control for the western end of the 2-D model. The upper crustal structure is
smoothed laterally to provide an overall fit to the western profile of OBS B (Figure 4.5).
The velocity (7.15-7.25 km/s) of the lower crust and the depth (12 km) of the Moho
determined from modeling the curvature of P;,P) to the west of OBS B are similar to the
model of sonobuoy F. The lower crustal velocity east of OBS B is less well constrained

because of distortion caused by the sharp change in depth of the basement.
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Figure 4.6. (top) OBS C horizontal geophone with traces between ranges of -100 to ~40 km coherercy filtered using five traces. Calculated travel time curves from
two-dimensional dynamic ray tracing are superimposed. (bottom) Synthetic seismograms and travel time curves generated by two-dimensional dynamic ray tracing

from the seismic model of Figure 10a. A
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OBS C. The seismograms of OBS C (Figure 4.6) are characterized by significant
differences on either side of the OBS. On the western side, the velocity of the upper crust
is about 4.0-5.0 km/s. This low-velocity forms a strong velocity contrast with the layers
below, producing a distinct reflection phase (PoP). The lower crust is represented by a
clear phase P3, which is refracted by a gradient layer of high velocity (7.0-7.6 km/s), with
the bulk of the lower crust at 7.4-7.6 km/s. On the eastern side of OBS C, there is a
significant travel time pull-down (by 1 s) of upper crustal arrivals between ranges of
12and 20 km which cannot be fit unless a velocity of ~6.5 km/s is introduced beneath the
elevated basement. The high amplitudes of the lower crustal arrival P3 (at eastern ranges
of ~30 km) are produced by the large velocity gradieat under this elevated basement. The
lower crust under this basement high has a velocity of 6.8-7.4 km/s constrained by P3 with
a phase velocity of ~7.0 km/s. A higher velocity would incorrectly reduce the travel time
of P3. The Moho near the basement high is placed at a depth of 11.8 km which is the same
as that westward. This provides a reasonable fit to the travel time of P,,P whose slope is
distorted by the faulted basement block east of the basement high. A strong Py,P phase is
not observed west of OBS C but is replaced by the clear appearance of P,, which can be
traced to a horizontal range of 100 km. The steep tilting of the mantle arrival at a western
range of 40 km is caused by the basement jump (>1 km) adjacent to OBS B.
OBS D. The high velocity of the elevated basement is also expressed in the travel time

pull-down of lower crustal arrivals of OBS D (Figure 4.7) at western ranges of 20-28 kmi.
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The modeling of P,, for the western ranges of the OBS supports the velocity structures
under the basement high as obtained from OBS C. On the eastern side of OBS D, the
upper crustal arrival is well modeled and corresponds to an easterly increasing velocity of
5.3-5.6 km/s. Farst arrivals at ranges >28 km have travel times too early to be produced
solely by shallowing the basement toward the continent. A reasonable fit can be produced
by setting the Moho at a very shallow depth (~8.2 km) and the mantle underneath with a
high velocity gradient (7.7-8.0 km/s). It should be noted that the calculated travel times
are slightly earlier than observed. While a smaller velocity of 7.5-8.0 km/s produces a
better fit, this would degrade both the calculated travel times for OBS E and the computed
gravity anomaly. Therefore complications exist for this part of the seismic model which
the data are not sufficient to resolve.
OBS E. Shots to the west of OBS E (Figure 4.8) give important information on the depth
of the Moho. Between ranges of 22-30 km, a strong phase can only be modeled as a
refraction fron a layer with a velocity of ~7.7 km/s at 8-9 km depth, which is consistent
with the modeling of OBS D. A slower velocity will cause an unacceptable travel time
delay and will shift the major amplitude westward. To the east, the seismograms are noisy
and mostly affected by basement relief across the continental slope.
OBS G. OBS G (Figure 4.9) is situated at the eastern end of refraction line 88R2. F and
S waves from the upper continental crust are observed which give the same velocities as
those from another refraction line R along strike (Chapter 3). Deeper arrivals are

distorted by the sharp shelf break and hence give little information about crustal structure.
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The final velocity model that produces all the synthetic seismograms and travel
times in Figures 4.4-9 is shown in Figure 4.10a. To show the ray coverage for different
regions of the model, I plot in Figure 4.10b the boundaries of the model overlain with ray

paths from OBS B, C, D, and E.
4.3.4 Determining S Waves

Here I present the first shear wave data for transitional crust and upper mantle
across a nonvolcanic rifted margin. Ti. :re are primarily two types of crustal § waves
observed in the OBS data: PSP and PSS (Figure 4.11). PSP phases are formed by double
P-§ conversion at the sediment/basement boundary. The other prominent phase is PSS,
which is only converted once. The energy of such converted § waves is especially strong
when the P velocity in the bottom of sediments (Vgeq) is close to the § velocity (Vi) in the
crust (Spudich and Orcutt 1980b).

S waves can appear on all component sensors of the OBS. For example, the PSP
phase at OBS B only appears on the horizontal geophone (Figure 4.11a), whereas the PSS
phase in OBS C appears on both hydrophone and vertical geophone channels (Figure
4.11b). Reverberations of P phases frequently interfere with S waves, requiring coherency
mixing to suppress phases with higher apparent velocities. In addition, when sediment
phases are strong, they interfere with upper crustal § waves because of their similar
velocities, making it more difficult to pick the correct S phases.

Once S phases are identified, their travel times are modeled by adjusting the Vp/VS

ratio for all layers of the P velocity model. For OBS B, a V,/Vg ratio of 1.8 for both the



Vert Geo
OBSE Coherengyh %?I?ered

. = v . - - . s »
7 -t v ] - . » P l I l I. - - Py Wve
o e Vg L e} ¥ TSI gk ".:; ~ - . y = - ® I U RN »’l‘ :"- -t e —
- - -l e W Syt T w L Rt T, g - . [ AT TNt e T Y
b Y s PPN am M ) T . - i I T gt T s T nE R S,
Lo s e, 4 1 sin e - P " et e T e e R
iy - v o)y M T T g, L RN, v
L o » . Bon an 5oy Py h e BTt et o
T - E PN .-J.,..-“.v-. . P o Mgy,
P :,’ * - 1’-“:\
- f et -~ -s'n..-:::,. Baadto ™S
- Lo
S SIS
® 5 EE3 23S A
—
S’ k2= ::“‘."-";—h,
- [oed)
N FImUNIITT S
- Dl i -
~ \ - e Dy
s :\2‘,--:‘_‘,-. e
b G - STl A —
[l i":"<~. -t -:' I ey
I > - - .
ot DI aat W
l-—- e A g g T,
by ™) e e
3 e W et ]
w gyl o, o
R o NG Ca
- "> by’ v
e S " x TR i B AL el etwaY
T e e R O e " . ws - tai"m? T
R e ey, O P e R T [ ' 4 " Lty
- - PaatW e » U oan g Lo Pl
e e d 3 S itv il L T T RS A R T e ]
T ,y&;\-mﬁ“’ ORI e A e Mee L .'f...‘,.f:
- o iy Py Wt J e ) e
—t - — s b Tl - . wt ! .
o S R el e L S Coat ry, [l
i i A ol P e i TR Pt P 1 o . ' et
1 b I e inmeats be! B T, e A T O e T e ey N . “‘17%“ i

50 4n 30 20 10 0 10 20 30 40 50

o
14
17
71
717
17
7
7

o

50 40 30 20 10 0 10 20 30 40 50
Distance (km)
Figure 4.8. (a) Top: OBS E vertical geophone coherency filtercd using five traces. Calculated travel time curves from two-dimensional dynamic ray tracing are

superimposed. (bottom) Synthetic seismograms and travel time cuzves generated by two-dimensional dynamic ray tracing from the seismic model of Figure 3
4.10a. ja



Vert Geophone

o
"~ . et
e | nhrON S,
Y, ol e T
i (ot emsa I el N0

m.":::”::' “inthesey it

oo,
s

."lu"-
santes,
-

A,

by i
{NT0 ey
By i ey
il VA

o] B T T AT

T-XI7(S)

b iy,
e IN Tt et gy
T e A

60 50 40 30

) b

Tl NN
U + 11 s

T TR O R

< ’,1/
‘,,-»-—4—"//) EL
~ bxediiliil Tl
O S +
_—uy =
= ‘ t::sg ié"
>< —
1 i §_ -l
" | { =
H T
| 1 1 <./T
| r } L
g L ] REESENEE Ay
P T N : L i P s
P | ];? ' SRR A { “‘f‘~~ﬁ~~ﬁ-#~4\L;f*‘r—T—'
2. |1 P R ; Lt 1 BENEESEEERRERNS

60 50 30

Distance (kmj)

Figure 4.9. (top) OBS G vertical geophone coherency filtered using five traces. Calculated travel time curves from two-dimensional dynax{lic ray tracing are
superimposed. Pg znd Sg (with associated phase velocities in knv's) are P and S refractions fromrupper continental crust. (bottom) Synthetic seismograms and travel
time curvss generated by two-dimensional dynamic ray tracing from the seismic model of Figure 10a.

1L



West 2D RAY TRACING MODEL ACROSS SW GREENLAND MARGIN E  East
SBF ‘_js.‘f:%
OBS
—=21 i 23 & T~ ﬁ
5 M’A"""\'ZGMS.GZ—:—— : 2.5 —~56 5.6——
w
e e e e ~
10 7.2 r-0
E1s I
= 26 27
2
o 20
25
Vertical Exageration
3:1
30
|
35 ] ; i i i
0 50 100 150 200 230

Distance (km)
Figure 10a

Figure 4.10 (a) Two-dimensional velocity model showing contours of Vp (in kn/s) across the SW Greenland margin. The contour interval is 0.2 knv/s. At some
significant velocity boundaries (thick lines) contour lines are terminated for clarity. Solid stars indicate positions of OBS; oval delineates the approximate position of
sonobuoy F. Vertical exaggeration is 3:1. (b) Selected ray paths for OBS B, C, D, and E overlain by boundaries of the two-dimensional model shown above,

[\~



Depth (km)

=

|
*é

230

Distance (km)

Figure 10b

tL



OBS B: S Waves Horiz Geophone

s - e
L3 ¥ ” l s U¥ u &3 -
" B2 h:‘in :a PR <
P - 0t M 'f:; M ,,f' NRCL n,ﬂ .,, .M B gy, “-‘nm‘ Ty W'b
LS B W ;*'a L P o L g .,,". , w Mopiy,r o ""Z’Z‘A e ,‘...v, w»w 2 AT A R
¥ = iy 3 2 ¥ v 4 —
g &7k 3 L S orms Loy tan, T3 m “l"« T Rt i ThE P '"‘"lu R et """“"'7 0 o m oo T A .
w0 LI T ‘K:,,, s h,“"’ oo A sy ~— b aF m-,”‘,nnn" “‘K‘ Niﬂ!m par v g M1 BT Trwt,, ,..- q, . us -, . P
LT YRl "'bﬂ g e bay 14 e R ity 5 ,,E:"w:,-::,,h ::-. ‘n:n,,, ;».,,u’n.n.w ,:u...' ’Mﬁ?ﬂ::}ﬂ"»\ 5 st g8l gt T '!:.\; e d ey A ‘} ‘“u Lo
' vy, “\n (i » iy i M Y wy P e, .m- cwmr o R whu 20 W w3
PR . oy ﬂm e R A h»."nm 3 A TR 'y a i D T ,,y =K
— "y ::’ o & T L ;' ‘: "'“"-:4'» ‘-n::“' h;:"‘ ' :E.‘x":y W o = ‘J),/‘{;:; e N3 LA ;, "‘; gl 3 : »y
U) —t l o » » i i
P 6 D :‘:, S nulu;[,“!rw.,.. "n-...," rg,.t:::::’\:q. P ,: o, \ : " ) "‘:}e‘;b Ve e N ::“:'..':‘:.’ :;“3: e
' R L d Mg it - y W B 5 ine et "o ol Tyt LA
mpnn 1r “u h Yo 'blh'l " n 1y - & N e e b ® . . vy i ot
‘ﬂ' .,,.,;.,,, x e vy gp v h o ""l\.._- 4 _mh'.m. VoMt un, x e A N::f '»'.R*” - ‘~;, e it #’;.:p et ":—‘x""f':v»‘,;
LY bt e Yo e Wiy g [ Tl mw 2y e e gutt® T oy o e T it st 17 LTSN o "
—~ 4! r 4 -, UL T L 3 nYAH ad ] A F et P e O ) P,
~ [ "~ g T 3 l""""“‘: '\”—.‘-":" Yy ”"mun' "n’h am O VLR i e ) yot o+ "'lwﬂ‘ xh*’ Moy wor it o Fawd “ae ®ah M
L ywi i iy, " Yaiagh u w3 11 4% q Ty e o vm.- ol - 1
wrt Sl e i o oty e Wt b 2 gt g PH R ¢ L bt P ap gt ARy T
x Wow o e ® B .:m;- :..-‘...“\,,. -..-»..‘ nmw,uﬂu el iogX ) o 0 R ‘A - e et Pudlar, Ty
R s an, ' "'Np-} - ) hY s n... [ nh—)l . S SRIRITR -' T » Pt "
r’l"u B Jm'- ’l '3 suamm. h,"'- 1 th nﬂ B 1wy Sk 2 (53 ey ol
" ol iy » h " ey i W 4 p....n.- 4 . Y
1 . ) Qi Uy it | PO nl "“nﬂxnu x“‘"‘""]m . nn"‘""ﬂ reLa glm;“i' [RL - )
" + R . P
— i A e ™ imamans, 111 -u p ke ':u‘""‘ ey o
Ly 3 ’luz'u * - P Mg 0 ;1,7;; o !; g »
™ : 1 ¥ HE B \ul‘ 8 [ Rl
4”" * “’an-w. Nops £ "; jd nling w an -" "a:: d’" W
et ' Wt ma, e (T ~"H. T Mg s, B
L # e lm, pet ;h” ”Pt”" '”.i ;xl * T
‘;m AT R q'lu r.k ll 4 " .:-u“ us 3, RN
g b il v st

N m 3y uE .

PR R N R 2
w8, m“»«m"" ety ey, '“J'r i k"lm««»; N
:

|l!

" By o Ty 3 iy 1Y
PR L R o
oy “: « LT | lm, lql LS )
a b Mo
IR L R IR SLI ,,.: e . 8 W ""“*x 2 . N i J“' i
e o ‘ w .;l', Y H‘ et ‘e By L ! un" .:H‘n‘o‘ LAY " I Mol P
BT whog FELI S . oy Wy b T ) " mr" g 5oy i PP gt
X g “1. A NI m Y W g | #Peant PR MV UE TSR IO b
oy M BRI 0 4 o Vv 3 ¢ ¥ e AR R L T " ""r‘"" LA
e s " T i ' ey w ) et u e Wy u D S LR
TR Ty '”“’"*:'"“’am s . * . X ;"::nr'"”" L S N :‘.’,- m' w, Zuy ey
& th R ) L It i 2
2 TR T nyt ¥ n me!« 3 o iy e ]; ﬁ":,.,)' w2 "‘_“,:11 b a2 , --;;d,n’. T
LN : l ' Wdog g E Gt “. ' WA W ,mnl . u:l LA ""N a W M %
M" s Lo i ey “, }U’ 'J l'f"’ o e mu,,], ‘,I ", ot " :":xi;,xl’:~ .d'::
ml T et ] 1o N i R e
I ot M n"w, ‘)’“M' fagt )
2 Lt ]

50 40
30 20 10 0 10 20 20 p
10— OBS C: S Waves Hvd 50
o , ydrophone + Vert Geophone

[N
K |i
-m, .,u -mnn bm—'"bn T hal.::% 'h-..,.}\“ .,‘"‘5':;1, l;t.:‘ .“M‘-'hn lwm»ﬂ"“"
" s ibnmnesl 2 K} Ly

v, wanylh i- O oy 1| '.'hM "

Sy ¥ ’ )

:«'"I N :’3’":" ,,h' Mws'i’,'::nii"‘"m ) "'v»' h"swn ..:'-' i Ny, 1 o

_.»;..fp b \:;:w;,m..”:. .:—......,_""“*.A h“.:"& Vot ey N »w L —
1 iy, !

;“.Ra;m.m-u,..mvﬂumlm .‘,mﬂ ;:».n. s .,':‘»:n;-.::‘ i .“‘5‘4"1 ! e _'..-;nzf:::;m;{:.».l |
"\’;’ Hi ‘.h' w;“ml,i. ::,,:'"Wp'n".w v ' :,Ll.me lm:"'-nlnl
. =n 4,";-'"""’ I "l, mr"m“.,, Lk n:,'f’.. ,:::'u':-"" !

m PSSO TS .,m,...; [teraihudile e ,:l Py g i) “‘"

. ,8 L Pt L e Ay P § b \ s TR e
won” DY, Nl “"'Lf-u"“‘ "34.'.""1*“"'-'-._2“"-.!"'?3’—- 0 My (At Ywel, 1 '.L"-‘-i.' A ", —
<t :::m I &.-.:;""" W o I1, ¥ R I@V'%W =3 \ b Y a0 ) - h;‘:;:k'::."'
- ":. ‘&.‘, ,m-:::"‘r,,n,""‘“m-..wg”“"‘""'u e o ¥ % - i i T et et o] il
Lk Rs » Wip - e’ \mos) 1 t
¢ - i, i e w"’§ W Ll VPSS e s s e S et ...,,»uv *1"" ":‘.&-? "
LU ¥ " My v )-l,l T BT bl Sty S, —e i N”‘n, T 'l-
ik INJARTIN "“"'x‘ - ]-' L ""\§ i hsiim 2!} o eemem S — + e e
i Yo sy ok m" "’""“'"“m W B 'm. a1 ofeiean] —r ""‘"" i ot et ¥ N Tind o D s prfenet M' L
Wity hH -;,» P! s "'iw...lnr"-, sl 1 9l '».5-..,, o, ,_‘-..,.'H’" ivecud] o sy ) b »"-’i-\u PSS e Mo H""""'M W b
F 1ty i. Thy -lh"” " 'F""l n ,,, m,‘ Vigg 1 |p... m o/ 1l I"lui' ..,) nlv"! .;""willnm»-.hlﬁ’ e IM‘W i nl:: m (RGEN l “a 1hi
L nn”m, .ﬁm Y rur;b’ .,"a " \ J 1y aesine ¢ NM iy . M"lp R T Snturd g o gy Mg | ! w "“"" s r w'-' n M gy
6 e v e h"*l'ul';‘ W w1 T L INH“:-;W patdos ; o mip Y vt b ""‘*"”@""“M’W ﬂ“""'»"'" e Mnu:l" wi| i
w“w\uu'”h,,, ',H”u mr,. it “ In )“‘nlb‘h Vo eim ‘., U h'§~ Wity g -.-nuu'“ B wns gk i T S compniiid VY .,J ..M,,ul' o '"'"l """ln&h,-
5 e h '-qpll' Lip e ) !' Yo, h.,.c wup gy, T g x;w TRl Nk s veee ug, vans ! g ¥ L A, et - yen
3 Y ) h | I iy ""n IS n" i u»- o ) i P it gy u"" y i p »z. ! m M., [T
I i T s L o i ’ o ) Py e 3 _‘H"h.,, minad »,’r ) S del
Y M : " Wl i ,. A n “"”'““IL..’Mr .@m...:;';l,.q.,w.x.,.,:,»':’:‘":z:’ :...,.;.s::)
by e PSP‘ e A R et e il omes 5, B u"—',}",..ds".:ﬁ;m-..u .ﬂ}i: "Ny 'pwm.';.;;wh
F"“‘"» \"i Plﬂ LI by """" e, ""i"l:"""’m‘"q"‘m”""’" o wa L, L] ﬂ“' (ot e s 'W‘P: Dot W Ly
ik .. \ " M n'nw- T u b ] Vi 0 iy 1y gy, P 'y ) [ # h el o ¥ 4y 1} ™ anp N
Esh DKt by’ A L A o SRR, e S g R BB
R ,-n;».,, e AR SR ngu,, ot A s iy LB s ) .,—\ ! g et el ]
‘:M: P k‘"\{[ ?;" ! 'N“ i:s:o "" Mr "nm,'!;,':u 5 l"h i, .» :‘:,:'\': y ‘%‘:f’“z"hm LT} v h ” n..“ iy po " N_M "‘"“‘"’M'm..ud,, gl S |0 o
! N i [ NE iy, e y ) ap ol g
bty """» FE I R SR b i At T e S e ,s:.nm,;“;::u i
Ty e "1 S nls 'Pﬁ_’:.,d'nl ' l’ W 1 r.,,d-u} 4, )“'I‘"'“l.hl‘llll’ o Sated LI "z,” b l: H "y ,"M f.ar i ';:f”' oy — m"""‘"" ,wml"u: s ,.‘mwrnm,'»
NN AL T i) Fiw 344 20 et i Pt ol ed ) p“hhvlu.:m")ﬂ ot " ."m""""" ar] B o
N Yu' uu»"'ll:‘ o S v 4..1,’"’,—;,. P"l : uluvl H trsnlippmer .,w’ ¥
i PN ,,m*’:{-"‘ e hikjn e ""'"mv»- "
A el WA (N

50 40
30 20 0 0 10 >0 30 o
Distance (km) S0

Fxgure4 11 (a) Crustal S phases for th
) or the horizontal geophone channel of OBS B and (b) a combination of h) drophone and vertical hy
cal geophone channels of OBS

- _b



75
upper and lower crust enables a fit of travel times for PSP and PSS (Figure 4.11a). The
modeling of the PSS phase at OBS C requires an additional unknown: the value of V[,/Y_\-
ratio for the top sediment layer. This is determined by maximizing the overall travel time
fit. The Vy/V ratios for the three sediment layers are 4.5, 2.7 and 1.7. For the high-
velocity lower crust and upper mantle, they are 1.83 and 1.90, respectively. This method
does not result in a totally satisfactory fit to the data, but it does provide a simple and
reasonable estimate of Poisson's ratio for each layer with error estimates (see Appendix
A). One advantage of this method is that all the structural variations from the better
observed P waves are retained for the modeling of § phases, which in general are less
complete and definitive.

4.3.5 Error Analysts

Since the final velocity model includes strong lateral and vertical variations with
variable seismic ray coverage (Figure 4.10b), analysis of the resolution of the model can
only be investigated for one crustal unit at a time. I choose to perform error analysis for
the lower crust but not for the upper crust primarily because the upper crust does not have
sufficient ray coverage. Reflections and refractions are treated separately. For a refracted
phase, the velocity and top interface depth of a layer are varied to determine their effect on
the average travel time misfit. For a wide-angle reflected phase, the velocity gradient and
the depth of the bottom interface of the layer are adjusted. When normalized to the misfit

endurance (maximum travel time misfit acceptable), these become %2 plots where the
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hounds of acceptable parameters are delimited by the contour of x2=1. The details of this
method are discussed in Appendix A.

Figure A1 gives results of an error analysis for V), of the lower crust west of OBS
C. The contour levels are normalized to 40 ms. which includes the errors in first-arrival
travel times. Errors are +0.10 km/s for Vp and +0.3 km for the top boundary depth. The
same analysis is performed for the P,, phase, which indicates an error of +0.05 km/s for
the upper mantle P velocity and %1 km for the Moho depth. For a PSS phase at OBS (',
error analysis follows a similar approach (see Appendix A) which indicates an error of
10.20 km/s for the lower crustal S velocity (Figure A2).

The errors of P and S velocities for the lower crust west of OBS B are estimated
by iterating the 2-D model for OBS B and 1-D reflectivity model for sonobuoy . By this
qualitative approach, I estimate that the errors are approximately £0.15 km/s for Vp and
£0.20 km/s for V;. These values are similar to the results of the previous, more
quantitative approach.

4.4 Gravity and Magnetic Modeling

The gravity and magnetic data used for modeling were extracted from a R/V
MINNA 74 profile (Voppel et al. 1988; S. P. Srivastava, personal communication, 1993),
which is almost exactly coincident with the refraction line 88R2 (Figure 4.1). Calculation
of synthetic magnetic anomalies are based on the spreading rates of Roest and Srivastava
(1989) and the time scale of Kent and Gradstein (1986). The observed magnetic data

(Figure 4.12) show a clear change in pattern at Chron 28, While Chrons 25 and 26, and



77
possibly 27 and 28, correlate well with observed anomalies, Chrons 31-33 do not.
Therefore it is possible that seafloor spreading vvith the generation of true oceanic crust
did not start until Chron 28. This is compatible with the interpretation of Chalmers (1991).

The gravity map of the Labrador Sea (Woodside 1989) shows small along-strike
variations adjacent to line 88R2, justifying two-dimensicnal gravity modeling. The
contribution of the sediments is calculated using the drilling results at ODP Site 646
(Jarrard et al. 1989; see Figure 4.1 for location) to determine the velocity-density
relationship for the top 1 km of sediments. These data are extrapolated downward to
cover the entire sediment column. The contribution from the crust is calculated from the
velocity grid obtained v.om the 2-D ray tracing model (Figure 4.10a), converted into
density (in gram/cm’) using the relationship p = -.6997 + 2.2302Vp -.598Vp2 +
~07()36V1,3 -.002831 1Vp4 (Ludwig et al. 1971). I set the minimum crustal densitv as
2.40 g/em3 and the maximum as 3.30 g/cm3. I assume a uniform mantle density (3.30
g/em3) and calculate gravity from blocks above 35 km depth.

The final computed gravity curve fits the overall patterns of the observed data with
a maximum misfit of 5 mGals (Figure 4.12), which is not significant considering the
resolution of the observed gravity profile. Two important controls on the crustal structure
result from this model:

1. The observed free air gravity anomaly along line 88R2 provides the only control over

the shape of the deepening Moho east of OBS E. It is characterized by a positive peak (34
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mGals) at the shelf break, followed at 10 km seaward by a large negative anomaly (-63
mGals). This sudden change is primarily due to the edge effect between the abrupt
deepening of the basement and the steep slope of the Moho. The calculated gravity low
between 180 and 200 km is particularly sensitive to the Moho relief under the continental
slope.
2. The model provides important controls over the depth of the Moho at the base of the
continental slope. The diagram in the middle of Figure 4.12 shows two computed gravity
curves. The dotted curve results from a Moho which remains flat seaward of the
continental slope. A Moho which shallows to 8.2 km at the bottom of the continental
slope significantly improves the fit of the gravity (dashed lire) and 1s more consistent with
the 2-D seismic modeling, particularly for OBS E (Figure 4.8).

It can be seen from Figure 4.12 that the gravity contours follow velocity contours
except for the leftmost 50 km of the profile. This exception is introduced because strict
adherence to the velocity-density relationship used in the remainder of the model produces
a calculated gravity curve for the leftmost 50 km which is ~20 mGal higher than observed.
An alternative for avoiding this misfit is to deepen the Moho from 12 to 13 km west of
OBS B. While this change of Moho is within the error bounds of the data, it is not

supported by any other deep seismic data in the basin.
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4.5 Discussion
4.5.1 The Seismic Model

The seismic model shown in Figure 4.10a represents the complete crustal transition
across the SW Greenland continerital margin. A gross feature of the madel is that it can be
divided into three distinct Izones, similar to those previously identified from basement
morphology. In Zone I, the 30-km-thick preexisting continental crust is thinned abruptly
to a thickness of only ~3 km under OBS E. Further west, this layer terminates at a
basement high where it joins Zone II, which has a low-velocity upper crust, underlain by
an unusually high-velocity (~7.5 km/s), 4-5-km thick lower crust. This zone spans a length
of ~50 km, terminating in the west at another basement high that separates Zone II from a
7-km thick crust bearing oceanic-type velocities (Zone 1II).

Remarkable vertical and lateral variations are cbserved both in the depths and
velocities near the two basement highs that separate the three zones. Among these
complexities, the structures around the basement high between Zones I and II are the most
interesting and important. To the east, the Vp of the upper crust ranges from ~5.5 to ~6.2
km/s. The similarity of this value with that of the adjacent, preexisting, upper and middie
continental crust under the shelf (Chapter 3, Figure 4.12) suggests that the crust east of
OBS D is composed mainly of stretched, metamorphosed upper and middle continental
crust.

To the west of the basement high, the upper crust in Zone II has critical

importance in determining the position of the continent-ocean boundary (COB). An
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evident feature of this upper crust is that the seismic velocity (4.0-5.0 km/s) is unusually
low compared 10 both the continental crust to its east and oceanic crust to its west.
Comparison with a recent multichanne] reflection profile (Keen et al. 1994b), which is
adjacent and parallel to line 88R2, indicates that the base of the upper crust in the
transition zone 1s a strong reflective boundary. This reflector is similar to the S reflector in
the Bay of Biscav (L.e Pichon and Barbier 1987), and 1t can be traced 100 km westward
from OBS E . Therefore the upper crust throughout Zone II possibly stems from a
common origin.

The most surprising result of this work is the existence of a high-velocity (7.2-7.6
km/sj lower crust, which is 4-5 km thick within a 50-70 km-wide zone around OBS C.
The bulk of this lower crust has a Vp, of 7.4-7.6 km/s with an error bound of £0.1 kmy/s
(Figure Al). The corresponding Vg is 4.0 + 0.2 km/s as determined from a PSS phase
(Figure 4.11), which implies a Poison's ratio of 0.30 + 0.03. This high-velocity layer is
restricted in its extent between OBS B and D. Its high velocity (7.4-7.6 km/s) cannot be
found either in the continental crust to the east (Chapter 3) or in the oceanic crust to the
west (sonobuoy F, Figure 4.4; OBS B, Figure 4.5).

To investigate the origin of the lower crust in Zones Il and III, a Vp - Vg diagram
(Figure 4.13) is used to compare reported seismic data for the crust and upper mantle
(Christensen 1989) with laboratory data for serpentinites and pyroxene/olivine gabbros
(Spudich and Orcutt 1980a; Christensen and Smewing 1981). In addition, included are

results for the lower continental crust along the SW Greenland shelf determined in
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Chapter 3. The observed Vp of the lower crust in Zone III is similar to values reported by
Osler (1993), who shows that rather high velocities (<7.3 km/s) for layer three are typical
of the oceanic crustal structure within the Labrador Sea to the east of the extinct rift axis.
The even higher V; for the lower crust of Zone II lies outside the region of normal
gabbroic crust but is consistent with the V) observed for the underplated lower crust on
volcanic margins. It also intersects the theoretical curve (PSP) for serpentinized mantle
(Christensen 1966). Therefore the velocities alone are not able to definitely distinguish
between underplated mafic rocks (i.e., high-Mg mafic gabbro) and serpentinized uppar
mantle minerologies.

4.5.2 Undercrusted Serpentinite or Magmatic Underplating?

High-velocity lower crust has been found on other nonvolcanic, rifted continental
margins, but its lithology and mechanism of formation are similarly not clearly determined.
For example, on the western margin of Iberia the lower crust near the proposed COB has
anomalously high velocity (7.3-7.6 km/s) and a small thickness (2-3 km), This has been
interpreted either as underplate (Whitmarsh et al. 1990) or as serpentinite (Boillot et al.
1992). Farther scuth in the Tagus Abyssal Plain, even higher velocities (7.6-7.9 km/s) for
the lower crust are interpreted as serpentinites (Pinheiro et al. 1992). On the conjugate
margin off Newfoundland, refraction data on the southern Grand Banks show a thin, high-
velocity (7.2-7.7 km/s), lower crust interpreted as serpentinite (Reid 1994). A similar
high-velocity, lower crust is observed on the southern (Todd and Reid 1989) and northern

margins of Flemish Cap (Reid and Keen 1990), but it is interpreted as underplate.
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(FG); mafic gneisses (MG); reported crustal seismic data for continental lowex crust (solid circles) and upper

mantle (vertical rectangles); and serpentinite data at 0.6 kbar from ophiolite samples (solid diamond)

(Fountain and Christensen, 1989; Christensen, 1966, 1978, 1989). Field for SWG represents the continental

lower crust of the SW Greenland margin (Chapter 3). Also shown are laboratory data for pyroxene gabbro

(open circles) and olivine gabbro (open rectangles) (Spudich and Orcutt, 1980a; Christensen and Smewing,

1981). Fields for zones II and I are determined from the lower crustal seismic velocities and uncertainties

(this chapter).
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Of the two possible explanations for the origin of the high-velocity layer, the melt
model is favored by the widely accepted existence of magmatic underplating immediately
underneath the stretched lower continental crust of volcanic margins (White and
McKenzie 1989). However, for a crystallized melt product to have a velocity &s high as
7.5 km/s, a high asthenospheric temperature is required, which for a stretching factor of
>5 would have produced a minimum thickness of 20 km. Such a large thickness is not
observed. A melt model may also produce volcanic flows (e.g., seaward-dipping
reflectors), a feature absent from reflection profiles across the margins of the Labrador
Sea (Balkwill 1937; Keen et al. 1994b). In addition, a melt mode! cannot explain why the
observed high-velocity layer is offset seaward by 80 km from the continental slope, where
underplating generally occurs.
For the above reasons, I suggest that the observed high-velocity lower crust more
likely represents serpentinized mantle. The observed V), - V for the lower crust of Zone I
(Figure 4.13) is consistent with the theoretical curve for ~15% serpentinization. Above the
seismic Moho, the modified mantle has been "undercrusted" to form the high-velocity
lower crust (Boillot et al. 1989a, b). A small amount of serpentinization also possibly
exists within the upper mantle layer, increasing its vertical velocity gradient and producing
a strong refracted arrival P, (Figure 4.6). The basement high, bordering Zones I and I,
may represent a serpentinite diaper. It lies on top of the most highly serpentinized lower
crustal layer where the velocity is lower than on either side (Figure 4.10a). Compared with

the serpentinized ridge off the Galicia margin (Boillot et al. 1992), however, greater
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along-strike variations probably exist for the serpentinite diapir off SW Greenland, as
evidenced by its reduced clevation on a nearby deep multichannel reflection profile (Keen
et al. 1994b).

4.5.3 Processes of Crustal Thinning

The major characteristics of the upper crust in Zone II are its low-velocity (4.0-5.0
km/s), its small thickness (~2.5 km), its block-faulted pattern, and the irregular magnetic
anomalies it generates (Figure 4.12). It cannot be oceanic crust (i.e., extruded melt
product) if the interpretation of the underlying layer as serpentinized peridotite (as
opposed to a plutonic intrusion) is correct. I suggest that the upper crust in Zone II is
composed of thinned and faulted upper continental crust. An approximate calculation of
the stretching factor  based on the surface geometry of the tilted blocks suggests §=2-3
for this part of upper crust (Figure 4.2). From this value, the thickness of the preexisting
continental crust is estimated to be 5-8 km. This is compatible with refraction data along
the shelf of SW Greenland (Chapter 3) and the depth of a reflector across the SW
Greenland shelf in a nearby deep multichannel reflection profile (Keen et al. 1994b).

If the above interpretations are correct, the lower continental crust has been
removed from this margin and must presently exist under the conjugate margin of
Labrador. In the most basic form, this result suggests a simple shear model for the initial
rifting (Wernicke 1985; Lister et al. 1986; Wernicke and Tilke 1989), in which the SW
Greenland margin acts as an upper plate and contains no associated magmatism. The very

low-angle normal fault responsible for the final breakup might have followed the present
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curvature of the Moho under the continental slope, turning almost horizontally at the base
of the thinned continental crust for about 100 km (Figure 4.12). 1t is not known if the
original lower continental crust beneath this fault was affected by syn-rift ductile creep, in
addition to or instead of simple shear. To construct a complete rifting scenario, seismic
data on the conjugate Labrador margin is required.

4.6 Conclusions

Using wide-angle data and coincident normal-incidence seismic reflection data, |
have obtzined a detailed two-dimensional velocity model for the complete crustal
transition of the sediment-starved, SW Greenland continental margin (Figure 4.10a).
When converted to density values, this seismic model offers a reasonable fit to the gravity
data (Figure 4.12). Interpretation of upper crustal structures is also compatible with the
change in magnetic anomalies and character of basement structures.

The SW Greenland continental margin is characterized by three distinct zones:
1. In Zone I, the 30-km preexisting continental crust is thinned abruptly to a thickness of
~3 km. This thinned crust is faulted and extends seaward to intersect a basement high,
interpreted as an elevated serpentinized peridotite.
2. In the continent-ocean transition (Zone II), the 4-5 km lower crust extends for 50-80
km and exhibits a bulk V, of 7.520.1 km/s and Vg of 4.020.2 kmys. This is interpreted as
undercrusted serpentinized peridotite. The faulted upper crust for this zone has a very

low-velocity of 4.0-5.0 km/s and possibly represents block-faulted upper continental crust.
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3. The lower crust in Zone III has vy of ~7.2 km/s and V of ~4.1 km/s. Such velocities
possibly extend seaward to the extinct ridge axis, and correspond to magnetic anomalies
younger than Chron 28. Seafloor spreading likely did not start until Chron 28.
4. A simple shear model without magmatism is favored for the initial rifting of the
Labrador Sea. The SW Greenland margin possibly acts as an upper plate margin, while the
lower plaie lics on the conjugate Labrador margin. Seismic data across the conjugate

margin of Labrador are needed to further test the rifting model, which is the subject of

Chapter 5.



Chapter 5. The Continent-Ocean Crustal Transition Across the Labrador Margin

5.1 Introduction

A unique determination of rifting mechanisms on nonvolcanic, passive continental
margins has remained elusive. This is exhibited not only in the dispute over pure
(McKenzie 1978) vs. simple shear (Wemecke 1985; Lister et al. 1986) models (e.g. Lo
Pichon and Barbtier 1987; Boillot et al. 1989b, 1992; Keen et al. 1989, 1994b; Sibuet
1992), but also in the uncertainty over serpentinized undercrusting vs. magmatic
underplating for the formation of a thin, high-velocity lower crust offshore in many
nonvolcanic, rifted continental margins (e.g. Whitmarsh et al. 1986, 1990; Reid and Keen
1990; Pinheiro et al. 1992; Reid 1992; Chapter 4).

The best way to determine the rifting mechanism is probably to examine the
detailed resultant crustal structure across the complete transition from continent to ccean
on conjugate margin pairs. This can be accomplished by deep multi-channel reflection
profiling and wide-angle seismic refraction methods. Although multi-channel reflection
profiles have been used to re-construct crustal layering on rifted conjugate margins (Keen
et al. 1989; 1994b), refraction methods have not been used to study the details of scismic
velocity variations across conjugate margins.

In 1990, a 350-km-long wide-angle seismic refraction line was shot across the
entire Labrador margin (Figure 5.1). This line was complemented by a coincident multi-
channel reflection line (Keen et al. 1994b), one intersecting refraction line along the shelf,
and one along-strike refraction line on the slope. These lines were designed to be in a
conjugate position to the two refraction lines of Chapters 4 on the S .+ ureenland margin,
This will facilitate a reconstruction of crust, from which it will be possible, for the first
time, to delineate the rifting stage with a detailed 2-D velocity profile for both rifted

conjugate margins. 48



Figure 5.1a
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Figure 5.1. Map of the Labrador Sea (a). showing zones with refraction lines (thick solid), bathymetry contours (in metess), chrons (solid), fracture zones
(thick grey), extinct rift (thiil broken). and previously defined COB (thick broken). The frame inside figure (a) shows the area zoomzd in figure (b).
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Some of the major objectives of the refraction lines on the Labrador margin are:

1) To determine whether the crust under the Labrador shelf and slope represents
stretched lower continental crust, as predicted by a simple shear rifting model, or is
composed of both the upper and lower continental crust, which supports a pure shear
model.

2) To determine if a thin layer of anomalously high-velocity lower crust, as
observed in the conjugate SW Greenland margin, also exists in the Labrador margin. If so,
does it represent serpentinized mantle or underplate?

In the remainder of this chapter, I will first introduce the seismic data, and then
describe the details of the 2-D modeling (seismic, gravity and magnetic). This leads to a 2-
D velocity and density profile for sediments and crust across the whole margin, which will
facilitate a reconstruction of the full crustal section which will be discussed in the
following chapter.

5.2 Seismic Data
5.2.1 Wide-Angle OBS Data

There are three refraction lines (90R1, 90R2, and 90R3) on the Labrador margin
shot in 1990 during Hudson 90-013 cruise (see Table C.1 for OBS locations). The primary
line is 90R1 which has 11 OBS, distributed over a 350 km distance across the entire
Labrador margin, with a shooting interval of ~120 m. This refraction line is complemented
by a recent coincident multi-channel reflection line which was analyzed independently
(Keen et al. 1993). The deep velocity structures obtained from line 90R1 are tied to results
from » 150-km refraction line 90R2, along-strike on the continental slope, and a 260-km
refraction line 90R3 along the shelf (Reid 1994). A total of 21 OBS were used, recording
on cassette tapes the time and seismic signals from hydrophone and 4.5 Hz vertical

geophones. These analog data were digitized and interpolated to a fixed sampling rate of



100 samples per second. Corrections are made for OBS clock drift and shot delay. The
corrections for the OBS mis-positioning (both lateral and off-line) and timing are
performed by comparison with computed water wave. Before plotting of the data, further
processing includes band-pass filtering of 4-8 Hz, clipping of high amplitudes, gain that
increases linearly with horizontal distance, and coherency mixing (Chapter 4) of 5 adjacent
shots scanned at velocities of 2.5-8.5 km/s for P waves and 2.5-4.5 km/s for § waves.

Refraction line 90R3 is along-strike on the continental shelf, showing good P and §
waves and has been analyzed and modeled by Ian Reid at Bedford Institute of
Oceanography (Reid 1984). In this thesis, I will only present the 2-D seismic model
slightly modified from his original model. I will then present the other along-strike
refraction line 90R2 which is on the continental slope. Given the controls from these two
lines, I will present the wide-angle data from the 11 OBS of line 90R1, compared with
their 2-D synthetic seismograms. In the modeling on line 90R1 I use the coincident multi-
channel reflection profile (Figure 5.2) to control the sediment structure and basement
topography.
5.2.2 Medeling Procedures for Wide-Angle Data

I tried two methods for the 2-D modeling of the refraction data. The first
incorporates an interactive modeling program developed by lan Reid. Each layer is simply
specified by its top boundary, one velocity value at this boundary and one gradient value
within this layer. Running interactively on a workstation, the program simultaneously
displays the observed seismic data overlain with computed travel-time curves, as well as
the 2-D velocity model with selected ray paths. Adjusting the velocity/boundary will
modify the computed travel-time curves and traced rays in nearly real time. All these
properties of the program enable a fast manipulation and modeling of a large amount of

wide-angle data as is the case on line 90R1.
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After obtaining a semi-final 2-D model using Reid's program, the model is
converted to the same format (SEIS83) as used in Chapter 4 for the wide-angle data
across the SW Greenland margin. This approach has two main reasons, i.e. to better
describe the complex 2-D structure with velocity contours and to image both conjugate
margin structures using the same method. Unlike Reid's program, structural changes in
SEIS83 programs are specified by layers with boundary relief and velocity values at user-
specified node points. Therefore, almost any form of velocity structure can be included in
the modeling.

Both programs have their pros and cons. The advantage of Reid's program is in its
simplification of model input and interaction. The disadvantage of this program, however,
is that it does not allow a single layer to have lateral velocity variations. In addition,
vertical velocity changes can only be specified by a linear gradient with depth. Although
these can be overcome by adding more layers into the model, for complicated structures,
this would generate a block-like pattern which is not representative of the real situation.
On the other hand, these problems do not exist in the SEIS83 programs, which are capable
of generating smoothly varying velocity contours and abrupt boundaries. In addition,
SEIS83 is designed for computing a variety of seismic rays, and therefore it is easy to
include multiples and S waves in the computation. The disadvantage of SEIS83 is that
many variables are required for inputting the velocity values at node points, which slows
down the modeling process. In addition, because it uses two-point ray-tracing for selecting
rays at each receiver, the ray-tracing program is slow. When running on a HP Appolo 700
workstation, it typically takes >3 CPU minutes to complete a full calculation for one OBS.

In the modeling of the wide-angle data for the Labrador margin, the travel-time of

a specific seismic phase is used as the major constraint, rather than its amplitude. This is
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because I am mainly interested in the gross crustal velocity structures rather than smaller

details. To quantify this, let us imagine a wavelet whose frequency spectrum is centered at
5 Hz. When this wavelet is traveling through crust with a velocity of 6 km/s, its
wavelength is 1.2 km. This means that small basement complications on the scale of 0.3-3
km will influence the shape of the amplitudes but have little effect on the computed travel-
times for primary reflections and refractions. On the other hand, these small structurai
details are sometimes not resolvable by the coincident reflection profile because of the
overlying thick sediments (Figure 5.2). Therefore, it is difficult to model the amplitudes of
crustal phases on the Labrador margin. This is different from the SW Greenland margin
where only thin sediments exist (Chapter 4). Therefore, in the Labrador margiri I mainly
use travei-time information to model each OBS rather than trying to minimize the
amplitude misfit as done for the SW Greenland margin.
5.3 Two-dimensional Seismic Modeling

In the following description of wide-angle modeling and accompanying figures
(Figures 5.5-21), two horizontal scales are used. Ranges represent the distance between
shots and a particular OBS, while distances refer to the positions of the OBS and shots on
the 2-D model.
5.3.1 Line 90R3: On the Continental Shelf

The OBS data show a two-layer crustal structure underlying a thin sheet of
sediments along the shelf (Figure 5.3). A ciear velocity division at a distance of 80 km is
evident in the upper crust. North of this point, the upper crust is described by a velocity of
6.3 km/s at the top (~0.9 km depth) with & downward gradient of 0.05 s™'. To the south,
the upper crust thins and velocity decreases to 6.0 km/s at the top (3-4 km depth) with
the same gradient. This velocity division is compatible with the upper crustal structure on

the SW Greenland shelf (Chian and Louden 1992 or Chapter 4) and represents a tectonic
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boundary between the Nain (Archean) and the Makkovik (Proterozoic) provinces. The
difference across this tectonic boundary becomes minimal in the lower crust (belew 6.5-7
km depth). The velocity of the lower crust is 6.6 km/s with a downward gradient of 0.02 s~
'. Unlike the lower crustal structure in the SW Greenland margin, there is no seismic
evidence for any velocity boundary below 7 ki within the lower crust. The Moho is
situated at a depth of 29 km in the north and 27 km in the south. The cross-margin line
90R1 intersects line 90R3 at a distance of 123 km.
5.3.2 Line 90R2: On the Deep Sediments

Refraction line 90R2 is oriented along strike on the continental slope of Labrador.
The purpose of this line is to obtain a well-controlled velocity structure of the thick
sediments and thinned continental or transitional crust, which will provide a constraint on
the structure of the cross line 90R 1. The available data include 4 OBS (K, Q, C and I) and
a coincident single-channel reflection profile (Figure 5.4). The reflection profile contains
useful data from only the top part of the sediments (TWTT of <4 sec; Figure 5.4), and is
used for specifying the first three layers in the 2-D model. Deeper velocity structures are
obtained from modeling the sediment and basement arrivals on the OBS. Since OBS Q
and C are the closest to (17 and 12 km away, respectively) and on the opposite sides of
line 90R1, these two OBS are most useful for 90R1 and are therefore most carefully
modeled. The results from these two OBS also fit data for the other two more distant
OES (K and I; Figures 5.5-6) which are located farther away from 90R1 (~28 km),
although slight local misfits exist for the shallow sediments (ORS K) aud the depth of the
basement (OBS I).

Velocity in the sediments is well-defined by a strong refracted phase (P1), and a
wide-angle reflected phase (P2P) extending from a range of 10 km to more than 50 km at

OBS I and Q (Figures 5.6-7) and to 30 km at OBS C (Figure 5.8). The water multiples
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(P12 and P2P2) of these two phases are equally well-defined in OBS Q and 1. This is best
modeled by the existence of a thick sediment layer with a velocity of 3.0 km/s at 4.5 km
increasing linearly with depth to 3.6 km/s at the sediment/basement boundary (8.0 k).
Beneath the sediments, a two-layer structure is evident for the crust. Modeling requires
that the upper crust has a relatively low-velocity of 4.8 km/s with a gradient of 0.1 5. A
higher velocity for this layer would cause the P2 phase to arrive too early between ranges
of 22 and 28 km at OBS Q (Figure 5.7). For the lower crust, there are ambiguities as to
whether the wide-angle reflection from the Moho is the discontinuous phase labeled PmP
or the later phase labeled P3'. In the latter case, the PmP' can be fit but it is difficult to fit
Pn with a reasonable crustal model which can be tied to line 90R1. In the first case,
however, the modeled lower crust matches well with the cross line 90R 1, starting with a
velocity of 6.2 km/s at 10.5 km which increases to 6.7 km/s at 14 km (the Moho).
Therefore, this first model is adopted. The final velocity model is shown in Figure 5.9.
5.3.3 Line 90R1: The Wide Crustal Transition from Continent to Ocean Across the
Labrador Margin

Refraction line 90R1 has 11 OBS deployed over a distance of 350 km across the
Labrador margin. OBS B, H, Q, C are situated in sequence from the inner shelf to the
shelf break (Figures 5.10-13). Major constraints on velacities are obtained from OBS H
and Q, which show good data quality. Interpretation of data for OBS B is complicated by
severe basement relief. OBS C lies in shallow water, close to the shelf break and is noisy,
possibly due to water currents.

OBS D and P (Figures 5.14-15) lie on the continental slope and have good data
quality. Although structures underneath these OBS are complicated, there is good controi

from the reflection profile (Figure 5.2) of Keen et al. (1994b) and from the crossing
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Figure 5.4 (a) Single-channel reflection profile along refraction line 90R2. (b) Interpreted Depth section for this reflection line which is used

in the subsequent wide-angle modeling.
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refraction line 90R2, which intersects line 90R1 between OBS D and P. Further seaward,
where a “transparent” crust is found on reflection profile 90-1, OBS G (Figure 5.16)
shows only the water multiple of the crustal arrivals, whereas OBS A (Figure 5.17) shows
good crustal arrivals even at large ranges (<70 km). Adjacent to the 1-km basement jump
at 250 km, OBS M (Figure 5.18) shows very poor data. On top of the smooth basement,
the last two OBS (K and I; Figures 5.19-20) at the eastern end of the line show very good
data quality, including clear water multiples and S waves.

The sedimentary line drawings of the reflection data (Figure 5.2) are used to
construct a preliminary 2-D velocity model for modeling the OBS data. In doing this, the
two-way travel-time (TWTT) is converted into depth using an assumed velocity-depth
relationship. This relationship is later updated during the wide-angle modeling. This
update is based on the assumpﬁon that the TWTT from reflection profiles is correct.
Therefore, when a reasonable 2-D velocity model is obtained, the boundaries in the model
are converted into TWTT and adjusted according to the misfit to the reflection data. In
addition, the interpretation of basement reflections is also updated during the modeling,
especially when they are unclear under the thick pile of sediments (9 km) on the shelf, The
solid lines in Figure 5.2 are the sediment and bas.ment boundary lines, converted from the
final 2-D seismic model using the final velocity values for the sediments. It can be seen
that the seafloor matches perfectly with the time section. The two sediment boundaries in
the 2-D model follow closely with reflective events, with exceptions under the shelf where

the events are more discontinuous, and in case of phase changes at 270-280 km.



107

In all the following plots of OBS data, minus ranges correspond to the distances

from the OBS westward to shot points. Positive ranges represent shot points to the east of
the OBS. For simplicity, only travel-time curves and ray paths are plotted together with

observed seismic profiles in these figures.

Seismic Phases

Useful wide-angle seismic phases observed in the OBS refraction experiment can
be broadly divided into five categories, based on the different layers through which the
waves travel. In doing this, I use the same labeling convention for all the data on line
90R1, regardless of the crustal type, to avoid ambiguity. The first is the direct water wave
(Pw), traveling from the surface through the water column to the OBS on the seafloor, Pw
is used for adjusting the OBS positions and for testing the correctness of the shot timing
around each OBS. The second group consists of phases traveling through the sediments as
refractions (P1) or wide-angle reflections (P1P) from the sediment/basement interface.
Rays producing this phase may travel through several layers in the sediment column,
especially under the shelf where up to 9 km of sediments are deposited. It is generally easy
to distinguish sediment phases from the third group: upper crustal phases P2 (refractions)
and P2P (reflections). This is because sediment arrivals are usually aligned at a much
lower apparent velocity. The fourth group is P3, refracted from the lower crust, and PmP,
reflected from the Moho. The Jast phase is the mantle refraction, Pn, which has the highest

apparent velocity of ~8.0 km/s, and is commonly distinct from crustal phases.
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Of the many multiples that are recorded, water and sediment multiples are usually

the strongest. As usual, water multiples are denoted by appending a subscript "2" (o the
notations for corresponding first-arrivals, and sediment multiples are denoted by
appending a prime (') to the end of the notations for first-arrivals. This convention follows
the notation of White et al. (1976) and Chapter 4. While it is possible that water multiples
can be formed either at the source or receiver positions, it is found that most of the
observed water multiples on line 90R1 were formed at the OBS receivers. This is most
evident from OBS D (Figure 5.14) at the continental slope where water depth tor each
shot varies dramatically. From the figure it can be seen that the water multiple from crust
(P12) between ranges of -28 and -10 km is closely parallel to its first arrival. At these
ranges, the shots were in shallow water. For ranges >10 km, shots have water depth of >2

km. The travel-time delay is, however, the same for both (1.8 sec).

OBS B

OBS B (Figure 5.10) is located at the crossing point between lines 90R1 and
90R3. The structure underneath the OBS is controlled by line 90R3. The amplitude profile
shows clear upper crustal phase (P2) at ranges from 0 km to 60 km to the cast of the
OBS. Unfortunately, this phase is distorted by severe basement relief (Figure 5.10b) and
therefore not able to be accurately modeled. Between ranges of 170 and 230 km, there is a

strong Pn phase which may be related to the shape of the Moho at ~30 km.

OBS H

This OBS (Figure 5.11) records well-defined refracted phases P1, P2 and P3, and

reflected phase PmP. Among them, crustal and mantle phases are all distorted by the
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complicated 2-D structure. Between -10 km and -30 km range, the curved phase (P2) is
well modeled by the existence of a high-velocity (6.4 km/s) intrusion between distances of
15 and 20 km in the 2-D model. This feature is supported by the sub-crustal reflections in
the reflection profile (Figure 5.2). To the east of the OBS, between 20 and 30 km range,
the P2 phase again forms a concave shape, modeled by a sharp basement deepening of 3
km at 52 km in the model. This feature is supported by the reflection data which show a
change of reflective pattern from faulting to continuous layering. Between 38 km and 50
km range, a strong and continuous phase P3 defines the crustal velocity as 6.2-6.9 km/s
with varying vertical and horizontal gradients as described by the velocity contours in the
final model (Figure 5.11b). PmP is mainly visible at 55-70 km range, modeled by a Moho
at a depth of 18 km at a distance of 67-77 km in the structural model. For distance of <67

km, the Moho depth is determined by gravity modeling which will be discussed later.

OBS Q

The sharp basement deepening at 52 km of the model, as seen from OBS H and
reflection profile, is also expressed in a time shift of 0.3-0.4 sec for ranges of -40 km to
-22 km at OBS Q (Figure 5.12). Despite the crustal complexities to the west of OBS Q,
the travel-time and slope of the lower crustal phase, P3, which is strong at ranges -30 km
to -20 km, is well modeled. To the east, refractions from the thick (~9 km) sediments, P1,
is not disturbed by crustal arrival (P1P) at positive ranges and is clearly recognizable at
ranges up to 32 km. The modeling of this clear P1 phase, as well as the same phase at
negative ranges, indicates that the velocity in the lower part of sediments has a gradient
between 3.2 km/s at 2.5 km depth and 4.0 km/s at 9 km depth. The reflection from the
sediment/basement interface (P1P) arrives much later than P1 due to the large sediment
thickness. To model P1P, I referenced the coincident reflection profile which shows a few

strong reflectors fading out below a TWTT of 5.5-6.0 sec (Figure 5.2). This gives a few
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options for choosing basement interface and the one that produces the best fit to the
observed amplitude pattern of P1P is chosen for the final model. The chosen bisement
depth also produces a consistent travel-time for PIP2 on OBS D whose rays were
reflected from an adjacent area on basement surface.

There is no evidence on the OBS profile to suggest more than one layer for the
crystalline crust. A proper extension of lower-crustal velocity contours from both sides of
the OBS produces a reasonable fit to P3 except the curvature of its hyperbola diffraction
around a range of 30 km. This implies that the upper crust does not continue to the east of
52 km. There is no control on the depth of the Moho from this OBS, as PmP can not be

convinciblly determined.

OBS C

Sitting close to the shelf break, OBS C recorded no useful data on its hydrophone
channel and the data of the geophone channel (Figure 5.13 ) are very noisy. This is
possibly caused by bottom currents near the edge of the continental shelf (similar to OBS
E and F on SW Greenland margin). However, P1 at negative ranges is well-defined. A
strong amplitude at ranges of -30 km to -35 km is modeled as PmP, which extends to the
west and undergoes a travel-time jump at a range of -45 km due to changes in the upper
crust. To the easi of the OBS, PmP appears at 30-50 km range, consistent with the
modeled seismograms, and is reflected from the base of a single-layered crust with

velocity gradients from 6.2 to 6.8 km/s.

OBSD

OBS D (Figure 5.14) records clear phases of very high quality, including P1, P2P,
and PmP/Pn, as well as water multiples of P12, P2P2. As can be seen from Figure 5.14b, a

large lateral change in velocity for both the sediments and crust starts to emerge. Itis
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fortunate that I have good control from the along-strike refraction line 90R2, which is
~10 km to the east of this OBS, and structures of sediment and basement surface from the
reflection profile.

Modeling of P1 suggests that a velocity gradient of 3.2-3.8 km/s at 4-8 km for the
lower part of the sediment, as obtained from line 90R2, is consistent with the 2-ID
structure under the continental slope. The alignment of sediment velocity contours is also
consistent with this part of the reflection profile where there are strong sub-horizontal
reflectors (Figure 5.2).

Consistent with the model for line 90R2, a two-laye. structure starts to form in the
crust. The reflection from the upper/lower crustal interface, P2P, has well-modeled strong
amplitudes that are distinct from other phases at ranges of 10-20 km. Because of influence
of large lateral variations in the crust, it is difficult to separate the phases of PmP and Pn.

Therefore, in the modeling both of these phases are modeled simultancously.

OBS P

This OBS (Figure 5.15) records very good quality wide-angle data from shots on
both sides. A strong sediment phase P1, which is readily recognizable between ranges of
-40 km and 40 km, again supports the previously determined sediment velocity structure.
For the crust, a two-layer structure, as determined from the nearby refraction line 90R2, is
consistent with arrivals on this OBS. This can be seen by first identifying phases P1P, P2,
P2P and P3 at positive ranges. The wide-angle reflection from the basement surface, P1P,
is visible at 10-20 km range, with a slope which corresponds to a slightly higher apparent
velocity than P1. The reflection from the upper/lower crustal interface, P2P, is visible and
well modeled at ranges of 8-12 km and 20-30 km. P2P is also visible as a later arrival

between -28 km and -10 km.
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Modeling of these phases, and similar phases from adjacent OBS on lines 90R 1
and 90R2, supports the existence of an upper layer, characterized by a low-velocity of
4.8-5.0 km/s, and a distinct lower layer with a velocity of 6.2-6.9 km/s, extending
westward to join the single layer crust beneath the shelf.

PmP at positive ranges is not visible, but replaced by a strong Pn phase which is
connected with P3, forming a continuous arrival with a change in slope at 37 km range.
This phenomenon also exists for OBS G and A and is attributed to an increased velocity
gradient (0.1 s') in the lower crust. This high gradient creates velocities of up to ~7.7

kmy/s at the base of lower crust.

OBS G

The low-velocity upper crust still exists near OBS G (Figure 5.16). This can be
seen from a strong phase P2P at ranges of 20-26 km. In addition, at ranges of -20 km to
-30 km, the computed travel-time curve matches an observed phase P2P. However,
another sub-parallel phase, arriving at an earlier time, cannot be modeled. I attribute this
mis-fit to local complexities in this region.

Well-defined crustal phases are only observed as water multiples (P32 and Pn2) at
eastern ranges of OBS G. These two refracted phases are connected while the PmP2

phase is absent. This is similar to OBS P and OBS A.

OBS A

Sediment phase P1 (Figure 5.17) is clear and well modeled. Modeling shows that
the deep sediments to the east of OBS A have velocities of 3.2-3.8 km/s, similar to under
adjacent OBS (G and D). For the sediment to the west of the OBS A, higher velocities of
3.3-3.9 km/s for distances of 185 km and 200 km should be used for generating the

correct travel-time for P1. This slight increase of sediment velocity is also compatible
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with the change in reflective pattern at a distance of >180 km in the reflection profile
(Figure 5.2).

Crustal phases are only observed at western ranges, where a two-layer crustal
structure is still evident. Although confused with the reverberations of P3, P2P can still be
recognized as a group of amplitudes at a smaller apparent velocity between ranges of -15
km and -30 km. No clear crustal phases are observed at positive ranges, consistent with
the reflection data which show a transparent crust under and to the east of OBS A.
Therefore, I conclude that the low-velocity upper crust terminates approximately at 202
km.

P3 is modeled as refracted from a lower crust with a velocity of 6.4 km/s at the top
to 7.7 km/s at the seismic Moho. Similar to OBS P and G, P3 joins Pn with no generation
of PmP. Meanwhile, the junction of the high-velocity crust with thinned continental crust
(Figure 5.17b) has generated diffractions which are especially clear on the multiple of Pn
(or Pn2) at ranges of -50 km to -70 km. Another diffraction occurs as a phase with very

low apparent velocity around -40 km range. This phase is not modeled.

OBS M

OBS M (Figure 5.18) has very noisy data and only P1 and P2P can be modeled. A

two layer structure is consistent with the obsei ved phases.

OBS K and I

The seismic phases recorded by OBS K and 1 (Figures 5.19-21) show a pattern
different from all previous OBS to the west. The modeling of these phases is relatively
easy because the coincident reflection data has a good control on the TWTT for the
sediments, crust and the Moho. The modeling of the sediment arrival P1 indicates that the

sediments have relatively low velocity which goes from 2.2 km/s at 4 km depth to 2.6
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km/s at 5.5 km depth. The crust is divided into two layers, which is necessary for
modeling the change in slope from P2 to P3 at a range of 12 km. These phases suggest an
upper crust with a velocity gradient of 5.6-6.0 km/s and a lower crust with a velocity
gradient of 6.8-7.1 km/s. The change in slope from P2 to P3 corresponds to a division
between upper and lower crust at approximately 7.5 km depth. The modeling of the water
multiples also supports these results.

One importance of OBS K is in that it helps to determine the exact position of the
1-km basement jump in the ambiguous region between 240 and 260 km in the reflection
profile. This basement jump is exhibited on the PmP2 phase as a change in slope at -40 km
range. Modeling shows that this feature can be re-produced on the synthetic profile it the
basement jump occurs at 252 km in the 2-D model.

OBS 1 is situated at the eastern end of the line, giving high quality data for phascs
P2, P3, PmP, S3, SmS and their water multiples. The modeling procedure is very similar
to OBS K.

Clear S waves (S1 and S2) are observed only at OBS K and [ (Figures 5.21a and
b). These S waves are doubly converted at the sediment/basement interface, traveling as P
waves in the sediment and refracted in the crust as § waves. Modeling indicates that the S
velocities in the crust can be best described by a Vp/Vs ratio of 1.92.

5.4 Ir.terpretation

Similar to the zone division convention made for the SW Greenland margin, the
cross-section (Figure 5.22) for the Labrador margin can be divided from west to east into
3 zones:

Zone I represents a rapid thinning of continental crust. Beginning with a thickness
of 27 km at the western end of the model (0 km; based on results of refraction line YOR3),

this crust is reduced to a thickness of only 13 km within a distance of 52 km. At this point
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there exists a sharp 3-km deepening of basement. Further scaward, the thickest (~9 km)
sediments are deposited, with the underlying crust best described as a single layer bearing
a velocity of 6.0 km/s at the top, increasing linearly to 6.9 km/s near the Moho. From west
to east the velocity contours are smooth and slightly tilting towards the east, This velocity
structure produces a fit to the arrivals of OBS H, Q, and D.

Therefore, seismic evidence from reflection and refraction profiles suggest that the
upper crust terminates at ~52 km. Beyond this point there is only middle to lower
continental crust which extends seaward to 140-160 km where it joins Zone I

Zone II is characterized by a distinctive lower crust with anomalous high-velocity
of >7.2 km/s. This lower crust is about 5-6 km thick, extending laterally from 160 km to
250 k¥m. The modeling of the wide-angle phases from OBS P, G and A indicates a high
velocity gradient from 6.4 km/s at the top (9.5 km depth) to ~7.7 km/s near the seismic
Moho (14.5 km depth). The Moho is, therefore, associated with a small velocity contrast
which generates poor reflections on wide-angle and vertical-incidence profiles. The same
high-velocity layer is also observed offshore in the SW Greenland margin in Chapter 4,
where it is interpreted as serpentinized peridotite, although an alternative origin of
underplate is also possible. This issue will be more thoroughly discussed in Chapter 6.

Between distances of 100 km and 200 km, a relatively low-velocity (4.8-5.0 km/s)
layer forms the crystalline upper crust. The existence of this thin (~1.5 km) layer is well-
defined from an along-strike line 90R2 (Figure 5.3) on the continental slope, and from
OBS D, P, G and A. The upper boundary of this layer corresponds to a series of very
discontinuous reflectors (Figure 5.24) which may be related to a large degree of faulting
and fracturing. Because the velocity of this layer is greater than that of the overlying

sediment layers and smaller than either the continental or oceanic crust to either side, and
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no block faulting patterns are observed which is unlike the SW Greenland margin, the
origin of this layer (continental, oceanic, or both) remains unclear.

Zone I1] is characterized by a 5.5-km, two-layer crust with an oceanic character.
The division between Zones II and III occurs as a complicated region between 240 and
255 km, associated with a 1-km basement shallowing and 3-km Moho shallowing. East of
260 km, the basement surface becomes more smooth and the velocities and thickness of
crust are stabilized with little lateral changes. Here the upper crust is 1.8-2.0 km thick and
the P velocity is 5.6-5.8 km/s. The lower crust is 3.0-3.5 km thick with normal velocity
(6.8-7.0 km/s). The modeling of the well-defined S phases indicates a Vp/Vs ratio of 1.82
or a Poisson's ratio of 0.28 for oceanic layer 2 and layer 3.

5.5 Resolution of Results
5.5.1 Error Analysis

Error analysis can be used for fine tuning intermediate velocity models, and most
importantly serves as an estimate for the resolution of the final model. In doing this, I
choose a crustal unit which produces a coherent refracted phase, slightly perturb the
velocity and boundary for the unit and calculate the resulting misfit in travel-times for the
refracted phase. This method can generate the maximum eiror estimates of the velocity
and boundary. For details of this method, refer to Appendix A.

Figure 5.23 shows the result of the application of the above error analysis method
for the P3 phase on OBS A. It can be seen that the velocity for the high-velocity lower
crust to the west of OBS A has an error bound of +0.07 km/s while the depth to the top
boundary has an error bound of £0.3 km.

It should be noted that when multiple ray paths from different receivers overlap, I
will have a better estimate of the velocity structure than the maximum error bounds

calculated above. For example, the high-velocity lower crust is sampled not only by the
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ray paths from OBS A t. also from OBS G and P. The densest ray paths occur in the
lower crust between 110 km and 150 km, where ray overlapping is contributed from OBS
D and P and from four OBS on the crossing line 90R2. However, since this region
actually has the most complicated structure, it is not possible to give quantitative error
bars for this part of the crust.

There are several regions on the final model through which few or no rays
propagate (see question marks in Figure 5.22). Among these regions the most important is
probably the basement surface at 52-80 km distance. Modeling of OBS H (Figure 5.11)
suggests a 3-km basement deepening at 52 km distance, and modeling of an adjacent OBS
(Q; Figure 5.12) shows no indication of upper continental crust at >80 km dictance.
Therefore, the region in between is thought to be lacking upper continentai crust. As can
be seen in the following sections, this is supported by comparison with the coincident
reflection profile.

5.5.2 Comparison with Reflection Data

The accuracy for the final velocity model can be improved by comparison with the
coincident reflection profile. In doing this, it is more suitable to compare with a migrated
section in the time domain rather than in the depth domain. This is because the MCS depth
section assumes a velocity structure which is different from that obtained from wide-angle
modeling. Therefore, 1 convert the boundaries on the 2-D velocity model into two-way
travel-time and overlay them onto the line drawings of the migrated time section (Figure

5.24). In this figure, solid continuous lines represent boundaries used in the final model,
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and other discontinuous lines are line-drawings hand-picked from the coincident multi-
channel profile (Keen et al. 1993). The solid lines within the sediments are drawn for the
purpose of specifying velocity variations and do not necessarily represent geological layer

boundaries,

Deep Multi-Channel Reflection Profile

In 1990, 991 km of deep multi-channel reflection data were collected across the
entire Labrador basin. These data comprise three segments, among which line 90-1 and
90-3 cross the complete Labrador margin and its conjugate Greenland margin. Line 90-1
closely follows the track of the refraction line 90R1 on the Labrador margin (Figure 5.1).

Interpretation of line 90-1 (Figure 5.24; Keen et al. 1994b) suggests that the
sedimentary section can be divided into syn-rift and post-rift units, separated by a breakup
unconformity, "U". This interpretation is tied to the regional seismic stratigraphy based on
boreholes which has been established as part of hydrocarbon exploration in the region
(Bell 1989). The "U" reflector corresponds to the top of the Bjami formation of late
Albian age (~98 Ma). The syn-rift unit below "U" is discontinuous and occupics
structurally low regions between basement blocks. The identification of "U" becomes less
certain near the shelf break and below the slope.

Below the sediments, basement ("B") has been dissected by normal fauits, some of
which also cut the syn-rift sediments (e.g. the basement high between 10-25 km). From 52
km seaward to the shelf break, the depth of basement deepens sharply by <3 km, allowing

thick syn-rift sediments to be deposited. Below the continental slope, basement reflections
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define a rough surface below a few relatively flat-lying sediments. Between 185 and ~240
km, a "transparent” basement is observed. Further seaward, another reflector bearing a
basement character emerges at a depth 1 km shallower, underlain by sub-crustal
reflections. The topography of this new basement is smooth compared to the rough
basement to the west. This basement continues seaward and remains at ~5.5 km depth
toward the end of the line.

Below the basement, Moho reflections are observed at both ends of the line: the
inner shelf at <50 km, and the eastern end of the line at >300 km. On the shelf, there are
several reflectors at the base of the crust with differences in two-way travel-time of up to
2.5 sec. When converted to depth, this amounts to a difference of 9 km assuming a lower
crustal velocity of 6.9 km/s. Therefore, it is difficult from reflections alone to determine

which phase corresponds to the Moho.

Combined View of Reflection and Refraction Results

From Figure 5.24 it can be seen that effort has been made during the wide-angle
modeling to use as much information from the reflection profile as possible. For the
basement surface, the closest matching between refraction and reflection results occurs
where basement reflections are clearest (e.g. 0-50 km, 120-150 km, and 200-350 kmy). The
termination of the upper continental crust at 52 km is associated with many irregular sub-
crustal diffractions between 20 and 52 km. Further seaward, no basement reflection is
observed in the reflection profile and the basement depth is determined from refraction

profiles. The continental crust near the division between Zones I and II is possibly most
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fractured as seen from the velocity contours (Figure 5.22), which explains the occurrence
of many basement diffractions at 120-160 km on the reflection profile. A mismatch exists
in the reflectively "transparent” crust at 180-230 km. In this region the reflection profile
shows no signals from the crust, whereas refraction data suggest a strong mid-crustal

velocity boundary extending eastward to at least 200 km.

The refraction Moho matches perfectly with the reflection Moho in Zone III. No
reflections are observed from the Moho in Zone II, which is consistent with the absence of
the PmP phase in the refraction data (Figures 5.15-17). At distances >70 km in Zone I, the
Moho depth is convincingly controlled by refraction data, while no Moho reflections are
recorded on the reflection profile. Landward of this region, there is some reflective energy
recorded near the refraction Moho. However, this energy is scattered over a wide range of
depths, which is a phenomenon difficult to explain.

5.5.3 Constraints From Two-dimensional Gravity Modeling

Having obtained the detailed velocity structure (Figure 5.22) for the Labrador
margin, I can perform gravity modeling for this cross-section, assuming a velocity-density
relationship which should be consistent with that on the conjugate Greenland margin
(Chapter 4). The advantage of this method is that the resulting density model retains the
details of the local and regional velocity variations for the both conjugates. This is
especially important for the Labrador margin because up to 9 km of sediments are
deposited with large 2-D velocity variations within sediment layers near the continental
slope. It should be noted, however, that even with this method there are still uncertainties
because there is almost no control over the velocity-density relationship for the deep
sediments, and yet small changes in density for the thick sediments could produce

noticeable changes in the computed gravity curves. It is fortunate that I have arrived at a
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reasonable gravity modeling for the SW Greenland margin where only a thin sheet of
sediments have been deposited. The extrapolation of the modeling parameters for this
margin makes it possible to further reduce unknowns involved in the gravity modeling for
the Labrador margin.

Similar to the density values used in the SW Greenland margin (Chapter 4), the
water layer and the first two thin sediment layers for the Labrador margin arc assigned a
density of 1.03, 1.8 and 2.1 g/em3, respectively. To determine the density (p) for the
remaining thick sediments whose velocity (v) lies between 3.2 and 4.0 km/s, I use a linear
relationship p = 0.25 v + 1.6 for v € (3.2, 4.0) km/s. When this is coupled with a density of
2.65 g/cm3 for the low-velocity upper crust (4.0-5.2 km/s), and p =-.6997 + 2.2302 v -
598 v2 + 07036 v3 - .0028311 v4 (Ludwig et al. 1971; Chapter 4) for all the remaining
crust, an overall fit for Zones I and II is obtained.

In the computation of the gravity anomalies, it is necessary to extend the 2-D
density model to infinity. The Moho at the eastern end (Zone III) of the model is well-
defined by reflection and refraction data and its 11-km Moho depth is simply extended to
infinity to the east. For the western end of the model, one notices that the Moho shallows
significantly toward the basin and the 27-km Moho depth at 0 km distance likely
represents a thinned continental crust. I find that a good fit of gravity anomaly is obtained
by setting the Moho under unstretched continental crust to be 34 km at distances less than
-10 km. Because the computed anomaly is very sensitive to changes in depth of the Moho,
I rely on this property to obtain the Moho relief between 0 and 70 km where there is little
seismic control over the depth of the Moho. As can be seen from the comparison of
reflection and refraction results (Figure 5.24), the refraction Moho is shallower than the
reflection Moho at 0-70 km distance. In correspondence to this difference, in the gravity

modeling of this reflection Moho, Keen et al. (1994b) used higher densities for the
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sediments than the sediment density used above. This uncertainty of Moho shallowing
does not exist for the SW Greenland margin where there are only thin sediments deposited
and the Moho relief is well determined from gravity modeling (Chapter 4).

Assuming that the oceanic mantle at 35 km depth on both sides of the basin is in
isostatic equilibrium, I will have the eastern extension of the model for the Labrador being
associated with a gravity anomaly whicli is equal to that for the western extension of the
SW Greenland model. Since the latter (-~4288 mGal) is already known from Chapter 4,
this assumption sets a control for the reference level of the computed gravity curve for the
Labrador margin.

Similar to the Zone III for the SW Greenland margin, the computed gravity
anomaly near the eastern end on the Labrador margin is >20 mGal higher than observed.
This suggests that either the actual density for the oceanic crust in Zone 111 is lower than
computed, or the density in the oceanic lithosphere varies across the margin. This issue is
beyond the scope of this thesis.

5.6 Correlation with Magnetic Anomalies

The top diagram of Figure 5.25 shows a plot of observed magnetic anomalies
interpolated along the refraction line across the Labrador margin (refer to Keen et al.
1994Db). It can be seen that the first clear magnetic anomaely is at Chron 27 inside Zone III.
Landward of this anomaly, an anomaly with a smaller amplitude possibly represents Chron
31, which corresponds to the junction between Zones II and III. The magnetic anomalies
in Zone II, where the high-velocity lower crust is observed, are characterized by low
amplitude oscillations, in a pattern different from that in Zone III. Therefore, similar to the
interpretation for the SW Greenland margin (Chapter 4), it is possible that the formation
of true oceanic crust was initiated between Chrons 27 and 31, and Zone II represents a

wide transition zone from the continent to the ocean.
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5.7 Conclusion

(1) A combined wide-angle modeling of three refraction lines and a coincident
MCS reflection line reveals the detailed velocity structure for the sediments and crust
along a 350-km cross-margin line on the Labrador margin.

(2) The crust can be divided into three distinct zones from west to east. Zone I
represents a wide thinning zone of the continental crust. Beginning at a thickness of 27 km
at 0 distance, the continental crust is thinned to 10 km at 140 km distance where Zone I
ends, The crust in Zone I is dominated by lower continental crust. Upper continental crust
terminates at ~52 km, seaward of which only middle to lower crustal velocities are
observed.

(3) Zone II is characterized by a lower crust with a high-velocity of 6.4-7.7 km/s.
This layer is only 5-6 km thick, extending laterally for 80-90 km. This layer is interpreted
as serpentinized peridotite, although an alternative interpretation of underplate is also
possible.

(4) Zone III is characterized by a 5.5 km, two-layer crust which is typical for an
oceanic origin.

(5) Combined gravity modeling for the both margins of the Labrador Sea supports
the velocity structure in Zones I and II in Figure 5.22, but results in a computed anomaly
higher than observed for Zone III. Normal oceanic crust was first created between Chrons

27 and 31,



Chapter 6. Reconstruction of Rift-Stage Crust Across the Conjugate Margins of

Labrador Sea

Chapters 3, 4, and 5 presented detailed velocity secticns for the sediments and
crust across the SW Greenland and Labrador conjugate continental margins. Three distinct
zones have been identified and correlated for each margin. This chapter combines all these
seismic results, and tries to arrive at a uniform interpretation which is supported by the
available data. This interpretation will consider two fundamental issues common to
nonvolcanic continental margins: (&) whether the high-velocity lower crust in Zone II
represents underplate or serpentinite; and (b) whether rifting is best described by a
mechanism of simple shear, pure shear, or a combination of both types.

6.1 Location of Continert-Ocean Boundary

As discussed in Chapters 4 and 5, there exists a wide (70-80 km) zone of crust
with an anomalous high-velocity across both Labrador and Greenland margins. This zone
is characterized by velocities as high as 6.4-7.6 km/s in the thin (~5 km thickness) lower
crust. Most of the thin (~2 km thickness) upper crust in this zone has a low-velocity of 4-5
km/s which resembles neither the typical continental crust in Zone I nor the oceanic crust
in Zone III. As seen in Figure 6.1, Zone II is nearly symmetrically distributed offshore on
the conjugate margins of the Labrador Sea. The transitional nature of Zone II must be
taken into consideration in determining the continent-ocean boundary (COB).

A similar two-layer transitional crust has been recently reported for several
nonvolcanic rifted continental margins, and yst its relation with the position of COB has

140



Figure 6.1 Map of the Labrador Sea. showing zones with high-velocity lower crust (light shading). Also shown are refraction lines 88-R1. 88-R2, 90-R1,
90-R2. and 90-R3 (thick solid), cross-basin reflection lines A and C (thick heavy). bathymetric contours (thin dotted). chrons (thin solid). fracture zones (thick—
grey). and extinct rift axis (thin broken), and old continent-ocean boundary (thick broken). &
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not been clearly understood. For example, Whitmarsh et al. (1990) observed on the Iberia
margin a significant velocity difference between normal cceanic crust and the high-velocity
transitional crust and placed the COB at this seaward bourdary. On the margins of
Newfoundland, however, Todd and Reid (1989), Reid and Keen (1990), and Reid (1994)
place the COB at the landward boundary between normal continental crust and the high-
velocity crust. Comparing these data with the velocity profiles across the margins of the
Labrador Sea (Figures 6.2-3), it can be seen that these proposed positions of the C'OB
approximately correspond to the two boundaries between Zones L, II, and III.

The same two positions of the COB in the Labrador Sea are also suggested by
Keen et al. (1994b) from the multi-channel reflection data on lines 90-1 and 90-3, which
are coincident or nearly coincident with refraction lines 90-R, and 88-R,. On both margins,
these data exhibit a clear change in basement topography (COB 1) close to the junction of
Zones I and II, possibly produced by large rotated fault blocks in continental basement to
oceanic crust. The alternative to this scenario is that the COB lies further scaward,
between Chrons 31 and 27. This location (COB2) is marked by a change in basement
reflective character with smoother basement found farther seaward in Zone Il on both
sides of the basin. This feature is most prominent on the Labrador side, where COB2 is
associated with a 1 km change in basement depth and the seaward appearance of a clear
intra-crustal reflector. In contrast, landward of COB2 the crust is “transparent” in its

reflective character.
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I suggest that neither of these two discrete boundaries can represent the true COB
on nonvolcanic rifted margins. Similar to the interpretation of the ocean-continent
transition on the Iberia margin (Whitmarsh et al. 1993), the actual COB on the conjugate
margins of the Labrador Sea is probably best described by the wide area of Zone II, rather
than a sharp vertical boundary. The main reason for this interpretation is that the high-
velocity nature of Zone II is completely different from either the continental (Zone I) or
oceanic crust (Zone III), and a positioning of a sharp COB would imply that the material
of Zone II has a predominently continental or ocearic origin.

Figure 6.1 shows a plan view of the locations of the high-velocity layer (shaded
areas) in the Labrador Sea. In this figure I include the results of the new refraction data
presented in thesis, and the older wide-angle profiles of Van der Linden (1975) on the
northern Labrador margin, and of Stergiopolous (1984) on the SW Greenland margin.
Filled stars represent locations of the OBS or sonobuoys which show evidence for a high-
velocity lower crust. When the positions of high-velocity material are connected to form a
band at each margin, this band approximately follows the northwestern trend of magnetic
anomalies and covers crust older than Chron 31. It is interesting to note from Figures 6.2-
3 that the magnetic anomalies associated with these bands are of irregular and low
amplitudes, a pattern different from the well-defined, high amplitude Anomaly 27 and
other younger anomalies. This is suggestive of a different origin for Zone II.

Setting Zone II as a wide region between continental and oceanic crust implies that

true seafloor spreading in the Labrador Sea started seaward of this zone at Chrons 27-31.
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This is consistent with the interpretation of Chalmers (1991) which is based on
reprocessing of some old MCS reflection data across the western Greenland margin. The
revised timing for the initiation of oceanic crustal generation is younger than the
previously suggested position at Chron 33, based on the identification and modeling of
magnetic anomalies in the Labrador Sea (Srivastava and Tapscott 1986).

The above interpretation of a wide zone as ocean-continent transition (OCT)
instead of a sharp COB is similar to the suggestion of Whitmarsh et al. (1993) who
proposed that an OCT several tens of kilometers wide exists on the Iberia margin. It is
likely that this OCT, and the high-velocity zone on the conjugate margin of Newfoundland
(Todd and Reid 1989, Reid and Keen 1990, and Reid 1994), are the same layer as Zone 11
on conjugate margins of the Labrador Sea. A wide zone of transitional crust may be a
common feature for nonvolcanic rifted continental margins.

6.2 Origin of Transitional Crust

As summarized in Chapter 4, a high-velocity (>7.2 km/s) transitional crust has
been observed on many nonvolcanic rifted margins, and is interpreted as either underplate
(i.e. high-Mg mafic gabbro) (Todd and Reid 1989; Reid and Keen 1990; Whitmarsh et al.
1990; Keen et al. 1994b) or undercrusted serpentinized peridotite (Pinheiro et al. 1992;
Reid 1992, 1994). It is unfortunate that seismic velocities (P and S waves) alone cannot
definitely distinguish between these two models as discussed in Chapter 4 (Figure 4.13). In
this section, I will try to combine other available observations with the refraction data and

discuss the implications of each interpretation.
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The concept of magmatic underplating was initially proposed for volcanic rifted
margins to explain the existence of seaward-dipping reflectors and an anomalous high-
velocity (7.2-7.6 kmy/s) lower crust (Mutter et al. 1984; White et al. 1987). One
explanation for this is that the anomalously high asthenospheric temperature associated
with hotspot activity generates excessive partial melting which is responsible for the
extrusion of basalt (seaward-dipping reflectors) and the large volume of underplated
material (high-velocity lower crust) (White and McKenzie 1989; Campbell and Griffiths
1990). Alternatively, a convective melt model (Buck 1986; Mutter et al. 1988) can also
explain the generation of significant volumes of melt without a major thermal anomaly. It
is unfortunate that this second model does not provide any mechanism for generating the
observed high-velocities. This is partly because this model does not invoke a high
asthenospheric temperature, which, in the simple model of White and McKenzie (1989), is
required to produce high-Mg and therefore high-velocity mafic gabbro. The results of melt
generation on volcanic rifted margins have been ~xtended to nonvolcanic margins to
explain the existence of a lower crustal layer which has a high-velocity of >7.2 km/s
similar to volcanic margins (Todd and Reid 1989; Reid and Keen 1990; Whitmarsh et al.
1990).
Alternatively, the high-velocity crust in Zone II can represent serpentinized
peridotite. Such a model has been developed to explain the ODP drilling results on Galicia
Bank and in the Iberia basin, and the geometry of an intra-crustal S-reflector. The S-

reflector is observed over the Armorican and Galicia continental margins and has been
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interpreted as the seismic signature of a syn-rift detachment fault rooted in the lower crust
(Le Pichon and Barbier 1987; Sibuet 1992) or upper mantle (Boillot et al. 1987). Boillot
et al. (1992) suggest that the S-reflector correlates with the top of a serpentinite body
whose shallow ridges have been partly sampled by ODP drilling (Leg 103; Boillot et al.
1987). These peridotites show strcng mylonitization in a normal shear zone before their
serpentinization (Girardeau et al. 1988; Beslier et al. 1990). ODP drilling on other
peridotite ridges during Leg 149 (Shipboard Scientific Party 1993) in the Iberia basin
supports these interpretations. Therefore, the S-reflector may represent the tectonic
contact (ductile shear zone) between the continental basement and serpentinized
peridotite.

Such a serpentinite body on the Galicia margin is associated with a high-velocity
and high gradient from ~6 km/s to >7.2 km/s, as suggested by some sonobuoy refraction
data (Sibuet et al. 1992). Approximately 120 km southward in the Iberia basin, refraction
results of Whitmarsh et al. (1990) reveal a high-velocity (7.3-7.6 km/s) lower crustal layer
sitting at a similar position as the drilled serpentinite body. This high-velocity layer is
overlain by a thin upper crust bearing a low-velocity of ~5 km/s. Assuming that this upper
crust has a continental origin which is consistent with the scenario of Boillot et al. (1992),
it follows that the upper continental crust atop the S-reflector has a low-velocity
compared to normal upper continental crust whose velocity is typically in the range
between 5.5 and 6.0 km/s. Surprisingly, this crustal structure has been observed on many

nonvolcanic rifted continental margins. For example, refraction data cast of
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Newfoundland (Reid 1994) show a thin, high-velocity (7.2-7.7 km/s), lower crust
interpreted as serpentinite. This layer is overlain by a thin layer with a low-velocity
velocity of 4.5-5.0 km/s. A similar velocity structure is also observed on the southern and
northern margins of Flemish Cap (Todd and Reid 1989; Reid and Keen 1990). Although at
these two locations the high-velocity crust was tentatively interpreted as underplate, it
could also be serpentinite. A similar structure is also observed on the Tagus Abyssal Plain,
where the 2-km thick 4.4-6.3 km/s upper crust is underlain by 7.6-7.9 km/s material
(Pinheiro et al. 1992). It should be noted that these profiles do not extend far enough to
cover the complete continental, transitional, and oceanic crustal sequence, as do the data
for the Labrador and Greenland margins presented in this thesis (Figures 6.2-3).

The success or failure of each of the two models (underplate and serpentinite) is
summarized in Table 6.1. In this table, check marks indicate success of a specific model
prediction for the observations. Question marks represent uncertainty between predictions
and observations, and crosses indicate failure of the predictions. It can be seen that while
each of the two models explains some of the features observed on seismic profiles, neither
model can unequivocally explain all the phenomena:

(1) Geometry of Crust: In case of the melt model, a higher asthenospheric
temperature is invoked to produce the observed high-velocity by enriching the Mg content
(Furlong and Fountain 1986; White and McKenzie 1989). However, this high
asthenospheric temperature will generate a volume of underplate more than five times

thicker than observed on nonvolcanic margins. In the serpentinite model (Sibuet et al.
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1992; Boillot et al. 1992), the high-velocity layer is also well explained by partial
serpentinization of mantle material (Christensen 1966; Fountain and Christensen 1989).
This model requires tectonic denudation and serpentinization of the mantle followed by
undercrusting over a wide (70-80 km) area. The difficulty with this model is the absence

of any melt along this wide zone where the continental crust is stretched by a factor B>10.

(2) Location of Crust: Another difficulty with the melt model is that it cannot
explain why the underplate is offset by ~80 km seaward of, and does not exist beneath, the
thinned continental crust where underplating is typically located. In addition, most of the
underplate body is overlain by a thin (~2 km thickness) layer with a low-velocity of 4-5
kmy/s. In contrast, a general conception for underplated crust is that its landward side is
overlain by crust with a typical continental velocity (e.g. Mutter et al. 1984; White et al.
1987; Holbrook et al. 1994). On the other hand, the lateral offset of the high-velocity
material is relatively easy to explain with the serpentinite model in which the serpentinites
are transported along a rift-related shear zone to the lower crustal level where they
become undercrusted. In this model, the low-velocity of the upper crust can be tentatively
explained by faulting and interaction with seawater.

The differences in the distribution of high-velocity crust between nonvolcanic and
volcanic margins are also seen when comparing profile 88-R; on SW Greenland margin
with another refraction dataset which is ~500 km north of my study area on the western
Greenland shelf (Gohl and Smithson 1993). Here the high-velocity (~7.5 km/s) lower crust

is located beneath the shelf or even further inland, thickens northward from 3 km in the
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south to 8 km towards Davis Strait, where abundant volcanism occurred at ~Chron 24.
Therefore, it is reasonable to interpret this high-velocity layer as the rift-related Mesozoic
underplating into the lower continental crust, whereas the high-velocity crust observed in
our data is located much farther seaward and was formed before Chron 31 time (see
Figure 6.1).

(3) Absence of extrusives and appearance of a possible S-refiector: Seaward-
dipping reflectors are a typical feature of volcanic margins and may represent subaerial
basalt flows (Hinz 1981; Eldholm et al. 1986). The absence of seaward-dipping reflectors
and other geophysical (Balkwill 1987) signatures of rift-related extrusive melt indicates
absence of such extrusive products. An example is the SW Greenland margin where a
basement high is located on top of the high-velocity layer (Figure 6.2). The melt model
would predict that this high is associated with a high-amplitude magnetic anomaly, but this
is not observed. In contrast, a smaller amplitude would be produced if this is an extrusion
of serpentinite (Schouten and Denham 1979). To explain the existence of an intra-crustal
reflector (Keen et al. 1994b) in Zone II on the SW Greenland margin, the melt model
would treat it as a possible crust/magma boundary similar to the case in de Voogt (1988).
This reflector fits well into the serpentinite model, interpreted as an S-reflector acting as
the seismic signature of a syn-rift detachment fault and is similar to observations from the
Bay of Biscay and Galicia Bank margins (Le Pichon and Barbier 1987; Boillot et al. 1987,

Sibuet 1992).



Table 6. 1 Comparison Between Observations and Predictions of Melt and
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Serpentinite Models
Observations Melt Model Serpentinite Model
Vp =7.2-7.7 km/s High Ta (asthenospheric | Partial serpentinization of
temperature) — High | mantle — High Vp
Mg ratio — High Vp v
\

h (thickness) = 3-5 km

High Ta — A > 15 km

X

Requires large stretchiniz
without melt for 80 km

X

W (width) ~75 km >>h

Observed W~20-60 km

Requires exposed mantle

?

v over a wide area
?
High-velocity lower crust | Underplate beneath | Requires undercrusting of
offset seaward from slope by | slope serpentinites, transported
>50 km X and emplaced along the
shear zone
N
No magmatism in the | Presence of dipping | Not required
overlying crust and sediments | reflectors v
X
Strong intra-crustal reflector | Possible  crust/magma | S Reflector;
(SW Greenland); basement | boundary; Volcanic | Serpentinized  crust  less
feature non-magnetic basement — magnetic | magnetic
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From the above analysis, I conclude that the crustal structure on the conjugate
margins of the Labrador Sea supports a serpentinite model more than a melt model for the
formation of the ocean-continent transition in Zone IL
6.3 Nature of the Thinned Upper Crust

This section reviews seismic evidence for the determination of the geometry and
physical properties of the upper crust in Zones I and II, and discusses the nature of the
thinned preexisting continental crust on the conjugate margins of the Labrador Sea. This
discussion is important because it affects the reconstruction of pre-breakup continental
crust, and has important implications for the model of rifting.

The upper crust in Zone II on the SW Greenland margin is characterized by a low-
velocity layer of 4-5 km/s, as defined by OBS C on refraction line 88-R;. This low-velocity
forms a strong velocity contrast with the underlying high-velocity layer, producing a clear
intra-crustal reflector (called quasi S-reflector in this thesis) on the MCS reflection profile
90-3 (Keen et al. 1994b, Figure 6.4a, see insert back cover). Similar to the S reflector on
the Galicia margin (Hoffman 1991), this quasi S-reflector extends nearly continuously
through Zone I and disappears beneath the continental slope. The crust above this
reflector appears to be highly faulted (Figure 4.2) and its low-velocity is compatible with
the 4.2 km/s velocity for the upper continental crust above the S-reflector on the Galicia
margin (Sibuet 1992). This layer is interpreted in Chapter 4 as tilted fault blocks of upper
continental crust thinned by a factor of 2-3. The reduction of the velocity in this layer with

respect to the velocity (5.5-5.6 km/s) for normal upper continental crust on the she.. of
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SW Greenland (Chapter 4) and Labrador (Reid 1994) can be interpreted to be a result of

stretching and faulting.

If the upper crust of Zone II on the SW Greenland margin is thinned upper

continental crust, its seaward end would probably correspond to an observed interruption

of the upper continental crust in the mid-shelf at ~52 ki on the Labrador profile (Figure

6.3). Since the sediment close to this point is very thick (6-9 km), and the basement

surface exhibits large relief, care is needed to properly model the crustal structure in this

1. Reflection data show a pattern change around 52 km distance, from steep-dipping,
irregular events on the left side to flat continuous events on the right side (Figure
6.4b, see insert back cover).

. On refraction profiles (Table 6.2), the modeled termination of upper continental
crust at ~52 km produces a match in travel-time to a clear concave-shaped phase
(P») at OBS H (Figure 5.11) which can not otherwise be modeled. A deeper phase
P; is refracted from crust with a velocity of 6.2-6.9 km/s which represents middle
and lower continental crust.

. The adoption of the upper crustal termination at 52 km distance also enabies proper
modeling of a travel-time ‘pull-down” of >0.5 sec for crustal phases P, and Ps at

western ranges of OBS Q (Figure 5.12). At eastern ranges of this OBS, modeling of
phase P; supports the determination of a one-layer crust with velocity of 6 2-6.9

km/s seaward of the termination point.
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4. The termination of upper crust at 52 km is also exhibited in the travel-time ‘pull-
down” of ~0.5 sec around -40 km range for P; of OBS C (Figure 5.13).
5. The one-layer structure is compatible with the crustal structure at 100-160 km
distance where there exists a dense ray coverage from OBS D and P (Figures 5.14-
15), and refraction line 90-R) (Figures 5.5-8).

Seaward from the point at 100 km distance on the Labrador margin, an extra,
highly faulted, upper crust starts to appear on top of the lower continental crust. This
upper layer has a small thickness of <2 km and a low-velocity of 4.6-5.0 km/s (OBS D, P
and A on 90-R1, Figures 5.14-15, 5.17; and the four OBS on line 90-R2, Figures 5.5-8).
This layer extends seaward at least half-way through Zone II to 200 km distance where
the crustal column is ‘transparent” on MCS reflection profiles (Figure 6.4b, see insert
back cover). Therefore, there is no clear-cut boundary separating the low-velocity upper
crust and the high-velocity lower crust, implying a high velocity gradient within the crustal
column. I suggest that this low-velocity upper layer was formed by a process in which
fractured continental crust or upper mantle interacts with seawater. This also explains why
this upper layer extends over both continental crust and the high-velocity region. For the
SW Greenland margin, however, the upper crust is possibly more brittle due its continental
nature, which results in a sharp boundary with the underlying high velocity lower crust
rather than in a large vertical velocity gradient as on its conjugate Labrador margin.

It should be noted that the above interpretation for the low-velocity upper crust as

thinned continental crust overlying a quasi S-reflector on the SW Greenland margin is by
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no means definitive. The corresponding termination of the upper crust on the Labrador
margin is interpreted based on reflection and refraction da.a in the presence of thick
sediments. However, this interpretation does provide an overall fit to the existing
reflection and refraction data and its important implications for the initial rifting, which
will be discussed in the next section, can be tested when more data become available.

6.4 Reconstruction of Pre-breakup Crust and Rifting Model

In the previous chapters I presented a detailed velocity profile across the conjugate
margins of the Labrador Sea. The combination of these results with coincident multi-
channel reflection, gravity, and magnetic data (Figures 6.2-4) provides an opportunity to
re-connect crust that has been separated due to subsequent seafloor spreading. This
reconstruction leads us to visualize the pre-breakup crustal structure and provides a basis
for building a balanced cross-section and for developing a model for rifting.

Figure 6.5 shows a reconstruction of the seismic data at Chron 27 (69 Ma) which
is the first clearly defined magnetic anomaly. In doing this I have removed most of the
oceanic crust in Zone III. It can be seen that the high-velocity layer of Zzne II on both
margins is still not completely joined. As discussed in Chapters 4 and 5, structural
complications exist between anomalies 27 and 31, the latter of which marks the end of the
transition region (Zone II) and the beginning of true oceanic crust (Zone III).

To proceed to a cross-section of rifted continental crust for the Labrador Sea, let
us move the crustal velocity structure closer to each other. Since there is a clear

asymmetry inthe sediment thickness on both margins, [ remove the complete water and



Table 6. 2 Supporting Refraction Observations for the Upper-Continental

Termination on the Labrador Margin
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OBS Seismic OBS Ranges or Comments
Phases Model Distance
H (Figure 5.11) P, (20, 30) km ranges | Clear concave-shape of travel-
time due to the sharp basement
topography at ~52 km
H (Figure 5.11) P; (37, 50) km ranges | Crust with Vp = 6.2-6 9 km/s
seaward of 52 km
Q (Figure 5.12) Py, Ps (-50, -22) km | Possible travel-time pull-down by
ranges >0.5 sec from P, to P; due to
basement topography at 52 km
Q (Figure 5.12) P; (28, 40) km ranges | Supports one-layer crust seaward
of 52 km
C (Figure 5.13) P; (-60, -30) km | Possible travel-time jump of ~0.5
ranges sec around -40 km range due to
the basement topography
D, P (Figures 5.14- | P,, P3 100-160 km model | Dense ray coverage; velocity

15), and Line 90-
R2 (Figures <-8)

distance

structure compatible with the
one-layer model landward of 100
km
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sediment .olumn to emphasize the balanced crustal structure. Assuming local isostatic
adjustment, I take the crustal models for both margins and calculate the corrected
basement depth after removing the sediments and water. In doing this, the density
contours obtained from gravity modeling are used for calculating the sediment load.

Figure 6.6a shows such a cross section reconstructed at Anomaly 31. Zone III is
completely removed from this section. It can be seen that the basement surface and the
Moho in Zone Il for both margins are at a similar depth. The high-velocity crust in Zone II
extends for almest equal distance on either side of Chron 31. Figure 6.6b shows the same
cross-section with the high-velocity material removed. A rather thin (<2 km) crust appears
over a wide (~160 km) area. This is ar unusual crustal configuration and it is clear that its
explanation must include a proper description of the high-velocity material underneath. If
one assumes that the crustal cross-section shown in Figure 6.6b cannot exist by itself, it
follows that this high-velocity material was formed before Chron 31.

The initial crustal configuration at the time of the final crustal separation is
determined by removing Zone II. As discussed in Section 6.3, the seaward termination of
the upper crust on the Labrador margin matches the seaward termination of the upper
crust from the conjugate Greenland margin. Therefore, in this reconstruction, the thin
upper crust above the quasi S-reflector on the SW Greenland margin is retained and
assumed to move together with Zone I. To avoid overlapping of crust, the Moho at each

point is adjusted vertically by an amount equal to the thickness of the thinned upper crust
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contributed from SW Greenland. The low-velocity upper crust on the Labrador margin
(yellow area in Figure 6.6¢) is removed in this reconstruction.

The geometry and velocity structure of the stretched, preexisting continental crust
at the time of the breakup is reconstructed in Figure 6.6¢c. It can be seen that at this time
there was a zone of continental crust thinned by a factor B>3 extending for over 100 km
within the rift zone. Assuming that the Moho is 34 km at 20 km to either side of the
reconstructed model, the overall thinned crust totals 3830 km2. When divided by the
crustal thickness (34 km), this gives 113 km. Therefore, assuming mass conservation
during stretching, an initial 113-km wide preexisting crust was stretched to a width of 242
km as seen on the reconstructed cross section. This gives an overall stretching factor of
2.1. Interestingly, this number is similar to the stretching factor of 2-3 calculated from the
tilted blocks off SW Greenland (Chapter 4), suggesting that the upper and lower crust
were stretched by a similar amount before breakup.

The overall appearance of the reconstructed rift zone crust (Figure 6.6¢) is that
immediately before the fina! crustal separation. The stretching event had affected crust
over a 200 km distance on the cross-section, with more stretching occurring close to the
eastern end of the rift. If I define the lower crust by a velocity of 6.2-6.9 km/s, I see that
the lower crust was broken up (or rifted) at the eastern end of the rift zone, causing all the
stretched lower crust to move together with the Labrador margin, and the lower crust on
the Greenland side is basically unmodified. Therefore, the location of the lower crustal

separation is compatible with the location of the thinnest continental crust.
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Figure 6.6 Reconstruction of crust from both margins. Water and sediment are stripped off assuming isostatic
adjustment. (a) Crustal reconstruction to Chron 31 (68 Ma), The high-velocity regions are joined. (b) The
same cross-section as (a) but with the high-velocity crust removed, showing a wide (~160 km) zone of thin
upper crust, (¢) Seaward ends of lower crust for both margins are joined to show the balanced cross-section at
the time of the final breakuy. Slight vertical adjustment of basement surface and the Moho is performed to
eliminate overlap of ciust contributed from the SW Greenland margin. For comparison, dotted lines represent
positions of the basement surface and the Moho before this adjustment.
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If I move both margins further towards each other, overlapping of the lower crust
will occur, Similar to the method for the upper crustal overlap, I assume that during the
stretching the masses of the upper and lower crust are respectively conserved and the
deformation of overlapped areas occurs ductilely. I start from the crustal structure at the
time of the final crustal separation (Figure 6.6c), move the both margins closer to each
other until the thinnest crust near the lower crustal rifting point disappears. The resulting
overlapped areas are shifted to their nearest locations where no overlapping would occur.
This re-shaping results in an intermediate stretching stage as shown in Figure 6.7b. Figure
6.7a shows such a reconstruction at the time of the onset of continental stretching
assuming an initial Moho depth of 34 km which is based on gravity modeling. It can be
seen that at the early stage the continental stretching was symmetric, which generated a
symmetric rift zone with a similar stretching factor in the upper and lower crust. This
conforms to a pure shear scenario. At the late stage of the stretching of crust, however,
more stretching started to build up locally towards the eastern side, which led to a final
breakup of the lower crust at the eastern end of the rift zone.

The position of breakup of the brittle upper crust may differ from that of the
ductile lower crust. The two possible positions for the upper crustal breakup are indicated
in Figure 6.7c as Rift 1 and Rift 2. Rift 1 is at a similar position as the COB1 proposed by
Keen et al. (1994b) to explain the reflective character of tilted fault blocks for the SW
Greenland margin. Rift 2 is my favored position for the upper crustal breakup. This is

supported by seismic refraction and reflection evidence (see Section 6.3), which shows the
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existence of an upper crustal termination point under the shelf of the Labrador margin
(Table 6.2), and the existence of a wide zone of thin faulted crust atop a quasi S-reflector
(Figure 6.4a, see insert back cover) on the Greenland margin. Only when this interpreted
upper continental crust of the Greenland margin is included in the reconstruction can the
upper crust from both margins be connected and the reconstructed profile be completed
with continuous upper and lower crustal layering.

Therefore, 1 suggest that while the final rifting cut through the lower crust
vertically at the Greenland end of the rift zone, the breakup of the upper crust occurred
toward the Labrador side of this zone. As a result, two thirds of the thinned continental
crust on the Labrador margin is not covered by upper continental crust. This missing part
of the upper crust moved with the Greenland continent, and was later underlain by high-
velocity material which is probably partially serpentinized peridotite (Section 6.2). The
undercrusting of these serpentinites possivly started as soon as the upper and lower crust
became detached. This enables the undercrusted serpentinites to be emplaced seaward of
thinned continental crust on the Labrador margin. This serpentinization process evidently
ceased at Chrons 27-31, when oceanic seafloor spreading was initiated to preduce normal
oceanic crust (Figures 6.2-3). Assuming a continental separation rate of 2 cm/yr which is
calculated from the distance between Chrons 25 and 27, I get 8 m.yr. for the period of
serpentinization. During this period, undercrusting of serpentinites occurred without melt
generation, One way to explain this is that the continental lithosphere was siill not thinned

enough to allow melt generation. This implies that crustal separation predates the final
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Figure 6.7 (a) Pre-stretching crust of the Labrador-Greenland continent. The area is obtained
assuming conservation of the total crustal area during the stretching, This total area is obtained
assuming no modification of crust 20 km to either side of the model in Figure 6.7c. (b) Restored
cross-section with the asymmetry close to the point of lower crustal breakup removed. (c) Rift
zone crust at the time of rifting according to Figure 6.6c¢. Rift 2 indicates the position for the
interpreted upper crustal breakup. Rift 1 indicates another possible position for rifting of upper
crust where the boundary between zones I and 11 is located.
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necking of the lithosphere, which is the key factor for generating a wide zone of
serpentinites without melt.

Some of the major steps in the proposed model for evolution of the margins of the
Labrador basin are summarized below:

1 Stretching of the Canada-Greenland continent started at about 120-160 Ma (Watt
1969) with small-scale injection of dikes and asthenospheric upwelling, symmetric
stretching of the continental lithosphere, the ductile lower crust, and the brittle
upper crust.

2. Breakup of the lower crust at the eastern end of the rift zone at ~76 Ma; Breakup of
the upper crust toward the western side of this zone. All the thinned lower crust
moved with the Labrador continent; most of the thinned upper crust moves with the
Greenland continent.

3. As a result of the crustal separation, water penetration into the upper mantle,
generating high-velocity serpentinites which were subsequently uplifted to fill the
ever-widening gap in the lower crust. No melt was generated while the necking of
the lithosphere continued for approximately another 8 m.yr. before melt production.

4. After the crustal breakup, an extra 160 km of continental separation occurred before
seafloor spreading was initiated at 62-68 Ma.

6.5 Comparison with Other Models
The model proposed above (Figure 6.7) differs in a number of ways frem the two

competing models of Boillot et al, (1992) (Figure 6.8) and of Sibuet (1992) (Figure 6.8)
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which are proposed for explaining the observed S-reflector and drilled serpentinite
peridotite ridge on the Iberia margin:

1. The model of Boillot et al. (1989b) follows a simple shear scheme in which the low-
angle master fault (S-reflector) cut the crust and upper mantle, and serpentinite
peridotites are emplaced and undercrusted through the tectonic denudation process.
In this model, the S-reflector forms the lower boundary of the faulted upper
continental crust which is well observed by MCS reflection data (e.g. Le Pichon and
Barbier 1987; Keen et al. 1989; Hoffmann 1991). This model provides a mechanism
for the formation of peridotite ridges, the drilling results of which show strong
mylonitization in a shearing environment. More importantly, this tectonic denudation
model implies that the crust beneath the S-reflector is serpentinite, compatible with
the high-velocity values observed on the Galicia and many other nonvolcanic rifted
continental margins (e.g. Whitmarsh et al. 1990; Sibuet 1992; Reid 1994; Chapters 4
and 5). On the other hand, because the observed detachment surface does not cut
the upper mantle (Le Pichon and Barbier 1987; Radel and Melosh 1987; Keen et al.
1989), and because earthquake foci in regions of active continental extension are
always confined to the upper seismogenic continental crust (Jackson and White
1989), the mechanism of mantle denudation is dynamically not appropriate (Sibuet
1992).

2. Avoiding the introduction of a shear zone cutting across the upper mantle, Sibuet

(1992) proposed a composite pure and simple shear model for the formation of the
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Galicia and the southeastern Flemish Cap margins: pure shear for the whole
continental lithosphere and simple shear for the final crustal breakup (Figure 6.9). In
this model, the crust below the S-reflector is stretched lower continental crust,
which is in conflict with the observed high-velocity for the lower crust on many
nonvolcanic margins. In addition, the serpentinized peridotite is formed by seawater
circulation at the end of the rifting phase at places where the crust is particularly
thinned. This cannot explain the presence of serpentinites over a wide (70-80 km)
zone. This model suggests that the crust seaward of the serpentinite ridge is oceanic,
which is again in conflict with observation on the margins of the Labrador Sea,
where the high-velocity lower crust exists far seaward of the thinnest continental
crust.
. The mode! proposed in this thesis is in part a combination of the models of Boillot et
al. (1989b) and Sibuet (1992), and yet overcomes the difficultics encountered in
these two existing models. Similar to Sibuet’s model, the new model is a composite
pure and simple shear model in which the mantle and crust were stretched
symmetrically while the final crustal separation occurred asymmetrically by simple
shear. The key factors for the success of this model are first, that all the rift-zone
lower crust moved with the western margin and second, that the necking of the
lithosphere continued after crustal separation (Figure 6.7). Serpentinites were
produced during this later necking period, which ends with the initiation of seafloor

spreading at 62-68 Ma. The concept of mantle denudation which is the foundation
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of the model of Boillot et al. (1989b) is not required for producing the observed
high-velocity serpentinites because in my model the serpentinites are undercrusted
within the widening gap of the lower crust. As a result, the serpentinites are found
seaward of the thinned continental crust on the Labrador margin, and yet on the SW
Greenland margin underlying an S-reflector which bottoms the thinned upper
continental crust. The initiation of seafloor spreading occurred with a significant
change in crustal velocities, reflective patterns, and gravity and magnetic anomalies
on each side of the basin (Figures 6.2-4).

The new extension model presented in this thesis as a whole is consistent with the
MCS reflection data of Keen et al. (1989) for the conjugate Flemish Cap and Goban Spur
margins. This restored cross-section shows a nearly symmetric extension with the final
breakup occurring at the western side of the rift zone. This is similar to the restored cross-
section for the conjugate margin pair of the Labrador Sea where the extension is nearly
symmetric and the final breakup occurred at the eastern side of the rift zene. A difference
between these two datasets is that on the Flemish Cap and Goban Spur margins the
continent-ocean boundary appears to be a sharp boundary and no clear intra-crustal
reflector that may represent an S-reflector is observed. Recent refraction data on the
Goban Spur margin support these interpretations (Horsefield et al. 1994). Therefore, while
the composite pure and simple shear mode may represent some rifted continental margin

pairs such as that of the Labrador and Greenland, Iberia and Newfoundland, the final
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crustal separation may also take place in a pure shear mode, as on the conjugate margins
of Flemish Cap and Goban Spur
6.6 Conclusions

In the above discussions I have analyzed the newly obtained crustal velocity
structures across the conjugate margins of the Labrador Sea. These results are interpreted
in combination with coincident multi-channel reflection, gravity, and magnetic data. This is
the most extensive dataset for analyzing the crustal structure across nonvolcanic rifted
conjugate margins. Comparison with datasets on similar margins show consistent results
which suggest:

1. The conjugate margins of the Labrador Sea are divided on each side by three distinct
zones according to crustal velocities. Zone 1 represents stretched continental crust,
much wider on the Labrador margin than on its conjugate SW Greenland margin.
Seaward of this zone, Zone II is characterized by existence of a high-velocity (<7.7
km/s) lower crust, nearly symmetrically distributed over 50-80 km distance. The
continent-ocean transition is best described by this wide zone rather than a sharp
boundary. Further seaward, Zone III has typical oceanic crustal velocity, and its age
is younger than Chrons 27-31 (62-68 Ma). A three zone division of this kind may
also be applicable to several other nonvolcaric rifted margins such as Iberia and
Newfoundland margins.

2. The high-velocity crust in this zone is more likely to be serpentinite than underplate.
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3. Areally balanced reconstruction of observed cross-sections for both margins

suggests that the east-west stretching of the Labrador-Greenland continent started
symmetrically. At the later stage of stretching, more :hinning occurred in the crust
towards the eastern side of the rift zone, leading to a final breakup of the lower
continental crust at the point immediately next to unmodified Greenland continent.
The data shown in this thesis suggest that the upper crust was rifted towards the
Labrador side of the rift zone.

A composite pure and simple shear model is favored for the crustal rifting for the
conjugate margins of the Labrador Sea. This model can easily incorporate the
serpentinite model for the formation of the wide Zone II sitting symmetrically on
both margins. In this scenario, the intra-crustal reflector on the SW Greenland side is
an S-reflector, separating the stretched upper continental crust from underlying
serpentinites, while on the Labrador margin the serpentinites were undercrusted
seaward of the continental crust without producing an S type reflector.

For a proper modeling and interpretation of the detailed two-dimensional velocity
contours for crustal structures across rifted continental margins, it is important to
incorporate results from coincident MCS reflection profiles, especially when there is

a thick sediment cover.



Chapter 7. Summary and Future Work

7.1 Summary

1. This thesis includes processing, modeling, and interpretation of four wide-angle
seismic lines across the complete conjugate margins of the Labrador Sea. These
data, coupled with coincident multi-channel and single-channel reflection, and
gravity and magnetic data, reveal a clear picture of how the continental crust varies
seaward to join the oceanic crust on both margins.

2. Wide-angle seismic signals from a total of 29 recording instruments (ocean bottom
seismometers and sonobuoys) are analyzed in this thesis. These data are modeled
using one-dimensional reflectivity and WKBIJ, and two-dimensional ray-tracing
methods wherever appropriate. For some profiles, S waves are also recorded and
modeled. Error analyses are performed for selected crustal layers.

3. The crust across both margins can be divided on each side by three distinct zones
according to crustal velocities. From the continent seaward, Zone I represents
stretched preexisting continental crust, much wider on the Labrador margin than on
the southwestern Greenland margin. Seaward of this zone, Zone II is characterized
by high velocity gradient of up to 7.2-7.7 km/s in the lower crust. The crust in this
zone is transitional and its high-velocity lower crust is nearly symmetrically
distributed over 50-80 km distance. The continent-ocean transition is best described

by this wide zone rather than a sharp boundary. Zone III has typical oceanic crustal
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velocity, and is associated with clear magnetic anomaly patterns younger than
Chrons 27-31 (62-68 Ma).

A synthesis of these data suggests that creation of normal oceanic crust did not start
until 62-68 Ma in the Labrador Sea. Landward of this oceanic crust, the high-
velocity lower crust in Zone II is likely mantle-derived serpentinite rather than

underplated mafic rocks.

. The new cross-sections obtained in this thesis are used for restoring the history of

continental rifting. The reconstructed profile shows the initial crustal cross-section at
the time of the final crustal separation. It is seen that after this separation all the
thinned lower crust moved together with the western margin (Labrador). Existing
data cannot exclusively determine if most of the thinned upper crust moved with the

eastern margin (southwestern Greenland), although this is suggested by some data,

. A composite pure and simple shear model is proposed for nonvolcanic conjugate

margins of Labrador and southwestern Greenland. In this model. stretching started
symmetrically. At the later stage of the stretching, more crustal thinning occurred
towards the eastern end of the rift zone, inducing breakup of lower crust near this
area. The upper crust, however, was separated towards the western side of the rift
zone. Subsequent water penetration into the upper mantle induced undercrusting of
mantle-derived serpentinite in the lower crust of Zone II. Lithospheric necking
continued after the crustal breakup for a period of time until normal oceanic crust

started to be produced at 62-68 Ma.
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7.2 Major Contribution

1.

This thesis presents the most extensive dataset to date for analyzing crustal velocity

structures across nonvolcanic rifted conjugate margins.

. Three distinct zones are recognized and described in detail for each of the conjugate

margins of the Labrador Sea. This division is essential for a proper explanation of

continent-ocean transitions across many nonvolcanic rifted margins.

. This thesis provides strong evidence to suggest that normal oceanic crust started to

be created no sooner than 62-68 m.yr. This is much younger than a previously
suggested time of ~80 m.yr for initiation of seafloor spreading.

This thesis compiles extensive datasets to suggest that the continent-ocean transition
of the Labrador Sea margin is best described by a wide zone instead of a sharp

boundary.

. This thesis defines, for the first time, the detailed geometrical and physical properties

of a wide, high-velocity lower crustal layer across both nonvolcanic rifted conjugate
margins. Interpretation shows that this layer likely represents serpentinized upper

mantle rather than underplated mafic rocks.

. This thesis proposes a new composite pure and simple shear model for the initial

continental stretching and rifting. This model overcomes the difficulties of existing
rifting models, and explains all the major observations for nonvolcanic rifted

continental margins.
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7. These results can be applicable to many similar cases worldwide. Their important
implications are much more far-reaching than can be counted here.

7.3 Future Work

1. Knowing crustal extension factor (8) across the conjugate margins, 1 can utilize
existing seismic stratigraphy for these margins and compute the extension facto. (0)
for the lower lithosphere. & differs from B because data suggest that there was a
period when the crust was already separated and the lower lithosphere was still
being stretched. This is consistent with the depth-dependent model of Issler and
Beaumont (1987) who suggest 6> on the Labrador margin. On the other hand, il
the low-angle shear zone as seen in the upper crust on the SW Greenland margin
continues into the lower lithosphere, which is the extreme case of Wernicke's simple
shear model, the lower plate Labrador margin would exhibit 8<f8 which is contrary
to my model suggestions. Therefore, in terms of rifting mechanistas, what is
observed in the upper crust may not represent what happened in the lower crust and
lower lithosphere. A complete understanding of the relationship between & and 3
would help explain the significant asymmetry in sediment thickness for the conjugate
margins of the Labrador Sea.

2. It is interesting to note that on free-air gravity profiles the initiation of normal
oceanic crust is associated with an increase in gravity anomaly in Zone III. This
property may be used to delineate the distribution of the high-velocity crust based on

a gravity map of the Labrador Sea.
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As discussed in Section 5.7, the computed gravity anomaly in Zone 111 is >20 mGals
higher than observed, which may be attributed to lateral variations in the thickness
of the lithosphere. A self-consistent hypothesis is that because the oceanic
lithosphere is still young ("68 Ma), it has not reached its thermal steady state and
therefore has a thinner lithosphere than the preexisting continents of Labrador and
southern Greenland. The resulting reduction of lithospheric mass in Zone III can
reduce tne excessive gravity anomaly in the computation. This may explain the
anomalously shallow seafloor and basement depths (Hyndman 1973; Srivastava and
Arthur 1989) compared to the world average depths
The reflections beneath the refraction Moho landward of 80 km distance on Figure
6.4b (see insert back cover) may represent traces of the initial stretching in the upper
mantle (see schematic lines within the upper mantle in Figure 6.7c). These
reflections do not correspond to any bulk velocity changes. Their reflection
coeflicient can be enhanced due to existence of (1) water saturation within fractures;
(2) shearing; (3) basalts (Warner 1990).
ODP drilling to determine the nature of the shallowest basement high as observed on
line 88-R2 on SW Greenland margin; or drilling through the thin sediments in Zone
II on SW Greenland margin into the low-velocity, upper crust to determine its
origin, which is useful for confirming the predictions of the model.
Reflection and refraction profiling should be conducted simultaneously for studying

deep crustal structures. Structures that are of great interest are sometimes not
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clearly seen on reflection profiles and yet are sometimes able to be determined by
refraction modeling. In addition, at greater depth where velocities are high, depths
obtained from two-way travel-times have a much lower resolution than from
refraction profiling.

. A major problem of presenting refraction results is that observed seismic data cannot
be overlain onto the complicated 2-D wvelocity model. This is different from
reflection profiles where the match between seismic data and geological
interpretations can be judged visually with the same figure. As a result, the quality of
refraction results can only be partly shown by separate figures by the density of ray
coverage at each location. To solve this problem, 2-D migration of wide-angle
reflections has been proposed which can image strong reflectors such as the Moho
(Holbrook et al. 1992b). This method ought to be modified to include refractions
because in many cases crustal refractions appear more frequently than crustal
reflections. Zelt and Smith (1992) proposed a travel-time inversion and modeting
scheme in which the parameters of velocity structure are perturbed to give error
estimates. It is unfortunate that this method does not work well where ray coverage
is not dense and for complicated structures the number of model parameters is
increased which makes modeling and error estimation difficult. In this thesis, and the
thesis of Osler (1993), a simplified method is used in which error estimates are

conducted only for a single crustal unit and a single OBS. This simplification
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gvidently gives the maximum error bars for major model parameters and a better

method ought to be developed in this aspect.



Appendix A. Error Analysis of the Seismic Velocity Model

In this section let us investigate the errors of velocity and depth obtained from the
two-dimensional seismic modeling. I proceed by choosing a single layer, assuming that all
the model parameters above this layer are accurate. I then perturb the depth and velocity
for the top boundary of the layer by dZ, and dV, and perturb the depth and velocity
gradient for the bottom boundary by dZ; and dg. It is clear that the refracted phase maiuly
controls dZ, and dV, and that the wide-angle reflection from the bottom boundary mainiy
controls dZ| and dg. Almost all the seismic travel time information about this layer is
included in these two seismic phases. The exact travel time error analysis for the layer
parameters is thus five dimensional (dZ,, dZ1, dV,, dg, and the root-mean-square travel
time misfit, Trmg). To simplify things, I performed the error analysis for one phase at a
time, that is, a (dZ,, dV and Tyyg) contour plot for the refracted (diving) phase within
the layer (omitting the less sensitive parameter dg) and a (dZ1, dg and Tyr,g) contour plot
for wide-angle reflections from the bottom of the layer (assuming V, is accurate and
therefore dV4=0).

To quantify the error bounds of model parameters, a (2 misfit is used instead of

Tims> Where
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To; and T¢; are the observed and calcuiated travel times at selected points (i=1, 2, .. n) of
a specific seismic phase whose travel time pick has an uncertainty of Uo (assumed to be
constant for all i). For values of 2 < I, the computed and observed arrivals agree within
the observed uncertainties of the travel times. This criterion may be used for defining ertor
bounds of velocity, depth, and gradients. The bounds might be reduced further when
consistent amplitude patterns are modeled in addition to travel times and where multiple
ray paths from different receivers overlap.

In the implementation of the error analysis for the refracted phase, the perturbation
of Zg is set to be uniform along the top boundary so that for all iterations the boundary
relief is kept the same. The perturbation of Vj is constant throughout the layer so that
there is no gradient change during iterations. The errors of the gradient can be estimated
by the second approach for wide-angle reflections in which g and Z1 are varied. Figure Al
shows a %2 contour plot for the phase P3 which is refracted from the high-velocity, lower
crust for the final model in Figure 10a.

A similar approach can be used for the error analysis of § waves such as the PSP
phase which is doubly converted at the sediment/basement interface. For PSS phases, with
only a single P-S conversion, the method for error analysis is different because an extra
unknown Vgeq, the § velocity in the sediments, is introduced. In this instance, I replace the
less sensitive variable, the depth perturbation dZ,, with a perturbation of Vg in the

sediment. Figure A2 shows a %2 contour plot of d(Vp/V ¢) for the lower crust and d(Vp/V )

for the topmost sediments. Here I use the ratio d(V/V) instead of V alore for model
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iterations in order to retain the model variations obtained from the generally better
resolved P waves. However, this method results in minimum ¥2 values of ~4, indicating
that strict adherence to the P wave model and a uniform V,/V; ratio within each layer
does not result in calculated S wave travel times that are able to fit the observations within
their estimated uncertainties. This suggests either that the estimated uncertainties in the
observed travel times are too low or that the Vp/Vg ratio varies within the layers,
increasing the uncertainty in V.

Knowing the errors of V), and Vy, the errors of Poisson's ratio ds can be estimated.

Differentiating
R
O=""="""72 72"
2 2 Vp ~Vg
yields
l |vpv3dvp—vsv3dvs|<vpvsz/dvp/Jrvsvpz/Jv_‘./
do| = 2 = 7 2
v -v?) (v -v?)
If Vp=7.5 km/s, de =+ 0.1 km/s, Vg=4.0 km/s, and dVg = + 0.2 km/s, the above

formula gives ¢ = 0.30 £ 0.03.
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Figure A1 %2 contour plot for perturbations of velocity and depth for the seismuc phase P3 west of OBS C (Figure 4 6). The ccntours are normalized to the travel
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can be generated for d(Vp:vs)>0.14. The contours are normalized to 35 ms. This plot indicates that the preferred ratio for Vp/Vs is 1.91+0 10. The larger values of

x2 suggest a further uncernainty due to limitations in the modeling procedure (see discussion in text).
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Appendix B, Suppression of Time Code Cross-taik Disturbances in Signal Channels

of Ocean Bottom Seismometers in Seismic Refractions

B1 Introd=ction

By far most of the information about the structure of the Earth crust comes
from seismic reflection and seismic refraction tecnniques. While the former gives the
detailed layering of the crust, the latter, which is to be concerned here, is very efficient
in revealing the seismic velocities at different layers in the whole Earth crust. Seismic
refraction technique is based on the simple relationship that, in plane layer cases, the
stope of each refraction event in T-X profiles is just the reciprocal of the velocity at
which the refracted wave travels. This renders refraction technique to have more
uniqueness in determining the structure of the crust compared to other geophysical
methods such as gravitation and magnetics.

One of the most successful instruments in seismic refraction is in the use of Qcean
Bottom Seismometer (OBS) receivers. Before shooting a refraction line, several OBS are
deployed along the line in the ocean floor, and begin to record every vibration that
reaches the instrument. An airgun installed in a ship then shoots all the way through the
line at a certain time interval, typically every one minute. The reflected and refracted
signals from the boundaries of the sediment and crust are recorded by the OBS. After
released from the floor and brought back, the recordings are digitized, processed, and
plotted by computers. Finally interpretations are made and configurations of the

structure of the sediment and crust are obtained. The advantages of using OBS in seismic
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.+ * + 43 1in the facts that 1) the ocean floor is typically a quieter environment for

dotecting low amplitude seismic energy, a particular case at large source-receiver

separations; and 2) shear waves only travel through geological structures and are not

able to travel in the water column, so the only way to record direct shear waves is to
detect them on the ocean floor.

OBS has four channels. Channel 1 is usually the internal time clock of the
OBS, or, as I call it in this project, time codes. The other three channels are hydrophone
(recording signals in the water column), vertical geophone ard horizontal geophone
(recording vertical and horizontal displacement of the vibration).

In the summer of 1988, two seismic refraction lines were shot in the Western
Greenland Margins ( Figure B1.1). Most of the OBS data along line 88R 1 has alrcady
been interpreted. But some OBS such as R1J and R1H have channels mixed with time
codes, These time code disturbances usually have stronger amplitudes than actually
signals which makes seismic signals very hard to pick up (see Figure B1.2). This project
tries to suppress these time codes in the signal channels. It turns out that unlike the time
codes in channel 1 which are perfectly lined up along X-axis, the time codes in signal
channels are only roughly lined up, which seems to be randomly distributed uround the
straight line (Figure 2.1). I will first investigate the spectral characteristics of the whole
time code cross-talked signal channel and then apply an iterative time code suppressing

technique to enhance the signal to noise ratio in the profile.
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B2 Brief Description of Data

Seismic signals arrive at receivers at some specific time. If I repeat a seismic
event for a number of times, and treat each record as one realization of a random
process, I can calculate the expected value and variance. I soon find that these values
change with time. So seismic processes, such as the seismic refraction profiles to be
presented in this project, are not stationary random process. A reference on this topic
can be found in John Osler's last year's project report for the course of Time Series
Analysis.

In plotting the seismic refraction profiles, the OBS is usually put at the
origin (Figure B1.2). For convenience of interpretation, the data is plotted at a
certain reducing velocity Vr ( typically 6, or 8 km/sec), i.e. the time indicated on the
profile is equal to the actual time-X/Vr. In Figure B1.2 it can be seen that the time code
has very strong amplitudes compared to the signal. The time code disturbances are from
channel 1 whose profile is shown in Figure B1.3.

In the following some diagrams are labelled along x and y axes by the number
of their data points. The conversion to the actual values is easy. In all my data in this
project, the sampling rate is 72 samples per second in time and the distance interval of
adjacent traces is approximately 0.15 km. So the Nyquist (or maximum) frequency is
1/(2*%at)=36 Hz; and the maximum wavenumber is 1/(2*dx)=3.3 /km. The frequency
interval is then 36 Hz divided by half the maximum number of data points in time, and

wavenumber increment can be calculated the same way.
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For the purpose of using Matlab software to investigate the behaviour of time
code noise, I choose 16 traces at -45 km and output channel 1 and channel 2 data from
5 to 10 seconds(actual time) to a file for the use of Matlab. No reducing velocity is
applied in writing these data. Figure B2.1 and Figure B2.2 show the data in channel 2
and channel 1, respectively.

It is not difficult to see that the time codes in channel 1 is perfectly hined up,
while channel 2 is the data channel contaminated with time codes. These cross-
talked time codes approximately forms straight lines with some randomly valued
positive or negative time lags. This random timing of T.C. cross-talks is caused by I)
that the OBS did not record the four channels with exactly the same speed; and 2) that
in digitization of the data of the four channels the speed of playing the tape cassettes
shifts across the traverse section of the tape. In Figure B2.1 there are some signals at
data point numbers above 200, but they are severely mixed up with time codes. How
to suppress these time code disturbances?

B3 Spectral Analysis

Figures B3.1 shows the frequency response of channel 2 and channel 1 of the Sth
trace (counting from below) in Figures B2.1 and B2.2. As can be seen that time codes get
their strongest energy from 7.75 Hz to 12.5 Hz. The seismic signals usually covers the
frequency band of 2 Hz to 12 Hz, as is shown in another channel that is not influenced
by time codes (Figure B3.2). So a single filtration at a narrow frequency band of 2 Hz

to 7.75 Hz would be able to filter all the time codes out from the signal channel. This is
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really the case. Figure B3.3 shows the same data as in Figure B1.2 but filtered at
frequency bands of 2 Hz to 7.75 Hz. The time codes almost disappear except there are
only some weak lines tracing the original time code positions. But by doing so, I lost
those abundant energy of signals spanning from 7.75 Hz to 12 Hz.

Considering a straight line (defined by dx/dx=Va, Va is called apparent
velocity) in t-x domain corresponds also to a straight line in its 2-D Fourier domain
(f/k=Va), I tried the possibility of filtering the time codes in frequency-wavenumber
space. Figure B3.4 shows that the time code energy in channel 1 forms a straight line
k=0 in f-k space, a result reasonable in the sense that all time codes in channel 1 are
perfectly lined up in t-x space. But the time code cross-talk in channel 2 has different
characters; it spreads at various slopes (or velocities). Figure B3.6 is a contour map
of the absolute value of the 2-D Fourier transform. As I mentioned before, the main time
code energy is not only distributed along f-axis, but along some other discrete velocity
values, with frequency all above 7.7 Hz. Since there are no signals whose arrival time
decreases with distance, when expressed in f-k space this means that there is no energy in
the first and the fourth quadrants of Figure B3.6, I can certainly null this space to avoid
some noise. Figure B3.7 shows the transform only in the second and the third
quadrants, while energy along the f-axis is removed. By applying an inverse
transform, I get seismograms as shown in Figure B3.8. It can be seen that time codes are
suppressed while signals remain the same. In addition to this cut of energy in f-k domain,

I can delete those energy at frequencies above 7.7 Hz, the resulting seismogram is

-~
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shown in Figure B3.9. As one can see, while T.C. energy is highly suppressed, signals
are also attenuated. The remaining time code energy in f-k domain mainly comes from the
four spots as numbered from 7 to 10 in Figure B3.6. As an example, if I only retain the
two spots numbered 9 and 10 as the Fourier transform, I get the inverse transform as
shown in Figure B3.10 which is purely time codes.

In summary for this section, T.C. cross-talk in signal channels are difficult to
remove by directly using filtration technique either in f-k space or in f-x space. The
reason is that the cross-talk energy is spread not only along the f-axis but at other
wavenumbers (or k) with frequencies above 7.75 Hz. There are several peaks of the
T.C. energy all lined up in f-k space at certain apparent velocities.

B4 Time code suppression in T-X space

As seen in the above section, the suppression of time codes disturbances in signal
channels is hindered by the wide band of frequency overlap with signals. Here I try to a
method of time code suppression in T-X space. This method is based on the simple idea
that by computing the average value along the straight lines of time codes I get an
estimate of T.C. disturbances which does not include signais because signals never line
up the same way. I can subtract this value from each T.C. contaminated trace and hence
suppress the T.C.. In case of T.C. deviated from the straight lines I can compare the
T.C. channel (channel 1) and signal channel (channel 2) and estimate the time lag of

T.C. crosstalks in the signal channel with respect to the T.C. in channel 1. I then
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average along the curved line defined by these time lags to get the T.C. estimates and
perform the substraction.

In the above an assumption was made that the T.C. cross-talk in a certain trace
has a constant time lag with respect channel 1 for the whole trace. This is only accurate
within a short time window (see Figure B2.1). For long traces a moving time
window should be used for calculating the time lag, which would change according to
different time windows.

B4.1 Computing Time Lags

One way to calculate the time lag is first to calculate the correlation of channel
2 and channel 1. The time lag should correspond to the maximum of correlation
between the two. Figure B4.1 shows two typical cases of correlation of the two
channels. While the bottom diagram reveals a maximum correlation at a correct time
lag, the top diagram shows a maximum correlation at an incorrect lag time. To avoid
mistakes in computer's decision-making, a further constraint is necessary. For my data the
time lag of T.C. in signal channels is mostly smaller than 1 period of its main frequency,
which spans 7 data points for a 10 Hz time code; this serves as another constraint to
the calculation of time lags.

Figure B4.2 shows the same profile as in Figure B2.1 but each trace is shifted
toward the straight line of T.C. in channel 1 by the estimated time lags. The T.C.'s are
now better lined up. Figure B4.3 shows the T.C. suppressing processing applied to the

5th trace from our example profile. The T.C. was estimated by averaging along the
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16 traces at the same time point(i.e. with no time lag). After applying the time lag
estimation (Figure B4.4), the estimated time codes are better resolved. After subtracting
the estimated T.C. from the original trace, the resulting trace is more improved.
B4.2 Time Code Suppression to Field Data

By using the correlation of channel 2 and channel 1, I get for each trace an
estimate of time lags of the T.C. cross-talks in channel 2 with respect to the T.C. in
channel 1. I can then average across different traces along the curved line defined by
these lags, allowing them to change between (-6, 6) data points. This average trace is
then subtracted from all the involved traces along the same curved lines as in the
preceding averaging process. Figure B 4.5 shows the process applied to the refraction
profile in Figure B1.2. T.C. cross-talks are suppressed while signals remain the same.

It is soon noted that the T.C. still dominate the whole profile. The idea
follows that it is no harm to repeat this process as many times as to one's satisfaction.
Figure B4.6 shows the same profile after 7th iteration of this T.C. suppression
processing. The time codes are more suppressed; It is especially so in the middle of the
profile, leaving the ends and corners less affected by the processing. This may be caused
by the fact that for the 10 seconds records the T.C. time lag of each trace is not
constant. By assuming a constant time lag its corresponding lag estimates tend to
approximate the inner parts of the whole record and the contribution of data close to

both ends becomes less significant.
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B4.3 Improving Time Lag Estimates

An accurate estimate of T.C. time lags in channel 2 is essential for the
effectiveness of the processing. However, due to irregularity of the shape of T.C. and
some other noise in channel 2, the lag estimate is sometimes quite unstable. One way to
improve it is that in computing correlations I only use a frequency band of 7.75 Hz to
12 Hz, over which T.C. dominates. This consideration is very easy to implement if I
perform the convolution in frequency domain. After FFT channel 2 and channel 1, null
those points that correspond to frequencies outside the band (7.75, 12) Hz, and then
inverse FFT to the time domain to get the correlation. The time lags estimated in this
way better represent the actual lags of T.C. cross-talks in channel 2.

Figure B4.7 shows the result. Comparing to Figure B4.5 it is apparent that the
T.C. cross-talks are more suppressed. A 3rd iteration of this processing ( Figure B4.8)
almost reaches the same effect as in the 7th iteration of the original processing (Figure
B4.6).
B4.4 Time Windows

As mentioned in section 4.2, time lags of T.C. cross-talk in signal channels with
respect to T.C. in the clock channel changes along the whole 10 seconds of records.
But, as one can see from Figure B2.1, the lag is fairly constant for a shorter time
period, say,2 seconds. I can then divide the record into several time windows, say, 5.
The above processing is hence done in each window separately. Figure B4.9 shows a

resulting profile of this processing. The whole record was divided by 5 windows;



193
separate processing were made in each window while a narrow band correlation s
applied. Apparently, more suppressions of T.C. were achieved.

Figure B4.10 shows the result by the same processing procedure but all the time
windows were half overlapped. Even though only the first iteration was made the T.C.
energy are more suppressed than the profile with 7 iterations in Figure B4.6.

Figure B4.11 shows the profile processed with 10 time windows with no
overlap. It became worse. So time windows should not be too short or too long. I am
quite confident with the 5 divisions for the 10 seconds of records.

Combining all the discussions in this section, I applied 5 half-overlapped time
windows to the 10 seconds of records. The correlation of channel 2 and channel 1 is
performed in the narrow frequency band from 7.75 Hz to 12.00 Hz. The time lags are
confined to the range from -6to 6 data points. After 3 iterations the profile comes
out as shown in Figure B4.12. By comparing it with the original profile Figure B1.2, it
is evident that all the signals remain the same while time code disturbances are highly
suppressed.

B5 Conclusions

Seismic refraction profiles do not represent stationary random processes.
However, many ideas and programs of data processing based on stationary random
processes can be directly used here. For example, In stead of using window closing
methods I just set M=N in applying the program of cross-spectral analysis to seismic data

and the result is also quite reasonable.
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The time code disturbances cross-talked from channel 1 to other signal channels
during OBS recording are very significant in amplitudes compared to signals. Spectral
analysis indicates that these time codes occupies mainly in the frequency band of 7.75
Hz to 12.5 Hz which is just part of the seismic signal band ranging from 2 Hz to 12 Hz.
A filtration from 2 Hz to 7.7 Hz is able to filter almost all the time codes out but at the
same time half of the signals are lost in terms of frequencies. Unlike the time codes in
channel 1, the energy of time codes in channel 2 spread not only along f-axis (infinite
apparent velocity) but along some other velocities as well. So a 2-D filtration can not
filter them out.

Once proper factors are taken into account and related parameters are chosen
well, the time codes can be greatly suppressed by an iterative suppressing method as
presented in section 4, The result is promising but further developments are clearly
necessary. The crucial point is at the estimation of accurate time lags. A possible way for
further improvement is the combination of both f-k domain filtration and t-x domain
iteration. It has been indicated in the spectral analysis in this project that after taking away
energy in the first and third quadrants in the f-k transform, the time codes show more
regularity. This may make maximum correlation point more stable, and hence enhance the
signal to noise ratio.

B6 Acknowledgements for Appendix B
This appendix is based a term project for the course of Spectral Analysis
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different traces to get time code estimates.
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16 traces of T.C. contaminated data
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inerval =172

« - -~ R

A A A KA REAR XA )Ugﬂwfl
ARSI AA A S U . P Ty 1 e e
g‘i\%‘\g} X 2 A
A A M M e A AR R AN ) 3%)%5;

5 ’J ! S50 - e . )H!llu\i\lr.l ~4
2 oA A 2PN R rgo R
P N IR e e TS W
o e §» T e
e A R SR e e DG SRS 7 %%ﬁ?&m&
_ AR o __3....(!1‘.‘. AR SN T A R

-50.0

Y

A el . [y
5 SmmAR s S o
G T N S s M
SR e s SRR R >

A
A PGy e VWA -
& %@ﬁ@ﬁ T A R N

}
|
~100.0  -75.0
Distance (km)

—-125.0

Y eeas A WA Va2 ﬁ\‘ ;\..I\I)Nl\l,.ﬂu;‘}) x\ls!&h..fumw e o ....\\H
e e e e S v
% A A LA 2 o :
TR A DGR LS ~ e - e
)\l)): :s«gﬁo Eﬁn aio A A A ~AA g e Am o
S A S S e e e A
o A
e e e 2 Fa s
o= @3 O :.Q.ac Y .. e LR RN o
A ety W~ 20 Wi
O AR AN AR A AN R i
;gazigs T o s,.mm))
A A RO, imﬂhﬁ% e Mas oA
SRR AL N ST AR LS R AR o ok - X
e o A A R R = AR S AL z s
= éf..a.%«.f;!i¢§yt.l;ﬂ. == ey %a!&@w}s oo L4
) %ﬁs@?&ﬂ%ﬂ&ﬁ% —
ALY g Y el =AML
A 13«1 UM s!)\«é\n.l\d«).}a >.)\I)ahrn\.)).n\s>w JN)DILY%\M.WA»WQ‘» iR i AER M.bxmwm !
s TSl ){% \.)\\mm%.?vﬂ et it swmm, VY
AT

-150.0

A
Y ¥

AR A A

prwate’ o
e A

Iccﬁ \\é@‘: A, . = oy g ydiiEn - 4
T adaly SRR i AR e e A A T A o
s m%? SIS P e P
4 S ik

_ |

Wy - (A -
M s S e o e P e ke

5

1 l | | I €
Q S S 9 <
0 st ~t e o |

10.0

(99s) 0°8/x-ewi]



Figure B2.2 16 traces from channel 1 of OBS R1J at 45 km from OBS position. This is output for use in Matlab. X axis 1s in sample numbers with a sample interval

de=1/72.
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F-k display of the 16 traces
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Figure B3.4 Channel 1 ( time code channel) in f-k domain. Number of points in f-axis is 361, Number of points in k-axis is 16. The diagram has been
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f-k display of the 16 traces
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f-k display of the 16 traces

Figure B3.7 Mesh display of channel 2 data in f-k domain with the first and the third quadrants removed of their energy (¢.f. Figure B3.5).

e



After f-k filtering
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each overlapped.
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Appendix C. OBS Locations

Table C. 1 OBS Locations for the 1990 refraction lines 90R1, 90R2, and 90R3

R!1 | Latitude | Longitude | R2 | Latitude | Longitude | R3 | Latitude | Longitude
(N) ('W) ('N) (W) (N) (W)

B |5582602 |59.06638 { K |56.56388 |57.23703 | C |[56.39167 | 59.8321

H ]55.92533 | 58.60108 | Q | 56.44065 | 57.13085 |1 56.14083 | 59.41533

Q ]56.05452 [ 58.06693 | C |56.19792 | 56.92156 | B | 55.86798 | 58.9889

C | 56.14527 | 57.66815 }1 56.07311 | 56.81334 | K |55.59511 | 58.5749 |

D |56.24962 | 57.24698 Q 5532183 | 58.1643

P | 5631985 | 56.94953

G | 56.41250 | 56.56757

A ]56.51962 | 56.08620

M | 56.66775 | 55.45270

K |56.84732 | 54.69673

I 57.04228 | 53.85013
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6.4 Time domain line drawings (Keen et al., 1994) of the coincident MCS
and 90-1 for the Labrador margin (bottom) overlain with boundaries of re
reflection and refraction profiles are at a slight angle to each other (see Fi,
profile according to the positions of Chron 27 and the shelf break.





