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Abstract

Two dimensional dynamic models for mantle circulation beneath mid-ocean ridges
are characterized by two end members. Models with passive upwelling induced by the
separation of the lithospheric plates predict a broad region of partial melting, lateral
migration of melt to the accretionary axis, and a dependence of crustal thickness upon
spreading rate. Models with flow dominated by buoyancy forces localized beneath the
spreading centre predict that upwelling occurs rapidly in a narrow zone and crustal
thickness is independent of spreading rate. The Labrador Sea contains a rare example of
an abandoned mid-ocean ridge where active accretion of oceanic crust ceased due to a
change in the spreading geometry of lithospheric plates. As its thermal regime and
spreading rate must have changed as spreading stopped, studying the crustal structure
provides a means by which the predictions of thermal and petrological models for the
processes and structure of active spreading centres may be assessed.

Seismic refraction data were collected along two refraction lines in the Labrador
Sea, R1 along strike of the extinct ridge and R2 crossing it orthogonally. One and two
dimensional analyses of the refraction data using travel time and synthetic seismogram
techniques reveal major variations in crustal thickness and velocity. In the extinct
spreading centre, a crustal thickness of approximately 4 km is determined, compared with
5.5 km for the flanks. Substantial lateral variations in P-wave velocities of the upper and
lower crust are observed with a marked decrease within the extinct spreading centre. Low
velocities are also observed in the uppermost mantle underlying the extinct spreading
centre and are interpreted as being the result of hydrothermal alteration.

The anomalously low crustal velocities and crustal thinning are attributed to a
decreasing supply of partial melt and increasing degree of tectonism at the slow spreading
rates preceding extinction. The observations are consistent with thermal models which
suggest a spreading rate dependence on crustal generation at slow spreading rates, though
the thinning is not as appreciable as predicted. The seismic structure is also used to
develop two dimensional gravity models along line R2. These models support the seismic
observations of crustal thinning and demonstrate that the gravity field does not require a

deep low density gabbroic root zone to underlie the extinct spreading centre.
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1. Introduction

In plate tectonic theory, mid-ocean ridges mark boundaries between adjacent
lithospheric plates and the location where new oceanic crust and lithosphere is formed
when the plates are diverging. Extinct spreading centres are mid-ocean ridges where the
active accretion of oceanic crust has ceased due to a change in the spreading geometry
of the lithospheric plates. As such, extinct spreading centres represent a natural
pertubation from the steady state situation and provide a unique environment to study
aspects of crustal accretion. To this end, this thesis presents a geophysical study of a
segment of the extinct spreading centre in the Labrador Sea, including: 1) a one and two
dimensional analysis of seismic refraction data collected for this study; 2) gravity models
which are based on the proposed seismic velocity-depth structure; and 3), a spreading rate
history of the Labrador Sea based on modelling of the magnetic anomalics. The results
are integrated in Chapter 6 to discuss the nature of the crust within the extinct spreading
centre in the Labrador Sea and to assess the dynamic models of mantle circulation
beneath mid-ocean ridges which are reviewed in the remainder of this introductory
chapter.
1.1 Dynamic Models of Flow Beneath Mid-Ocean Ridges

As spreading beneath a mid-ocean ridge stops, properties such as its spreading rate
and thermal regime must change. A number of theoreiical studies suggest that the
processes of crustal accretion are dependent upon these properties [Bottinga and Allégre,
1978; Kusznir, 1980; Reid and Jackson, 1981]. The Reid and Jackson [1981] model trcats

the case of an isoviscous mantle in which upwelling (see streamlines Figure 1.1a) occurs
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solely due to plate spreading. Crustal thickness, as defined by the total melt production,
is predicted to decrease systematically with decreasing spreading rate (Figure 1.1b); this
effect being most appreciable at half spreading rates below 20 mm/yr. Their work includes
a compilation of seismic refraction measurements from active spreading centres; the most
well constrained data (post 1970's) in apparent agreement with the dependence of crustal
thickness upon spreading rate. However, in a more recent compilation of refraction data,
Chen [1992] finds no systematic decrease in crustal thickness with spreading rate. Rather,
large variations in crustal thickness are observed at slow spreading ridges (3-8 km for half
rates < 20 mm/yr) and small variations at fast rates (5-7 km for half rates > 30 mm/yr).
Chen [1992] speculates that these observations support a transition from a 3-D structure
of crustal accretion at slow ridges to a 2-D accretion pattern at fast ridges.

More recent thermal models [Scott and Stevenson, 1989; Sotin and Parmentier,
1989; Parmentier and Phipps Morgan, 1990] include buoyant upwelling as an additional
driving force for mantle circulation. A number of factors contribute to this buoyancy: 1)
thermal expansion; 2) phase changes associated with partial melting; and most
significantly 3) compositional density variations between the garnet lherzolite mantle
source rock and the lower density harzburgite or dunite residual mantle which is left
following partial melting of garnet and orthepyroxene. The relative importance of this
buoyancy force depends upon spreading rate and mantle viscosity. Sotin and Parmentier
[1989] find that at high mantle viscosity (10 Pa s) upwelling due to plate spreading
dominates and crustal thickness is predicted to be a strong function of spreading rate

(Figurc 1.2b). At lower mantle viscosity (10 Pa s), buoyancy dominates upwelling and
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crustal thickness is nearly independent of spreading rate. In considering the role of the
buoyant residual mantle, Scott and Stevenson [1989] predict that it becomes stably
stratified under the newly formed plates (sub-horizontal streamlines beyond 80 km don't
allow re-circulation, Figure 1.2a) thereby forcing upwelling to occur rapidly (faster than

plate velocity) beneath the ridge axis with partial melting beginning at depths as great as

60 km.

The role of lateral melt migration remains unresolved in thermal models. 1t is
generally agreed that melt is rapidly extracted from the mantle matrix [Ahern and
Turcotte, 1979] since only a small melt fraction is required for interconncctedness of the
melt [Daines and Richter, 1988]. However, a number of different views surround the
ability of melt to move laterally from its source region to the accretionary axis. In
modelling the melt production and melt migration at a ridge-transform intersection for a
slow spreading centre, Phipps Morgan and Forsyth [1988] find a broad region of meiting
up to 100 km {rom the ridge axis and argue that a ridge suction force draws melt through
an as yet undefined plumbing system to the ridge axis. Specifically, they note that melt
production is only slightly reduced away from the fracture zone into the cold lithosphere,
whereas melt migration is significantly reduced leading to an explanation for the observed
extent of crustal thinning across fracture zones [Louden et al., 1986].

Similarly, for fl- ; induced by plate spreading [Reid and Jackson, 1981], a broad
region of upwelling underlies mid-ocean ridges (out to 100 km). However, as a narrow
neovolcanic zone (typically less than 5 km) is observed, partial melt must travel laterally

to the accretionary axis. Speigelman and MacKenzie [1987] propose that the extraction
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of small melt fractions from a wide region and focusing of melt to the ridge axis arises
from pressure gradients generated by corner flow of the mantle matrix when viscosities
are sufficiently high (10* Pa s). Sparks and Parmentier [1991] present a thermal model
in which melts ascends vertically until it reaches the base of the newly formed lithosphere
where it is able to migrate laterally to the ridge axis through a high permeablility layer,
driven by its along-layer component of gravity. The lithosphere, in this model, is treated
as an impermeable layer underlain by a thin (200 m - 300 m) layer with a high
permeability which arises from decompaction stresses in the narrow freezing region.

Scott and Stevenson [1989] argue that the non-hydrostatic forces introduced by
plate spreading are inadequate for driving lateral melt migration. Consequently, the source
regice 3 restricted to a narrow zone directly underlying the ridge axis, as predicted in
their buoyancy dominated models of mantle circulation. Further, their flow models
complement petrological models, based on ophiolite studies, in which melt must be
equilibrated at high pressures [Elthon et al., 1982] and gravity models in which mid-ocean
ridges are underlain by deep low density root zones [Hall ez al., 1986, Jonas et al., 1991].
1.2 Extinct Mid-Ocean Spreading Centres

Failed rifting systems have been categorized by Batiza [1989] based on the length
of their ridge segments and the offset between the inactive portion and its newly activated
counterpart. The first category have small offsets (<50 km) and result from
propagating/retreating rifts, migrating overlapping spreading centres, small non-
overlapping offsets and deviations from axial linearity. The second category have offsets

in the range 50 to 400 km and are related to the processes which form and destroy
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microplates. The third category "extinct spreading centres” result from aborted spreading
due to a change in the spreading geometry of lithospheric plates. They are large scale
features separated by a ridge jump in excess of 400 km between the extinct spreading
centre and the new locus of rifting [Batiza, 1989]. Coupling between the extinct spreading
centre and the new rift may be weak or non-existant.

Extinct spreading centres are the least common type of failed rift. A number have
been identified based on magnetic anomaly identifications and morphological expression
[Mammerickx and Sandwell, 1986]. Those which have been identified include: the
Mathematician Ridge [Klitgord and Mammerickx, 1982] and the Galapagos Ridge
[Anderson and Sclater, 1972] in the Pacific Ocean; the Aegir Ridge in the Norwegian-
Greenland Sea [Talwani and Eldholm, 1977]; the Central Basin Fault [Lewis and Hayes,
1980] and Shikoku Ridge in the Phillipine Sea [Tomoda et al., 1975]; and ridges in the
Tasman Sea [Weissel and Hays, 1977], Coral Sea [Weissel and Watts, 1979], and
Labrador Sea [Srivastava et al., 1981].

As detailed in section 1.3, studying the crustal structure of an extinct spreading
centre provides unique opportunities to comment on the processes of crustal accretion
which are ongoing at active spreading centres. Prior to the research detailed in this thesis
(and preliminary results in [Osler and Louden, 1992]), the only published refraction
profiles in the vicinity of an extinct spreading centre were in the Shikoku basin in the
Phillipine Sea [Nagumo et al., 1980]. However, this is in an area with a complicated and
ambiguous spreading history [Chamot-Rooke et al., 1987] and the data only sampled the

upper crust. Recently, there have been seismic refraction lines shot across the extinct
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Aegir Ridge in the Norwegian-Greenland Sea, however, no results are yet available from
this experiment [R.B. Whitmarsh, personal communication, 1992].
1.3 Thesis Objectives

A study of the crustal structure at an extinct spreading centre provides an
opportunity to comment on the different views of the processes which dominate crustal
accretion (as reviewed in section 1.1) as the extinct spreading centre represents a frozen
accretionary axis, free of the spatial complications of fracture zones and their effects on
melt migration. In addition, for ridges which have been inactive for more than 40 - 60
Ma, the thermal effects assouciated with active spreading should have largely dissipated.
Consequently, the uncertainties associated with the interpretation of a seismically defined
crustal thickness and seismic velocity at active spreading centres will not influence this
study. The observed crustal structure may reveal whether mantle upwelling at slow
spreading rates is primarily governed by buoyant upwelling (uniform crustal thickness)
or plate spreading (crustal thinning). Further, refraction measurements of the crust and
upper mantle coupled with gravity modelling based on these seismic structures may reveal
the extent of the source region which once supplied melt to the accretionary axis; in
particular, whether mid-ocean ridges are underlain by low density gabbroic root zones

which extend to significant depths in the mantle.



2. Field Experiment and Data Reduction

2.1 Seafloor Spreading History of the Labrador Sea

The Labrador Sea is a small ocean basin confined between the coasts of Labrador
and Baffin Island to the west and Greenland to the east (Fig. 2.1). The presence of a
buried extinct ridge in the Labrador Sea was first suggested by Drake er al. [ 1963] based
on seismic reflection profiles, although at that time, the oceanic affinity of the crust in the
basin was unclear [Van der Linden, 1975]. Several authors contended that the Labrador
Sea was underlain by foundered continental crust with little or no seafloor spreading |e.g.
Kerr, 1967, Meyerhoff, 1973]. An increased number of seismic profiles confirmed the
morphological extent of the buried ridge and the identification of magnetic anomalies
established the crust as having formed by sea-floor spreading [Srivastava et al., 1981}.
The name "Ran Ridge" was proposed for this extinct mid-Labrador Sea ridge; however,
use of this name has not persisted. Curiously, the name for the extinct ridge in the
Norwegian-Greenland Sea "Aegir Ridge" (Aegir being the husband of the sea god Ran)
has been widely adopted.

From the detailed analysis of the magnetic anomalies in the Labrador Sea, the
following sea-floor spreading history of the Labrador Sea has been most recently
documented by Roest and Srivastava [1989a]. After a period of continental stretching,
spreading was initiated in the Labrador Sea south of the Cartwright fracture zone at chron
34 (84 Ma) and was established in the northern Labrador Sea by chron 31 (69 Ma).
Spreading continued in an east-northeast direction until chron 25 (59 Ma) when a major

re-orientation of spreading occurred. This re-orientation to a more oblique spreading
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direction (north-northeast) was coincident with hot spet activity |Hyndman, 1973,
Srivastava et al., 1989] and the separation of Greenland from Eurasia initiating seafloor
spreading on the Reykjanes Ridge, the northern extension of the present Mid Atlantic
Ridge. The simultaneous seafloor spreading between North America and Greenland and
Greenland and Eurasia between chron 24 (56 Ma) and chron 20 (45 Ma) formed the triple
junction south of Greenland.

Spreading continued in the Labrador Sea until chron 20 (45 Ma) and was
abandoned sometime before chron 13 (36 Ma) which is the first anomaly in the North
Atlantic parallel to and continuous with the present mid-Atlantic ridge |Kristotfersen and
Talwani, 1977]. The magnetic anomalies from chron 20 to chron 13 are not
distinguishable in the Labrador Sea, hence they do not define whether spreading ceased
instantaneously or gradually. In Chapter 6, synthetic magnetic anomaly patterns are
generated for six potential spreading rate histories between chron 24 and the cessation of
spreading. These are compared with the observed magnetic anomaly along ship tracks in
the study area in an effort to constrain the spreading rate immediately preceding
extinction.

2.2 Experimental Configuration and Procedure

Two long refraction lines were shot at the extinct spreading centre in the Labrador
Sea. Line R1 (Fig. 2.2), 150 km in length, was situated to sample crust along the strike
of the extinct spreading centre. The position of the extinct spreading centre was inferred
from a prominent low in the free-air gravity anomaly [Srivastava, 1986}, the symmetry

of the magnetic anomalies [Srivastava et al., 1981], and an increased depth to basement
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Seismic Refraction Experiment at the Extinct Spreading Centre in
the Labrador Sea: Instrument and Shot Point Locations

STN

40 -30 20 -10 0 10 20 30 mGals

Figure 2.2: Shot point locations (dashes every 50th shot and numbers every 100) and
receiver locations (OBSs - circles and sonobuoys - squares) for the seismic
refraction experiment at the extinct spreading centre in the Labrador Sea
The gridded free-air gravity anomaly is a gray scale representation of Figure
5 1 where the free-air anomaly along track is also plotted Identified
magnetic lineations (following the interpretation of Roest and Srivastava
[1989b]) and chronological identifiers (italicized numbers) are from Figure
6 1 where the magnetic anomalies on selected ship tracks in the vicinity of
refraction lines R1 and R2 are also presented.
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[Srivastava et al., 1986; Oakey et al.,1988] which is only determined by a sparse number
of seismic reflection profiles and two additional profiles which we shot prior to the
refraction lines.

Line R2 (Fig. 2.2), 220 km in length, was situated orthogonal to R1 and was
designed to sample crust away from the area of the extinct spreading centre (out to chron
24) and to measure variations in crustal thickness as the extinct spreading centre is
approached. The refraction line was oriented to follow the general direction of spreading
following the major re-orientation at magnetic anomaly 25 [Srivastava, 1978]. A re-
examination of the magnetic anomalies [Roest and Srivastava, 1989], subsequent to the
collection of the refraction data, has altered the flow line of spreading direction by
approximately 20°, closer to a north-northeast / south-southwest strike.

Both refraction lines were positioned to avoid known fractures zones in
the area (Fig. 2.1), namely the Snorri Fracture Zone to the northwest and the
Minna and Julianhaab fracture zones to the southeast [Srivastava et al., 1988].
The determination of fracture zone locations in the Labrador Sea is guided chiefly by their
signature in the free-air gravity anomaly where they appear as prominent low amplitude
features which offset other anomalies. In positioning the refraction lines, these prominent
features in the free-air gravity anomaly were avoided; however, the southwest end of line
R2 is located in an area where a smaller offset feature is observed (see Fig. 5.1 and
Chapter 5 for discussion of the gravity field). The potential that fracture zone features are
influencing the seismically determined crustal structuses along the refraction lines is thus

considered minimal, but cannot be excluded.
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Ocean Bottom Seismometers (OBSs) from Dalhousie University and the Atlantic
Geoscience Centre at the Bedford Institute of Oceanography were deployed on the initial
pass along a refraction line (locations in Fig. 2.2). The respective procedures for
deploying and retrieving these instruments are detailed by Loncarevic [1983]. In brief,
they are of the free-fall/pop-up variety, negatively buoyant when their anchors weights are
attached and positively buoyant when released at a preset times programmed into their
respective onboard computers. This imposes the logistical requirement that the ship return
to the deployment location when the instrument is to be released. The OBSs are self
contained with sensors, power supply, recording media, and recovery aids (an earlier
version of the intrument is described by Heffler and Barrett [1979]). Data is recorded
(DR) on an analog cassette tape and has a frequency response of roughly 5 to 20 Hz
(Osler et al., unpublished manuscript). The upper frequency limit is controlled by the tape
transport speed and the lower frequency limit by the sensor response. The recording
capacity is 28 days using four cascaded tapes and the dynamic range is estimated at 40
dB by an evolutionary spectral analysis (Osler et al., unpublished manuscript).

Shooting occurred while the ship steamed at approximately 4 knots on the second
pass along the refraction line. An array of 6 x 16.4 liter (6 x 1000 in®) air guns was used
as the seismic source. The guns were detonated every 2 minutes yielding a trace
separation of approximately 250 m (shot point locations in Fig. 2.2). While shooting the
refraction lines, single channel reflection data were collected simultaneously using a 61
m (200 feet) hydrophone streamer. This signal was recorded on four track FM tape and

plotted in real time on a chart recorder. Disposable sonobuoys were deployed between
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OBS positions (Fig. 2.2). The radio signal transmitted back to ship from the sonobuoys

was recorded on four channel FM tape and monitor records plotted on an X-Y pen plotter.
The details of the timing and navigation in the data acquisition are discussed in section
2.4. All OBSs were successfully recovered on the third pass along the refraction line.
2.3 Processing of Seismic Data
2.3.1 Reflection Profiles

The single channel reflection data (Figures 2.3 and 2.4) were recorded on 4 track
analog FM tape along with: 1) Dalhousie University format time code; 2) a trigger pulse
denoting the instant of shot detonation and 3) radio telemetered sonobuoy data (when
sonobuoys were deployed and within radio range). The data reduction process for the
single channel reflection data is schematically presented in Figure 2.5a. The analog
reflection data were digitized at 200 samples/sec at Dalhousie University using a PC
based digitization system operating in a triggered mode. The direct arrival from shot to
receiver served as the ti._2er signal to initiate digitization rather than the recorded trigger
pulse, as its low amplitude and brief pulse duration did not suit the electronic criteria
required by the digitizing board. The use of the direct arrival rather than the trigger pulse
introduces a time shift for sach shot of 72 + 5 msec relative to actual time of shot
detonation. The time shift is the travel time required for the direct arrival to travel from
the air gun array to the hydrophone streamer. Its uncertainty is known because time code
was digitized concurrent with the reflection data. Offsets in the time code between all
shots digitized did not exceed two sample points, which is 10 msec at 200 Hz. Given this

stability, the time shift is treated as a static quantity by which all traces were delayed.
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Line R1 reflection profile
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(a) Single Channel Seismic Reflection Data Processing (b) Sonobuoy Refraction Data Processing

Replay of 4 channel FM recording Replay of 4 channel FM recording
| !
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v v
Triggered mode digitization of time code and Triggered mode digitization of time code and
reflection channels using sonobuoy channels using
DAQSCAN.C (P. Bugden) DAQSCAN.C (P. Bugden)
v v
Conversion to SEG-Y format using Conversion to SEG-Y format using
WRITESGY.C (P. Bugden) WRITESGY.C (P. Bugden)
¢ v Shot- Receiver Offset
Raw SEG-Y file Raw SllG-Y file information
Processing and plotting in VISTA 6.5 Incorporation of Shot-Receiver offset into SEG-Yfile
- Trace debias trace header using VISTA 6.5 geometry command.
- Bandpass filter ‘
- Amplitude squared
- Time varying gain (time value squared) Dalhousie PC based SEGY seismic refraction plotting package
- Hard copy output to laser printer OBSPLOTFOR (S. Yazdanmehr, J. Osler, D. Chian)
- Trace debias
- Trace mixing at different velocities within different shot intervals
- Bandpass filtering
- Gain as a function of range
- Reducing velocity

Figure 2.5: Processing stream and algorithms for reduction of (a) single channel seismic reflection data and (b) sonobuoy
refraction data. Names of the primary authors of non-commercial software are parenthesized.
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Following digitization of the analog data, the individual seismograms were
converted into SEG-Y format for processing in VISTA 6.5, a PC based seismic reflection
processing package. Processing steps in VISTA 6.5 were as follows: 1) Trace debias to
remove drifting mean; 2) Bandpass filter from 6 to 36 Hz; 3) Amplitudes squared to
increase signal to noise ratio; and 4) Multiplication by a time varying gain function (time
value squared) to compensate for energy loss due to spherical spreading.

2.3.2 Sonobuoy Refraction Profiles

As the sonobuoy data were recorded on the same 4 track analog FM tapes as the
reflection data, the replay and digitization steps (Fig. 2.5b) were identical to those
outlined for the seismic reflection data in Section 2.3.1. Once digitized, the individual
traces were converted into SEG-Y format for processing. The GEOMetry command in
VISTA 6.5 was used to add shot-receiver offset information to all trace headers.
Processing ensued in the PC based OBSPLOT.FOR as follows: 1) Trace debias; 2)
Bandpass filtering and trace mixing with settings dependent upon the arrivals of interest;
and 3) plotting with gain as a function of range and at reducing velocities appropriate for
the arrivals of interest. The signal to noise ratios for crustal and deeper arrivals in the
recorded data are low (e.g. Figs. A.6 and A.7). To supplement this data in the analysis,
profiles plotted in real time for monitoring purposes during the refraction shooting were
used in conjunction with the digitized data.

2.3.3 OBS Refraction Profiles
The data reduction process for the seicmic refraction data is considerably more

involved. Initially, the steps may be divided into two streams (Fig. 2.6): processing of the
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raw analog data to acquire an interpolated digital data file and the creation of a
corresponding shot look up table containing all timing, navigation, and sediment
corrections. These are brought together (Fig. 2.7) when refraction processing and plotting
techniques in time-distance or T-p space are subsequently pursued. Considering the data
processing first (left panel, Fig. 2.6), the four channel OBS (hydrophone, vertical
geophone, horizontal geophone, and time code) analog data was replayed at the Bedford
Institute of Oceanography and digitized to a nominal frequency of 100 Hz. Second mark
positions in the time code were then decoded and used to interpolate the data on a second
by second basis to a fixed time base at 80 Hz. This adequately removes the effects of
variable analog tape speed introduced during the recording or replay of the data.

The interpolated data for a given OBS is stored in a file which is a continuous
stream of samples stored in binary format. Shot look up tables (right panel, Fig. 2.6) are
constructed for each OBS. These tables indicate the position within the binary stream
where the data for a given shot are to be found. Additionally, the tables contain: 1) shot
times; 2) shot locations; 3) shot-receiver offsets and 4) timing corrections for each shot
(see section 2.4.2). To prepare seismic refraction profiles, further treatment of the OBS
data is accomplished through the use of TX_OBSPLOT on the Dalhousie VAX 8800
mainframe or its PC-based SEG-Y equivalent OBSPLOT. The algorithm uses a
workstation independent NCAR/GKS based graphics system for plotting seismic refraction
data. The processing options selected vary upon the profile under consideration, but are
drawn from the following options: 1) Trace debias; 2) Bandpass filtering; 3) Trace

normalization; 4) Gain as a function of range; 5) Trace mixing at a specified reducing
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v
Plotting or conversion to SEG-Y, several options arise at this point. The processing stream is continued in Figure 2.7

Figure 2.6: Processing stream and algorithms for reduction of seismic refraction data. Names of the primary authors of

software are parenthesized.
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OBS Refraction Data: II - Plotting and 1-D Analysis
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TAUPFORM.FOR (J. Osler) is used for this purpose.
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Digitize arrival times for the first arrival energy.
Velocities and intercept times are calculated and used to
calculate plane layer solutions with the slope intercept
method in LAYER_GKS.FOR (J. Osler).

v

Plot the transformed data using
TPSEIS.FOR (J. Osler, M.Dietrich).

v

Digitize extremal bounds for the first arrival
energy using DIG_TP.FOR (J. Osler).

v

Remove fravel time in water column from
the tau values using WATERCOR.FOR
(J.Osler). This help to stabilize the inversion.

Invert tau-p extremal bounds using
SLANTSTACKLFOR (J.Orcutt, J.Osler - graphics).

v

Extremal bounds on 1-D velocity-depth structure

Figure 2.7: Processing stream and algorithms for plotting and 1-D analysis of seismic refraction data. Names of the primary

authors of software are parenthesized.
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velocity or coherency stacking within a range of reducing velocities; 6) Time code
suppression.
2.4 Time and range corrections

Crustal velocity structures determined from the interpretation of travel time versus
shot-receiver range are highly dependent upon the time and range accuracy of the
individual seismograms comprising the seismic refraction profile. As such, the application
of time and range corrections received considerable attention and is detailed for the OBS
and sonobuoy data in the following sections.
2.4.1 Sonobuoy data

The positicn of the sonobuoy is not fixed; it is free to drift in response to wind
or tidally generated currents. Determination of the shot-receiver offset for each trace
requires that this drift be known for the period in which arrivals are being received. It can
be quantified through an examination of the direct arrival from the shot to the sonobuoy.
As an example, in Figure 2.8a, the travel time for the direct arrival is plotted as a function
of range to a fixed assumed position for sonobuoy #11. The travel times have been plotted
at a reducing velocity of 1.465 km/s, appropriate for surface waters in the Labrador Sea
(Fig. 2.10). Following the assumption that this water velocity will be constant given the
limited range (~40 km) and period in which arrivals are received at this sonobuoy (~4
hours), any deviations from a reduced travel time of 0 seconds are attributable to
increases/decreases in travel time due to drift of the sonobuoy farther/closer from the shot
location. The nature of the drift is such that it may be treated as a sinusoidal oscillation

(Fig. 2.8a) whose removal through the appropriate adjustment of ranges leaves residual
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(a) Sonobuoy 11, travel time of direct arrival prior to range correction
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(b) Sonobuoy 11, Residual travel time of direct arrival following range correction
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Figure 2.8: Travel time of the direct arrival for sonobuoy 11 plotted at a reducing
velocity appropriate for surface waters in the Labrador Sea. (a) Travel time
errors arise from the appreciable drift of the sonobuoy. To account for the
drift, shot-receiver ranges are adjusted by removing the sinusoidal oscillation
fit to the travel times. (b) Residual travel time following the range correction.
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travel time variations of * 0.06 seconds (Fig. 2.8b).
2.4.2 OBS data

For the OBS data, corrections to the start time of each trace are required to
account for: 1) an offset between OBS and ship clocks after synchronization; 2) drift in
the OBS clocks during the experiment and 3) time offsets between analog data channels
due to tape head alignment. The first of these corrections is constant for each OBS and
obtained directly from the pre-launch time calibration. For the second correction, the
difference in the offsets between the stavie ship clock and an OBS clock at its pre-launch
and post-recovery time calibrations is taken as the total amount of drift during the
experiment. The drift correction is computed for each shot detonation time assuming a
linear drift of the OBS clock between launch and recovery time calibrations. At the cold
temperatures on the ocean floor, the OBS clocks are stable with deviations from the linear
drift rate estimated at less than 10% in cold room experiments. During the 12 hour period
in which arrivals are received for a 90 km long refraction profile (steaming at 4 knots),
a 10% deviation in the highest drift rates (approximately 10 ms/hr, Table 2.1) could
introduce a travel time error of 12 ms. This is equivalent to one sample point and not
significant.

The last time correction arises from the skew between the magnetic tape and the
recording head which introduces a time offset between channels. This timing error is the
most significant and may be viewed as having a static and a dynamic component. The
static component is the first order offset between channels (Table 2.1) which is quantified

every 24 hours when identical signals are applied to all four channels on the tape. The
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dynamic component is an irregular oscillation about the first order offset and can be as
large as 1/4 of a seismic wavelength (approximately 37 ms for a dominant frequency of
6.8 Hz). No corrections are introduced to remove the dynamic component, though it is
effectively removed by mixing of three of more traces in later processing.

Determining the shot-receiver offset for each trace requires the locations of the
shot point and the OBS. Shot pcint locations were taken from the ship navigation data
which was obtained using a combination of Loran C and transit satellite fixes. A running
mean was applied along a six minute window of navigation data to smooth occasional
jumps which occur at the time of Loran or satellite updates [following Reid, 1987]. To
position each OBS (Table 2.2), the ranges for each first arrival water wave were first
calculated by raytracing through the water velocity structure (Fig. 2.10). For the upper
528 m of the water column, the velocity of sound was computed with data from three
XBT profiles obtained during the cruise (Fig. 2.9). For the remainder of the water
column, velocities were obtained using tables relating velocity to temperature and depth
in the Labrador Sea (area 4 in Matthews [1939]) at a constant salinity of 35 ppm and
assuming a linear decrease in temperature from the 3.0°C observed at 528 m to a typical
bottom water temperature of 1.7°C at 3300 m depth.

The ranges obtained by raytracing through the water velocity structure are then
used to locate the most probable location for the instrument. This is accomplished by
creating a reference grid and finding the grid location where there is a least squares
minimum between (1) the ranges from the water wave arrival times to their respective

shot points and (2) the ranges from a position on the reference grid to the shot points. As
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Velocity (kmy/s)
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Velocity of sound in water for the Labrador Sea study area during
the 1987 field season. Velocities for the upper 600 m of the water
column are computed using the XBT data (Figure 2.9). Velocities
for the remainder of the water column are computed from historical
tables [Matthews, 1939] as discussed in the text.
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an example, in Figure 2.11 the positions of the shots, OBS launch, OBS recovery and
contours of root mean square (in km) are presented for OBS M. As illustrated by the
distortion of the contours, this methodology for locating the instrument has a higher
resolution along the shooting line than across it. Further, it is the arrivals at shorter shot-
receiver offsets which are most sensitive to the placement of an OBS off the line of
shooting. As the shot-receiver offset increases, the angle between a line from the shot to
the receiver and the actual shooting line decreases and eventually becomes insignificani.

For example, if an instrument were actually located 1 km off the line of shooting,
but assumed to lie on the refraction line, the range errors incurred by this assumption
would be 100 m at 5 km, 50 m at 10 km, 25 m at 20 km and so on. For crustal arrivals
with a velocity of 5 km/s arriving between 5 and 10 km, the incorrect ranges would lead
to the erroneous calculation of a velocity of 5.5 km/s. A similar calculation for mantle
arrivals with a velocity of 8 km/s between 50 and 55 km leads to the calculation of a
velocity of 7.99 km/s which would be indistinguishable from the actual velocity. In
summary, the incorrect positioning of an instrument introduces a greater error for
velocities calculated for the upper crust and sediment arrivals than for the deeper crustal

and mantle arrivals.
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Timing Corrections
Station | Tape Head Alignment Skew | Time of OBS and | Initial | Drift
(ms) Relative to Channel 1 Ship Clock Offset | rate
Chan | Chan | Chan | Chan Synchronization (ms) | (ms/hr)
1 y 3 4 HH:MM/DAY/YR
R1-D 0 -13 -88 § -125 16:30/202/1987 -58 -9.07
RI1-E 0 -75 1 -125 § -175 18:28/202/1987 +787 | -3.94
R1-F 0 25 0 50 22:12/202/1987 -84 +0.03
R1-G 0 -63 1§ -175 { -238 22:34/202/1987 -5 -7.80
R1-H 0 -63 | -163 } -225 02:03/203/1987 -57 -10.42
R2-L 0 -88 | -20C f -300 18:46/208/1987 -53 -1.79
R2-M 0 75+ 2213 1§ -363 08:59/209/1987 -63 -9.98
R2-N 0 88 50 113 19:45/208/1987 +55 +0.36
R2-E 0 -100 i -313 § -438 18:28/202/1987 +787 -3.94
R2-0 0 -100 | -188 | -300 15:56/209/1987 -1 -9.32
R2-P 18:10/209/1987 -116 -1.57
R2-Q 0 -13 -75 | -100 ._19_:2/209/1987 -16 -8.03
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Table 2.2: OBS locations and depth
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Station Position Depth

Launch Recovery | Computed | RMS | Fathoms | TWTT| km
min.(km) (s)

R1-D | 59.0698°N | 59.0647°N | 59.0678°N | 0.943 1808.8 | 4.522 | 3.3598
54.1717°W | 54.1611°W | 54.1672°W

RI1-E | 58.7943°N | 58.7918°N | 58.7904°N | 0.717 1821.8 |4.5545|3.3840
53.8305°W | 53.8141°W | 53.8116°W

R1-F | 58.4893°N | 58.4910°N | 58.4898°N | 0.718 1841.3 |4.6033 | 3.4202
53.4129°W | 53.4285°W | 53.4169°W

R1-G | 58.2310°N | 58.2286°N | 58.2365°N| 0.915 1848.2 | 4.6205| 3.433
53.0864°W | 53.0955°W | 53.0964°W

RI-H | 57.9685°N | 57.9752°N | 57.9756°N| 0.164 1861 |[4.6525]3.4568
52.7694°W [ 52.7735°W | 52.7859°W

R2-L | 59.4660°N | 59.4580°N | 59.4625°N [ 1.764 1836 | #.590 | 3.4104
52.6282°W | 52.6475°W | 52.6352°W

R2-M | 59.1311°N | 59.1304°N | 59.1324°N | 1.405 1802.5 ;4.5063 | 3.3481
53.2223°W | 53.1935°W | 53.2065°W

R2-N | 58.9155°N | 58.9195°N | 58.9120°N | 1.581 1815 |4.5375|33714
53.6105°W | 53.6075°W | 53.5960°W

R2-E | 58.7948°N | 58.7918°N | 58.7864°N | 1.383 1821.9 |4.5548 | 3.3842
53.8073°W | 53.8141°W | 53.8111°W

R2-O | 58.6662°N | 58.6641°N | 58.6612°N{ 1.603 1819.9 |4.5498 | 3.3805
54.0415°W | 54.0420°W | 54.0335°W

R2-P | 58.3996°N | 58.4019°N see note (1) 1820 455 |3.3807
54.5080°W | 54.5216°W

R2-Q | 58.1265°N | 58.1261°N see note (2) 1788.8 | 4.472 | 3.3227
54.9800°W | 54.9803°W

desew———

(1)  OBS has poor amplitude response and severe crosstalk, data unusable.

(2)  The lack of shot points to the southwest of the OBS gave rise to unstable results
in the least squares fitting process. As the launch and recovery positions are very
close to each other, the launch position was taken as the position of the OBS.



3. One Dimensional Velocity Analysis

One dimensional travel time solutions were developed for each OBS along
refraction lines R1 and R2. These solutions assume that the gross structure of the extinct
spreading centre may be treated as being piece-wise homogeneous. The 1-D solutions
provide an overview of the structural variations between crust at the extinct spreading
centre and crust in the basin which formed under typical spreading conditions. This
comparison is pursued extensively in sections 3.3 and 3.4 by synthetic scismogram
modelling of two OBSs which are representative of the distinct crustal types.
Additionally, the 1-D solutions provide the initial crustal structure which is required in
developing a 2-D structural model (Chapter 4).

3.1 Sediment Correction Method

Basement topography in the vicinity of the extinct spreading centre is appreciable
(Figs. 2.3 and 2.4), necessitating the application of sediment travel time corrections to
most OBSs before a 1-D analysis of deeper arrivals can be performed. An interpretation
of single-channel reflection data collected during the refraction shooting along lines !
and R2 is shown in Figure 3.1. Basement highs are well imaged while the basement low
within the extinct spreading centre (Fig. 2.3, shot points 350-450) is difficult to discern.
This is probably due to a weak impedance contrast between the higher velocity basal
sediments and the low velocity upper crust observed within the extinct rift and not a lack
of energy penetration.

The sediment travel time correction is an adaptation of the method employed by

Whitmarsh {1975]. A schematic of the correction is presented in Figure 3.2. The travel

33
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time correction accounts for the difference in travel time between the original path
(refracted at the actual velocity interface) of a ray and the corrected path (forced to refract
at the datum). Following the annotation in Figure 3.2, the travel time correction AT; at a

given datum is:

.AD_AB_BC CD

an -(7 V|+l Vn )
AH, AH, AH {tan6,,, -tanB)
AT= - ) (Eqn. 3.1)
V,.ic086;,, Vcosﬂ v,
cos0; caos()"1
AT=AH(——- )
V. V.

i i+l

The application of sediment travel time corrections is thus able to adjust the travel
time of crustal and mantle arrivals to those which would have been recorded had all the
shots, for a given OBS, been refracted at water bottom, sediment and upper crustal
interfaces with uniform depths. The correction is computed at each of the four interfaces
(shown in Figure 3.1) for each shot-receiver pair at an appropriate ray parameter (1/V,)
based on the first arrival branch of the T-X plot. The corrections from the interfaces are
summed to provide the cumulative travel time correction for each seismic trace. The
datum levels were chosen differently for each OBS to minimize deviations from the
datum AH; and reduce the magnitude of the travel time correction [Purdy, 1982].

The topography of two prominent internal sediment reflectors are employed in the
sediment travel time correction. These reflectors can be related to those observed at ODP
hole 646 [Arthur er al., 1989], which allows velocity logs [Jarrard et al., 1989] and the

normal move out velocities of wide angle reflectors from a sonobuoy refraction profile
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Layer i
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_______________
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CD ray branch is critically refracted at a deeper
interface 'n’ and travels at velocity Vn.

Figure 3.2: Schematic of sediment correction methodology (after Whitmarsh
[1975]). The correction accounts for the travel time difference bewteen
the original ray path 'AD' and the corrected ray path 'AB+BC+CD' which
forces the ray to refract at a datum.



Refraction Profiles for OBSs L with and without Sediment Correction
(a) 5 650 700 750 Shot Point 800

N T b .I"',. ., ol T LTINS , '.1l NI TN Vo PNy, R HJ’ 0w et b b ..i.'( IRNTENY ".' [
b"..f. UMY l',”".:' :'u".“i.l""p"l"r.u»; .'.." " ..:"|., ' .""" v : :. b b TR .:).n by ”.:.O'W"”:::»b,l.’l’b’. |:" ) :: o
A DA T N M N L Y e T iG] it S N N L T A S AT O w'® e i SN ey
AN y bt “.1.,,"». I T LA N LN NI TS N " e A
TR R N R T TEHNS et SHHARHN o»”»l'"».»»» agay, ), ! 000D (0 ettt L TN 3
. -.n R ‘D" Ihiesyy 0 " o.o.'..lo ».:'.— w t.n"m i»».’.. N l».’..’» e O :, "o 4 AT
DN AL baved N LN b Pt el el by ooraniet T Ui et RS )
@ 4 "'T"..: N b "l ;..“,...“n n»l’ ) M .».;" P st [N S I o | b o T D':'v '..'.- —H
& »y ' (SN . H .'....,_...» » M i ' | ) ) ;'p:: ’n' NI )
O ot .". I...|'. ..."..::’:. ' '”"'".!' v ' ' ' LI :l y ! ! : ':n' .r ”"””'
."- LA L et ahy w00 ¥y [ oyt ' , |'.| 'y 1
R. bt r".'"m."“ "."'H:. S . Jo W Bestiorgdey
»
' ’ YL LU T L) LML Wt ! o W " B , '»:‘n,-'.'v.'n....v
= 3 O L L A Y beo e ) NGNS
'lvl—,n e ) by Wheey :.’:' . ;u’ N " by | ' .:""
NI THA PRI .'..- [. Sl neo byt " ,”'”..-
LR M) ST} ". . ’ ot Vg Vyapyd
she” I S v, ] [T ! ! S e
o' :'i,b. v, by ) N [ [ f D (123
o ..n '--"'.n",.' h SIS LI . ) . e
', R TR LY ) J) P !
2 L) AT N ‘-‘1-" W e | l 1

-50 -40 -10 0
(b) 650 700 750 Shot Point 800

5 ' ’ y Vo, e pyt Tasr b0ERY K A TR ' Vb IR ,1. Yoy
Yate ) STVLIN “, . "l::h ' '.'.',unn»d:.:':,,.».».w "':In I'n" ) :o‘ " oot POt ".':-.. ne'y » YRS Jitt ..ﬁ’.:y:v'ip’.".". >yt
L "'.:' ah! ".'.'n 0:»-’ " :’ ) ::'lﬂ”('”” o ,”.: ':0." nhy PR ) " :”p I"‘;’ oy F'ID"’»...’ :D»n:: wadem b " ) 'n‘.’: ":".I‘."”o‘
’ | T A ' ] 4] » DO
O I N A N R N T el oenrt L N N e T 1omareee) 0, 0 i ety O e TSI NG
O RGN AT .M (] ! »....o N dd L 1] .’-.»v ’"o OCENY oy ’
N A L S A L R YL Babe wi i I e »..s»,,,-lq»lﬂ N e S R L
4 B o) T e Y e 1 ned ™ e .w».—..;»'",."w DN HEIE IR o, p
~~ v e » [ SR ) bet b X 2R TLTY ) ? » w Mw”” o i T teti | I ' »
e, > e " n’. "' e yrPpshyeit? . .".» » ..,."»’:»',» l".," N e {od fadd -'n‘v: . X ) 1 i [ D-:'.. -
\ 1
O pe, by LN .o,.l,».u»b” ”.»:"”—.... RTINS ' ',,I-.’ v, '.- byt AU | ' | ’ '|| - , 1o, v
R LA I sp byt e AERRINTT N AR AN A L N o LU , i
? P |P»'u'o'. i e Tyt ! 4 o, ! vt NRITR - ! l'j ' nly.o
\ .' ’..""NN”' W '“.,." v, N NI ' '” I, I"l',‘ " I "Hl l’ b ' | . |:' '
’ » . » o (e ', » ' 1 i ) TR ) ] \ 1
= 3 :;—h" o:'.b;, .; 1 e L IR " o i, ':- i ';‘ ’ l‘l |‘,;1[I,| :. S i " . o .
U AT TSN ' vt ) Vo (LN [ ' Vo L !
(] e i ML . LSRN "I . LN} ot "-' M t " 1ot - " b 0 t L . ! ;
A4 l"l'l" Yoty Spe ! Ve )’ ! T P phoeb " ' !
"1’ b oy T . v LY S LA BN W iy b i i
NI PR A Y ‘[u » o, ! } " ' [ R R I PR T ) ¢ ! [
o e e e .'l f} : LN gt tr ! N o ! , 'f LI L ] oo
» [ ' 3 ' 1 [ [ ) )
::’ 1l " by Lt e ot l' 1 :.n' . e l ! .I".l‘LJLI" ' :'ll. !f by ) r
-50 40 -30 Distance (km) -20 -10

Figure 3.3: Refraction profiles for OBS L: (a) priu to the application of the sediment travel time correction and (b)
following the application of the correction.
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[Srivastava et al., 1989} to be used in constraining the sediment velocity structure.
Inaddition, a prominent sediment refractor (averaging 2.4 km/s) appears as a second
arrival on all the refraction profiles. The upper crustal velocities used in the correction
appear as first arrival branches in the refraction profiles, 5.5 km/s being an average for
line R2 and 4.0 km/s an average for line R1.

To demonstrate the effectiveness of the correction method employed, two
refraction profiles from OBS L are presented in Figure 3.3. In Figure 3.3a, the travel time
of the mantle triplication point (~-30 km range) is noticeably disturbed due to the
prominent basement high in this area (Fig. 2.3, shot points 690-710). The application of
sediment travel time corrections (Fig. 3.3b) has largely removed this unwanted travel time
variation. The uncertainty in the corrected travel times is directly related to how well the
sediment-crust boundary can be discerned in the reflection data as the travel time
correction for topography on this boundary is an order of magnitude greater than the
correction for any other boundary. For the reflection data, the uncertainty in the two way
travel time picks is + 100 msec for basement highs and * 250 msec for basement lows.
Corresponding uncertainties in the sediment iravel time correction are + 26 msec for
basement highs and + 64 msec for basement lows.

3.2 Travel time solutions
3.2.1 Methods of Analysis

Slope-intercept [Ewing, 1963] and T-p extremal inversions [Garmany et al., 1979;

Orcutt, 1980] were pursued to determine end member p-wave velocity-depth structures

for each OBS. The data reduction steps and associated algorithms for these methodologies
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are summarized schematically in Figure 2.7. In the following paragraphs, their theoretical
basis and relative advantages are briefly reviewed (following Kennett [1977]).

The slope-intercept method treats the velocity-depth structure as a stack of layers
bounded by planar interfaces with the velocity in successive layers increasing. Each layer
has a uniform velocity, v, and a thickness, h,. For a ray traced through this structure, its
ray parameter p=sin(6/v,), where 0, is the inclination of the ray to the vertical at the
source, remains constant along the ray in accordance with Snell’s law (the ray parameter
is also equal to the local slope of the travel time curve, p=dT/dX). For a ray parameter
p=1/v,, the ray refracted through the nth interface propagates parallel to the interface
generating a head wave beyond the critical range where it is first refracted parallel to the
interface. For the simplest case of the source and receiver both on the ocean surface, the
travel time, T, of a head wave arrival at a range, X, is:

X n-1 .
T== +2j‘_.'-.‘.0hj(vj"2—vn‘z)'/2 (Eqn. 3.2)

Va

which is a straight line with a slope 1/v,. The intercept of this straight line, T, on the time

axis is:

v, - T—vl

n-1
= 2B k(v 2-v Y2 (Egn. 3.3)
AN R
Jj=0
With estimates of the velocity of each refractor and its intercept time obtained by fitting
straight line segments to the observed travel times, layer thicknesses, h,, are calculated
from the iterative relation:

Plane layer solutions were calculated for all OBSs by: 1) digitizing the first arrival



n-2
(x(v,)-2Z hj(vj'z—v,,‘z)‘”)
b, = =

n-1

(Eqn. 3.4)

205 -v )P
times in the sediment corrected refraction profiles; 2) partitioning these arrival times into
neighbouring segments at points where changes in slope are observed; and 3) calculating
the best fitting line of each segment in a least squares sense. The subjectivity and
sensitivity of this method is described by Kennett [1976]:
"We see that these thickness estimates depend on those for
shallower layers so the uncertainty in depth to an interface increases with

its depth; whereas the velocities depend on a single slope determination...

Unless there is a very distinct change in the nature of the arrivals the

choice of cross-over points between successive straight lines is a somewhat

subjective procedure. The assignment of travel time points to different

lines will affect the slope and therefore the refractor velocity but

particularly the intercepts and hence the thickness of the layers."

The t-p method is a generalization of the slope-intercept method in which the
velocity-depth structure is considered to have a continuous velocity stratification. First
arrivals correspond to rays which have been continuously refracted through the velocity-
depth structure. The intercept on the time axis, T(p), 1s the intercept of a tangent to the
travel time curve at a range, X, with slope p.

t(p) = T-pX (Eqn. 3.5)
Assuming that the velocity distribution, v(z2), is laterally homogeneous and a peice-wise

continuous function of depth, the ray parameter remains constant along a ray path and is
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related to t(p) by

Zp)
Q) = 2 [ (v@)p)Pde
Z(p)o (Eqn. 3.6}
- 2 [ (v @)cosb@)de
0

where Z(p) is the depth at which the ray turns and 6(z) is the local inclination of the ray
to the vertical. The salient feature of Equation 3.6 is the direct relationship between t(p)

and velocity-depth structure, v(z). Solving for Z(p),

)
20) = — [@@)pY e (Eqn. 3.7
0

where g(t) is the inverse function to 1(g). From Z(p), the velocity-depth structure may
be constructed. In practice, upper and lower bounds are placed on ©(p) and then iterative
improvement is made to a trial velocity-depth structure until calculated t(p) values lie
within error bounds for the observed 1(p), thereby producing extremal bounds on the
velocity-depth structure. The tT-p methodology was used to develop velocity-depth
structures for all OBSs by: 1) transforming the sediment corrected refraction data from
T-X space to 1-p space (following Stoffa et al. [1981]); 2) digitizing upper and lower
bounds on the first arrival times in the t-p seismic profiles; and 3) using these bounds
to calculate extremal velocity-depth structures.

The slope-intercept and 1-p approaches to obtaining velocity-depth travel time
solutions are complementary. The t-p methods, by their nature, deal appropriately with
gradients in the velocity-depth structure. This is particularly important for crustal arrivals

where the applicability of the slope-intercept method is tenuous. The slopes for these
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refractors are not based on many first arrival picks and the partitioning of arrivals into
distinct linear segments is ambiguous. In contrast, the slope-intercept method effectively
treats arrivals which are refracted in layers with weaker velocity gradients, such as the
mantle refraction. In the transformation into t-p space, these refractors are mapped into
a very small space (a single point if p=1/v, is a constant, see Eqn. 3.5) making their
subsequent inversion to a velocity-depth structure unreliable.
3.2.2 Results

Examples of the seismic refraction data from two OBSs used in this analysis are
presented in T-X space (Figs. 3.4 and 3.5) and 1-p space (Figs. 3.6 and 3.7). These
refraction profiles will also serve as archetypes in a first order comparison between the
crustal structure within the extinct spreading centre and in the basin. Refraction profiles
for all the instruments used in this study are presented in Appendices A and B. The
velocity-depth structures resulting from the plane layer analysis are detailed in Tables 3.1
and 3.2 and depicted in Figures 3.8 and 3.9 along with the results from the t-p analysis.

A comparison of the velocity-depth travel time solutions in Figures 3.8 and 3.9
shows general agreement between the slope-intercept and 1-p extremal inversion methods.
Two notable discrepancies are: 1) the offset between the sediment-crust interface at OBSs
O and N, which arise from difficulty in following the 1-p curve through the interval 0.4
to 0.25 sec/km where little energy is found (see relative amplitude curve in Figure 3.7);
and 2) the offset between the position of the crust-mantle interface at OBS F, where the
T-p curve is of limited use as the energy from the mantle refractor is mapped into a

narrow and noisy region and is difficult to define.



43

Table 3.1: Line R1, OBS plane layer solutions

Layer Il

Station Sediment|Sediment |Sediment| Upper | Lower
Mantle

1 2 3 crust | crust

R1-D {Thickness (km) 0.69 1.13 1.82 2.37
SE [ Velocity (km/s) 185 | 260 | 356 | 576 | 801 |

R1-E {Thickness km)[l 0.13 0.71 115 | 121 | 196 |

SE Velocity (km/s)| 1.70 | 1.85 | 240 | 444 | 578 | 7.53

R1-E |Thickness (km)f 0.13 | 071 [ 104 | 1.89 | 0.74

NW  Velocity (km/s4)| 170 | 185 | 240 | 399 | 629 | 7.25
)

R1-F iThickness (km 0.13 0.71 1.01 1.99 | 0.92
SE {Velocity (km/s)] 1.70 1.85 240 | 3.63 | 6.05 | 7.13

RI-F {Thickness (km)] 0.13 | 071 [ 089 3.08
“ NW  ivelocity (km/s)f 1.70 | 1.85 2.4 4.48 7.71
R1-G iThickness (km) 0.69 1.52 1.17 3.32
| SE | Velocity (km/s)] 185 | 249 | 378 | 460 | 826
R1-G |Thickness (km)] 069 | 159 2.80

NW  Velocity (km/s)] 185 | 240 4.00 7.95
R1-H |Thickness (km)|{ 0.69 1.60 | 201 | 272

NW  ivelocity (kin/s) 1.85 250 | 391 | 6.25

Extinct
Spread- Thickness (km)
ing
Centre
Averag i Velocity (km/s) 3.97 578 | 7.74

| S-S T S N S —




Table 3.2:

Line R2, OBS plane layer solutions

Layer
Station Sediment| Sediment | Sediment| Upper | Lower
1 2 3 crust | crust Mantle
R2-L |Thickness (km)f 0.13 0.42 139 | 1.38 | 435
SW | velocity (km/s)] 1.70 1.85 240 | 5.13 | 7.03 | 8.03
[ Ro-M |Thickness (km)| 021 | 042 | 170 | 224 | 4.06
NE |Velocity (km/s)f 1.70 1.85 240 | 617 | 7.60 | 8.03
R2-M |Thickness (km)ff 0.21 0.42 1.48 1.88 421
SW | Velocity (km/s)] 1.70 1.85 240 | 533 | 691 | 805
R2-N | Thickness (km)| 0.21 0.39 168 | 212 | 2.82
NE |Velocity (km/s)f 1.70 1.85 240 | 558 | 7.18 | 8.06
R2-N |Thickness (km){ 0.15 0.44 1.85 2.54
SW iVelocity (km/s)| 1.70 1.85 2.4 5.85 7.87
R2-E |Thickness (km)| 0.15 0.47 130 | 098 | 2.06
NE {velocity (km/s)f 1.70 1.85 240 | 398 | 5.86 | 7.89
R2-E |Thickness (km)l 0.15 0.47 130 0.71 3.06
SW | Velocity (km/s)| 1.70 1.85 240 | 430 | 6.07 | 793
R2-O |Thickness (km)]| 0.15 0.53 1.08 | 199 | 3.79
NE |Velocity (km/s)] 1.70 1.85 240 | 510 | 661 | 8.10
R2-O |Thickness (km){ 0.15 0.53 1.17 | 085 | 3.85
SW  Ivelocity (km/s)f 1.70 1.85 240 | 515 | 6.65 | 7.98
R2-Q |Thickness (km){ 0.15 0.51 1.62 | 202 | 214
NE |Velocity (km/s) 1.7 1.85 240 | 574 | 694 | 1.73
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Figure 3.4:  Seismic refraction profile for OBS G (shooting southeast) sampling crust within the extinct spreading
centre along line R1. The instrument location is indicated in the inset. Traces are bandpass filtered from 4
to 12 Hz and multplied by a gain which is a function of range (Distance’8) Traces are plotted at a
reducing velocity of S km s and peak amplitudes are clipped if their excursion exceeds 0.254 cm.
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Figure 3.6:  The seismic refraction profile for OBS G (Figure 3.4) after transformation into T-p space. Traces have been
normalized by their maximum amplitude. which is displayed above the data section at each ray parameter.
The solid lines denote the envelope placed on the T-p cunve for the linearized inversion to velocity-depth.
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Figure 3.8:

Line R1 Solutions
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1-D travel time solutions for line R1 along the axis of the extinct ridge. Solutions from the slope-intercept and
tau-p inversions have been overlain for each OBS. Annotated velocities are those determined by the
slope-intercept method. The upper crust is shaded light grey, the lower crust medium grey and the mantle dark
grey based on the slope-intercept solutions.
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Figure 3.9: 1-D travel time solutions for line R2, perpendicular to the axis of the extinct ridge. Solutions from the
slope-intercept and tau-p inversions have been overlain for each OBS. Annotated velocities are those determined

by the slope-intercept method. The upper crust is shaded light grey, the lower crust medium grey and the mantle
dark grey based on the slope-intercept solutions. 2



51

The velocity-depth structures vary markedly from OBSs sampling crust within the
extinct spreading centre to those sampling its flanks. For line R1 (Fig. 3.8), solutions for
crustal structure along strike of the extinct spreading centre show exceptionally low upper
crustal velocities (area <hrded with light gray). The deeper crustal layer, shown shaded
medium gray, exhibits the greatest degree of variability. It is present only at some of the
OBSs ‘here its thickness varies from less than 1 km (OBS F shooting southeast, OBS
E shooting northwest) to 3.3 km (OBS G shooting southeast, OBS H shooting northwest)
and low velocities ranging from 4.6 to 6.3 km/s are observed. The extremal bounds from
the t-p inversion emphasize the gradient nature of the crust within the extinct spreading
centre. There is fairly little change in the velocity gradient, even as one enters into the
mantle, shown shaded dark gray. Mantle velocities are also quite variable, ranging from
extremes of 7.1 km/s to 8.3 km/s. Some of this variation can be explained by
inadequacies of the 1-D methods employed; nonetheless, the mantle velocity in four of
the seven refraction profiles is considerably lower than normal oceanic values away from
active spreading centres [White et al., 1984] and lower than those observed aloag line R2
for OBSs away from extinct spreading centre.

For line R2 (Fig. 3.9), the velocity-depth structures vary systematically in relation
to the extinct spreading centre. OBSs L (shooting southwest), M, and N (shooting
northeast) sample crust northeast of the extinct spreading ventre. They exhibit more
typical oceanic crustal structures; a high velocity gradient in layer 2 (light gray shading)
and a low velocity gradient in layer 3 (medium gray shading). The thicknesses of layer

2 and layer 3 exhibit less variability; layer 2 varies between 1.4 and 2.2 km and layer 3
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is 2.8 to 4.3 km thick. Typical velocities are observed for layer 2 (5.6 to 6.2 km/s) and
for the mantle (8.0 to 8.1 km/s) while quite variable velocities are observed for layer 3
(6.9 to 7.6 km/s). Southwest of the extinct spreading centre, typical velocities are
observed at OBS Q and O, 5.1 to 5.7 km/s for layer 2 and 6.6 to 6.9 km/s for layer 3.
The crustal structure at OBS O is similar to that observed to the northeast of the extinct
spreading centre, except for the high velocity lower crust. OBS Q exhibits some crustal
thinning (1 to 2 km) relative to OBS O and a reduced mantle velocity.
3.3 Synthetic Seismograms

To define further the different velocity-depth structures found within and outside
the extinct spreading centre, data at two OBSs, sampling crust representative of the
different structures, were chosen for modelling by 1-D WKBIJ synthetic seismograms
[Chapman et al., 1988]. The seismic profiles under consideration are OBS G (shooting
southeast) and OBS N (shooting northeast) displayed in Figures 3.4 and 3.5 respectively.
A qualitative examination of the record sections reveals profoundly different velocity
structures. For OBS G, two low velocity first arrival branches (P, and P, in Figure 3.4)
are followed by a mantle refractor (P,) at 18 km. P, is strongly curved, with high
amplitudes that decrease abruptly at 27 km indicating a velocity gradient in the uppermost
mantle. For OBS N (Fig. 3.5), the first arrival branch (P,) emerges from the water-wave
with a strong amplitude and curvature indicating a large velocity gradient in the upper
crust. The amplitude of the upper crustal arrival decreases rapidly beyond 23 km. A high
amplitude triplication from the mantle arrival dominates from ranges of 32 km and

beyond.
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Figure 3.10:

OBS G, line R1 WKBJ Synthetic

: e i
i i
Y "1,‘ ‘
n"‘:‘ N
PP e ‘lﬁ;‘
e el ot
| (L (LECS m.w\--aﬁ*‘\ WS %i
i ll , PF'W p )
S 3 )
s F . Pn P2 J
ot Ww |
M
(et »r*""m |I j
0
3
Ee| i
L 4
§- 9 e
o
12 ‘
15
0 3 6 9 )
. Velccity (kmy/s) rﬂ
1 { TN
50 40 30 20 10 _ 0
Distance (km)
1-D WKBIJ synthetic computed for the OBS G refraction profile (Figure 3.4). The inset contains the

corresponding velocity-depth structure which best models the data; the section of the curve representing
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1-D WKBI synthetic computed for the OBS N refraction profile (Figure 3.5). The inset contains the
corresponding velocity-depth structure which best models the data; the seciion of the curve representing
crust has been shaded.
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The synthetic seismograms developed tor these seismic profiles and theiwr
corresponding velocity-depth structures are shown 1n Figures 3.10 and 3.11, The slope-
intercept and t-p solutions were used as end member starting solutions, the final models
were produced by a process of forward iteratve modelling. For both OBSs, the velocity-
depth structures (insets in Figures 3.10 and 3.11) clude the water depth and a sediment
structure. The use of the sediment velocity structure for OBS N (which has sediment
travel time corrections applied to the data) rather than the datum levels 15 of no
consequence as the first arrival branches being modelled do not include any sediment
refractors and the sediment travel time 1s the same as the datum structure.

For OBS G (Fig. 3.4), P, and P, are best modelled by two low velocity crustai
units where the boundary between them is marked by an increase in the velocity gradient.
A velocity discontinuity was imtially sought to model the wide angle reflecuon P,P
appearing as a strong second arrival between 13 and 19 km. However, the magnitude of
the velocity discontinuity required to model the amplitude of P;P was not supported by
the arrival times and velocities of the first arrival branch. P, 1s well modelled, especially
the energy decrease beyond 27 km, by a large velocity discontinuity between the crust
and mantle and a large velocity gradient within the upper 3 km of the mantle followed
by an abrupt decrease in the gradient. PP dominates the second arrival information in
the synthetic (Fig. 3.10) more than desired because of the nability to partition sufficient
energy into P,P and by using a synthetics source function which 1s damped more rapidly
than the true source signature,

For OBS N (Fig. 3.5), P, is best modelled by a strong velocity gradient in the
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upper crust with a slightly concave shape (see inset Figure 3.11). This gradient must be
abruptly terminated to produce the rapid amplitude decrease at 22 km. Beyond this range,
from 22 to 32 km, only low amplitude head wave energy from the base of the gradient
layer arrives. The arrival time and range of the mantle arrival beginning at 32 km impose
severe restrictions on the velocity and thickness of the deep crustal layer. If the velocity
is decreased towards a more typical layer 3 velocity, then the resulting delay in the mantle
arrival time is unacceptable. If the thickness of the layer is thinned in conjunction with
the velocity decrease, the travel time is maintained but the critical range is moved to a
shot-receiver range in which the seismic profile shows a clear lack of any strong returns.
Given these criteria, the amplitude of P P is lower than desired in the synthetic
seismogram.
3.4 Discussion

In comparing crustal structures within the extinct spreading centre to those on the
flanks, gross differences are observed (section 3.2). OBSs sampling crust within the
extinct spreading centre are D, E, F, G, H, O (shooting northeast), and N (shooting
southwest). OBSs sampling crust which was formed before the time of anomaly 20 (45
Ma), when spreading rate is most likely to have decreased preceding extinction of the
spieading centre (section 6.1), are OBSs L, M, N (shooting northeast), O (shooting
southwest), and Q. The most significant difference between these two groups of OBSs is
the dramatic thinning of the lower crustal unit (layer 3). Normal thicknesses are observed
outside of the extinct spreading centre, while the thickness within the extinct spreading

centre is either thinned or altogether absent. The degree of thinning in the upper crust is
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not as appreciable. In this discussion, it must be emphasized that the division of the crust
into upper and lower layers is difficult for some OBSs located within the extinct
spreading centre as the change in the velocity gradient typically used for this distinction
is not always present (eg. OBS G shooting northwest exhibits a linear gradieat through
the suite of crustal velocities). Nonetheless, the crust as a whole is seen to thin and those
OBSs with clear changes in velocity gradient indicaie severe thinning in the deeper crustal
layer. A similar degree of variability is observed in the crustal P wave velocities. Within
the extinct spreading centre, the velocities of the upper crust and especially the lower
crust are lower than typical oceanic values [White et al., 1984] and their counterparts
elsewhere in the Labrador Sea basin [Van der Linden, 1975; Hinz er al., 1979,
Stergiopoulus, 1984; Srivastava et al., 1989; Chian and Louden, in preparation].

To focus the comparison of the extinct spreading centre and typical Labrador Sea
crustal structures, the results from modelling travel time and amplitude data of the two
representative OBSs by WKBIJ synthetic seismograms (section 3.3) are displayed in
Figures 3.12a and 3.12b. For comparative purposes, OBS N (Fig. 3.12b) is considered to
be sampling crust typical of the Labrador Sea basin away from the extinct spreading
centre, and is compared to a compilation of seismic refraction data for mature crust away
from active spreading centres in the North Atlantic Ocean [White et al., 1984|. The
crustal structure at OBS N has a thickness comparable with mature oceanic crust. Its
velocity gradient is somewhat higher than usuval in the upper crust, but on the whole it
follows the typical form, high in the upper crust and much decreased in the lower crust.

The P wave velocity (7.5 km/s) in the lower crust is appreciably higher than normal (6.8
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km/s). This high velocity may be characteristic in some areas of the eastern Labrador Sea
as it has been previously observed in unreversed sonobuoy refraction profiles [Srivastava
et al., 1989; Hinz et al. 1979, 1973; Stergiopoulus, 1984] and is discussed turther in
section 4.5.2.

OBS G was situated to sample crust along the strike of the spreading centre and
the results will be considered representative of the crust within the extinct spreading
centre. The crustal structure obtained by the modelling with synthetic seismograms is
quite different from normal ocean swructures and more comparable to fracture zone
structures (Fig. 3.12a). The crustal structure at OBS G shows appreciable thinning of the
crust, by approximately 2 km, and velocities which are much lower than those observed
in normal oceanic crust or elsewhere in the Labrador Sea basin. The compressional wave
seismic structures at fracture zones have been typified by Sinha and Louden | 1983]. Their
type (a) structure is comparable to typical ocean crust except that layer 3 is slightly
thinner (4.5 to 5 km thick), and has velocities ranging from significantly below normal
to near normal values. This crustal type has been observed in the Vema fracture zone
[Ludwig and Rabinowitz, 1980; Detrick et al., 1980] and Oceanographer fracture zone
[Sinha and Louden, 1983; Fox et al., 1976]. Their type (b) structure is unlike typical
oceanic crust. It is marked by low P wave velocities and a single high velocity gradicent
throughout. Mantle velocities are observed at depths as little as 2 to 3 km below the
seafloor. This crustal type is found in the Kane fracture zone [Detrick and Purdy, 1980;
Cormier et al.,1984] and sections of the Oceanographer transform [Sinha and Louden,

1983] and Vema fracture zone [Louden et al., 1986].



4. Two Dimensional Velocity Analysis

A two dimensional seismic model of the crust along refraction line K2,
transversely crossing the extinct spreading centre, was developed and is described in this
chapter. The 1-D travel time solutions and synthetics presented in Chapter 3 revealed a
marked contrast in crustal structure within the extinct spreading centre from that along
its flanks. Within the rift valley, the crust was found to be thin and of low p-wave
velocity while on its flanks it was found to be more typically oceanic. As this crustal
heterogeneity and its origin are the focus ol the thesis, there is a clear :~—petus to develop
a seismic crustal structure which is constrained in a 2-D sense.

Concerns regarding the reliability of the 1-D results for line R2 also motivated the
developmeni of a 2-D model for this refraction line. The 1-D solutions assumed piece-
wise homogeneity. Crustal structurss were assumed to have horizontal planar inierfaces
and no lateral velocity variations within the shot-receiver offsets in which arrivals were
received (at least 50 km). The degrec of heterogeneity demonstrated by the 1-D travel
time solutions from OBSs separated icss than 50 km apart suggests that these fundamental
assumptions of the 1-D met} ~1ology arc not sufficiently satisfied in the study area. The
applicability of the sediment correcticn algorithm in areas where refracting interfaces are
sloped is a second related concern. The necessity and effectiveness of applying sediment
travel time corrections to remove travel time variations arising from topography on the
sediment-crust boundary prior to the calculation of 1-D soluti ns was demonstrated in
Chapter 3. However, the geometry of the sediment correction method assumes that the

refracted branch of the corrected ray path (CD’ in Fig. 3.2) travels on a boundary which
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is parallel to the datum. In considering the 1-D results along line R2, dipping boundaries
will be required, for example, on the crust-mantle boundary to accommodate the thinning
of the crust as the extinct spreading centre is approached.

4.1 Characteristics and Selection of 2-D Algorithm

The algorithm selected for the purpose of developing a 2-D seismic crustal
structure was the RAYINVR package written by Dr. Colin Zelt [Zelt and Smith, 1992
Computed arrival times for user selected refracted, head wave or reflected phases are
determined by raytracing through an irregular network of layered trapezoidal blocks which
are used to parameterize the velocity structure. The blocks have dipping upper and lower
boundaries, vertical ieft and right sides, and a velocity field which varies linearly along
all four sides as determined by the velocity at the four corners of the trapezoid. The ray
tracing through the velocity model is performed using zero-order asymptotic ray theory
[Cerveny, 1977] in which the pair of first order ordinary differential equations for 2-D
media are solved namerically by the Runge Kutta method.

Partial derivatives of travel time with respect to selected depth and velocity nodes
are calculated analytically during the ray tracing along with travel time residuals. These
may in turn be used by a complementary algorithm, DMPLSTSQ, which performs a
damped least squares inversion to optimally fit computed travel times to observed travel
times by adjusting the selected depth and velocity nodes. This ability 10 invert model
parameters also allows the absolute uncertainty and spatial resolution of a velocity or
depth node to be assessed and this application is discussed in section 4.6.

The algorithm was also selected because of its speed and suitability for use on a
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486 PC. The computational efficiency is achieved by several features: 1) rays are not
traced from receiver to shot (two point raytracing), rather the travel time at a shot point
is calculated by interpolating between the travel times of rays which bracket the shot
point; 2) the length of the linear segments which comprise a ray are adjusted
automatically as a function of the vertical and horizontal velocity gradients; and 3) the
take-off angle required to generate rays of a desired type from a specified boundary may
be determined automatically through a trial raytracing and angle bisection routine. The
distribution of rays about the take-off angle remains under the control of the user.

The RAYINVR package does not model seismic amplitudes. The use of a package
which only seeks to fit observed travel times is justified because much of the amphtude
response of the data in the study area is dominated by topographic focusing. The travel
time information, thereforc, impose the greatest constraint on the crustal structure.
However, 2-D synthetic seismograms werce generated (section 4.7) in the later stages of
the travel time modelling and some revision of the velocity model was required in order
to improve the fit to the amplitude information.

4.2 Model Parameterization

The distance coordinates at which layer boundaries and upper and lower velocities
are specified can be completely general and independent between and within layers. There
are, however, several criteria which guide the specification of nodes for each layer: 1) ray
coverage - nodes may not be specified in areas where refracted or wide angle reflection
phases are absent; 2) independent data sources - 12 kHz bathymetry and single channel

reflection data (section 2.3.1); and 3) a trade-off between (a) ininimizing RMS travel time
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residuals, Trys (section 4.4.2), by increasing the number of nodes or (b) increasing the
resolution of nodes and their stability in the inversion by decieasing the number of
independent model parameters. The number and distribution of nodes (as delineated in
Fig. 4.1) for each layer in the final model reflects the application of the aforementioned
criteria. The final model has a basic nodal spacing of 10 km. This was selected after
exploring the suitability of nodal spacings from 5 to 25 km. For nodal spacings beyond
10 km, Tgys increased significantly while the resolution of nodes, from an inversion
standpoint, remained problematic at all nodal spacings (section 4.6).

There are several areas of the model where the density of nodes deviates from the
basic nodal spacing. On the sediment-crust boundary (between layers 3-4 or and 3-5 in
Fig. 4.1), nodes are specified every 2.5 km as the observed travel time data exhibit
variations which require this spatial definition (e.g. oscillation of the observed travel tim=
of P, arrivals for OBS M shooting southwest between 60 and 80 km in Fig. 4.9). The
reflection data are able to provide this spatial definition while not compromising model
parameter resolution as these nodes are never varied in a model inversion. |

The absence of boundary and velocity nodes in the crust between 30 and 60 km
(layers £ and 7 in Fig. 4.1) is the most dramatic decrease from the basic nodal spacing,.
The paucity of raypaths travelling through this region precludes the specification of nodes.
There are several additional areas in the sediment or crustal layers where a spacing of 20
or 30 km between velocity or boundary nodes exists. These are regions where (1) few,
if any, of the rays refracted within the layer are able to constrain the node (e.g. no

sediment phase information to define nodes along boundary between layers 2 and 3 at 170
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and 180 km, Fig. 4.1) or (2) where lateral velocity variations are moderate and ably
specified by the larger nodal spacing (e.g. the lower crust, layer 7, within the extinct
spreading centre from 70 to 90 km, Fig. 4.1). The one exception to the criteria used in
specifying nodes occurs at the ends of the refraction line (0 and 220 km) which are very
poorly constrained, but required to satisfy the algorithm.
4.3 Initial Velocity-Depth Model

A starting velocity-depth structure is required when performing either forward or
inverse modelling of raypath travel times. The following sections detail the specification
of the water, sediment, crust and mantle layers in the parameterization of the initial
model.
4.3.1 Water Layer

At intervals of every tenth shot point (approximately 2.5 km), the 12 kHz
bathymetry data were used to assign boundary nodes for the seafloor. Boundary nodes
were then given a regular spacing by interpolating them onto a 2.5 km distance grid. The
upper and lower velocities of the water iayer were specified by solitary nodes whose
value is applied to all trapezoids within the layer. The depth averaged velocity of .49
km/s (section 2.4.2) was assigned to both the upper and lower velocities thereby creating
a layer with no vertical or horizontal velocity gradients.
4.3.2 Sediment Layers

The sediment column was divided into two layers; the first layer defined between
the seafloor and a prominent internal sediment reflector (A in Fig. 3.1) and the second

layer defined between the internal sediment reflector and the sediment-crust boundary.
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The thickness of a layer, z,.,, at a shot point may be computed given (1) AT, a vertical
incidence travel time between reflectors defining the layer {from the interpreted reflection
profile in Fig. 3.1), (2) V. the upper boundary velocity; and (3) k, a linear velociiy
gradient such that V(z)=V .+ kz within the layer. At vertical incidence, the one-way

travel time through a single iayer with a linear velocity gradient is:

Lower

1
AT = f — &
0 (Vipper* K2) (Eqn. 4.1)

k
AT = lln|1+ zlowerl
k Vupper

From which the thickness of the layer and lower boundary velocity may be obtained:
iy = % (1 s exp(kAT))
k (Eqn. 4.2)

V =V, +kzlower

lower upper

For the upper sediment layer, the final velocity log at ODP site 646 |Figure 16 in

=1.5 km/s and k=0.96 s'. Using these values,

Jarrard et al., 1989] was used to assign V.,

the computed depth to the internal sediment reflector averages 0.63 km for refraction line
R2, which coincides with the depth at which the velocity gradient decreases markedly in
the site 646 velocity log. For the lower sediment layer, the observed travel times from
rays refracted within the layer were used to sclect appropriate values of V. and k in

computing the lower velocity nodes and sediment-crust boundary nodes. Scveral

combinations of V,,., and k were tested by tracing rays through the test models and

upper
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comparing observed and computed travel times; V,,..=2.2 km/s and k=0.2 s' were

upper
ultimately selected. The nodes computed with these values required little modification in

the modelling except in the area of the extinct spreading centre where V.. and k both

upper
increase. As with the water layer, nodes for both sediment layers were computed for
every tenth shot point (approximately 2.5 km) and then used to establish a regular grid
of nodes spaced 2.5 km apart. In the parameterization of the final model (Fig. 4.1), the
initial 2.5 km spacing between nodes for the sediment layers was increased to 10 km as
the denser nodal spacing was not required.
4.3.3 Crustal and Mantle Layers

Boundary and depth nodes for the upper crust, lower crust and mantle layer were
specified using the 1-D travel time solutions. For each OBS, the t-p velocity-depth
structures (section 3.2) were divided into upper and lower crustal layers. The boundary
between these layers was placed at a depth where the velocity gradient was most
appropriately split into two linear segments offset by a velocity discontinuity if required.
The layer thicknesses and velocities so attained were used to define the structure of the
crust at a point offset laterally from the receiver by 10 km in the direction of shooting.
The boundary nodes were calculated by adding the layer thicknesses to the depth of the
sediment-crust datum used in the sediment travel fime corrections. In cases where the
lateral offset causes structures from adjacent receivers to overlap (e.g. OBS O shooting
northeast and OBS E shooting southwest), the structures were averaged and placed at a

distance mid-way between receivers.

Mantle velocities were taken from the slope-intercept velocity-depth structures
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(section 3.2). The 1-p solutions were not used in this instance as the mantle refractor is
mapped to a narrow region in T-p space and hence less reliable than the slope-intercept
solution. As with the crustal boundary and velocity nodes, the mantle velocity nodes were
also offset laterally from the receiver by 10 km in the direction of shooting. In practice,
a mantle velecity from the slope-intercept method is an average of the actual mantle
velocity variations present within the range over which arrivals are observed. Given
considerable variability in this range interval for various OBSs, the 10 km offset was
used, as it is the approximate range at which the critical angle for refraction at the crust-
mantle boundary is reached.

For defining the lower boundary of the mantle layer, a velocity of 8.24 km/s was
specified at a depth of 20 km. This introduces vertical velocity gradients which range
from 0.02 s to 0.04 s depending upon the velocity at the upper boundary of the mantle
layer. These velocity gradients exceed the typical range of the 0.01 to 0.02 . They arise
from the low upper mantle velocities which are observed, particularly in the vicinity of
the extinct spreading centre. For mi-st OBSs, this gradient provides a suitable maich for
the critical range beyond which mantle refracted phases begin to be observed. The
irregular distribution of boundary and velocity nodes for the crustal and mantle layers was
then interpolated to form a regular grid with a nodal spacing of 5 km. In the
parameterization of the final model (Fig. 4.1), this initial 5 km spacing between nodes for
the crust and mantle layers was increased to 10 km as the denser nodal spacing was not
justified by the resolution which the ray coverage provides.

4.4 Considerations Guiding Model Revisions
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Line R2: Isovelocity contours of the 2-D velocity-depth structure
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Figure 4.2: The 2-D velocity-depth structure is represented by isovelocity contours which were computed at 1 km distance intervals

and smoothed with a three point filter. Velocity contours can become coincident along model boundaries where a velocity
discontinuity is present. The light grey area marks the sediment layers (2 and 3 in Fig. 4.1) and the medium grey area
marks the crustal layers (4,5, and 6 in Fig. 4.1). Receivers are denoted by the solid circles. The arrows and corresponding
chronological identifiers mark the intersection of magnetic anomaly lineations with line R2 (Figs. 2.2 and 6.1).

69



70

4.4.1 Uncertainty and ldentification of Travel time Picks

In raytracing, an optimal fit between observed and computed travel times is sought
by adjusting the velocity and boundary nodes comprising the 2-D velocity-depth structure.
In forward modelling, the uncertainty assigned to the picks serves as a criteria by which
the quality of a computed travel time fit may be assessed (see discussion of ¥? in section
4.4.2). In model inversions, the uncertainties have a direct influence by weighting the
relative adjustment made to individual nodes selected for inversion in the velocity-depth
structure.

For all travel time picks, a base uncertainty of £ 0.02 s was chosen to account for
the timing uncertainties inherent to the refraction data, as described in section 2.4.2. A
further uncertainty was added to reflect the quality of the pick itself. The largest
uncertainties were assigned to second arrivals or first arrivals at large source-receiver
offsets. In the former case, the PP and sediment refraction arrivals are difficult to pick
because of interference with the wavetrain from the first arrivals. In the latter case, P,
arrivals are difficult to pick because their amplitude barcly exceeds the noise floor. The
maximum uncertainty assigned was + 0.12 s, which is slightly less than + one full seismic
wavelength (0.147 s) for arrivals with a dominant frequency of 6.8 Hz. In presenting the
raytracing results in Figures 4.3 to 4.9, the observed travel times are represented by the
stippled areas whose height at a given distance denotes the uncertainty of the picks.

As mentioned, adjustments to the velocity-depth structure are made by optimally
fitting the computed arrival times of rays to their associated observed travel times. A

proper identification of the layer in which an observed arrival is thought to have been
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refracted or the boundary from which it was reflected is central to this 2-D raytracing
methodology. Failing to properly identify arrivals leads to the inappropriate adjusiment
of boundary or velocity nodes, and ultimately, inaccuracies in the 2-D velocity-depth
structure. For some receivers, particularly those with travel time and amplitude variations
originating from the basement topography, the proper identification of arrivals is difficult.
To minimize this source of error in the modelling, the identification of travel time picks
was continually re-assessed; raytracing through successive iterations of the velocity-depth
structure tended to clarify the proper identification of the picks.
4.4.2 Assessment of Model Iterations

To assess the quality of a model iteration, three values were routinely calculated
and compared with the results from alternate revisions. The first quantity, n, is the number
of observed travel times which are reached by the computed arrivals. Assuming that the
observed travel times have been properly identified, one clearly seeks to construct a
velocity-depth struciure which will be able to trace rays to most observed locations.
Otherwise, the model is deficient in one manner or another: geometric shadow zones,
inappropriate velocity gradients, or boundary dips.

Two further quantities, Tyys and %7, quantify the fit between the observed and

computed arrival times for a given ray group and are defined as follows:

n
X (Tobs, - Tcalc * \\2
i=1

Tous = n
(Eqn. 4.2)
n 1 Tobs, - Tealc,y2
.
2 - =l Uobs,

n
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Where: Tobs = Observed travel time
Tcalc = Calculated travel time
Uobs = Uncertainty of the observed travel time
n = Number of calculated travel times reaching observed arrivals
For values of ¢*> < 1, the computed arrivals fit the observed arrivals within the
uncertainties of the observed travel times. This criteria was set as the minimum standard
which computed arrivals must achieve for a model revision to be deemed acceptable. It
was relaxed only in instances where multiple raypaths from different receivers overlapped,
but no structure could be devised which was capable of allowing %* < 1 for raypaths at
all receivers. The values of n, Tyys, and %* in the final velocity-depth structure are
presented in Table 4.1 and discussed in section 4.5.
4.5 Final Velocity-Depth Structure
This section details the characteristics of the final velocity-depth structure along
line R2, while leaving an interpretation of the structure and its relationship to the thesis
objectives for discussion in Chapter 6. The final model is the product of travel time
modelling which followed a layer by layer approach.. That is, revisions to a model layer
involved the observed travel times, from all receivers, identified as having emanated from
that layer. Arrivals from all layers were frequently viewed on a receiver by receiver basis
as well to ensure that observed travel times were properly identified (section 4.4.1).
As the structure of an overlying layer influences the computed travel times for an
underlying layer, revisions to model layers proceeded from the surface layer downwards.

Revisions to an underlying layer in the model layer can also influence the structure of an
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cverlying layer as they share a common boundary. If these boundary nodes are subject
to modification, the velocity gradient structure of the overlying layer and depth to which
rays are refracted will be altered. A suitable fit for arrivals from an overlying layer may
then be degrade« by the boundary modifications which are 1e., .- &d to fit the arrival times
for an underlying layer. This intc+ . pendency was minimized by repeating the sequence
of top to bottom revisions three times, with the magnitude of the changes to boundary and
velocity nodes decreasing with each repetition.

In Figure 4.2, the final velocity-depth structure is represented by smoothed
isovelocity contours. The points comprising the contours were calculated every 1 km by
a linear interpolation betw/een the velocity and boundary nodes for the trapezoid in which
they are bounded. As such, the contours can become coincident along model boundaries
(such as the sediment-crust boundary) where there is a velocity contrast. The contours
provide a sense of the vertical and horizontal gradients which rays iravelling through a
given trapezoid would experience. In Figure 4.2, the sediment and crustal layers, as
defined by boundary nodes in the model parameterization (Fig. 4.1), are shaded light and
medium grey respectively. The depth and distance coordinates and velocity of each node
comprising the final model are listed in Appendix C. Figures 4.3 through 4.9 present
raytracing through the layers of the final velocity-depth structure and the associated
observed and computed travel times. Table 4.1 lists the values of n, Tyyg, and % which
quantify the quality of fit of the computed arrivals (section 4.4.2) from each layer at all
the receivers. The following sections use these tables and figures to discuss the detasls of

the sediment, crust and mantle in the final 2-D velocity-depth structure. Note that
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reducing velocities and time scales appropriate for the arnivals from each layer have been
selected i presenting the travel time observations and computed arrivals. Further,
raypaths and travel times at adjacent receivers heve been split into upper and lower panels
0 they will not overlap.
45 ! Sediment Layers

The sediment layers are numbered 2 and 3 in the model parameterization (Fig. 4.1)
and shaded hight grey in the velocity-depth structure (Fig. 4.2). Ray paths and associated
travel tmes for sediment refractions are found in Fig. 4.3. The 1niual velocity-depth
structure (section 4.3 2) provided an excellent starting solution which required little
subsequent modification for receivers on the rift flanks. Computed arrivals for OBSs L,
M, and Q (shooting northeast) exemplify the quality of this structure with %* values from
0.057 to 0.140. Further, the maximum shot-receiver offsets at which the computed
sediment refractions arrive correspond very closely with the respective maximum offsets
at which observed travel times are seen. This offset 1s a function of the depth of the layer
and the velocity gradient These dictate respectively, how deep and how rapidly rays will
be refracted The close match between the observed and computed maximum offsets thus
serves as an addinonal indication that the vertical velocity gradients in the sediment layer
have been appropriately specified. Sonobuoy 11 is the only receiver at which rays are not
traced to most observed arrivals. The first 18 travel time picks are reached, but the deeper
rays required to reach the rema:nder are stopped when they intercept the basement high
at 25 km.

Sediments loosely defined as being within the bounds of paleo-rift axial valley
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(nodes from 80 to 120 km ) depart from the initial solution. The velocity of ncdes along
the top and bottom of layer 3, the lower sediment layer, must be increased in this region.
The requirement for higher velocities is apparent in a quick examination of the observed
travel times (Fig. 4.3). Using the reducing velocity as a guide, OBS E and OBS O
(shooting northeast) have velocities exceeding 2.5 km/s while receivers outside this region
have velocities slower than 2.5 km/s.

The topography of the sediment-crust boundary (3-4 or 3-5 in Fig. 4.1) was
modified from its specification in the initial velocity-depth structure to improve the travel
time fit of the crustal and mantle arrivals. In the initial 2-D model, the depth of these
nodes was computed by a travel time to depth conversion (Eqn. 4.2) using travel times
from the interpreted reflection profile (Fig. 3.1). This required assumptions about the
velocity structure of the sediments (section 4.3.2) and also has some inherent uncertainty.
Specifically, travel times for the basement reflector are difficult to pick in regions where
the reflection amplitudes are low. Therefore, when merited by unresolved travel time
misfits in lower layers, the sediment-crust boundary was subject to manual revision.

In practice, the required revisions were minor in all but two cases which are
described in greater detail. First, shorter wavelength oscillations were introduced on the
basement high from 60 to 80 km. These variations on the sediment-crust boundary are
required to reproduce the travel time oscillations observed in P, for OBS N shooting
southwest (Fig. 4.8), OBS E shooting southwest (Fig. 4.8) and OBS M shooting southwest
(Fig. 4.7). The second revision was a deepening of the sediment-crust boundary below

OBS M. This was required to delay crustal arrivals for OBS M and is neither supported
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nor in conflict with the reflection data as the basement s ver, difficult to pick in this
region.
4.5.2 Crustal Layers

The model layers which define the crust are numbered 4,5,6 and 7 in the model
parameterization (Fig. 4.1) and shaded medium grey in the velocity-depth structure (Fig.
4.2). Ray paths and travel times for the upper crust are presented in Figure 4.4 and ray
paths for the lower crust are presented in Figure 4.5. Two of the model layers, 4 and 6,
are only found in specific regions of the model to satisfy travel time or amplitude
considerations. There are ne arrivais from these layers so the nodal values arc not defined
by directly fitting observed travel times with computed arrivals.

Layer 4 was introduced to delay the P, arrival times of OBS N. This is not a
timing error in the refraction data as it would have been detected for eo-lier arrivals, the
sediment refraction and direct ray path from the surface to the OBS. Two modifications
could be introduced to account for the time offset: 1) treat the strong basement reflection
(shot points 470 to 520 in Fig. 2.2) as an off axis feature and deepen the sediments
underlying OBS N accordingly or 2) attribute the travel time delay to a lower velocity
(decreased by roughly 1 km/s) in the upper 0.8 km of crust. The latter option was selected
in the model parameterization, partly because ray paths from OBS E shooting northeast
(Fig. 4.5) through this region are also delayed. In ecither case, the travel time
accommodation which this layer provides has little bearing on the final model as the layer
only exists over a narrow 20 km region.

Layer 6, on the northeast flank of the extinct spreading centre, was introduced iuto
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the velocity-depth structure when it was apparent that the two layer model with linear
velocity gradients could not adequately parameterize the structure. The lower crust (layer
7 in Fig. 4.1) requires (1) high velocities to fit the observed travel times (OBSs M, L
shooting southwest, and N shooting northeast in Fig. 4.5) and (2) a weak velocity gradient
in the layer to allow P, and P_P for these OBSs (Fig. 4.6) to extend to shot-receiver
offsets of approximately 40 km (Figs. 4.6 and 4.5 respectively). If the boundary between
the upper and lower crust is held at a fairly uniform depth across the whole model, the
high velocity lower crustal refractions from OBS N shooting northeast, OBS M, and OBS
L shooting southwest arrive too early. The delay could be accommodated by thickening
the upper crust, layer 5, but this is undesirable for several reasons. First, it introduces an
upper crustal asymmetry between the flanks of the extinct spreading centre. Second, it
produces a strong mid-crustal velocity contrast from which wide angle reflections should
be observed. There is supporting evidence from the upper crustal velocity structure at
OBS N, as determined by 1-D WKBIJ synthetic seismugrams (Fig. 3.11), that a stronger
velocity gradient exists just above the boundary with the lower crust. A similar layer may
exist on the southwest flank, but cannot be specified given the number of ray paths in that
area.

The 2-D velocity-depth structure (Fig. 4.2) quantifies the lateral variations which
exist as one crosses the extinct spreading centre along a southwest-northeast striking
refraction line. As anticipated from the 1-D travel time solutions, two principal variations
n crustal structure emerge. These are the variation in the velocity and thickness of the

crust as a function of range from the extinct spreading centre and the asymmetry between
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flanks of the extinct spreading centre. The obscivations and 2-D modelling which detine
these vanations dominates the discussion in the remainder of this section
Armvals at OBS O shooting northeast, OB E, and OBS N shooting southwest
are used to define the upper and lower crustal structure within the extinct spreading centie
(Figs. 4.4 and 4.5 respectively). If one compares the slopes which the observed arrivals
define with the reducing velocity of 5 km/s, the velocities from the upper crust at
receivers within the extinct spreading centre do not exceed the reducing velocuv This
crude observation ts borne out in the final velocity-depth structure (Fig 4 2) where
velocities of much of the upper crust are within the 4 and 5 kmy/s 1sovelocity contours
Further evidence for the low upper crustal velocites 1s found by noting the marked delay
in P, arrivals at OBSs F, N shooting southwest, and O shooting NE (Fig 45) These
arrivals are delayed with respect to lower crustal arrivals at other receivers because ther
ray paths travel through the region of low upper crustal velocities within the exunct
spreading centre. For arrivals from the lower crust (Fig. 4 5), the direct observation of
lower velocities at these OBSs 1s even more pronounced These low velociues are
expressed in the final model by the pushing down of the 6 km/s 15ovelocity contour as
the extinct spreading centre 1s entered and the proximity of the 7 km/s contour to the
crust-mantle boundary.
The influence of the extinct spreading centre 15 broad wiih appreciable crustal
thinning observed over a 60 km range from 50 to 110 km (Fig 6 5c) The transiuon to
the extinct spreading centre type structures occurs rapidly between 60 and 80 km on the

southwest rift flank and 110 to 130 km on the northeast flank. The crust within the extinct
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spreading centre itself, as bounded by the paleo-rift axial valley from 80 to 110 km, is
remarkably homogeneovs with crizstal thickness only varying between 3.77 and 4.24 km.
This degree of homogeneity within the extinct spreading centre was not present in the
initial velocity-depth structure as defined by the line R2 1-D travel time solutions (Fig.
3.9). OBS O shooting northeast, for example, was more typical of a flank structure with
thicker crust and higher velocities and OBS N shooting southwest did not exhibit the low
velocities in the upper crust.

There is confidence in the 2-D velocity-depth structure within the extinct spreading
centre. Receivers were, in this instance, situated such that there arc many overlapping ray
paths for rhe lower crust, and some in the upper crust. Further, the four refraction profiles
sampling crust in this region have Tgys < 0.41 s and %? < 0.49 (Table 4.1). In addition,
the short shot-receiver offsets over which computed and observed refracted phases are
present is an indication of the crustal thinning in the extinct spreading centre, confirmed
by a consideration of the P, arrivals in section 4.5.4.

Turning to a discussion of the velocity structure observed on the flanks, beyond
the influence of the extinct spreading centre, from 0 to 60 km to the southwest and from
130 to 220 km to the northeast, the seismic behaviour of the crust is very different from
the crust within the extinct spreading centre. There are several indications of this
distinction: 1) higher velocities; 2) greater range to which refracted arrivals are observed;
3) 2 to 3 times more observed arrivals; and 4) clearly discernable P_P arrivals.

The southwest flank is less well constrained than the northeast flank, despite the

inclusion of arrivals from two sonobuoys which were not considered in the 1-D analysis.
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The travel times at these sonobuoys are helpful in defining the crustal velocity structure,
but limited by the quality of their mantle arrivals (Fig. A.6), which were omitted in
determining the final solution. The southwestern flank is defined by arrivals from OBS
Q, sonobuoys 11 and 12, and OBS O shooting southwest. However, the last two of these
receivers are better suited to defining the transitional area from the southwest flank into
the extinct spreading centre. The range from O to 30 km is well defined by the ray paths
from OBS Q and sonobuoy 11. A typical oceanic structure in observed in this region with
a high velocity gradient in the upper crust (isovelocity contours 4 km/s to 6 km/s in Fig.
4.2), a lower velocity gradient in the lower crust (isovelocity contours 6 km/s to 8 km/s
in Fig. 4.2), and a nominal crustal thickness of 5.5 km (Fig. 6.5¢). The model
parameterization effectively extends this structure from 30 to 60 km because no velocity
or boundary nodes are specified in this interval (Fig. 4.1). The apparent homogeneity in
the final velocity-depth structure from 30 to 60 km is thus an artifact of nodal density in
this region.

The northeast flank, by contrast, is well resolved with better ray coverage and
additional information from the P_P arrivals. The P, (Fig. 4.5) and PP (Fig. 4.6) arrivals
from OBS N shooting northeast, OBS M shooting both directions, and OBS L shooting
southwest define the features of this region. The character of the observed travel times
from the lower crust differs appreciably for these four refraction profiles when compared
to arrivals from the OBSs sampling the southwest flank or the extinct spreading centre.
The arrivals at the northeast flank receivers are of considerably higher velocity and extend

to greater shot-receiver offsets. To model the lower crust refractor velocitics, upper
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boundary velocities from 6.89 km/s to 7.19 km/s and lower boundary velocities from 7 54
to 7.71 km/s are required in the fastest region from 130 to 170 (Appendix C). In addition,
a thickening of the crust (by approximately 1 km) and weak velocity gradient are required
to match the shot-receiver offsets to which P, and PP arrivals are observed. From 190
to 220 km, the crustal thickness (Fig. 6.5c) is comparable to that observed on the
southwest flank from 0 to 50 km, but the high velocities in the lower crust remain.

There are several observations of a high velocity lower crustal layer in the
Labrador Sea (Table 4.2) at widely spaced locations northeast of the extinct spreading
centre. However, it is not possible, at this time, to assess :he prevalence of this material
because all but one of these observations (Line F, Stergiopolous [1984]) are from
unreversed sonobuoys which may be influenced by sediment thickness variations or
dipping interfaces. In addition, there are observations of normal lower crustal velocities
northeast of the extinct spreading centre (Sonobuoys 3, 22, and possibly 20 [Hinz et al.,
1979]). The presence of this high velocity lower crustal material northeast of the extinct
spreading centre on line R2 may be related to hot spot activity from the time of anomaly
24 until the cessation of spreading [Srivastava et al., 1989], but knowledge of its regional
extent will be required to address this speculation.

On the northeast flank of the extinct spreading centre, PP arrivals were also
observed and used to define the velocity gradient structure of the lower crust. They are
second arrivals which are difficult 1o pick because of interference with the wavetrain from
earlier arrivals. Accordingly, they were assigned the largest uncertainties of all arrivals

and are intentionally the most poorly fit (0.6 < x* < 3.8). The final velocity-depth



Table 4.2: Previous observations of high velocity lower crust northeast of the extinct spreading centre in the Labrador Sea

Station Lattitude | Longitude | Magnetic | Lower Type of Interpretation Reference
Identifier Anomaly | Crustal Observation Techniques

Velocity

(km/s)

Line A line line In quiet 7.64 Unreversed 1-D raytracing with Stergiopoulus
midpoint | midpoint | zone off refraction profile | head wave arrivals [1984]
61.5°N 50.8°W Greenland for sonobuoy 1A

Margin

Line F line line Between 7.22 Reversed 1-D raytracing with Stergiopoulus
midpoint midpoint | 27 and 28 refraction profile | head wave arrivals {1984]
60.0°N 52.0°W for sonobuoys 10

and 11

ODP site | 58.13°N 48.23°W | 24 7.5 Unreversed 1-D synthetic Srivastava et

646 sonobuoy seismograms al. [1989]

refraction profile

15777 62.0°N 55.3°W In quiet 7.5 Unreversed 1-D plane layer Hinz et al.

zcne off sonobuoy solution {1979]j
Greenland refraction profile

Margin

98
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Line R2: Ray coverage and travel time fits for mantle wide angle reflections
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Figure 4.6: Computed ray paths and travel times for the mantle wide angle reflection,
PmP, at OBSs L, M, and N using the 2-D velocity-depth structure along
line R2 (Fig. 4.2). Observed travel times and their uncertainties are
represented by the stippled areas through which the computed arrival times
are traced. Ray paths converge to their corresponding receivers.
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structure which accommodates the four sets of observed PP arrivals from OBS M, OBS
L shooting southwest, and OBS N shooting northeast is a compromise between a number
of competing factors as demonstrated by the following examples.

First, consider the region of rapid crustal thinning from 140 to 120 km (Figs. 4.1
and 6.5c). OBS M shooting southwest requires a combination of slope on the crust-mantle
boundary and high lower crustal velocities to reproduce the high (greater than 8 km/s)
apparent move-out velocitics of P, P. The fit of computed P, P arrivals for this OBS
(x*=0.58) and for OBS N shooting northeast (x’=1.78) could be improved by more rapid
crustal thinning, producing a steeper slope on this boundary. However, the P, arrivals
from OBS N shooting northeast (Fig. 4.8) are very sensitive to the slope of this boundary.
A steeper slope broadens the shadow zone which is produced by rays entering the mantle
in a region of crustal thinning and then being refracted below a region of crustal
thickening. As the shadow zone broadens, the number of observed arrivals to which rays
are traced decreases, which is clearly an undesirable consequence.

For a second example of these compromises, consider the P P arrivals from OBS
M shooting northeast and OBS L shooting southwest (Fig. 4.6). The observed arrivals are
from reflections off neighbouring regions of the crust-mantle interface (~180 to 190 km for
OBS L and 170 to 180 km for OBS M) and the upward brar ch of their ray paths overlap
the same region of the crust. However, the arrival times at OBS L are too early (T, 4=
0.171 s) while those at OBS M are too late (Tyy=0.132 s). To reduce Tyyg for PP
arrivals, the travel time of the downward branch of the ray paths would have to be

adjusted by revisions to the crustal velocity or thickness near the OBSs. Such changes,
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however, degrade the quality of the first arrival P,, P;, and P, travel time fits. Given that
P,P is a second arrival, revisions near the OBS were only made to the extent of balancing
the travel time misfits of P_P as evenly as possible and not necessarily minimize it.
4.5.3 Mantle Layer

The model layer defining the mantle is number 8 in the model parameterization
(Fig. 4.1). Ray paths and travel times for P, are displayed in Figures 4.7 through 4.9, with
the shooting for each receiver being plotted on a separate plot panel. P, arrivals are used
to define the thickness of the crust and the velocity of the uppermost mantle. These two
quantities exhibit significant variations along length of line R2, primarily in relation to
the extinct spreading centre.

In fitting the observed arrivals for P,, a concerted effort was made to minimize
Tyeus at all receivers and keep it within the uncertainty of the travel time picks (i.e. %> <
1). This goal was achieved for 7 of the ten 10 sets of observed arrivals (Table 4.1). The
final velocity-depth structure (Fig. 4.2) is an optimal fit in the sense that further revisions
to the model to minimize Ty, for one receiver would increase T,  for another receiver.
For example, the largest of the P, travel time residuals (Tpys= 0.119 s) at OBS M
shooting northeast (Fig. 4.9) may be reduced by thinning the crust or increasing the
mantle velocity between 170 and 220 km. However, the arrivals for OBS L shooting
southwest (Fig. 4.9) also travel through this region of the mantle and arrive too early
(Tyrms = 0.86). A modification to reduce Tyys at OBS M would therefore increase Tyys
at OBS L. Once such limits to the model revisions are encountered, the remaining travel

time residuals may be attributed to the following: 1) limitations of 2-D methodology, with
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rays travelling outside of the distance-depth plane assumed in the 2-D velocity-depth
structure; 2) there are variations in the structure of an overlying layer which are not
adequately resolved by the existing data; or 3) unaccounted timing errors remain at
various receivers.

The isovelocity contours in Figure 4.2 show low velocities (less than 8 km/s) in
the uppermost mantle in three locations. While these contours are only defined by nodes
along the upper and lower boundary of the mantle layer, they do correctly represent the
velocity gradient structure which rays encounter while refracting through the mantle.
Based on these contours, the thickest of these low velocity regions underlies the extinet
spreading centre and extends to a maximum depth of 4.3 km below the crust-mantle
boundary. The upper mantle velocities within the extinct spreading centre are the most
well constrained in the model because of the number of overlapping ray paths and the
confidence in the crustal structure overlying the mantle (section 4.5.2). The quality of the
travel time fits is particularly good (0.239 < * < 0.578) for the receivers which have P,
ray paths crossing, or entering the mantle within, the extinct spreading centre (OBS E,
OBS O shooting northeast, OBS N shooting southwest, and OBS M shooting southwest).

The depth extent of the low velocity zone underlying the extinct spreading centre
complements the results obtained by 1-D synthetic seismogram modelling for OBS G
(Fig. 3.10). This 1-D synthetic seismogram suggested that a relatively strong gradient
existed in the uppermost mantle to a depth of 3 km below the crust-mantle boundary. The
lowest nodal velocity along the crust-mantle boundary is 7.82 km/s and occurs at 90 km.

This is 1% higher than the line R1 average mantle velocity of 7.74 km/s (Table 3.1).
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Figure 4.7: Computed ray paths and travel times for refractions, Pn, in the mantle
(shaded siey) at OBSs O and Q using the 2-D velocity-depth structure
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times are traced. Ray paths converge to their corresponding receivers.
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Line R2: Ray coverage and travel time fits for mantle refracted phases
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Figure 4.9: Computed ray paths and travel times for refractions, Pa, in the mantle

(shaded grey) at OBSs L and M using the 2-D velocity-depth structure

along line R2 (Fig. 4.2). Observed travel times and their uncertainties are
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The role of the mantle arrivals in defining the transition from typical oceanic
crustal structures to the distinct crustal type within the extinct spreading centre was eluded
to in section 4.5.2. P, arrivals from OBS O shooting southwest (Fig. 4.7) are particularly
helpful in defining this transition for the southwest flank of the extinct spreading centre.
The slope on the crust-mantle boundary is revealed as arrivals from 45 to 60 km are up
to 0.4 s earlier than those from 10 to 45 km. OBS Q shooting northeast (Fig. 4.7) also
defines the crust-mantle boundary on the southwest flank. For this receiver, the P, arrivals
terminate abruptly at 55 km at a shadow zone generated by the rapid crustal thinning.

The transition from the thin crust within the extinct spreading centre to normal
thicknesses on the northeast flank is not as easily discerned. In this case, the high velocity
lower crust in this region (section 4.5.2) counteracts the delay which P, would otherwise
exhibit as the crust thickens. However, as discussed in section 4.5.2, there is evidence for
slope on the crust-mantle boundary from the move-out of P, P and the shadow zone
generated for P, arrivals from OBS N shooting northeast.

4.6 Error Analysis

A unique feature of the RAYINVR algorithm is the ability to provide quantitative
estimates of the spatial resolution and absolute uncertainty of representative boundary and
velocity nodes. A final model which was determined by an inversion is a pre-requisite for
the procedures to obtain these estimates. Following Zelt and Smith [1992], an estimate
of the parameter’s absolute uncertainty is obtained by: 1) perturbing the value of a node
from that in the final model; 2) inverting the observed data and involving all other

parameters determined at the same time as the perturbed parameter during inversion for
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the final model; 3) repeating steps 1 and 2 while increasing the perturbation until the new
inverted model is unable to fit the observed data as well as the original final model.

Spatial resolution about a single node in the final model may be assessed by the
following steps: 1) perturb the value of the node by an amount on the order of its
estimated unce.tainty; 2) trace rays through the perturbed model to calculate the
associated travel times; 3) interpolate these at the observed locations and assign the
observed travel time uncertainty at each location; 4) reset the value of the node to its
value in the final model and 5) invert the calculated data involving all model parameters
that were determined at the same time as the selected parameter during the inversion for
the final model. The spatial resolution is indicated by the amount by which the values of
adjacent parameters differ from corresponding values in the final model.

The choice of matrix inversion methodology employed in the DMPLSTQ inversion
algorithm presupposes that the number of model parameters is much less than the number
of observations. In an aitempt to meet this requirement and produce a "final" model
determined through an inverse step, the number of nodes was reduced from the initial
model parameterization (section 4.3) and beyond that displayed in the parameterization
of the actual final model (Fig. 4.1). The nominal spacing between nodes was increased
to as much as 25 km; however, the quality of models determined by inversions remained
problematic. Inversions might give rise to low velocity zones or, more commonly,
boundary oscillations which produced geometric shadow zones and a decrease in the
number of rays traced to observed locations. Further, reducing the number of nodes to

stabilize the inversion resulted in a marked decrease in the quality of the travel time fits;
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the denser distributions of nodes was required to adequately parameterize the
heterogeneous structure.

A noteworthy example among the attempts to perform error analysis on the final
model (Fig 4.2) involved the nodes defining the crust-mantle boundary from 70 to 120
km. These nodes define a significant crustal thinning in the area of the extinct spreading
centre. This is an important observation and one for which estimates of the absolute
parameter uncertainty are desirable. These nodes should also be among the most well
constrained as 5 receivers have observed travel times for mantle ray paths crossing the
crust-mantle boundary. In practice, iterations of model inversions would never converge
to a final solution and usually generated geometric shadow zones, particularly for OBS
E (shooting northeast) and OBS N (shooting southwest) which are quite sensitive to
changes in the crust-mantle boundary which exceed 0.2 km.

As an alternative to the inverse techniques of Zelt and Smith [ 1992}, error analysis
of the model parameters defining the crust-mantle boundary was performed by perturbing
model parameter values and then raytracing through the perturbed model. In the first of
two approaches, the degree of crustal thinning within the extinct spreading centre, as
defined by boundary nodes from 40 to 140 km along line R2, was progressively decreased
(Fig. 4.10a) until the crust-mantle boundary was linear between the 40 km and 140 km
endpoints. The degree of crustal thinning was decreased in 10% intervals; in Figure 4.10b,
x*> values using mantle arrivals at all OBSs are presented for each of these perturbed
models. Following the criteria of fitting computed arrivals to within the uncertainty

assigned to the observed travel time picks (¥* < 1), no more than 25% of the crustal
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Fig. 4.10: (a) Percentage of crustal thinning removed within the extinct
spreading centre from 40 to 140 km along line R2 and (b) the
influence of decreasing the degree of crustal thinning on the quality
of ﬁtatl)etween observed and calculated arrival times for all mantle
arrivals.

97



Velocity Perturbation (km/s)

Velocity Perturbation (km/s)

Velocity Perturbation (km/s)

(@) Residual travel time, TRMS (ms)

Fig. 4.11: Velocity and depth perturbations (star symbols) are introduced to
nodes which form the crust-mantle boundary in the final velocity-
depth structure for line R2 (Fig. 4.2). The effect of these
perturbations on the quality of the model fit is assessed by plotting

contours of (a) TRMS » (b) %2 and (¢) n
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