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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, Rl 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 rat^s, 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. 

xviii 
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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 anomalies. 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 theoretical studies suggest that the 

processes of crustal accretion are dependent upon these properties [Boiiinga and Allegre, 

1978; Kusznir, 1980; Reid and Jackson, 1981]. The Reid and Jackson [1981J model treats 

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 orthopyroxene. The relative importance of this 

buoyancy force depends upon spreading rate and mantle viscosity. Sotin and Parmentier 

[1989] find that at high mantle viscosity (1022 Pa s) upwelling due to plate spreading 

dominates and crustal thickness is predicted to be a strong function of spreading rate 

(Figure 1.2b). At lower mantle viscosity (1019 Pa s), buoyancy dominates upwelling and 
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Figure 1.1 Model for mantle flow in which circulation is driven by plate 

spreading: (a) Streamlines from Reid and Jackson [1981] and (b) 
Predicted relationship between crustal thickness and spreading rate 
[Reid and Jackson, 1961] for six combinations of mantle temperature 
and resident melt fraction to establish interconnected permeability 
(curves 1-6). Triangles are most reliable (post 1970a) observation* 
from seismic refraction data. 
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1% porosity (dashed lines) from Scott and Stevenson [1989] and 
(b) Predicted relationship between crustal thickness and spreading 
rate at different mantle viscosities [Sotin and Parmentier, 1990]. 
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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. It 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 melting 

up to 100 km from 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 J, 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 (1021 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 

regior ;• 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 et 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 [Osier 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 associated 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 et 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, 19811. 

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 spot 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 |Kristoffersen 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 Rl (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 
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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 Rl 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 Rl 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 structures 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 

(Osier 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 (Osier 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 in3) 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 t r ^e r 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 each 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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Figure 2.5: Processing stream and algorithms for reduction of (a) single channel seismic reflection data and (b) sonobuoy 
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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 x-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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INTERPOLATEPOP. (J. Osier). This removes the irregular 
ume base introduced by a variable tape speed in recording 

or replay and allows digital processing to ensue. 

Splicing of all interpolated data files for a given intrument into a 
single interpolated data file using SPLICER.FOR (J. Osier). 

Creation of Shot Table 
Interpreted reflection profile 

Sediment Correction for 
plotting profiles to be 

analyzed by 1 -D techniques. 
SEDCORR.FOR (J. Osier) 
calculates the travel time 

corrections to be applied to each 
shot to remove the effects of the 

variable thickness of the water and 
sediment layers at a ray parameter 

appropriate for that shot 

12 kHz bathymetry Water velocity structure 

OBS location. Shot-receiver offsets, determined 
from water wave arrival times and raytracing 

through a water velocity structure using 
REFRANG.FOR (K. Louden), are used to 

determine the instrument location by a least 
squares fit using the calculated ranges, shot 

positions, and a reference jtrid in 
NCAR_LSQF (K. Louden, J. Osier). 

Smoothed navigation 
at shot times 

Tape skew correction, 
a time offset between 
channels due to tape 

head alignment 

OBS clock drift and 
initial offset relative 
to stable ship clock. 

Quantified by pre-launch 
and post-recovery time 

calibrations. 

Shot table with all timing and range corrections and the position of time code minute 
marks for each shot in the interpolated data file 

Interpolated Data file i 

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. Ni 



OBS Refraction Data: II - Plotting and 1-D Analysis 
Refraction Profile Plotting and Plane Laver Analysis Tau-P Analysis 

Interpolated data file 

Conversion to SEG-Y 
format by OBS2SGY.C 

(S. Yazdanmehr) 

Plotting and processing with a PC 
based SEG-Y seismic refraction 
plotting package OBSPLOT.FOR 
(S. Yazdanmehr, J. Osier, D. Chian) 

- Trace debias 
- Trace mixing at different 

velocities within different shot 
intervals 

- Bandpass filtering 
- Gain as a function of range 
- Reducing velocity 
-Output: 

1) SEG-Y file 
2) CGM Metafile, import 
into commercial drawing 
packages 

Shot table 

Plotting and processing with a VAX 
8800 based seismic refraction 
plotting package, TX_OBSPLOT.FOR 
(J. Osier, D. Chian) 

- Trace debias 
- Trace mixing at different 

velocities within different shot 
intervals 

- Bandpass filtering 
- Gain as a function of range 
- Reducing velocity 
-Output: 

1) Hard Copy to laser printer 
2)HPGL 

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. Osier). 

Interpolated data file Shot table 

i 
Reformat refraction data for use by the tau-p algorithms. 

TAUPFORM.FOR (J. Osier) is used for this purpose. 

Transform data from T-X space into tau-p space using one 
of two algorithms. SLANTSPOR (M. Deitrich) performs a 
standard slant stack. SLANTG JOR (M.Dietrich) uses the 

generalized Radon transform to weight the stacking to 
account for the point source nature of the seismic source. 

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

Digitize extremal bounds for the first arrival 
energy using DIG_TRFOR (J. Osier). 

Remove travel 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 
SLANTSTACKIJOR (J.Orcutt, J.Osler - graphics). 

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 position 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 foi 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 



(a) Sonobuoy 11, travel time of direct arrival prior to 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 stable 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 point 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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Figure 2.9: XBT temperature versus depth profiles for the upper 600 m of the 
water column in the Labrador Sea study area during the 1987 field 
season. 
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10: 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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Figure 2.11: Determination of the position of OBS M. The least squares minimum 
(contours in km) between ranges calculated from water wave arrivals at 
each shot point and ranges between grid point locations and shot points is 
the most probable location of the instrument. The positions of the shot 
points, OBS launch and OBS recovery are marked by the annotated dots. 
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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 insignificant. 

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. 



Table 2.1: OBS timing corrections 
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Station 

Rl-D 

Rl-E 

Rl-F 

Rl-G 

Rl-H 

R2-L 

R2-M 

R2-N 

R2-E 

1 R2-0 

R2-P 

R2-Q 

Timing Corrections 

Tape Head Alignment Skew 
(ms) Relative to Channel 1 

Chan 
1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Chan 
2 

-13 

-75 

25 

-63 

-63 

-88 

-75 

88 

-100 

-100 

-13 

Chan 
3 

-88 

-125 

0 

-175 

-163 

-200 

-213 

50 

-313 

-188 

-75 

Chan 
4 

-125 

-175 

50 

-238 

-225 

-300 

-363 

113 

-438 

-300 

-100 

Time of OBS and 
Ship Clock 

Synchronization 
HH:MM/DAY/YR 

16:30/202/1987 

18:28/202/1987 

22:12/202/1987 

22:34/202/1987 

02:03/203/1987 

18:46/208/1987 

08:59/209/1987 

19:45/208/1987 

18:28/202/1987 

15:56/209/1987 

18:10/209/1987 

19:30/209/1987 

Initial 
Offset 
(ms) 

-58 

+787 

-84 

-5 

-57 

-53 

-63 

+55 

+787 

-1 

-116 

-16 

Drift 
rate 

(ms/hr) 

-9.07 

-3.94 

+0.03 

-7.80 

-10.42 

-7.79 I 

-9.98 I 

+0.36 1 

-3.94 I 

-9.32 1 

-1.57 I 

-8.03 | 



Table 2.2: OBS locations and depth 

Station 

Rl-D 

Rl-E 

Rl-F 

| R I - G 

I R1"H 

1 R2"L 

pR2-M 

I R2-N 

F R 2 - E 

I R2-0 

R2-P 

R2-Q 

Position 

Launch 

59.0698°N 
54.1717° W 

58.7943°N 
53.8305°W 

58.4893°N 
53.4129°W 

58.2310°N 
53.0864°W 

57.9685°N 
52.7694°W 

59.4660°N 
52.6282°W 

59.131TN 
53.2223°W 

58.9155°N 
53.6105°W 

58.7948°N 
53.8073°W 

58.6662°N 
54.0415°W 

58.3996°N 
54.5080°W 

58.1265°N 
54.9800°W 

Recovery 

59.0647°N 
54.1611°W 

58.7918°N 
53.8141°W 

58.4910°N 
53.4285°W 

58.2286°N 
53.0955°W 

57.9752°N 
52.7735°W 

59.4580°N 
52.6475°W 

59.1304°N 
53.1935°W 

58.9195°N 
53.6075°W 

58.7918°N 
53.8141°W 

58.6641 °N 
54.0420°W 

58.4019°N 
54.5216°W 

58.1261°N 
54.9803°W 

Computed 

59.0678°N 
54.1672°W 

58.7904°N 
53.8116°W 

58.4898°N 
53.4169°W 

58.2365°N 
53.0964°W 

57.9756°N 
52.7859°W 

59.4625°N 
52.6352°W 

59.1324°N 
53.2065°W 

58.9120°N 
53.5960°W 

58.7864°N 
53.8111°W 

58.6612°N 
54.0335°W 

RMS 
min.(km) 

0.943 

0.717 

0.718 

0.915 

0.164 

1.764 

1.405 

1.581 

1.383 

1.603 

see note (1) 

see note (2) 

Depth 

Fathoms 

1808.8 

1821.8 

1841.3 

1848.2 

1861 

1836 

1802.5 

1815 

1821.9 

1819.9 

1820 

1788.8 

TWTT 
(s) 

4.522 

4.5545 

4.6033 

4.6205 

4.6525 

",590 

4.5063 

4.5375 

4.5548 

4.5498 

4.55 

4.472 

km 

3.3598 

3.3840 

3.4202 

3.433 

3.4568 

3.4104 

3.3481 

3.3714 

3.3842 

3.3805 

3.3807 

3.3227 

(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 Rl 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 seismogram 

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^BCCD. 
A I > — - ( — + — + — ) 

' V V V V 
Atf, Aff, Atf/tane^-tane.) 

A7> !—-( L.+ '1 111 11) (Eqn. 3.1) 

cos6= cos0,+, 
A7>Aff,( 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 (l/VH) 

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 A/7, 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 et 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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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. 
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figure 3.3: Refraction profiles for OBS L: (a) priox to the application of the sediment travel time correction and (b) 
following the apphcation of the correctioiL 
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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 Rl. 

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 travel 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 x-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 



39 

are summarized schematically in Figure 2.7. In the following paragraphs, their theoretical 

basis and relative advantages are briefly reviewed (following Kennett 11977|). 

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, hr For a ray traced through this structure, its 

ray parameter p=sin(0o/vo), where 0O 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=l/vn, 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: 

T = 1 +2EV.(V, . - 2 -V -2?l2 (Eqn. 3.2) 

which is a straight line with a slope l/v„. The intercept of this straight line, x, on the time 

axis is: 

T(Vfl-i) = T-— = 2E/ty(v/2-v,,-2)"2 (Eqn. 3.3) 

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, hn, are calculated 

from the iterative relation: 

Plane layer solutions were calculated for all OBSs by: 1) digitizing the first arrival 
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n-2 

k MV'>-»W*-0»> (Eqn. 3.4) 

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 x-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, x(p), is 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(z), 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 xip) by 

Zip) 

*(p) = 2 f (v-\z)-p2)xfldz 
0 (Eqn. 3.6) 

= 2 f (v\z)cosQ(z))dz 
o 

where Zip) is the depth at which the ray turns and 8(z) is the local inclination of the ray 

to the vertical. The salient feature of Equation 3.6 is the direct relationship between xiji) 

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

xip) 

Z(p) = 1 Uq\x)-p2)^dx (Eqn. 3.7) 

where q(x) is the inverse function to x(q). From Zip), the velocity-depth structure may 

be constructed. In practice, upper and lower bounds are placed on xip) and then iterative 

improvement is made to a trial velocity-depth structure until calculated xip) values lie 

within error bounds for the observed xip), thereby producing extremal bounds on the 

velocity-depth structure. The x-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 x-p space (following Stoffa et al. [1981]); 2) digitizing upper and lower 

bounds on the first arrival times in the x-p seismic profiles; and 3) using these bounds 

to calculate extremal velocity-depth structures. 

The slope-intercept and x-p approaches to obtaining velocity-depth travel time 

solutions are complementary. The x-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 x-p space, these refractors are mapped into 

a very small space (a single point if p=l/vn 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 x-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 x-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 x-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 x-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 

x-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. 
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Table 3.1: Line Rl, OBS plane layer solutions 

Station 

Rl-D 
SE 

Rl-E 
SE 

Rl-E 
NW 

Rl-F 
SE 

Rl-F 
NW 

Rl-G 
SE 

Rl-G 
NW 

Rl-H 
NW 

Extinct 
Spread

ing 
Centre 
Averag 

e 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Layer 

Sediment 
1 

0.13 

1.70 

0.13 

1.70 

0.13 

1.70 

0.13 

1.70 

Sediment 
2 

0.69 

1.85 

0.71 

1.85 

0.71 

1.85 

0.71 

1.85 

0.71 

1.85 

0.69 

1.85 

0.69 

1.85 

0.69 

1.85 

Sediment 
3 

1.13 

2.60 

1.15 

2.40 

1.04 

2.40 

1.01 

2.40 

0.89 

2.4 

1.52 

2.49 

1.59 

2.40 

1.60 

2.50 

Upper 
crust 

1.82 

3.56 

1.21 

4.44 

1.89 

3.99 

1.99 

3.63 

Lower 
crust 

2.37 

5.76 

1.96 

5.78 

0.74 

6.29 

0.92 

6.05 

3.08 

4.48 

1.17 

3.78 

3.32 

4.60 

2.80 

4.00 

2.01 

3.91 

1.99 

3.97 

2.72 

6.25 

2.01 

5.78 

Mantle 

8.01 

7.53 

7.25 

7.13 

7.71 

8.26 

7.95 

8.06 

7.74 



Table 3.2: Line R2, OBS plane layer solutions 

Station 

I R2-L 

I SW 

| R2-M 

I NE 

R2-M 
SW 

R2-N 
NE 

R2-N 
SW 

R2-E 
NE 

R2-E 
SW 

R2-0 
NE 

R2-0 
SW 

R2-Q 
NE 

Thickness (km) 

1 Layer 

Sediment 
1 

0.13 

Velocity (km/s)| 1.70 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

Velocity (km/s) 

Thickness (km) 

0.21 

1.70 

0.21 

1.70 

0.21 

1.70 

0.15 

1.70 

0.15 

1.70 

0.15 

1.70 

0.15 

1.70 

0.15 

1.70 

0.15 

Velocity (km/s) I 1.7 

Sediment 
2 

0.42 

1.85 

0.42 

1.85 

0.42 

1.85 

0.39 

1.85 

0.44 

1.85 

0.47 

1.85 

0.47 

1.85 

0.53 

1.85 

0.53 

1.85 

0.51 

1.85 

Sediment 
3 

1.39 

2.40 

1.70 

2.40 

1.48 

2.40 

1.68 

2.40 

1.85 

2.4 

1.30 

2.40 

1.30 

2.40 

1.08 

2.40 

1.17 

2.40 

1.62 

2.40 

Upper 
crust 

1.38 

5.13 

2.24 

6.17 

1.88 

5.33 

2.12 

5.58 

Lower 
crust 

4.35 

7.03 

4.06 

7.60 

4.21 

6.91 

2.82 

7.18 

2.54 

5.85 

0.98 

3.98 

0.71 

4.30 

1.99 

5.10 

0.85 

5.15 

2.02 

5.74 

2.06 

5.86 

3.06 

6.07 

3.79 

6.61 

3.85 

6.65 

2.14 

6.94 

Mantle 

8.03 

8.03 

8.05 

8.06 

7.87 

7.89 

7.93 

8.10 

7.98 

7.73 
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Seismic refraction profile for OBS G (shooting southeast) sampling crust within the extinct spreading 
centre along line Rl . The instrument location is indicated in the inset. Traces are bandpass filtered from 4 
to 12 Hz and multiplied by a gain which is a function of range (Distance'8) Traces are plotted at a 
reducing velocity of 5 km s and peak amplitudes are clipped if their excursion exceeds 0.254 cm. 



OBS N, line R2 
Southwest Northeast 
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Seismic refraction profile for OBS N (shooting northeast) sampling crust in the Labrador Sea basin along 
line R2 The instrument location is indicated in the inset The travel times have been sediment corrected 
(section 3 1) Traces are bandpass filtered from 4 to 12 Hz and multiplied by a gain which is a function of 
range (Distance/8). Traces are plotted at a reducing velocity of 5 km/s and peak amplitudes are clipped if 
their excuision exceeds 0 254 cm 
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The seismic refraction profile for OBS G (Figure 3.4) after transfomiation into x-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 x-p curve for the 'inearized inversion to velocity-depth. 
The dashed lines represent the location of pre-critical wide angle reflections which are terminated at their 
associated refractors (marked by dots). 
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The seismic refraction profile for OBS N (Figure 3 5) after transformation into x-p space I'races 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 x-p curve for the linearized inveision to velocity-depth 
The dashed lines represent the location of pre-critical wide angle reflections which arc teiininafed at their 
associated refractors (marked by dots) 
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1-D travel time solutions for line Rl 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 Ught grey, the lower crust medium grey and the mantle dark 
grey based on the slope-intercept solutions. 



Line R2 Solutions 
Southwest 

OBSQ OBSO 
"i—i—r 

OBS E, Line Rl 
crosshi] 

& 

0 

2 

4 

6 

1 1 1 ! 

5,71 

1 

63 1 

1 . 

OBSN 

8 

Northeast 
OBSM OBSL 

-i r 

0 10 Velocity (km/s) 
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. 
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The velocity-depth structures vary markedly from OBSs sampling crust within the 

extinct spreading centre to those sampling its flanks. For line Rl (Fig. 3.8), solutions for 

crustal structure along strike of the extinct spreading centre show exceptionally low upper 

crustal velocities (area ^ r ^ d 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 x-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. Mande 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 along 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 centre. 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 WKBJ 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 (P2 and P3 in Figure 3.4) 

are followed by a mantle refractor (Pn) at 18 km. Pn 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 (P2) 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. 



OBS G, line R1 WKBJ Synthetic 

30 20 
Distance (km) 

1-D WKBJ 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 
crust has been shaded. 



OBS N, line R2 WKBJ Synthetic 

10 20 30 40 50 
Distance (km) 

1-D WKBJ 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 section of the curve representing 
crust has been shaded. 
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The synthetic seismograms developed tor these seismic profiles and their 

corresponding velocity-depth structures are shown in Figures 3.10 and 3.11. The slope-

intercept and x-p solutions were used as end member starting solutions, the final models 

were produced by a process of forward iterative modelling. For both OBSs, the velocity-

depth structures (insets in Figures 3.10 and 3.11) include 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 is of no 

consequence as the first arrival branches being modelled do not include any sediment 

refractors and the sediment travel time is the same as the datum structure. 

For OBS G (Fig. 3.4), P2 and P3 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 initially sought to model the wide angle reflection P,P 

appearing as a strong second arrival between 13 and 19 km. However, the magnitude ol 

the velocity discontinuity required to model the amplitude of P3P was not supported by 

the arrival times and velocities of the first arrival branch. Pn is 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. PraP dominates the second arrival information in 

the synthetic (Fig. 3.10) more than desired because of the inability to partition sufficient 

energy into P3P and by using a synthetics source function which is damped more rapidly 

than the true source signature. 

For OBS N (Fig. 3.5), P2 is best modelled by a strong velocity gradient in the 



56 

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 PmP 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 Uiat 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 gradient 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 indicate 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 et 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 WKBJ 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 usual 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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Figure 3.12: Crustal structures resulting from the modelling with 1-D synthetic seismograms are plotted against 
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km/s). This high velocity may be characteristic in sornt 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 further 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 structures 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; Derrick et al, 198()| 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 gradient 

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, 1986J. 



4. Two Dimensional Velocity Analysis 

A two dimensional seismic model of the crust along refraction line R2, 

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 of the thesis, there is a clear impetus 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 

development of a 2-D model for this refraction line. The 1-D solutions assumed piece-

wise homogeneity. Crustal structures were assumed to have horizontal planar interfaces 

and no lateral velocity variations within the shot-receiver offsets in which arrivals were 

received (at least 50 km). The degree of heterogeneity demonstrated by the 1-D travel 

time solutions from OBSs separated kss than 50 km apart suggests that these fundamental 

assumptions of the 1-D met! ~1ology are not sufficiendy satisfied in the study area. The 

applicability of the sediment correction 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 l-D soluti ws 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 left 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 numerically 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 to 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 amplitude 

response of the data in the study area is dominated by topographic focusing. The travel 

time information, therefore, impose the greatest constraint on the crustal structure. 

However, 2-D synthetic seismograms were 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) minimizing RMS travel time 
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residuals, TRMS (section 4.4.2), by increasing the number of nodes or (b) increasing the 

resolution of nodes and their stability in the inversion by decreasing 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, TRMS 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 tims 

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 5 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 (appioximately 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 layer were specified by solitary nodes whose 

value is applied to all trapezoids within the layer. The depth averaged velocity of 1..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. 3J) and the second 

layer defined between the internal sediment reflector and the sediment-crust boundary. 



65 

The thickness of a layer, z,ower) 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) Vupper, the upper boundary velocity; and (3) k, a linear velocity 

gradient such that V(z)=Vupper+ kz within the layer. At vertical incidence, the one-way 

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

AT = f dz 
o d V + * z ) (Eqn. 4.1) 

A7-= I hi 11 + —*=!= I 
k V 

upper 

From which the thickness of the layer and lower boundary velocity may be obtained: 

V = V + ib 
tower r upper ""^lower 

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

Jarrard etal, 1989] was used to assign Vupper=1.5 km/s and k=0.96 s"1. Using these values, 

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 select appropriate values of Vuppcr and k in 

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

combinations of Vupper and k were tested by tracing rays through the test models and 
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comparing observed and computed travel times; Vupper=2.2 km/s and k=0.2 s"1 were 

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

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

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 x-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 time 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 x-p solutions were not used in this instance as the mantle refractor is 

mapped to a narrow region in x-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 mande velocity 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"1 to 0.04 s'1 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 s"1. They arise 

from the low upper mantle velocities which are observed, particularly in the vicinity of 

the extinct spreading centre. For nv:-st OBSs, this gradient provides a suitable match 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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4.4.1 Uncertainty and Identification 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 %2 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 PmP and sediment refraction arrivals are difficult to pick 

because of interference with the wavetrain from the first arrivals. In the latter case, Pn 

arrivals are difficult to pick because their amplitude barely 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 adjustment 

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 veiocity-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 structure 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, TRMS and %2, quantify the fit between the observed and 

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

T 
'RMS 

(H(TobsrTcak)2W 
hi 

n 

* I Tobsi - Tcalctf 
2 | — T T - . 1 y/2 

(Eqn. 4.3) 
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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 %2 < 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 %2 < 1 for raypaths at 

all receivers. The values of n, TRMS, and x2 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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overlying layer as they share a common boundary. If these boundary nodes arc 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 degraded by the boundary modifications which are ILS / ^d to fit the arrival times 

for an underlying layer. This intc« , pendency was minimized by repealing 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 between 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 travelling 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, TKMS, and x2 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 details 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 arrivals from each layer have been 

selected in presenting the travel time observations and computed arrivals. Further, 

raypaths and travel times at adjacent receivers h?ve been split into upper and lower panels 

so they will not overlap. 

4 5 1 Sediment Layers 

The sediment layers are numbered 2 and 3 in the model parameterization (Fig. 4.1) 

and shaded light grey in the velocity-depth structure (Fig. 4.2). Ray paths and associated 

travel times for sediment refractions are found in Fig. 4.3. The initial 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 %2 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 is 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 additional 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 remainder 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 nodes 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 

tiescribed 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 Pn 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 is 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 no arrivals 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 P2 arrival times of OBS N. This is not a 

timing error in the refraction data as it would have been detected for e:,r-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 either 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 into 

i 
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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 P3 and PraP 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 WKBJ synthetic seismograms (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 

in 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 observations and 2-D modelling which define 

these variations dominates the discussion in the remainder of this section 

Arrivals at OBS 0 shooting northeast, OBS E, and OBS N shooting southwest 

are used to define the upper and lower crustal structure within the extinct spreading ceniic 

(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 velocitv This 

crude observation is 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 km/s isovelocity contouis 

Further evidence for the low upper crustal velocities is found by noting the marked delay 

in P3 arrivals at OBSs F, N shooting southwest, and O shooting NE (Fig 4 5) These 

arrivals are delayed with respect to lower crustal arrivals at other receivers because their 

ray paths travel through the region of low upper crustal velocities within the extinct 

spreading centre. For arrivals from the lower crust (Fig. 4 5), the direct observation ol 

lower velocities at these OBSs is even more pronounced These low velocities arc 

expressed in the final model by the pushing down of the 6 km/s isovelocity contour as 

the extinct spreading centre is entered and the proximity of the 7 km/s contour to the 

crust-mantle boundary. 

The influence of the extinct spreading centre is broad with appreciable crustal 

thinning observed over a 60 km range from 50 to 110 km (Fig 6 5c) The transition 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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Line R2. Ray coverage and travel time fits for upper crust 
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Figure 4.4: Computed ray paths and travel times for refractions, P2, in the upper crust 
(shaded grey) using the 2-D velocity-depth structure along line R2 (Rg. 
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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spreading centre itself, as bounded by the paleo-rift axial valley from 80 to 110 km, is 

remarkably homogeneous with crustal 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 are many overlapping ray 

paths for the lower crust, and some in the upper crust. Further, the four refraction profiles 

sampling crust in this region have TRMS < 0.41 s and %2 < 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 Pn 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 PmP 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 0 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. 6.5c). 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 PraP arrivals. The P3 (Fig. 4.5) and PmP (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 velocities, 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 P3 and PJP 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 die 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, PmP arrivals were also 

observed and used to define the velocity gradient structure of the lower crust. They are 

second arrivals which are difficult to 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 < %2 < 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 
Identifier 

Line A 

Line F 

ODP site 
646 

15/77 

Lattitude 

line 
midpoint 
61.5°N 

line 
midpoint 
60.0°N 

58.13°N 

62.0°N 

Longitude 

line 
midpoint 
50.8°W 

line 
midpoint 
52.0°W 

48.23°W 

55.3°W 

Magnetic 
Anomaly 

In quiet 
zone off 
Greenland 
Margin 

Between 
27 and 28 

24 

In quiet 
zone off 
Greenland 
Margin 

Lower 
Crustal 
Velocity 
(km/s) 

7.64 

7.22 

7.5 

7.5 

Type of 
Observation 

Unreversed 
refraction profile 
for sonobuoy IA 

Reversed 
refraction profile 
for sonobuoys 10 
and 11 

Unreversed 
sonobuoy 
refraction profile 

Unreversed 
sonobuoy 
refraction profile 

Interpretation 
Techniques 

1-D raytracing with 
head wave arrivals 

1-D raytracing with 
head wave arrivals 

1-D synthetic 
seismograms 

1-D plane layer 
solution 

Reference 

Stergiopoulus 
[1984] 

Stergiopoulus 
[1984] 

Srivastava et 
al [1989] 

Hinz et al. 
[1979] 

-

GC 
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Line R2: Ray coverage and travel time fits for mantle wide angle reflections 

0 40 80 120 160 200 
Distance (km) 

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 (Rg. 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 PmP 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 velocities of PmP. The fit of computed PmP arrivals for this OBS 

(X2=0.58) and for OBS N shooting northeast (x2=1.78) could be improved by more rapid 

crustal thinning, producing a steeper slope on this boundary. However, the Pn 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 arrivtds 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 brarch of their ray paths overlap 

the same region of the crust. However, the arrival times at OBS L are too early (THMS= 

0.171 s) while those at OBS M are too late (TRMS=0.132 s). To reduce TRMS for P„,P 

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 P2, P3, and Pn travel time fits. Given that 

PmP is a second arrival, revisions near the OBS were only made to the extent of balancing 

the travel time misfits of PmP 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 Pn are displayed in Figures 4.7 through 4.9, with 

the shooting for each receiver being plotted on a separate plot panel. Pn arrivals are used 

to define the thickness of the crust and the velocity of the uppermost mande. 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 Pn, a concerted effort was made to minimize 

TRMS at all receivers and keep it within the uncertainty of the travel time picks (i.e. %2 < 

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 TRMS for one receiver would increase T„ for another receiver. 

For example, the largest of the Pn travel time residuals (T^s = 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 

(TRMS= 0.86). A modification to reduce TRMS at OBS M would therefore increase T ^ 

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 



90 

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 mande 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 extinct 

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 < %2 < 0.578) for the receivers which have Pn 

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 Rl average mantle velocity of 7.74 km/s (Table 3.1). 
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Line R2: Ray coverage and travel time fits for mantle refracted phases 

^Southwest Northeast 

oo5 
— O 

O — 

80 120 
Distance (km) 

Figure 4.7: Computed ray paths and travel times for refractions, Pn, in the mantle 
(shaded riey) at OBSs 0 and Q using the 2-D velocity-depth structure 
along line R2 (Rg. 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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Line R2: Ray coverage and travel time fits for mantle refracted phases 
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Figure 4.8: Computed ray paths and travel times for refractions, Pn, in the mantle 
'shaded grey) at OBSs N and E using the 2-D velocity-depth structure 
along line R2 (Rg. 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. 



Line R2: Ray coverage and travel time fits for mantle refracted phases 

0 40 80 120 160 200 
Distance (km) 

Figure 4.9: Computed ray paths and travel times for refractions, Pn, in the mantle 
(shaded grey) at OBSs L and M using the 2-D velocity-depth structure 
along line R2 (Rg. 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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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. Pn 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-mande 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 Pn 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 Pn would otherwise 

exhibit as the crust thickens. However, as discussed in section 4.5.3, there is evidence for 

slope on the crust-mantle boundary from the move-out of PmP and the shadow zone 

generated for Pn 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 uncertainty; 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 attempt 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-mande 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, 

X2 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 (%2 < 1), no more than 25% of the crustal 
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thinning may be removed before travel time fits are no longer acceptable. 

In the second approach, a constant velocity and/or depth perturbation was applied 

to all nodes comprising the crust-mantle boundary. Raytracing ensued with the calculation 

of an average TRMS, an average x2> and n using the mantle arrivals at all OBSs. Contours 

of these quantities are presented in Figures 4.11a, 4.11b, and 4.11c respectively as a 

function of the velocity and depth perturbation magnitude. The TRMS = 80 msec and x2 

= 1 contours show a preferred orientation to plausible perturbations. Increases in Pn 

velocity are complementary with positive depth perturbations (crustal thickening) and 

decreases in Pn velocity are complementary with negative depth perturbations (crustal 

thinning). However, for positive velocity perturbations exceeding 0.05 km/s, the number 

of observed arrivals which are reached by the rays begins decreasing markedly (Fig. 

4.1 lc). This arises because increases in the upper mantle velocities decrease the velocity 

gradient of the mantle layer to a point where it is too weak to refract rays to the shorter 

shot-receiver offsets for mantle arrivals. On the basis of the dimensions of the 80 msec 

TRMS contour and the rejection of positive velocity perturbations, average uncertainties of 

± 0.25 km and ± 0.08 km/s can be assigned to the depth and velocity nodes comprising 

the crust-mantle boundary. 

4.7 Synthetic Seismograms 

Synthetic seismic refraction profiles were generated for the receivers along line 

R2 using the final velocity-structure (section 4.5). The synthetic seismograms were 

computed using TRAMP, a geometrical ray theory algorithm for inhomogeneous 

structures written by Zelt [1992]. The impulse response seismograms generated by the 
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program contain the time, theoretical amplitude and phase of arrivals for a given shot-

receiver offset and region of the velocity-depth structure. The impulse response is 

subsequendy convolved with a user specified source function, representative of the source 

used in the experiment. In this case, the exponentially damped cosine function of Cerveny 

[1977] was used as the source function: 

2izf 
M = e x p ( - ( — ^ ) 2 t2) cos(2nft + v) (Eqn. 4.4) 

Y 

Where: fm = Dominant frequency of source 

Y = damping factor 

v = phase shift 

The wavelet used in producing the synthetic seismograms for receivers along line 

R2 is shown in Figure 4.12b while the wavelet used in the comparison between synthetic 

seismogram algorithms (section 4.7.1) is shown in Figure 4.12a. In the latter case, the 

wavelet has a shorter time duration and is damped rapidly, allowing for the first and 

second arrivals in the synthetics to be readily distinguished. The opposite effect is sought 

in producing synthetic seismograms for the receivers along line R2, where a long 

wavetrain, 3 full wavelengths (approximately 450 ms), often obscures the second arrival 

information. To represent these characteristics of the source function, the wavelet for the 

line R2 synthetics has a weak damping (y=5.6) and a phase shift (v~7t/3) to move the 

peak positive amplitude earlier in the wavelet and suppress the amplitude of the first peak 

in the wavetrain (centred at -0.16 s in Fig. 4.12b). 

4.7.1 Comparison of WKBJ and TRAMP synthetic seismograms 

As the TRAMP algorithm is new, a test was conducted to compare the amplitude 
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distribution which it computes with that of a more well established algorithm, Chapman's 

1-D WKBJ [1977). The 1-D velocity-depth structure in Figure 4.12c was devised for this 

purpose. It has layer thicknesses, velocities, and velocity gradients which are typical of 

those found for the flanks of the extinct spreading centre in the final velocity-depth 

structure (section 4.5). The 1-D test synthetic seismograms (Fig. 4.13) include (1) head 

waves and wide angle reflections from the sediment-crust and successively deeper 

boundaries and (2) refracted (diving) rays from the sediment, crust and mantle layers. 

Arrivals from the uppermost layers were not considered as these high amplitude 

reflections aren't typically used in seismic refraction interpretation and their inclusion 

masks the emergence of the lower amplitude refracted arrivals at short shot-receiver 

offsets. 

The traces in both synthetic refraction profiles have received the same scaling as 

a function of shot-receiver offset. The global gain applied to all traces in a refraction 

profile was adjusted such that the amplitude of the crustal refractions (first arrivals from 

10 to 20 km) matches in the two profiles. These arrivals were chosen for the point of 

normalization as they are arrivals for which asymptotic ray theory is entirely valid. There 

is a static time shift of 0.1 s between the two synthetic refraction profiles. This stems 

from the convolution, as the WKBJ algorithm performs the convolution in frequency 

space with the peak amplitude of the wavelet centred about the impulse function response. 

The TRAMP algorithm, by contrast, performs the convolution in the time domain and 

offsets the peak amplitude of the wavelet by one half of its time length. 

In comparing the TRAMP synthetics (Fig. 4.13a) with the WKBJ synthetics (Fig. 
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4.13b), the prevalent distinction is the position and amplitude of the P„,P arrivals. They 

are the prominent high amplitude second arrivals from 16 to 24 km for the TRAMP 

algorithm (Fig. 4.13a) and from 18 to 27 km for the WKBJ algorithm (Fig. 4.13b). The 

shot-receiver offset at which the peak amplitude of PmP arrivals is observed is 6 km 

greater in the WKBJ synthetics and the WKBJ synthetics also show energy from PIMP and 

P3P beyond the critical point. Further, the amplitude of the PnlP phase builds up very 

rapidly in the TRAMP synthetics while it is more gradual in the WKBJ synthetics. The 

amplitudes of the refracted arrivals compare favourably except for the mantle refraction 

in an interval from just beyond the critical point to a range of 40 km. In the TRAMP 

synthetics (Fig. 4.13a), the amplitude of this refractor is lower than its counterpart in the 

WKBJ synthetics. 

These observations are consistent with previous comparisons of asymptotic ray 

theory and its extensions (the WKBJ approximation) [e.g. Chapman, 19851. Specifically, 

asymptotic ray theory breaks down in a number of situations: caustics, critical points, 

diffractions. In these cases, the amplitude function can vary rapidly and does not properly 

determine amplitudes. The WKBJ approach, by contrast, is more general and its amplitude 

function remains valid. As the distinctions observed between the TRAMP and WKBJ 

synthetics (Fig. 4.13) are centred about the critical point for the mantle arrivals, the 

limitations of asymptotic ray theory are most likely responsible. These limitations faced 

by the TRAMP synthetics should be recalled when considering the synthetic seismograms 

in Figures 4.14 to 4.19. The prime differences which emerge from the comparison of 

observed and synthetic refraction profiles in section 4.7.2 are the shot-receiver offsets to 
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which PmP arrivals are traced, their rapid cut-off, and the low amplitude of the mantle 

refractor just beyond the critical point. 

4.7.2 Synthetic seismograms for receivers along line R2 

Confidence that a velocity-depth structure is an adequate representation of the 

actual seismic crustal structure can be gained by visually comparing synthetic and 

observed refraction profiles. If the observed amplitude variations are reproduced 

successfully, then the velocity-depth structure is qualitatively validated. To this end, 2-D 

synthetic seismograms were generated for line R2 as a means whereby the final velocity-

depth structure obtained by travel time modelling (section 4.6) may be further validated. 

In practice, the amplitude modelling spawned a further round of revisions to the velocity-

depth structure produced by the travel time modelling. In particular, modifications were 

required to reproduce the PmP amplitude patterns for OBSs on the northeast flank of the 

extinct spreading centre. 

The synthetic seismograms for receivers along line R2 were computed using the 

final velocity-depth structure (Fig. 4.2) and are presented in Figures 4.14 to 4.19. For each 

synthetic refraction profile, the location of the receiver and direction of shooting are 

indicated by the small insets superimposed on the profile. The synthetic refraction profiles 

may be compared directly with the observed data (Figures A.l - A.6) as they have been 

plotted with identical time scales, reducing velocity, and gain function. Travel time curves 

from the 2-D raytracing are also superimposed on the observed refraction profiles. 

OBS L: The synthetic refraction profile for OBS L shooting northeast is presented 

in Figure 4.14a and the observed profile is in presented in Figure A.l. The amplitude 
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build up of the PJP arrivals at 30 km due to topographic focusing, the interference of P, 

and PmP from 25 to 27 km, and the rapid amplitude decrease and transition to Pn arrivals 

by 40 km are well modelled in the synthetics. The most poorly matched feature in this 

synthetic is the amplitude of P3 from 12 to 19 km; it decreases rapidly in the synthetics 

while remaining relatively strong in the observed data. This lack of energy in the 

synthetics arises from the strong velocity gradient in the upper crust which was required 

to match the travel time information. 

OBS M: The synthetic refraction profiles for OBS M tire presented in Figures 

4.15a (shooting southwest) and 4.15b (shooting northeast) and the observed profiles are 

presented in Figure A.2. Shooting southwest, the high amplitude PmP arrivals from 18 to 

48 km in the observed data are matched in the synthetics from 18 km to 39 km, at which 

point the PmP arrivals terminate abruptly. The gap with no second arrivals and weaker 

first arrivals from 15 to 19 km in the observed data is also produced in the synthetics, but 

the interval is shifted to 17 to 21 km. The observed Pn arrivals for this receiver are 

particularly strong from 80 to 90 km as rays enter the southwest flank of the extinct 

spreading centre. The synthetics do not replicate this behaviour. Shooting northeast, the 

synthetic is a particularly good representation of the data. The low amplitudes surrounding 

the basement high (shot point 700) are present in both the synthetics and observed data 

from 19 to 24 km. On either side of this feature, the synthetics match the high amplitude 

arrivals from 10 to 19 km and 25 to 45 km. 

OBS N: The synthetic refraction profiles for OBS N are presented in Figures 4.16a 

(shooting southwest) and 4.16b (shooting northeast) and the observed profiles are 
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presented in Figure A.3. The observed arrivals for OBS N exhibit a tremendous 

asymmetry between shooting directions, into the extinct spreading centre to the southwest 

and into a flank structure to the northeast. This asymmetry is well replicated in the 

synthetics. For arrivals shooting to the northeast, the broad range (20 to 50 km) over 

which PmP arrivals exist and the abrupt termination at 50 km are well modelled. The 

prevalent amplitude build up from 34 to 50 km in the observed data is not emphasized 

in the synthetics which have shifted the locus of energy to the 26 to 33 km range where 

weak arrivals are found in the observed data. Shooting to the southwest, the strong 

amplitudes from crustal arrivals and absence of a discernable PmP phase are well modelled 

in the synthetics. The energy in the Pn arrivals in the observed data from 23 to 45 km 

(and OBSs, see discussion for OBS E) is not produced in the synthetics. 

OBSE: The synthetic refraction profiles for OBS E are presented in Figures 4.17a 

(shooting southwest) and 4.17b (shooting northeast) and the observed profiles are 

presented in Figure A.4. The observed arrivals and synthetics are very similar to those for 

OBS N shooting southwest. Once again, the amplitude of the upper and lower crust 

refractors is strong and well modelled in the syntheucs as the energy is refracted by the 

near linear velocity gradient throughout the crust within the extinct spreading centre. As 

with OBS N shooting southwest, the high amplitudes in the observed crustal arrivals are 

followed by strong Pn arrivals from 20 to 30 km. The synthetics put very little energy into 

these Pn arrivals just beyond the critical point despite a relatively strong velocity gradient 

(0.04 s"1) for the upper mantle in this region. 

OBS O: The synthetic refraction profiles for OBS O are presented in Figures 



Synthetic Seismic Refraction Profiles for OBSs Q and L 
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Figure 4.14: Synthetic seismic refraction profile for (a) OBS L shooting southwest and (b) OBS Q shooting northeast using the 

2-D velocity-depth structure in Fig. 4.2 Gain has been applied as a function of range and traces are plotted at a 
reducing velocity of 8 km/s. 
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Synthetic Seismic Refraction Profiles for OBS M 

Shot - Receiver Offset (km) 
Figure 4.15: Synthetic seismic refraction profile for OBS M (a) shooting southwest (b) shooting northeast using the 2-D 

velocity-depth structure in Fig. 4.2. Gain has been applied as a function of range and traces are plotted at a 
reducing velocity of 8 km/s. 
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Synthetic Seismic Refraction Profiles for OBS N 
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Figure 4.16: Synthetic seismic refraction profile for OBS N (a) shooting southwest (b) shooting northeast using the 2-D 
velocity-depth structure in Fig. 4.2. Gain has been applied as a function of range and traces are plotted at a 
reducing velocity of 8 km/s. 
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Figure 4.17: Synthetic seismic refraction profile for OBS E (a) shooting southwest (b) shooting northeast using the 2-D 
velocity-depth stmcture in Fig. 4.2. Gain has been applied as a function of range and traces are plotted at a 
reducing velocity of 8 km/s. 
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velocity-depth structure in Fig. 4 2. Gain has been applied as a function of range and traces are plotted at a 
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4.18a (shooting southwest) and 4.18b (shooting northeast) and the observed profiles are 

presented in Figure A.5. Shooting to the northeast into the extinct spreading centre, the 

strength of crustal refractors is once again matched in the synthetics. For this receiver, 

there is little energy observed beyond 22 km, the amplitude drop in the synthetics and 

observed data relates to the range at which crustal level arrivals are no longer received. 

Shooting to the southwest, the observed arrivals show low amplitudes tor the crustal 

arrivals from 7 to 10 km followed by a region of high amplitude arrivals from 10 to 17 

km. The amplitude decrease is a topographic effect and well modelled by the synthetics. 

Meanwhile, the region of higher amplitudes (10 to 17 km) is a combination of P, and PmP 

arrivals and extends to 22 km in the synthetics, 5 km farther than that in the observed 

data. 

OBS O: The synthetic refraction profile for OBS Q shooting northeast is presented 

in (Fig. 4.14b) and the observed profile is presented in Figure A.l The high amplitude 

of arrivals from 10 to 17 km and rapid amplitude drop from 17 to 19 km are both well 

modelled as is the Pn shadow zone created by the zone of crustal thinning from the 

southwest flank into the extinct spreading centre. The P,n? arrivals are the most poorly 

matched in this synthetic, they terminate abruptly at a shot-receiver offset of 36 km while 

actual termination in the observed data occurs at an offset of 44 km in the observed data 

In summary, the synthetic and observed refraction profiles compare favourably as 

the major amplitude variations for P2, P3, and PraP arrivals are matched, though the 

patterns of amplitude variations are shifted by several kilometres in some instances. The 

greatest shortcomings of the synthetics are the low amplitude of the Pn arrivals and the 
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very rapid termination of the PmP arrivals. Based on the comparison of the TRAMP and 

WKBJ algorithms (section 4.7.1), it is felt that both of these shortcomings stem in part 

from limitations of the asymptotic ray theory which the TRAMP algorithm employs and 

not solely from inadequacies in the final velocity-depth structure. 

4.8 Summary 

A 2-D seismic velocity-depth structure (Figs. 4.1 and 4.2) was developed for 

refraction line R2 transversely crossing the extinct spreading centre in the Labrador Sea 

(location in Fig. 2.2). Information from 12 kHz bathymetry data, seismic reflection data, 

and plane-layer and x-p travel time solutions from the 1-D velocity analysis were used 

to develop an initial velocity-depth structure. The final velocity-depth structure was 

obtained by revising this initial velocity-depth structure to: 1) quantitatively improve the 

quality of fit between arrival times calculated by raytracing and their observed 

counterparts and 2) to qualitatively improve the fit between amplitude patterns in 

synthetic and observed refraction profiles. The revisions based on raytracing were largely 

introduced by forward modelling with the RAYINVR package [Zelt and Smith, 1992]. 

This package is also capable of operating in an inverse sense and can be used to perform 

error analysis. In practice, inverse steps were only helpful in guiding revisions to the 

model as they did not converge to plausible velocity structures. 

The results of the 2-D modelling affirm the results obtained in the 1-D velocity 

analysis. The crust within the extinct spreading centre is thinner and of lower p-wave 

velocity than on its flanks. The 2-D velocity analysis goes beyond the 1-D analysis as it 

defines the breadth of the region in which these low velocities and crustal thinning are 
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observed and defines the lateral transition from the flanks into the extinct spreading 

centre. Further, the 2-D results adequately treat the variations in sediment thickness and 

heterogeneity in the crustal structure, two concerns which limited the reliability of the 1-D 

analysis. 



5. Two Dimensional Gravity Modelling 

In this chapter, 2-D gravity models are calculated along line R2, the seismic 

refraction line which transversely crosses the extinct spreading centre (Fig. 2.2). These 

models all stem from a conversion of the final velocity-depth structure (Fig. 4.2) into a 

density structure. The comparison of calculated and observed free-air gravity anomalies 

provides an independent check on the suitability of the final seismic velocity-depth 

structure and the extent to which revisions to this structure are merited. In addition, the 

gravity modelling is used to assess the viability of an alternate model for crust and upper 

mantle structures underlying mid-ocean spreading centres proposed by Hall et al [1986]. 

In this model, a low density gabbroic root structure underlies both active and extinct 

spreading centres and is used to model the axial gravity low at the extinct spreading 

centre in the Labrador Sea. 

5.1 Observed Free-Air Gravity Anomaly 

In Figure 5.1, the free-air gravity anomaly along ship tracks in the vicinity of the 

seismic refraction lines Rl and R2 (blue lines) and the OBS and sonobuoy receivers 

(magenta crosses) are presented. The excursion of the black dots perpendicular to the 

gravity measurements along the ships track (black lines) represent the amplitudes of the 

observed anomalies. Positive anomalies are plotted to the north of the ship track and 

negative anomalies to the south. The track coverage is dominated by the 1974 Minna 

cruises which cross the extinct spreading centre with a bearing of 65° (clockwise from 

north). The spacing between these tracks is approximately 34 km. 

The track coverage is sufficient for the free-air gravity anomaly to reveal some 
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Figure 5.1: The free-air gravity anomaly along ship tracks (black lines) in the 
vicinity of refraction lines R1 and R2 (blue lines) in the Labrador 
Sea. Anomalies are plotted perpendicular to the ship track with 
positive values to the north. Receiver locations are marked in 
magenta. The gridding of the observed values was performed at the 
Bedford Institute of Oceanography using a variable search radius. 



119 

prominent features of the Labrador Sea basin: 1) The extinct spreading centre is 

characterized by an axial low (the north-northwest to south-southeast trending anomaly 

in Figure 5.1) which is flanked by highs. Two factors contribute to the axial gravity low. 

First, the increased depth to basement (i.e. thicker sediments) overlying the extinct 

spreading centre [Srivastava et al, 1986] as determined from the single channel Minna 

reflection profiles and a lesser number of multichannel reflection lines. Second, the 

relatively low velocity/density of the crust and upper mantle within the extinct spreading 

centre (Chapters 3 and 4). 2) A basin wide asymmetry exists in the Labrador Sea 

[Srivastava, 1981; Vogt et al, 1982] with a predominance of positive anomalies to the 

northeast of the extinct spreading centre and negative anomalies to the southwest. 3) The 

position of fracture zones is inferred from gravity lows parallel to paleo-spreading 

directions. 

The ability of the observed data to resolve shorter wavelength features is more 

limited. In particular, there is no gravity data coincident with refraction line R2 so the 

free-air anomalies computed for the gravity models may only be compared with the 

observed values at track crossings and with a profile of the observed anomaly along track 

which is extracted from the gridded gravity anomaly (colour contours in Figures 5.1, 5.2, 

and 5.3). To illustrate the spatial resolution which the density of the ship tracks imposes, 

the observed values of the free-air gravity anomaly are used to produce the gridded data 

sets in Figures 5.2 and 5.3. In each of the four gridded data sets displayed, grid points are 

determined every 8 km, but use different search areas to determine the amplitude of the 

free-air anomaly. The search areas are circular and apply a weighted average to any 
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Figure 5.2: The free-air gravity anomaly along ship tracks (black lines) in the vicinity of refraction lines R1 and R2 
(blue lines) in the Labrador Sea. Anomalies are plotted perpendicular to the ship track with positive 
values to the north. The observed values are interpolated to form a regular grid with an 8 km spacing 
by searching a radius of 3 gaussian half widths of (a) 5 km and (b) 10 km. 
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Figure 5.3: The free-air gravity anomaly along ship tracks (black lines) in the vicinity of refraction lines R1 and R2 
(blue lines) in the Labrador Sea. Anomalies are plotted perpendicular to the ship track with positive 
values to the north. The observed values are interpolated to form a regular grid with an 8 km spacing 
by searching a radius of 3 gaussian half widths of (a) 15 km and (b) 20 km. 
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observations which lie within their bounds. The weighting, w(x), is defined by a gaussian 

function with a specified half-width controlling bow rapidly it is dampened as a function 

of distance from the grid point: 

yvQc) = l
 e ^ (Eqn. 5.1) 

asl2H 

The gridded data sets which result from applying different search radii tire 

presented in Figures 5.2a, 5.2b, 5.3a, and 5.3b where the respective search areas are 3 

times a gaussian half-width of 5, 10, 15, and 20 km. For the 5 and 10 km half-widths, the 

tracks remain largely independent with little or no averaging of values between tracks, 

except in regions to the southwest of the extinct spreading centre where the track density 

is higher. The motivation to grid the observed values is the establishment of a 2-D field 

which is representative of the observed gravity field along track. For the search areas with 

the 5 and 10 km half-widths, the granularity in the 2-D field due to the track spacing has 

not been removed and the search areas are therefore considered too small. For the 15 and 

20 km half-widths, there is appreciable averaging across and along tracks. Spatial 

continuity in the 2-D field is achieved, at least in the vicinity of the seismic refraction 

lines Rl and R2. As the search area increases, the peak to peak amplitudes generally 

decrease (e.g. -25 to 30 mGals for a 15 km half-width and -20 to 25 mGals for a 20 km 

half-width ) and shorter wavelength features are progressively removed by the greater 

extent of averaging. 

From each of these grids, profiles of the free-air gravity anomaly along line R2 
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have been extracted and displayed in Figure 5.4 along with the four observed values and 

their observational uncertainties [Geophysical Data Centre, Geological Survey of Canada, 

Personal Communication, 1991] at track crossing points (distances of 5.9,94.8,175.3, and 

181.3 km along line R2). A fifth profile is also displayed. It is extracted from the BIO 

grid (Figure 5.1), which employs a search area which varies with the regional track 

density. In general, the profiles extracted from the 5, 10, 15, and 20 km half-width grids 

show a progressive decrease in peak to peak amplitudes and loss of shorter wavelength 

features as the search area broadens. 

Considering specific features of these profiles, the search area with a 5 km half-

width is not wide enough to span tracks, so the interpolated profile either drops to zero 

midway between tracks or it is quite variable in these regions. However, it involves the 

least averaging and consequently it is best able to pass through the observed values at 

track crossings. Nonetheless, it has a consistently lower peak to peak excursion than the 

observed values at the track crossing points. This behaviour is noted for all of the search 

areas and is most dramatic for the track crossing at 175 km where profile values are 1.5 

to 5 mGals less than the observed value. The profile values at this location are influenced 

by the rapid decrease in the observed values for the three gravity measurements on the 

ship track bearing north-northwest. 

The signature of the basement highs and lows is also obscured in the profile of 

the observed anomaly. There are four basement highs along line R2: 24 to 34 km; 58 to 

76 km; 112 to 148 km; and 170 to 194 km (shot point intervals 70-145, 215-345, 460-

620, 685-795 in Figure 2.3). These all have an expression in the free-air gravity anomaly 
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SA: The free-air gravity anomaly along line R2 interpolated from the gridded data sets in Figures 6.2 and 6.3 
which use different search areas. Observed values at track crossing points are denoted by the solid squares 
and die vertical bars represent the uncertainty of these values. 
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along track, but their distinctiveness weakens as the search area increases. For example, 

the basement low around shot point 650 (Fig. 2.3) influences the gravity field on the 

Minna 11 ship track (north of OBS M in Fig. 5.1). In the profiles extracted from the BIO 

and 20 km half-width grids, the expression of this basement low (at 160 km in Fig. 5.4) 

is largely removed through the averaging. Given these considerations, the profile extracted 

from the observed values gridded with a search radius of 3 times a gaussian half-width 

of 15 km is used as the best approximation to a true "observed" free-air gravity anomaly 

along refraction line R2, to which the calculated free-air gravity anomalies are compared. 

Two further caveats limit the results of the gravity modelling. The first pertains 

to the profile of the observed anomaly along track. The effects of the search area 

employed has already been noted. The separation between a feature, basement topography 

or otherwise, and the point of observation is a further consideration. A feature which lies 

between ship tracks is not the central contribution to the observed gravitational 

acceleration at a measurement location: the influence of a mass anomaly varies inversely 

with the square of the distance separating the mass anomaly from the observation point. 

Therefore, if the spatial extent of a feature is less than the distance separating ship tracks, 

it will not be fully resolved on these ship tracks. 

The second caveat pertains to the 2-D nature of the gravity calculation [Talwani 

et al, 1959]. The gravity field is calculated over constant density polygonal prisms which 

are assumed to extend infinitely into the third dimension, perpendicular to the strike of 

the density-depth section. The gravity anomaly for a basement high, for example, is 

computed as if it were actually a ridge. If this is not the case, the computed anomaly will 
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overestimate the influence of the feature. Line R2 is situated in an area where the positive 

gravity anomalies from the southwest and northeast flanks of the extinct spreading centre 

(Figure 5.1) begin to terminate. In terms of satisfying the assumptions in the methodology 

of the 2-D gravity modelling, it would have been desirable to have placed the refraction 

line further south where the gravity anomaly from the axial flanks is continuous. 

In summary, the profile of observed values will underestimate the actual 

contribution of a feature, positive or negative, to the gravity anomaly because of the 

averaging in the gridding process. If the wavelength of the feature is less the separation 

between the ship tracks on which it is observed, then its influence in the profile of 

observed values is further underestimated. Meanwhile, the calculated anomaly for a 

feature will be overestimated due to the 2-D nature of the gravity calculation. 

5.2 Gravity Models Based on 2-D Seismic Velocity Structure 

To construct a density-depth structure from the final 2-D seismic velocity-depth 

structure along line R2 (Chapter 4), densities were assigned to each of the model 

trapezoids defined by the boundary nodes (Fig. 4.1). A density for each trapezoid is 

computed by averaging the four velocity nodes and then converting velocity to density 

using the following 4th order polynomial relationship which fits the empirical data of the 

Nafe-Drake curve [Ludwig et al., 1970] for 1 < Vp < 9 km/s: 

p = - 0.00283 V\ + 0.0704 v] - 0.598 V2
p + 2.23 Vp - 0.700 ( E 1 n 5-2) 

Where: 

p = density in gem"3 

Vp= seismic p-wave velocity 
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For the mantle layer (8 in Fig. 4.1), the bottom boundary is set at 14 km in the 

gravity models and the density of mantie trapezoids is calculated using the velocity of the 

upper boundary nodes alone. In the velocity-depth structure, the mantle layer must be 

deep enough to allow the rays at the large source-receiver offsets to be refracted; the 

depth is otherwise arbitrary. It is the depth and velocity nodes for the upper boundary 

which primarily control the velocity gradient structure of the mande trapezoids since the 

lower boundary is horizontal and of constant velocity. If the bottom boundary velocity is 

included in the density calculation, then the density variations in the upper mantle are 

muted. If the 20 km depth to the lower boundary is retained, while excluding the lower 

boundary velocity nodes from the density calculation, then the influence of the upper 

boundary velocity variations is carried to a depth of 20 km and their influence is too 

great. The 14 km depth is selected as a reasonable depth to which these density variations 

extend. In section 5.3, an alternate model for the structure of a mid-ocean ridge is 

explored with density variations extending to depths > 30 km into the mantle. 

In Figures 5.5 to 5.9, gravity models emanating from the seismic velocity-depth 

stmcture along refraction line R2 are presented. In these figures, the upper plot panel 

contains the computed free-air gravity anomaly (solid line), the observed value ;. .^ " 

crossing points (solid squares with uncertainties), and a profile of observed values iu^.i, 

track (dashed line) obtained using the search area with a 15 km half-width (section 5.1). 

The lower plot panel contains the 2-D density-depth structure. The density of each 

trapezoid is printed within its confines. For the lower sediment and upper crustal layers 

(3,4, and 5 in Fig. 4.1), the spacing of boundary nodes along the sediment-crust boundary 
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gives rise to trapezoids every 2.j km. As the densities of these trapezoids do not vary 

rapidly, the density of every fourth trapezoid is printed in die figures. The calculated 

anomalies and profile of observed values are extended an additional 20 km beyond the 

ends of the refraction line to provide a greater sense of the regional trend of these 

anomalies (section 5.2.4). Values of the calculated anomaly are determined every 2 km. 

5.2.1 Initial Gravity Model 

The gravity model obtained from the final velocity-depth structure (Fig. 4.2) is 

presented in Figure 5.5. The calculated anomaly, a relative quantity, is plotted so that it 

falls within' the uncertainty bounds of three of the four observed values at the track 

crossings. When compared to the profile of observed values and the fourth track crossing, 

the calculated anomaly does not fit particularly well. First, the calculated free-air gravity 

anomaly to the southwest of the extinct spreading centre is 18 mGals below the observed 

value at the Minna 13 track crossing at 5.9 km and the profile values from 0 to 50 km. 

Second, the calculated anomaly for the basement high from 58 to 76 km overestimates 

the peak to peak amplitude of this feature by 16 mGals. Third, the peak to peak amplitude 

of the basement high from 112 to 148 km is underestimated by up to 13 mGals. Revisions 

to the density structure, which are plausible given the constraints which the refraction data 

impose, are introduced in an effort to reduce the magnitude of these discrepancies. 

5.2.2 First Revision: Compensating Basement High from 58 to 76 km 

The first of these revisions is presented in Figure 5.6. The crust-mantle boundary 

has been modified to thicken the crust beneath the basement high from 58 to 76 km. This 

provides partial compensation for the basement high, reducing the contribution from the 
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Figure 5.5: 2-D gravity model using the final velocity-depth strucmre (Rg. 4.2). The seismic velocities 
have been converted to density using the relationship in Equation 5.1. Densities are in g/cc 
and printed within the bounds of the model trapezoids used in the gravity calculations. 
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mantle layer to the calculated gravity anomaly. The thickening is introduced by making 

the crust-mantle boundary symmetric from 60 to 130 km, centred about a midpoint at 95 

km. The depth nodes for the crust-mantle boundary from 60 to 90 km are assigned the 

corresponding values of the nodes from 100 to 130 km. 

The crust-mantle boundary in this region is constrained by the Pn arrivals from 

OBS O shooting southwest (Fig. 4.7), OBS N shooting southwest (Fig. 4.8), OBS M 

shooting southwest (Fig. 4.9), OBS E shooting southwest (Fig. 4.7), and the shadow zone 

for OBS Q shooting northeast (Fig. 4.7). In specifying a symmetric crust-mantle 

boundary, the lower crustal thickening which is introduced attains a maximum value of 

1.54 km at 60 km. The maximum delay in Pn travel times is localized at this point and 

averages 0.14 s for the aforementioned OBSs. The overall fit of computed to observed 

travel times for P n , as quantified by an average TRMS for these receivers, increases from 

0.069 s to 0.113 s. These measures of the degradation in thf 4 ir'ity of fit of computed 

Pn travel times may be compared with the maximum uncertainty of 0.12 s which was 

assigned to observed travel time picks (section 4.4.1). The travel time delays introduced 

by thickening the crust are at the limit which can be accepted given the uncertainty of the 

seismic refraction data. 

The thickening of the crust decreases the contribution of the basement high to the 

free-air anomaly by approximately 10 mGals. The discrepancy which remains cannot be 

reasonably accommodated by modifications to the velocity-depth structure and other 

potential sources merit discussion. This basement high may be part of continuous feature 

parallel to ridge strike as there are similar short wavelength peaks in the observed free-air 
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gravity anomalies along the Minna 11, 12, and 13 ship tracks (marked by white dots in 

Fig. 5.1). While this gives some confidence that the 2-D assumption which the gravity 

model presupposes is valid, it remains possible that line R2 intersected the ridge at a 

basement high. In addition, the amplitude ascribed to the basement high is too low in the 

line R2 profile of observed values. The peak to peak amplitudes are approximately 9 

mGal on the Minna 11,12, and 13 tracks. This anomaly has a relatively short wavelength 

(15 - 20 km) and the gridding has been shown to reduce the amplitude of short 

wavelength highs which are adjacent to lower amplitude values (section 5.1). For the 

search area using a 15 km half-width weigthting for the gaussian function, the peak to 

peak amplitude of this feature is no more than 4 mGal in the profile of observed values 

(Fig. 5.4). 

5.2.3 Second Revision: Lower Mantle Densities Under the Extinct Spreading Centre 

In the second revision (Fig. 5.7), the density of the mantle trapezoids from 80 to 

110 km is decreased to 3.20 gem"3. This adjustment is justified as follows. First, the 

velocity nodes on the upper boundary of the mantle layer along line R2 are sampling the 

mantle in the fast direction [Christensen, 1984]. Anisotropy of the mantle, can lead to a 

velocity difference of 5% between velocities in the ridge parallel (slow) and ridge 

perpendicular (fast) directions [Bibee and Shor, 1976]. Second, and more directly, the 

3.20 gem"3 is calculated using the average velocity of 7.74 km/s (Table 3.1) along line Rl 

and the velocity to density relationship (Equation 5.2). 

The introduction of these lower densities has several desirable consequences. The 

amplitude of the calculated anomaly to the southwest from 0 to 50 km is increased 
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Figure 5.7: The density structure in Rgure 5.6 has been modified by reducing the density of mantie trapezoids from 80 
to 110 km (bold and enlarged text in lower plot panel) to 3.20 g/cc. This density is calculated using the 
average mantle velocity for the line Rl 1-D travel time solutions (Table 3.1) and Equation 5.1. 
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relative to that within the extinct spreading centre. The discrepancy between observed and 

calculated values for the basement high from 112 to 148 km is marginally decreased and 

the rapid transition from a gravity low to a gravity high from 110 to 130 km is improved. 

A further improvement in fitting the profile of observed values can be achieved by a nuve 

substantial reduction in the density. In doing so, however, the fit to the observed values 

at the 95 and 180 km track crossings is then lost and the density decreases below that 

which can be quantitatively justified by the line Rl refraction results. 

5.2.4 Third Revision: Reduce Regional Asymmetry of Calculated Anomaly 

This section considers the asymmetry in the calculated free-air anomaly along line 

R2 which is too negative to the southwest of the extinct spreading centre and too positive 

to the northeast (Fig. 5.5). Two alternate views of this asymetry are explored. In the first, 

it is considered an undesirable artifact of the velocity-depth structure and gravity models 

which largely remove this asymmetry are devised. In the second view, the asymmetry 

stemming from the velocity-depth structure is treated as actually being present in the 

region, but not well expressed in the observed gravity anomaly along line R2. 

The asymmetry in the calculated free-air gravity anomaly is indicative of an 

isostatic imbalance between the eastern and western flanks of the extinct spreading centre. 

This imbalance is quantified in Figure 5.10 where the total mass in columns is calculated 

at distance intervals of 10 km along refraction line R2. The layer thicknesses used in this 

calculation are from the final velocity-depth structure (Fig. 4.2). The densities are 

calculated from Equation 5.2 using an average of the upper and lower velocity nodes of 

a layer at a given position. This differs from the calculation of densities for model 
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trapezoids where the average velocity was calculated using the velocities at the four 

corners defining the trapezoid. For distance intervals at which boundary and/or velocity 

nodes are not present in the final model parameterization (e.g. 10 km position for layers 

7 and 8 in Figure 4.1), the values have been interpolated from those at neighbouring 

nodes. The mass in the mantle (layer 8 in Fig. 4.1 and 5.9) is calculated from the base 

of the crust to a depth of 14 km, the same depth used in specifying the base of the mantle 

layer in the gravity calculations. 

Figure 5.10b is a stacked bar representation of the mass which each layer 

contributes to the total mass of the column. The upper plot panel (Fig. 5.10a) presents the 

total mass in each column and a linear regression between the values. The difference in 

mass between the columns at 0 and 220 km is 0.44 x 106 kgm"2 and the difference 

between the endpoints of the regression line at 0 and 220 km is 0.53 x 106 kgm"2. For a 

Bouguer slab calculation, 

gB (mGals) = 2 7 t G ( A A f ) (Eqn. 5.3) 
10"5 

Where: 

G = gravitational constant = 6.67 x 10'" (m3kg''s'2) 

AM = Mass in a column (kgm2) 

the differences in mass at 0 and 220 km would generate gravity anomalies of 18.1 and 

22.2 mGals respectively. This may be compared with the difference of 18.5 mGals which 

exists between the calculated free-air gravity anomaly at 0 and 220 km in Figure 5.5. As 

gravity modelling is non-unique, there are numerous revisions which could be introduced 
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Figure 5.8: The density strucmre in figure 5.7 has been modified by increasing the densities of the lower cmst 
trapezoids from 0 to 60 km by 0.07 g/cc (bold and enlarged text in lower plot panel). This reduces the 
regional asymmetry between the flanks of the extinct spreading centre by reducing the degree of isostatic 
imbalance which is present in the density structure. 
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Figure 5.9: The density strucmre in Rgure 5.7 has been modified by reducing the thickness of the lower cmst 
trapezoids from 0 to 60 km (as indicated by the bold line) by 0.51 km.This is another means of reducing 
the regional asymmetry in the calculated free-air gravity anomaly between the flanks of the extinct 
spreading centre. 
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Figure 5.10: The total mass is calculated in vertical columns every 10 km across the final velocity-depth structure for seismic 
refraction line R2 (Fig. 4.2). (a) The total mass in columns to 14 km depth with a linear regression line to 
emphasize the asymmetry about the extinct spreading centre and (b) a stacked bar representation of the mass 
which each layer contributes to the total 
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to reduce this asymmetry. Two revisions, both involving modifications to the lower crust 

trapezoids from 0 to 60 km are presented in Figures 5.8 and 5.9. The models show the 

effects of increasing the density of these trapezoids by 0.07 gem"3 or reducing their 

thickness by 0.51 km respectively. Through either revision to the lower crust trapezoids 

from 0 to 60 km, the free-air gravity contribution of this flank is increased by 

approximately 10 mGals. This increase, in conjunction with that realized by reducing the 

density of the mantle beneath the extinct spreading centre (section 5.2.3), largely removes 

the asymmetry at the end points of the refraction line at 0 and 220 km (Figs. 5.8 and 5.9). 

The plausibility of these two revisions may be assessed by considering how they 

would effect the quality of the travel time fits between calculated and observed arrivals 

in the 2-D seismic refraction modelling (Chapter 4). In the first case, density increases 

of 0.07 gem3 correspond to velocity increases of approximately 0.25 km/s. This is a 

substantive velocity increase which has a marked influence. For lower crustal arrivals, P3, 

the average TRMS (for arrivals at OBS Q shooting northeast, Sonobuoy 11 and Sonobuoy 

12) increases from 0.064 s to 0.117 and the average x2 increases from 0.92 to 3.02. For 

P„, the average TRMS (for arrivals at OBS Q shooting northeast, OBS O shooting 

southwest, OBS E shooting southwest and OBS N shooting southwest) increases from 

0.069 to 0.080 s. 

The TRMS values for Pn are calculated for all arrivals at a receiver and not restricted 

to those raypaths which travel through the 0 to 60 km region. A more revealing quantity 

is ATMAX, the maximum travel time difference between the calculated raypaths in the 

revised and original models. While Tms will tend to underestimate the degradation in 
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travel time fits due to a model revision, ATMAX provides a bound for the other extreme. 

For the revision which introduced higher densities in the lower crust, the average ATMAX 

for P„ at the receivers listed in the previous paragraph is -0.14 s. 

The second possible revision was a thinning of the lower crust trapezoids from 0 

to 60 km (Fig. 5.9). For lower crustal arrivals, P3, the average TRMS (for arrivals at OBS 

Q shooting northeast, Sonobuoy 11 and Sonobuoy 12) increases from 0.064 s to 0.068 s 

and the average x2 increases from 0.92 to 1.12. For Pn, the average TRMS (for arrivals at 

OBS Q shooting northeast, OBS O shooting southwest, OBS E shooting southwest and 

OBS N shooting southwest) increases from 0.069 to 0.095 s and the average ATMAX is -

0.123 s. The degradation in Pn travel time fits is comparable for the two revisions, while 

the degradation in P3 traveitime fits is much worse for the revision in which the density 

of the lower cmst trapezoids is increased. On this basis, the thinning of the lower crust 

trapezoids is preferred as the revision whereby the asymmetry in the calculated free-air 

gravity anomaly is reduced. 

In either of these cases, the modifications to the velocity-depth structure which are 

required to reduce the isostatic imbalance are substantial. The question remains, therefore, 

whether the asymmetry is an artifact of the 2-D seismic modelling or actually present in 

the region. The profile of the observed gravity anomaly along line R2 (Fig. 5.4) and the 

gridded data sets (Figs. 5.1 to 5.3) do not show a marked asymmetry. However, the initial 

stages of an asymmetric trend may be seen at the ends of the refraction line (Figs. 5.5 to 

5.9). The observed values and the calculated anomaly were extended 20 km beyond the 

ends of the density structure to emphasize the onset of this trend. 
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While the asymmetry is not prevalent in the study area of this thesis, there are 

observations on a larger scale of an asymmetry in the regional behaviour of the free-air 

gravity anomaly in the Labrador Sea [Srivastava, 1981]. North of the Minna and 

Cartwright fracture zones (Fig. 2.1), the gravity anomaly is largely positive northeast of 

the extinct spreading centre and negative southwest of the extinct spreading centre, with 

the degree of asymmetry increasing northward towards Davis Strait. The regional 

behaviour of the free-air gravity anomaly in the Labrador and Norwegian-Greenland Seas 

was studied by Vogt et al. [1982]. They note that the asymmetry is most pronounced for 

crust formed between magnetic anomalies 25 to 29. Line R2 samples crust which is 

predominantly younger than magnetic anomaly 24 (Figs. 2.2 and 4.2), where Vogt et al. 

[1982] find a weaker asymmetry of approximately of 5 mGals. 

In trying to attribute the origin of the regional asymmetry to a crustal or upper 

lithospheric phenomena rather than a sub-lithospheric one, Vogt et al. [1982] write: 

"If the asymmetry arises in the crust and mantle lithosphere, we can 

consider as possible causes east flank/west flank differences in (a) depth 

to the acoustic basement, (b) thickness of the overlying sediments, (c) 

density of the sediments, crust and/or upper mantle, (d) thickness of the 

crust or (e) some combination of this factors." 

and in summarizing their basin wide gravity model where the asymmetry is introduced 

by a thickening of oceanic layer 2 at the expense of oceanic layer 3 to the southwest of 

the extinct spreading centre, Vogt et al. [1982] write: 

"...we regard the crustal model as a geologically plausible 
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hypothesis that can be tested by future seismic refraction measurements." 

If the asymmetry in the calculated gravity anomaly along line R2 (Figs. 5.5 to 5.9) 

is considered to be consistent with the observed gravity field in a regional sense, the 2-D 

seismic velocity-depth structure along line R2 (Chapter 4) suggests that Vogt et al. [ 19821 

were correct in assigning the asymmetry as a crustal phenomena. The source of this 

asymmetry, however, could be the high velocity/density of the lower crust to the northeast 

of the extinct spreading centre. The presence of this material along line R2 is detailed in 

this thesis (Chapter 4) and its presence at other locations northeast of the extinct 

spreading centre is summarized in Table 4.2. If this material is ubiquitous northeast of the 

extinct spreading centre, it would be largely responsible for the basin wide asymmetry in 

the gravity field. 

5.25 Evidence for Crusial Thinning in the Extinct Spreading Centre 

Another gravity model was devised to test whether the crustal thinning in the 

extinct spreading centre, as defined by the 1-D and 2-D seismic refraction results, is 

consistent with the free-air gravity anomaly. The initial gravity model was modified to 

explore the influence of the crust-mantle boundary and mantle densities while leaving the 

density structure of the water, sediment, and crustal layers intact. Specifically, the 

topography of the crust-mantle boundary (layer 7 to layer 8 in Fig. 4.1) is made to 

parallel the topography of the sediment-crust boundary (layer 3 to layer 4 or 5 in Fig. 

4.1), thereby specifying a crust of constant thickness which is underlain by a mantle of 

uniform density. Through this specification, the thickness of the crust and/or density of 

the uppermost mantie do not provide varying degrees of compensation for the density or 
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Figure 5.11: A constant crustal thickness of 5.25 km and constant mantle density are specified. The densities of the 
sediment and crust layers are those which were specified in the initial denisty structure (Rg. 5.5). In this 
model, crustal thickness and/or mantle density variations are unable to provide varying degrees of 
compensation for the overlying structures. 
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topography variations which are present in the overlying layers. 

The calculated free-air anomaly and density structure are presented in Figure 5.11. 

The peak to peak amplitude of the calculated free-air anomaly is 46 mGals, exceeding the 

24 mGal difference between the observed values at the track crossings at 95 and 175 km. 

The negative contribution to the calculated anomaly from the low density of the lower 

crust within the extinct spreading centre (2.77 gem"3) is too large and can be reduced by 

a thinning of the crust. Likewise, the basement highs northeast of the extinct spreading 

centre make a positive contribution to the calculated anomaly which is too large and can 

be reduced by a thickening of the crust. To the southwest of the extinct spreading centre, 

the problems of asymmetry discussed in section 5.2.4 persist and no insight is gained by 

this model. The exaggeration of the calculated anomaly in this gravity model reveals that 

the variations in crustal thickness in the initial gravity model (section 5.2.1) serve to 

reduce the magnitude of the calculated anomaly. The free-air gravity anomaly is therefore 

consistent with a model where the low densities of the crust and upper mantle within the 

extinct spreading centre (80 to 110 km) are partially compensated by a thinning of the 

crust in this region. 

5.3 Gabbroic Root Model 

The gabbroic root model [Hall et al, 1986] is a geometric model for the structure 

of the crust and upper mantle at mid-ocean ridges. It stems from a structural and 

petrological analysis of the Bay of Islands ophioLte complex in western Newfoundland 

[Elthon et al, 1982; Casey and Karson, 1981; Casey et al, 1983|. The basalt cumulates 

from this ophiolite complex and some experimental studies of the petrology of mid-ocean 



145 

ridge basalts (MORB) [e.g. Stopler, 1980] suggest that the parental melts have not been 

in equilibrium with the harzburgite residual mantle at pressures less than 8 to 10 kbar (up 

to 30 km depth). This is consistent with the dynamic models of mantle flow (Chapter 1) 

in which buoyancy driven circulation focuses mantle upwelling into a narrow zone 

beneath the spreading centre and partial melting begins at substantial depths [Scott and 

Stevenson, 19891. However, the petrological evidence and its interpretation remains 

equivocal. In discussing the petrology of cumulate gabbros dredged at the Mathematician 

Ridge (MR), an extinct spreading centre in the Pacific Ocean, Batiza and Vanko [1985] 

write: 

"... mafic minerals in MR gabbros do not have the high (primitive) Mg-

numbers characteristic of presumed high pressure phases, such as those 

from the Bay of Islands ophiolite...In addition, we cannot envision 

complete crystallization of the gabbros at pressures corresponding to 

depths over 30 km below the MR, and simultaneously explain the gabbro's 

occurrence at the deep-sea floor today." 

Hall et al. [1986] provided a schematic model of their gabbroic root structure at 

slow spreading centres and this figure has been reproduced in Figure 5.12. The root 

structure underlying the mid-ocean ridge is composed of cumulate gabbroic and ultramafic 

rocks which extend to appreciable depths into the mantle. The shape of the root structure 

varies in relation to the spreading rate, widening as spreading rate decreases. This 

variability is central to the model as it provides an explanation for the spreading rate 

dependent behaviour of the free-air gravity anomaly which is observed at active spreading 
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Gabbroic Root Model Schematic of Petrological and Density Structure 
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Figure 5.12: Schematic of the gabbroic root model [Fig 1 in Hall et al, I986J proposed 
to underly active and extinct mid-ocean spreading centres The partially 
gabbroic cumulate root extends vertically into the mantle beneath the ridge, 
providing a source foi the free-air low observed at slow spreading centres 
Densities are from Salisbury and Chnstensen [1978] at 25°C and 1 bar 
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Figure 5.13: (a) Calculation of the residual gravity anomaly crossing the extinct spreading centre along Vema track 
2911 in the southern Labrador Sea [Fig. 2a in Jonas et al,. 1991]. The basement topography (from 
reflection profile in lower panel) and regional trend are removed from the observed free-air anomaly 
leaving the residual anomaly, (b) Residual gravity anomaly and half width of several extinct spreading 
centres [Figs. 3a and 3b in Jonas et al, 1991 ] 
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centres. 

At slow half spreading rates (< 1 cm/yr), free gravity fields with axial lows of 60 

± 10 mGals and peak to peak distances of 50 ± 5 km are typically observed | Cochran, 

1979; Watts, 1982; Woodside, 197?' *•" spreading rate increases, the amplitude of the 

free-air gravity low and its wavelength generally decrease. At fast half spreading rates (> 

5 cm/yr), the axu anomaly is positive (15 ± 5 mGal) and has a wavelength of 

approximately 35 km [Cochran, 1979; Lewis, 1982). This systematic behaviour may not 

be explained solely by the basement topography [Watts, 1982| as a calculation of the 

residual gravity anomaly reveals (Fig. 5.13a). The residual gravity anomaly is the 

component of the gravity anomaly which remains following the subtraction of the 

gravitational attraction of the basement topography and a regional trend from the observed 

anomaly. It is a useful quantity as its source resides in the crust or upper mantle. Hall et 

al. [1986] calculate the contribution to the residual gravity anomaly from three sources: 

1) mantle isotherms, density variations in the mantle due to its thermal structure; 2) a 

steady state axial magma chamber; and 3) their proposed gabbroic root structure. At slow 

spreading centres, these contribute -5.6, -0.9, and -29.8 mGals respectively |Table 3, Hall 

et al, 1986]. At all spreading rates, the gabbroic root dominates the gravity field by at 

least an order of magnitude. 

Hall et al. [1986] and Jonas et al. [1991] purport that the gabbroic root structure 

should be the only component remaining at an extinct spreading centre and be chiefly 

responsible for the axial low in the residual free-air gravity observed at these locations 

(Fig. 13b). At an extinct spreading centre, the contributions from the mantle isotherms and 
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magma chamber dissipate, but the gabbroic root structure is "frozen" in place at the time 

of extinction. The gravity field across the extinct spreading centre in the Labrador Sea is 

among those studied by Jonas et al. [1991]. They argue that the axial low in the residual 

gravity anomaly may be explained by a gabbroic root structure whose shape is determined 

by the pre-exunction spreading rates. Having conducted a seismic refraction study along 

a transect crossing the extinct spreading centre (Chapters 3 and 4) and gravity modelling 

(Chapter 5), it is appropriate to comment on the general viability of the gabbroic root 

model and its specific application to the extinct spreading centre in the Labrador Sea. To 

this end, the free-air gravity anomaly of the gabbroic root structure is calculated (section 

5.3.1) and then coupled with the initial gravity model along line R2 (section 5.3.2). 

5.3.1 free-Air Gravity Anomaly of the Root Structure 

The gravity model in Figure 5.14 is an attempt to replicate the Hall et al [1986] 

calculation of the free-air gravity anomaly for the gabbroic root structure at an extinct 

spreading centre. Unfortunately, neither Hall et al [1986] nor Jonas et al. [1991] provide 

the actual density structure which is used in their calculations or a numerical function 

which describes the shape of the root structure boundaries as a function of spreading rate. 

In the absence of this information, the schematic diagram (Fig. 5.12) for the root structure 

at slow spreading rates was used to develop the density structure in the lower panel of 

Figure 5.14. Following Hall et al [1986], the low temperature density determination of 

rocks from the Bay of Islands ophiolite complex [Salisbury and Christensen, 1975] are 

used in the gravity model for the root structure at an extinct spreading centre. The axial 

mag.:na chamber has been amalgamated into the crustal layer because its density at an 
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extinct spreading centre is the same as the surrounding crust. 

The low density of the gabbroic root and thickening of the crust beneath the 

spreading centre, produce a calculated free-air gravity low with a peak value of -44 mGals 

(Fig. 5.14). This may be compared with the values of -36.3 and -35.8 mGals which Hall 

et al [1986] calculate for (1) the generic root structure at slow spreading centres (Fig. 

5.12) and (2) a half spreading rate of 0.35 cm/yr (the pre-extinction half spreading rate 

in the Labrador Sea [Kristofferson and Talwani, 1977]). It is presumed that the 8 mGal 

difference between the gravity model in Figure 5.14 and the published results of Hall et 

al. [1986] stems from using the schematic diagram to define the density structure. This 

difference, while troublesome, is considered when the results of coupling the initial 

gravity model to the root structure are discussed below. 

5.32 Coupling of Root Structure to the Line R2 Gravity Model 

A density structure which couples the gabbroic root structure (Fig. 5.14) and the 

initial gravity model (Fig. 5.5) on line R2 is presented in the lower panel of Figure 5.15. 

This model retains all features of the initial gravity model which lie above the crust-

mantle boundary. The gabbroic root structure, from the top of the transition zone 

downwards (Fig. 5.12), is then coupled to the base of the crust-mantle boundary. In this 

manner, the crustal level density variations within the initial gravity model and the region 

of low density material in the gabbroic root structure both contribute to the calculated 

anomaly. 

The peak to peak amplitude of the free-air gravity anomaly calculated with this 

density structure is 54 mGals. This overestimates the actual peak to peak amplitude 
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Figure 5.14: A gravity anomaly is calculated for the gabbroic root model at slow spreading centres (Rg. 
5.12)ofHallexa/.[1986] 



40 

20 

0 

-20 

-40L 

0 

Free-Air Gravity Anomaly for the Gabbroic Root Model Coupled with the 
\ Line R2 Seismic Refraction Structure — calculated 

- - observed, interpolated from grid 
t observed, track crossings 

Distance (km) 
80 120 

Figure 5.15: The gabbroic root model of Hall etal. [1986] is coupled with the initial gravity model for the seismic 
velocity-depth structure along line R2 (Rg. 5.5). 



153 

between the observed track crossings at 95 and 175 by 30 mGals. Recalling that the 

negative contribution of the root structure (Fig. 5.14) is 8 mGal too large, the difference 

may be reduced to 22 mGal. Nonetheless, the coupled model of the gabbroic root 

structure and the initial gravity model overestimates the actual free-air anomaly at the 

track crossings by a factor of 2, and an even greater amount when compared to the profile 

of observed values. Ideally, this comparison could be made to a residual gravity anomaly 

where the effects of the variable sediment thickness are removed to isolate the gravity 

anomaly which arises from the density structure of the crust and mantle. The computation 

of a meaningful residual gravity anomaly along line R2 would require observed values 

along track, or more track crossings at a very minimum. The present distribution of 

gravity stations in the vicinity of line R2 (Fig. 5.1) and variability in the profile of 

observed values according to the search area employed (Fig. 5.4) preclude the use of the 

profile of observed values in the calculation of a residual gravity anomaly. 

Jonas et al. [1991] have calculated an average residual free-air gravity anomaly 

of -35.9 ± 5.2 mGals across the extinct spreading centre in the southern Labrador Sea 

from five ship track crossings (Vema cruises V2911A, V2911B, V2911C, V2911D, 

V2702E). Their uncertainty accounts for the extremal density values of 1.81 and 2.45 

gem"3 for the sediment and 2.5 and 2.7 gem'1 for the basement used in calculating the 

gravitational attraction of the basement topography. The average residual gravity anomaly 

compares favourably with the value of -35.8 mGals predicted to underlie an extinct 

spreading centre with a pre-extinction half-spreading rate of 0.35 cm/yr [Hall et al, 

1986J. The agreement between these values in the Labrador Sea is taken to support the 
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gabbroic root model. 

One aspect of their methodology in calculating the residual anomaly, namely the 

removal of the regional trend, serves to overestimate the actual value of this quantity. The 

regional trend is removed to supposedly isolate shallow sources in the crust and upper 

mantle from deeper sources in the mantle. The regional trend (Fig. 5.13a) which Jonas 

et al. [1991] specify has a broad convex form, peaking near the axial low. The removal 

of this trend maximizes the peak to peak amplitude between the flanks and the axial low. 

The mass balance calculations along refraction line R2 (Fig. 5.10) suggest that a linear 

trend would be more appropriate and this would decrease the peak to peak amplitude 

calculated. 

5.4 Summary 

The methodology and rigour of the gravity modelling along seismic refraction line 

R2 are limited foremost by the lack of coincident gravity measurements. A profile of the 

observed anomaly, interpolated from data separated from the refraction line by up to 17 

km, must be relied upon for the assessment of gravity anomalies calculated for the 

density-depth structures presented. As such, the goal of the gravity modelling is not to 

match individual wiggles in the observed anomaly, but to address the general behaviour 

of the gravity field at the extinct spreading centre. 

While the results are tempered by the lack of coincident gravity data, several 

important conclusions emerge in the gravity modelling. First, the observed free-air gravity 

anomaly is consistent with a thinning of the crust in the extinct spreading centre (80 to 

110 km). The thinning helps to compensate the low densities of the crust and uppermost 
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mantle. Second, there is an asymmetry in the mass balance across the line R2 structure 

which gives rise to a broad asymmetry in the calculated anomaly. Revisions are 

introduced to the density-depth structure to eliminate this asymmetry as it is not 

prominent in the profile of observed values. If these revisions are carried back into the 

travel time modelling (Chapter 4), they degrade the quality of fit of computed arrival 

times to the limit of the uncertainty assigned to the observed travel time picks. While the 

asymmetry has only a weak expression in the observed anomaly at the ends of the 

refraction line R2, it is prominent on a regional scale across the basin. The gravity and 

seismic modelling along line R2 suggest that the high velocity/density of the lower crust 

to the northeast of the extinct spreading centre is primarily responsible for the asymmetry 

in the gravity field. 

Third, it was hoped that gravity modelling along line R2 would unambiguously 

support or refute the hypothesis that mid-ocean spreading centres are underlain by deep 

gabbroic root structures. This degree of certainty cannot be achieved without coincident 

gravity data. However, the anomaly calculated when the gabbroic root stmcture is coupled 

with the initial gravity model for line R2, is strongly suggestive that the axial low in the 

free-air gravity anomaly (and residual gravity anomaly) does not require a gabbroic root 

zone for its generation. Lateral variations in the density of crust and uppermost mantle 

density, in conjunction with crust thickness variations, are the cause of this axial low at 

the extinct spreading centre in the Labrador Sea. 



6. Discussion 

This thesis presents the results of the most comprehensive study of an extinct 

spreading centre which has been undertaken. Several outstanding issues concerning the 

processes at active spreading centres and of the evolution of the Labrador Sea may be 

addressed by integrating the seismic refraction results (Chapters 3 and 4) with modelling 

of the gravity field (Chapter 5) and the spreading rate history of the Labrador Sea 

(Section 6.1). This chapter considers several pertinent questions: How does mantle 

circulate beneath slow spreading centres and are the processes of crustal accretion 

dependent upon spreading rate? What is the source region for partial melt production? 

How does a dying mid-ocean ridge system behave? What is the nature of the crust within 

an extinct spreading centre and what processes of crustal accretion and/or alteration were 

responsible. 

6.1 Spreading Rate History of the Labrador Sea Preceding Extinction 

In this section, magnetic anomalies are modelled to constrain the spreading rate 

behaviour of the spreading centre segment between the Snorri and Minna fracture zones 

(Fig. 2.1) in the Labrador Sea. The magnetic anomalies along selected ship tracks bearing 

northeast are presented in Figure 6.1 along with the position of the seismic refraction lines 

Rl and R2 (blue lines) and OBS and sonobuoy receivers (magenta crosses). The 

amplitude of the observed anomalies is represented by the excursion of the red dots 

perpendicular to their corresponding measurement locations on the ship tracks (red lines); 

positive anomalies are plotted to the north of a ship track and negative anomalies to the 

south. An interpretation of the pattern of magnetic anomalies, following Roest and 
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Labrador Sea, Magnetic Anomaly along Track and Gridded Free-Air 
Gravity Anomaly 
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Figure 6.1: The magnetic anomaly along selected ship tracks (red lines) in the 
vicinity of refraction lines Rl and R2 (blue lines) in the Labrauor Sea 
Anomalies are plotted perpendicular to the ship track with positive 
values to the north Receiver locations are marked in magenta. The 
gridded free-air gravity anomaly from Figure 5. ] is presented in gray 
scale. Identified magnetic lineations (green lines) follow the 
interpretation of Roest and Srivastava [1989b], 
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Srivastava [1989b], is delineated by the green lines and corresponding chronological 

identifiers. All of the aforementioned information is superimposed on a gray scale 

representation of the gridded free-air gravity anomaly (Fig. 5.1). 

The magnetic anomalies through which lineations 25 and 26 are traced are readily 

discerned, whereas the amplitude of the magnetic anomalies from chron 24 to the extinct 

spreading centre are muted. Several processes, which are not mutually exclusive, could 

lead to the development of low amplitude magnetic anomalies in this region. The first 

relates to the separation between sections of the oceanic crust which are imparted with 

normal or reversed thermoremanent magnetization as they cool below the Curie point of 

magnetization. Denham and Schouten [1979] have quantified the probability of rocks with 

mixed geomagnetic polarities, and hence a muted magnetic anomaly, occurring in a 

vertical column. The probability depends primarily on two factors: the spreading rate and 

the width of the zone in which new material is accreted. Notably, the probability of mixed 

polarities increases as spreading me decreases. A second explanation for the low 

amplitude magnetic anomalies is the period of oblique spreading in the Labrador Sea 

following the 45° change in spreading direction at chron 25 | Srivastava and Tapscott, 

1986]. Roots and Srivastava [1984] suggest that spreading at an angle oblique to die ridge 

axis leads to greater segmentation of the ridge axis. The resulting plethora of normal and 

reverse polarity crustal blocks juxtaposed across the many small offset transform faults 

mutes the magnetic anomaly pattern. This hypothesis is supported by the correspondence 

between the geographical extent of rough basement topography and the axial magnetic 

quiet zone and an increasing intensity in the magnetic anomalies as the obliquity 
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decreases in the southern Labrador Sea. A third explanation is offered by Jackson and 

Reid [1983] who find that the intensity of observed magnetic anomalies is a function of 

spreading rate which they attribute to a corresponding relationship between crustal 

thickness and spreading rate [Reid and Jackson, 1981]. If a substantial portion of the crust 

is considered to have a magnetization, then the thinning of the crust within the extinct 

spreading centre would reduce the thickness of the source layer for the magnetic 

anomalies. Finally, there is the possibility that the intensity of magnetization may reflect 

variations in the petrology of the oceanic crust incurred as spreading ceased and/or more 

severe alteration by hydrothermal processes. 

In general, having identified magnetic anomalies, the spreading rate history 

between successive magnetic anomalies may be calculated; there is a volume of crustal 

material required to span the distance between the anomalies and a time interval in which 

it must be generated. In the case of the Labrador Sea, this approach is complicated by at 

least three factors. 1) The exact time of cessation of spreading is unknown. Spreading 

must have ceased sometime between magnetic anomalies 21 and 13, chron 21 being the 

last distinguishable anomaly in the Labrador Sea basin and 13 being the first continuous 

anomaly parallel to the Mid Adantic Ridge (Fig. 2.1). 2) The low amplitude magnetic 

anomalies from chrons 24 to 21 may not be unambiguously discerned. Consequently, 

spreading rate changes may not be resolved at each of the periods of normal polarity in 

this interval. 3) The change in spreading direction between chrons 24 and 25. This is 

partially avoided by focusing on spreading rate changes between chron 24 and the time 

of extinction, but the spreading at an angle oblique to the ridge axis remains. 
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Given that a detailed spreading history cannot be ascertained direcdy from the 

magnetic anomalies, synthetic magnetic anomaly profiles were developed for five 

plausible spreading rate scenarios and then compared with the obset /ed profiles. Each of 

these models was required to generate 88 km of crust from chron 24 to the time chosen 

for the cessation of spreading. These spreading rate histories are presented in Figures 6.2a 

through 6.2e as a function of time (right panel) and as a function of distance from the 

spreading axis (left panel). The spreading rate histories which are modelled are: (a) 

spreading at a constant rate of 4.45 mm/yr from anomalies 24 to 13; (b) spreading at rates 

of 7.04 and 6.85 mm/yr from anomalies 24 to 21 and 21 to 20 respectively, followed by 

a sudden decrease in spreading rate to 1.64 mm/yr from anomalies 20 to 13; (c) a variant 

on (b) with spreading at a rate of 7.04 from anomaly 24 to 21 and spreading at a rate of 

6.85 mm/yr extending from anomalies 21 to 18 when it is terminated instantaneously; (d) 

and (e), two models with a linear decrease in spreading rate from anomalies 21 to 13 and 

24 to 13 respectively. The spreading rate history from Roest and Srivastava |1989a| at 

60.56°N and 48°W for a section of the extinct spreading centre to the northwest of the 

Snorri fracture zone (Fig. 2.1) has aiso been replicated (Fig. 6.2f). 

For each of these six potential spreading histories, the calculated magnetic 

anc-inalies are presented in Fipures 6.3a through 6.3f, underlain by the respective 

sequences of normal polarity blocks used in the calculation and their chronological 

identifiers. The width of the blocks differs in accordance with the specified spreading rate 

and duration of that period of normal polarity, following the time scale for geomagnetic 

polarity in Table 1 of Kent and Gradstein [1986J. The blocks are 2 km thick and extend 
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Figure 6.2: For each of the pre-extinction spreading rate scenarios in Figs. 6.2a through 6.2f, the half spreading rate behaviour 
used to generate the sequence of normal magnetic polarity blocks is plotted as a function of distance from the 
mid-ocean ridge axis (left panel) and as a function of time (right panel). 
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Calculated Magnetic Anomaly Patterns for Potential Pre-Extinction Spreading 
Rate Histories in the Labrador Sea 

(a) Constant Spreading Rate from Chrons 24 to 13 
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(d) Linear Decrease in Spreading Rate from Chrons 21 to 13 
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(e) Linear Decrease in Spreading Rate from Chrons 24 to 13 
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(f) Spreading Rate History from Roest and Srivastava [1989a] at 60.56 N and 48 W 
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Figure 6.3: Magnetic anomaly patterns are calculated for a variety of pre-extinction 
spreading rate scenarios (a) to (f) in the Labrador Sea. Each anomaly 
pattern is underlain by the sequence of normal polarity blocks used to 
generate the anomaly and their respective chronological identifiers. 



Observed and Calculated Magnetic Anomalies in the Vicinity of Seismic 
Refraction Lines Rl and R2 in the Labrador Sea 

Calculated 

Figure 6.4: The calculated magnetic anomaly patterns for several pre-extinction 
spreading rate scenarios (Figs. 6 2a through 6.2f) are plotted with observed 
magnetic anomaly profiles in the vicinity of refraction lines Rl and R2 (Fig 
6.1). Observed anomalies are plottted as a function of distance along a ship 
track relative to the point at which the profiles approach axial symmetry. 
The dashed lines delineate an interpretation of the magnetic anomalies 
following Roest and Srivastava [1989b]. 
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from a depth of 4.5 to 6.5 km. The orientation of ridge axis is 320°, clockwise from 

north. Models are evaluated on their ability to replicate the spatial distribution and 

amplitude of the observed magnetic anomalies, in particular, the zone of low amplitude 

magnetic anomalies from chron 24 until the cessation of spreading. To this end, the 

synthetic profiles for the spreading rate scenarios (a) through (f), are plotted in Figure 6.4 

along with the observed profiles from Figure 6.1. In this case, the observed profiles are 

plotted as a function of distance along their respective ship tracks relative to a point of 

symmetry at the extinct spreading centre. 

Among these models, those with spreading at faster rates preceding an abrupt 

extinction ('b' and 'c' in Figs. 6.3 and 6.4) are the least appropriate. The amplitude of the 

anomalies from 24 to 20 are too high, anomaly 21 being a prominent example. The 

presence of discernable anomalies between 20 and the time of cessation (18 for 'c', 13 

for 'b') is a further criteria upon which these models may be rejected. This is particularly 

true for the model where the cessation of spreading occurs at anomaly 18 (41.3 Ma) and 

is not prolonged by an additional 7 My as in the Aher models. Model 'a', with a constant 

spreading rate from anomaly 24 to 13 is also problematic. While is does effectively 

generate a broad zone of low amplitude anomalies, there is not enough cmst separating 

anomaly 24 from anomaly 21 indicating that a higher spreading rate is required in this 

time interval. The remaining models, 'd' and 'e', involve linear decreases in spreading 

rate from anomalies 21 to 13 and 24 to 13 respectively. Model 'd' is selected as the most 

suitable because of its higher amplitude for anomaly 21 and separation between anomalies 

21 west and 21 east. 
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In summary, some constraint may be placed on the pre-extinction spreading history 

of the Labrador Sea between chron 24 (55 Ma) and the time of cessation. It is likely that 

extinction occurred over a protracted period ending some time closer to anomaly 13 (35 

Ma) than anomaly 20 (45 Ma). Further, the extinction was likely preceded by a period 

in which spreading rate was decreasing significantly by the time of anomaly 21 (49 Ma). 

The synthetic magnetic anomalies demonstrate that a linear decrease in spreading rate 

from 7.04 mm/yr to 0 mm/yr between anomalies 21 to 13 provides a plausible function 

describing the spreading rate decrease. Resolution of the spreading history is limited by 

the ability to identify the low amplitude anomalies about the extinct spreading centre and 

uncertainty as to the origin of these low amplitudes. If the low amplitudes arise in part 

from irregular polarities in the crust, then the inability to resolve a detailed spreading 

history is itself consistent with a decreasing spreading rate. In the magnetic modelling, 

the generation of lower amplitude anomalies is only partially realized. The algorithm is 

limited by its assumption that crust is accreted into laterally discrete units with normal 

and reversed geomagnetic polarities. The amplitudes of the observed anomalies are muted 

to a greater extent than those calculated because lower amplitudes in the modelling arise 

solely from the narrow breadth of the blocks and their proximity to blocks of opposite 

polarity. 

6.2 Nature of the crust and uppermost mantle at the extinct spreading centre 

The 1-D and 2-D seismic refraction results (Chapters 3 and 4 respectively) along 

the strike of the extinct spreading centre and crossing it transversely find a prevalence of 

anomalously thin and low velocity crust in the extinct spreading centre which is underlain 
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by low velocities in the uppermost mantle. There are essentially two frameworks in which 

the crustal structure observed in the extinct spreading centre may be explained. These are 

a consideration of the crust as being igneous, emplaced through extrusive and plutonic 

processes, or a consideration of the seismically defined crust as altered upper mantle. 

Oceanic crust, in the prevalent view is igneous rock which is solidified from 

partial melt which migrates to the accretionary axis. The details of this process remain 

equivocal, but following the analogies between ophiolite studies [e.g. Salisbury and 

Christensen, 1978] and marine seismic studies [e.g. Spudich and Orcutt, 1980|, the 

general view of mature oceanic crust is one which is vertically structured. The upper crust 

(layer 2) is composed of extrusive volcanics (pillow basalts), underlain by a dense series 

of vertical dikes (sheeted diabase dikes) stemming from frequent episodes of injection 

from an underlying magma chamber. The lower crust (layer 3) is plutonically emplaced, 

solidifying from an axial magma chamber which is present at least episodically. 

Ultramafic cumulates precipitate from the magma chamber to form the base of the newly 

formed crust, while isotropic gabbros are formed by solidification to the sides of the axial 

chamber. 

The low upper crustal velocities observed within the extinct spreading centre are 

comparable to those observed for young oceanic crust [Purdy, 19871. Houtz and Ewing 

[1976] found that the velocity of the upper crust increases systematically with age; this 

increase has since been attributed to the filling of fractures and voids by chemical 

alteration and precipitation which reduce the anisotropy [Fryer et al, 1989]. A plausible 

explanation for the low velocities of the upper crust within the extinct spreading centre 
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is that hydrothermal alteration did not operate with the vigour or for the periods required 

for significant alteration and precipitation in the fractures. This reasoning is not favoured, 

however, as it offers no explanation for the low velocities in the lower crust and evidence 

for increased hydrothermal alteration of the upper mande. 

Retaining the ophiolite based model of oceanic crust, another mechanism for 

generating the low velocities could be through a pervasive fracturing of the entire crust. 

This follows arguments that the spreading rate decreases preceding extinction are 

associated with a decrease in magmatism and an increasing requirement for tectonism to 

accommodate the divergence of the plates. Huang and Solomon [1988] present 

observations that the maximum centroid depth of active ridge-crest earthquakes increases 

from 2 to 3 km at full spreading rates of 40 to 45 mm/yr to 5 to 6 km at full spreading 

rates of 5 to 10 mm/yr. Meanwhile, Purdy et al [1992] show, with a limited data set, that 

a systematic relationship exists between spreading rate and the depth to which a p-wave 

velocity inversion is observed at active spreading centres. Their preferred explanation is 

that the "major faults that extend to greater depths on slower-spreading ridges [Huang and 

Solomon, 1988) allow a more vigorous circulation of cooling sea water to reach greater 

depths, blocking the upward migration of large melt bodies". The maximum depth to 

which faulting extends is an indication of the thickness of the mechanically strong layer 

which is prone to brittle failure in response to the extensional stresses caused by the 

diverging plates. 

A systematic relationship between spreading rate, faulting, hydrothermal 

circulation, and the depth below the spreading centre at which an appreciable partial melt 
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fraction is observed could be readily applied to the spreading centre in the Labrador Sea 

preceding it: extinction. The zone in which crustal and upper mantle velocities are 

anomalously low is bounded within anomalies 21 west and 21 east (Fig. 6.5) where, based 

on the magnetic modelling (section 6.1), the slowest spreading rates could have been 

encountered. It is then within this zone that brittle failure of the crust should be most 

prevalent. Aside from explaining the low crustal velocities, this explanation is appealing 

as it provides a ready pathway for the hydrothermal alteration of the upper mantle which 

is observed (details later in this section). 

A second view of the oceanic crust is one in which it is largely constituted of 

serpentinized peridotite, upper mantle which has been cooled and altered hydrothermally 

[Hess, 1962; Dietz, 1963]. The Moho in this case does not represent a composition 

change between crust and mantle rocks but represents a hydration boundary, the depth to 

which upper mantle was altered. There is a linear relationship between the volume 

percentage of serpentinite and seismic p-wave velocity |Christensen, 1966| with velocities 

of approximately 5 km/s for 100% serpentinite increasing to 8.0 km/s for unaltered 

peridotites. Serpentinite has a V,/Vs ratio which is much higher than other rocks likely 

to constitute the oceanic crust. It is on the basis of Vp/V, studies | Christensen, 1972) that 

the serpentinite model of the oceanic crust has been largely rejected. However, it remains 

a viable alternative for the structure of the crust at oceanic fracture zones (Calvert and 

Potts, 1985; Louden et al, 1986] and has been applied as an alternative model for the 

East Pacific Rise based on gravity data and thermal models [Lewis, 1983). 

Neither of these views of the oceanic crust is entirely satisfactory for explaining 
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the low crustal velocities which are observed in the region of the extinct spreading centre. 

If the serpentinite model is selected then the variable thickness of the crust within the 

extinct spreading centre (Fig. 3.8, line Rl, 1-D travel time solutions), near linear velocity 

gradients (Fig 3.8, line Rl, velocity-depth structures from x-p inversions), and low 

velocity crust may be explained in terms of the regional variability in the depth to which 

hydrothermal circulation penetrated and altered the upper mande. However, the presence 

of velocity gradients in the upper mantle beneath what has been resolved as the Moho by 

the seismic results would require a further complexity in the serpentinite model. Two 

stages of hydrothermal alteration would have to have been operative, one quite vigorous 

and short lived to establish the distinct boundary interpreted as the Moho and a second 

more protracted period of hydrothermal alteration to alter rocks below this boundary. 

While this mechanism is largely speculative, multiple stages of hydrothermal alteration 

are required to explain the petrology of gabbroic rocks dredged from the failed 

Mathematician Ridge [Stakes and Vanko, 1986], An initial high temperature vapour phase 

is purported to be followed by a more pervasive lower temperature brine phase. 

As the seismic refraction results favour a crustal layer which is discrete from the 

mantle and the ability to generate sharp hydration boundaries is worrisome, the preferred 

explanation for the low velocity crust builds upon the view of the crust as being igneous. 

At the present time, it is presumed that the velocity of the crust is lowered by pervasive 

fracturing owing to increased tectonism. The faults provide a pathway for fluids to 

penetrate into the uppermost crust and alter the peridotites. A pre-existing Moho is thus 

overprinted by one episode of hydrothermal alteration. Discernment between these 
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alternatives would require Vp/Vs ratios for the crustal level material. S-waves are observed 

on some OBSs, however, they are not well developed and only show arrivals for the 

mantle refraction, Sn. 

Considering the nature of the upper mantle within the extinct spreading centre, low 

velocities are observed for the upper mantle in four of the seven refraction profiles shot 

on line Rl along the strike of the extinct spreading centre. The average upper mantle 

velocity is 7.74 km/s (Table 3.1) and is less than the velocities of 7.92, 7.82, and 7.94 

km/s determined for the three upper mantle nodes within the extinct spreading centre in 

the 2-D modelling of the refraction data crossing the extinct spreading centre transversely 

(line R2 boundary and velocity nodes in Table C). This difference in velocity may be 

attributed to anisotropy in the mantle as a faster p-wave velocity is found in the direction 

of spreading due to the preferential alignment of crystals in the direction of spreading. 

Bibee and Shor [1976J show that a widespread anisotropy averaging 5% is observed for 

mantle velocities. 

The low velocities themselves are interpreted as resulting from the hydrothermal 

alteration of upper mantle peridotites. No more than 10% of the peridotite must be 

serpentinized to produce the observed velocities |Christensen, 1966|. There is widespread 

evidence for hydrothermal alteration and serpentinization at oceanic fracture zones [e.g. 

Calvert and Potts, 1985; Christensen, 1972; Minshull et al, 19911. Calvert and Potts 

[1985] call upon this mechanism to explain the widespread occurrence of low upper 

mantle velocities in old Atlantic fracture zones and an apparent decrease in upper mantle 

velocity in fracture zones with increasing age. Given the similarity between the crustal 
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structures observed within the extinct spreading centre to those at oceanic fracture zones 

(section 3.4) and the likelihood of faults penetrating the entire crust at the slow spreading 

rates preceding extinction, it is reasonable that the extinct spreading centre is an 

environment in which upper mantle peridotites are prone to seipc uization. 

Finally, it is worth noting tha'' " , observations of low crustal velocity within the 

extinct spreading centre in the Labrador Sea tire consistent with the limited observations 

at other extinct spreading centres. In the Shikoku Basin in the North Phillipine Sea, low 

p-wave velocities are observed for seismic layers 2A and 2B [Nagumo et al, 1980], there 

are no returns from deeper layers due to the small capacity of the air gun employed. In 

simple gravity models of the Aegir Ridge in the Norwegian-Greenland Sea, Uenzehnann-

Neben et al. [1992] require an irregularly shaped low density body within the crust to lit 

the observed gravity field. The gravity modelling is performed along a multichannel 

reflection line crossing the ridge perpendicular to ridge strike. With this control of the 

basement topography in hand, they argue that the gravity field cannot be explained by 

sediment thickness alone. These observations are not a sufficient basis upon which the 

results presented in this thesis may be generalized to all extinct spreading centres, but the 

consistency in the results to date is encouraging. 

6.3 Implications for 2-D Dynamic Models of Flow Beneath Mid-Ocean Ridges 

An objective of this thesis is an assessment of dynamic models for mantle 

circulation beneath mid-ocean ridges and their associated processes of crustal accretion. 

As reviewed in Chapter 1, these models are characterized by two end members in which 

mantle circulation is dominated by (1) the passive flow induced by the separation of the 
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overlying plates [Reid and Jackson, 1981] or (2) buoyancy forces localized beneath the 

spreading centre |Phipps Morgan, 1987; Scott and Stevenson, 1989]. The source region 

from which partial melt is extracted, its transport to the accretionary axis, and the 

production of crust as a function of spreading rate differs markedly in these two end 

member models. 

Buoyancy dominated circulation predicts that mande flow should occur rapidly in 

a narrow zone beneath the spreading centre with partial melting beginning at great depths 

(> 60 km). For values of mantle viscosity appropriate for mid-ocean spreading centres 

(1019 Pa s, Craig and MacKenzie, [1986]), the production of crust is nearly independent 

of spreading rate [Sotin and Parmentier, 1989]. Circulation of this nature provides a 

theoretical framework for the petrological and geometric "gabbroic root" model of Hall 

et al 11986| which was extensively reviewed in section 5.3. Circulation dominated by 

passive upwelling, by contrast, predicts that partial melt is extracted from a wide region 

[e.g. Spiegelman and MacKenzie, 1987], experiencing considerable lateral transport, and 

that crustal thickness becomes a discemable function of spreading rate when half 

spreading rates are less than 20 mm/yr [Reid and Jackson, 1981]. 

The extinct spreading centre in the Labrador Sea is among the finest examples of 

a spreading centre where the accretion of oceanic crust ceased due to a major re

orientation of lithospheric plates. It provides a tectonic setting in which the predictions 

of the end member dynamic models of mantle flow may be evaluated. Ideally, this 

assessment could be accomplished by directly comparing the observed variations in 

crustal thickness to changes in spreading rate preceding the extinction. This goal, as 
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postulated, is not tenable since the low amplitude of the magnetic anomalies is an inherent 

feature of the extinct spreading centre and limits the resolution of the seafloor spreading 

history (section 6.1). 

However, the seismic velocity-depth structure, free-air gravity anomalies and 

magnetic anomalies in the study area of the extinct spreading centre in the Labrador Sea 

are self-consistent and congruous with a spreading centre where the availability of partial 

melt was restricted as spreading rate decreased preceding extinction. In support of this 

view, a summary of the research in this thesis is presented in Figure 6.5. The four figures 

presented are: (a) The preferred model for the spreading rate history (model 'd' in Fig. 

6.2). The half spreading rate is plotted as a function of range from the spreading axis, 

placed at a distance of 95 km along R2. (b) The profile of observed free-air gravity 

anomaly which was extracted from the data gridded using a search area of 3 times a 

gaussian half-width of 15 km (Fig. 5.4). (c) The total crustal thickness along line R2, 

defined as the difference in depth between the sediment-crust and crust-mantle boundary 

nodes at distances where nodes exist on both boundaries (Fig. 4.1). And (d), the 

isovelocity contour representation of the 2-D seismic velocity-depth structure along line 

R2 (Fig. 4.2). The location of chrons 21, 20, and 13 in the preferred magnetic model are 

plotted to span across all four of the Figures 6.5a through 6.5d. 

The most significant variations in these parameters begins at the time of chron 21 

(49 Ma) and continues until the cessation of spreading. In the 90 km wide zone from 

anomaly 21 west to 21 east, there is a substantive thinning of the crust (maximum 

difference is 3.3 km between nodes at 90 and 140 km), a decrease in the seismic p-wave 
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Figure 6.5: Summary of geophysical information along line R2 transversely crossing the 
extinct spreading centre in the Labrador Sea. (a) A linearly decreasing rate 
spreading rate from chron 21 to 13 (Fig. 6.3a). (b) Profile of the observed 
free-air gravity anomaly (Rg. 5.4). (c) Crustal thickness at each mantle 
boundary node in the 2-D seismic modelling (d) The isovelocity contour 
represeniation of the 2-D seismic velocity versus depth structure (Fig. 4.2). 
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velocity of the crust, and a low in the free-air gravity anomaly. Anoualy 21, as noted in 

section 6.1, is the last clearly discemable anomaly in the vicinity of the refraction lines. 

While spreading rate changes cannot be defined precisely by the magnetic modelling, the 

most substantive variations in the velocity-depth structure, gravity field, and magnetic 

field are consistent with a region in which the spreading rate could have been 

substantially reduced. On this basis, the presence of crustal thinning between anomalies 

21 west and 21 east is seemingly consistent with the passive models of dynamic flow in 

which crustal thickness is a function of spreading rate (Fig. 1.1b). 

To explore this initial conclusion, crustal thickness has been calculated for the six 

potential spreading rate histories using two of the crustal thickness versus spreading rate 

relationships of Reid and Jackson [1981]. The calculated crustal thicknesses are plotted 

in Figure 6.6 as a function of distance along refraction line R2, crossing '.he extinct 

spreading centre transversely, along with the observed crustal thickness from the 2-D 

modelling of the seismic refraction data (Fig. 6.5c). Thennal models I and II (left and 

right plot panels in Fig. 6.6 respectively) use the spreading rate versus crustal thickness 

relationship from curves 3 and 4 respectively (Fig. 1.1) of Reid and Jackson |1981|. 

Thermal model II is most appropriate for modelling the crustal thickness at oceanic hot 

spots while thermal model I is Reid and Jackson's [ 1981J preferred model to fit their 

compilation of seismic refraction measurements of crustal thickness. The spreading rates 

in the potential spreading rate histories in the Labrador Sea (Fig. 6.3) are all below 20 

mm/yr, the region where crustal thickness is strongly dependent on the spreading rate. 

For thermal model I, the calculated crustal thicknesses are consistently very much 
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less than the observed crustal thickness. The models with a linear decrease in spreading 

rate ('d' and 'e', left panel Fig. 6.6) are best able to replicate the rate at which the crust 

thins into the extinct spreading centre, but have a crustal thickness which is 3.5 km too 

thin. The best area of agreement between the calculated and observed crustal thicknesses 

is found at distances of 200 km and beyond along line R2 where higher spreading rates 

are encountered for the crust formed after the time of anomaly 24. Thermal model II 

produces a thicker crust (right panel, Fig. 6.6), nominally 5 km, for the crust formsd 

between anomalies 21 and 24: outside of the region of rapid crustal thinning from 60 to 

130 km. However, it is more sensitive to spreading rate changes and predicts a more rapid 

thinning of the crust as spreading rate decreases. The crustal thickness predictions for the 

linear decrease in spreading rate from anomaly 21 to 13 (model 'd' in Fig. 6.6) illustrates 

the more rapid thinning which is predicted by thermal model II in comparison with the 

thermal model I. For crust formed at higher spreading rates, thermal model II is also 

problematic. Crust which is 3 km too thick is produced at distances of 200 km and 

beyond along line R2. 

Overall, the observed crustal thickness cannot be reconciled with the predictions 

of the Reid and Jackson [1981] thermal model. The discrepancy does not arise from 

inadequacies in the seafloor spreading rate history. The six potential spreading rate 

histories presented span the range of plausible scenarios from a rapid cessation of 

spreading to a more prolonged and gradual decrease. As none of these models provides 

an adequate fit to the observed crustal thickness, alternate explanations must be sought. 

Three such explanations are pursued in the remainder of this section. 

i 



178 

The first interpretation is that some component of buoyant upwelling may indeed 

be an important factor in driving mantle circulation. In these flow models, crustal 

thickness is not predicted to vary as severely as a function of spreading rate relative to 

that predicted by models where flow is driven by passive upwelling. An obvious manner 

by which this explanation may be tested is a calculation of the crustal thickness predicted 

by buoyancy driven upwelling (Fig. 1.2b) using the six potential spreading rate histories. 

However, this is not possible because these models cannot achieve a steady state at lower 

spreading rates (less than approximately 5 mm/yr). Scott and Stevenson [1989] write "The 

behaviour we find is episodic with bursts of rapid upwelling and melting interspersed by 

periods of slow flow with little or no melting". Sotin and Parmentier [1989] observe a 

similar interplay between opposing thermal and compositional buoyancy forces at slow 

spreading rates and speculate that "... these crustal thickness oscillations may explain 

important aspects of seafloor structure". The interesting behaviour of these 2-D models 

should be recalled when the interplay between magmatism and volcanism at slow 

spreading rates is discussed in section 6.4.1. 

The second explanation for the discrepancy between the observed and calculated 

crustal thicknesses is that the thickness of the igneous crust, resulting from the 

solidification of partial melt, has been misrepresented in the interpretation of the seismic 

refraction data. The oceanic crust within the extinct spreading centre could actually be 

much thinner, in agreement with the predictions of thermal models I and U, if the 

thickness of material presently interpreted as crust is largely comprised of partially 

serpentinized peridotites. Hydrothermal alteration of the upper mantle peridotites to 
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produce serpentinized peridotites is capable of producing the low velocities which are 

observed in the extinct spreading centre. As discussed in section 6.2, this view of the 

oceanic crust is not favoured because of the seismic evidence for a discrete crustal layer 

and the requirement for a sharp Moho to be generated by hydrothermal alteration, but this 

view cannot be dismissed outright. 

The third interpretation of the discrepancy between the observed and calculated 

crustal thicknesses is perhaps the most interesting, but also the most speculative. It 

concerns several anomalous characteristics of the Labrador Sea basin and its evolution. 

The Labrador Sea has been noted as being too shallow for its age [Hyndman, 1973; 

Srivastava and Arthur, "989]. Relative to the standard thermal subsidence predicted by 

Parsons and Sclater [1977] with an initial ridge crest depth of 2.5 km and temperature of 

1350°C at the base of the lithosphere, the sediment corrected depth of the basement in 

the Labrador Sea should be approximately 1 km deeper than observed. Heat flow 

measurements on the Labrador continental margin are normal for its age [Levesque, 1992| 

and models for its thermal subsidence are fit by a standard temperature of 1350°C at the 

base of the lithosphere [Royden and Keen, 1980; Issler, 1988]. Meanwhile, in the 

Labrador Sea ocean basin, heat flow values are more than 25% higher than predicted by 

standard thermal models [Louden et al, 1989]. This requires higher temperatures of 

1750°C at the base of the lithosphere [Levesque, 1992] or a 28 My delay in the onset of 

cooling of the oceanic crust [Louden et al, 1989; Levesque, 1992] which is attributed to 

a lateral flux of heat from a hot spot present under Davis Strait. The timing and existence 

of the hot spot activity [Hyndman, 1973; Srivastava et al, 1989] is placed between 56 

r 
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and 59 Ma (chrons 24 and 25), to coincide with: 1) the re-orientation of spreading in the 

Labrador Sea [Roest and Srivastava, 1989a]; 2) the onset of seafloor spreading between 

Greenland and Rockall plateau and 3) the emplacement of high temperature picritic 

basLlts on the western margin of Greenland and on Bafffin Island [Clarke and Upton, 

1971]. 

To satisfy the observations of anomalously shallow basement depth and high heat 

flow, Levesque [1992] demonstrates that at an elevated temperature for the mantle at the 

base of the lithosphere is required. However, the associated degree of partial melting of 

this anomalously hot mantle at it ascends (following White and Mackenzie, [1989]) would 

generate a cmst which is approximately 30 km thick. Other predictions of crustal 

thickness may be obtained by considering the depth of the ridge crest during active 

spreading. Based on the subsidence history of the Labrador Sea, Keen et al. [a] and 

Srivastava and Arthur [1989] calculate an initial crestal depth of 1.6 km. For this crestal 

depth, the thermal model of adiabatically ascending mantle presented by Klein and 

Langmuir 11987] to satisfy the global correlation between basalt geochemistry, axial depth 

and crustal thickness predicts that a crustal thickness of approximately 14 km should be 

found in the Labrador Sea. Alternatively, if one follows the Keen et al [1990b] empirical 

relationship between crustal thickness (using high quality seismic refraction measurements 

in the Atlantic and Pacific Oceans) and their respective ridge crest depths at age zero, a 

crustal thickness of approximately 7.5 km should be observed in the Labrador Sea. Keen 

et al. 11990b] attribute the difference between their empirical relationship and the 

theoretical relationship of Klein and Langmuir [1987] to the likelihood that not all melt 
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which is generated is segregated to form ocean crust. 

The lack of anomalously thick cmst in the Labrador Sea could be explained by 

the discrepancy between the observed crustal thickness and the crustal thickness predicted 

by a thermal model in which mantle circulation is driven by passive upwelling. At the 

slow spreading rates preceding extinction, the thermal models I and II (Fig. 6.6) from 

Reid and Jackson [1981] both suggest the crust should be severely thinned, to a degree 

which is not at all observed. The predicted thinning may only be partially realized 

because the time interval in which the slow spreading rates are encountered, chron 24 

until the cessation of spreading, is the time interval in which the Labrador Sea is thought 

to have been influenced by hot spot activity and should have been creating thicker crust 

at the spreading centre. Partial melt supply would then be controlled by two counteracting 

effects: a reduction due to deeper penetration of conductive cooling at slow spreading 

rates and an enhancement due to higher mantle temperatures at the base of the 

lithosphere. Through this balance, normal crustal thicknesses are maintained between 

anomalies 24 and 21. From anomalies 21 until the cessation of spreading, spreading rate 

decreases are more severe and partial melt supply is sufficiently restricted as to produce 

the observed crustal thinning. 

6.4 Relationship to Observations at Slow Spreading Centres and Fracture Zones 

In this section, recent geophysical observations at the slow spreading Mid-Atlantic 

Ridge are first reviewed and then used to explore relationships between crustal structure 

at the extinct spreading centre in the Labrador Sea, the slow spreading Mid-Atlantic Ridge 

and oceanic fracture zones. At the Mid-Atlantic Ridge, recent studies suggest that within 
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a ridge segment there is considerable along axis variation in the thermal and mechanical 

properties of the lithosphere. The studies include along axis seismic refraction [Purdy and 

Derrick, 1986], high resolution multibeam bathymetry mapping [Sempere etal, 1990; Lin 

et al, 1990|, multichannel seismic reflection [Derrick et al, 1990], 3-D gravity studies 

(Prince and Forsyth, 1988; Kuo and Forsyth, 1988; Lin et al, 1990], microearthquake 

source locations and delay time tomography [Toomey et al, 1988; Kong et al. 1992] and 

geochemical studies [White et al, 1992]. 

The seismic refraction results have found a 10-15 km wide zone of anomalously 

low velocities beneath a ridge segment axial high. Bathymetry data note an along axis 

transition from a broader deeper axial valley at ridge segment ends to a shallower, 

narrower axial valley at the ridge segment high. The multichannel seismic reflection data 

failed to find any shallow intracrustal reflector indicative of an axial magma chamber as 

is routinely found on segments of the fast spreading East Pacific Rise [Derrick et al, 

1987]. The gravity data have been used to compute a mantle Bouguer anomaly by 

removing the attraction of predictable components of the gravity field: a water layer, a 

sediment layer, and a constant crustal thickness layer. The mantle Bouguer anomaly 

shows distinct (approximately 20 tc 50 mGal) lows at the position of axial bathymetric 

highs. These are interpreted as zones of crustal thickening and/or low density upper 

mantle. The inversion of teleseismic P and S waveforms suggests that the largest 

earthquakes occur near the ends of morphological segments and that the maximum 

centroid depth increases as spreading rate decreases. The lithosphere is interpreted as 

being thicker near the ends of tectonic segments and with tectonic stretching more 
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important than volcanism in these areas. Rare earth element inversions of some dredged 

and drilled gabbroic rocks show evidence for variable crustal thinning beneath fracture 

zones, while other basalts are indistinguishable from those generated on the ridge 

segments. The basalt geochemistry is interpreted in terms of a mantle level redistribution 

of melt to intrusive centres whence it may flow laterally along the axis at crustal or 

surface levels. 

To harmonize these observations at slow spreading centres, crustal accretion must 

be focused at the centre of the ridge segment [Ballard and Franeheteau, 1983; Solomon 

and Toomey, 1992; White et al. 1984J. This view of a 3-D flow pattern, with lateral 

migration of melt along the ridge axis, is supported by recent dynamical models for 

mantle circulation at active spreading centres which demonstrate that there is a transition 

from a 2-D to a 3-D mantle flow pattern as spreading rate decreases | Parmentier and 

Phipps Morgan, 1990]. Given these observations and their interpretation in terms of 3-D 

flow patterns, three questions are addressed in the following sections: 1) Can the along 

axis variability in the extent of magmatism and volcanism be related to the crustal 

structure at the extinct spreading centre in the Labrador Sea? 2) Does the extinct 

spreading centre in the Labrador Sea, or any other spreading centre, provide a location 

where 2-D models of flow at slow spreading rates may legitimately be assessed? 3) What 

may be learnt about processes leading to crustal thinning at oceanic fracture zones from 

a study of the extinct spreading centre in the Labrador Sea. 

6.4.1 Interplay between Magmatism and Volcanism 

An important consensus emerging from studies at slow spreading centres is that 
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crustal accretion is an episodic and not a steady state process. As there is no seismic 

evidence supporting the presence of steady state axial magma chambers at slow spreading 

centres [Derrick et al, 1990], magmatism at the crustal level is considered to be an 

intermittent process. Consequently, plate divergence at slow spreading centres is partially 

accommodated through lithospheric stretching. This is unlike fast spreading centres where 

plate divergence can be accommodated by crustal accretion. Through an examination of 

the throw on normal faults at slow spreading centres, Mcdonald and Luyendyk, [1977] 

suggest that up to 20% of the plate divergence is accommodated in this manner. Along 

axis, ridge segment ends appear to experiencing more tectonism than the axial high where 

crustal accretion is focused [Huang and Solomon, 1988; Lin and Bergman, 1990]. The 

ends of the ridge segments are cooler than any other portion of the ridge segment because 

of their proximity to the cold lithosphere against which they are juxtaposed. 

Consequently, they are mechanically stronger are more prone to brittle failure than other 

portions of the ridge crest. In addition, the ends of ridge segments are also areas where 

the production of partial melt supply and/or its transport is most severely limited [Phipps 

Morgan and Forsyth, 1988], requiring the tectonic extension to be accommodated by 

faulting. 

Applying these observations to the extinct spreading centre in the Labrador Sea, 

the dissipation of thermal anomaly underlying the spreading centre could lead to a 

comparable scenario across the ridge axis. If spreading rate decreases are accompanied 

by an enhanced cooling of the crust by conduction, tectonism could be anticipated to 

increase. A fuller model for the extinct spreading centre preceding its extinction would 
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then have two components. First, partial melt would be partially restricted in accordance 

with a spreading rate dependence on its production. Second, this would be accompanied 

by an increased degree of tectonism as the cmst became cooler by deeper penetration of 

conductive cooling at the slower spreading rates. There is also a feedback as the tectonism 

in turn introduces an enhanced cooling by providing pathways for advective cooling by 

hydrothermal circulation [Purdy et al., 1992). The relevance of this interplay between 

magmatism and tectonism as spreading ceases to the generation of low seismic p-wave 

velocities within the crust at the extinct spreading centre was discussed in section 6.2. 

6.4.2 Applicability of 2-D Thermal Models 

The along axis variations at slow spreading centres require a 3-D pattern of mantle 

flow to explain present observations. At the slower spreading rates such as those 

encountered in the Labrador Sea preceding extinction, the applicability of the simpler 2-D 

models of mantle circulation may therefore be questioned. Their use, however, is justified 

on the basis of seismic observations of the structure of mature oceanic crust. The degree 

of inhomogeneity which is observed along axis at active spreading centres is simply not 

found in mature oceanic crust. In the most comprehensive of these studies, Purdy 119831 

find that a 1-D velocity-depth structure is sufficient, and all that is warranted, to represent 

mature oceanic crust. This is based on the interpretation of numerous seismic refraction 

lines, both parallel and perpendicular to the Mid-Atlantic Ridge in 140 Ma crust in the 

Atlantic Ocean. Likewise, the refraction results along the axis of the extinct spreading 

centre in the Labrador Sea, line Rl, while anomalous with regards to surrounding crust, 

do not show the degree of along axis variability which is associated with active slow 
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spreading centres. The only dominant feature in mature oceanic crust is the first order 

thinning into fracture zones. 

If the focused crustal accretion observed at active spreading centres were a steady 

state feature, first order variations in crus'al structure should be apparent in mature 

oceanic crust. Their absence suggests that the observations at active spreading centres are 

just an instantaneous view of these processes. On a longer time scale, the episodic nature 

of the crustal accretion processes leads to a homogenization of the crustal structure. 

Mature oceanic crust and that at the extinct spreading centre in the Labrador Sea may 

then be viewed as a composite of many episodic events of crustal accretion. In this sense, 

the 2-D dynamic models of flow remain valid as they represent a longer period average. 

The along axis component of the flow pattern must have a shorter period, whose effects 

are averaged out with time, except at the first order spatial discontinuity encountered at 

fracture zones. 

6.4.3 Cause of Thinning at Oceanic Fracture Zones 

Two elements lead to crustal thinning at oceanic fracture zone following Phipps 

Morgan and Forsyth [ 1988] and White et al. [1984], these are: 1) a reduced supply of 

partial melt to the accretionary axis due to the juxtaposition of cold and hot lithosphere 

decreasing melt production and 2) a truncation in the lateral pathways for melt migration 

owing to the large scale discontinuity which the fracture zone presents. In principle, the 

extinct spreading centre provides an environment which isolates the former of these 

components. It is free from the latter as line Rl was situated to sample the ridge segment 

away from the Minna and Snorri fracture zones (section 2.2). Any changes in crustal 
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thickness are then attributable to decreases in melt production as spreading rate decreases 

and the thermal anomaly beneath the spreading centre is dissipated. This allows the 

relative contribution of the thermal component at fracture zones to be assessed. On this 

basis, the degree of crustal thinning at the extinct spreading centre is comparable to that 

at oceanic fracture zones [Derrick et al, in press; Louden et al, 1986| and one could 

attribute the thinning at fracture zones to a decrease in melt production. 

This interpretation depends however upon the nature of the crust at oceanic 

fracture zones. At oceanic fracture zones, the affinity of this crust as being igneous or as 

being altered upper mantle remains equivocal. If the observed crustal thickness is 

emplaced by crustal accretion then the crustal structure at the extinct spreading centre 

would concur that crustal thickness at fracture zones is mediated by the thermal regime. 

If, however, the crust is actually altered upper mantle, then crustal thickness is restricted 

beyond that which can arise from a reduction of partial melt supply because of the 

thermal regime alone and must rely on a truncation of pathways for partial melt 

migration. The latter conclusion would be in keeping with crustal thickness observations 

at short offset fracture zones. For example, the Blake Spur fracture zone has a short offset 

and hence a relatively small thermal contrast between the ridge segment end and the 

colder lithosphere to which it is juxtaposed. Substantial crustal thinning and 

serpentinization are however observed by Minshull et al. [19911 in their interpretation of 

high quality expanding spread seismic refraction data. It should be noted that the 

extension of the observations at the extinct spreading centre to oceanic fracture zones 

presupposes that the viscosities of the mantle underlying the spreading centre in the 
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Labrador Sea preceding its extinction are comparable to those at active spreading centres. 

The thermal model Sotin and Parmentier [1989] illustrates the sensitivity of partial melt 

production and mantle circulation upon mantle viscosity (Fig. 1.2b). 



7. Conclusions and Future Research 

7.1 Conclusions 

(1) Crust within the extinct spreading centre is found to be thin and of anomalously 

low p-wave velocity when compared with mature oceanic crust. It is underlain by 

low upper mantle velocities which exhibit some anisotropy. Th; thinning is 

attributed to a decrease in partial melt supply to the accretionary axis as spreading 

ceased. The low velocities are attributed to an increase in the degree of tectonism 

preceding extinction which pervasively fractured the crust. This faulting also 

provides a pathway for hydrothermal alteration of the upper mantle peridotites and 

is the manner by which the low velocities in the uppermost mantle are produced. 

The lateral extent of the thinning and occurrence of low velocity crust are 

coincident with the time interval (chron 21 until the cessation of spreading) in 

which spreading rate decreased most rapidly. 

(2) The observed crustal thinning is consistent with a decreased supply of partial melt 

as spreading rate decreases. A 2-D model of passive flow predicts thinning which 

is far more severe than observed. This may be interpreted in three ways. First, a 

relatively low mantle viscosity (1019 Pa s) was present at the slow spreading rates 

preceding extinction in the Labrador Sea, allowing a component of active mantle 

flow to be operative and limit the degree of crustal thinning. Second, the predicted 

crustal thinning is offset by enhanced production of oceanic crust in response to 

the higher mantle temperatures from hot spot activity between chron 24 and the 

cessation ci spreading. Third, the crust which has been identified as having an 

189 
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igneous origin is actually hydrothermally altered upper mantie. 

(3) An analysis of the seismic refraction data and gravity modelling find no evidence 

or require n ^nt for a gabbroic root structure [Hall et al, 1986] to underlie the 

extinct spreading centre in the Labrador Sea. The gabbroic root model predicts 

that a zone of crustal thickening should underlie the extinct spreading centre while 

the opposite is in fact observed. The axial low in the free-air gravity field may be 

adequately explained in terms of lateral variations in the velocity/density of the 

crust and upper mande with no requirement for a contribution from a low density 

relict of the source region extending deep into the mantle. 

7.2 Future work 

7.2.1. Gravity 

The acquisition of gravity data along line R2 is recommended as a first priority 

for future data acquisition. The lack of coincident gravity measurements along seismic 

refraction line R2 limits the methodologies which can be employed in the gravity 

modelling and the confidence of the methods which are employed. An independent check 

of the 2-D seismic velocity-depth structure through a comparison of calculated and 

observed free-air gravity anomalies was undertaken. The discrepancy between these values 

southwest of the extinct spreading centre along refraction line R2 (Fig. 5.5), suggests that 

the velocity-depth structure in this area, where there is a paucity of shot-receiver raypaths, 

may require revision. However, the observed anomaly used in this comparison was 

interpolated from measurements on ship tracks which are separated from the refraction 

line by up to 17 km (Fig. 5.1) and does not constitute a suitable basis upon which 
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revisions to the velocity-depth structure should be based. Coincident gravity measurements 

would also allow the computation of a residual gravity anomaly through the subtraction 

of the predictable components from the observed field. This would isolate the gravity field 

owing to variations in crustal and upper mantle density and/or crustal thickness allowing 

a more direct assessment of the seismic velocity-depth structure and the predictions of 

Hall et al. [1986] and Jonas et al. [1991] that the extinct spreading centre in the Labrador 

Sea is underlain by a gabbroic root structure (section 5.3). 

7.2.2. Thermal Models 

There are two modifications to 2-D or 3-D thermal models which would be 

beneficial in modelling the processes which occur as a spreading centre dies. First, these 

models all offer predictions of partial melt production and/or melt transport in steady state 

conditions (ie. at a constant spreading rate). This differs from the actual dynamics at the 

extinct spreading centre where plate spreading velocity surely decreased in some manner 

preceding the extinction. Further, models for active flow become unstable at the slow 

spreading rates thought to have preceded extinction and suggest a transition from a steady 

state to an episodic behaviour [Sotin and Parmentier, 1989]. Existing algorithms could be 

modified to accommodate a variable spreading rate behaviour |E.M. Parmentier, Personal 

Communication, 1990] thereby allowing predictions of crustal thickness for a variety of 

spreading rate histories to be evaluated. The second modification is an incorporation of 

variable viscosity into the thermal models. Viscosity has already been shown by Sotin and 

Parmentier [1989] to be an important parameter governing the degree to which localized 

buoyancy forces drive mantle circulation. Allowing viscosity to vary in accordance with 
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temperature, could have a significant impact on the upwelling and lateral movement of 

mantle in the dynamic models of mantle circulation and has only recently been considered 

[Shen and Forsyth, 1992]. Changes in viscosity are likely to precede the extinction of a 

spreading centre, as the thermal anomaly beneath the spreading centre dissipates. 

7.2.3 Seismic Studies 

Resolving the source region in which partial melting occurs is a difficult task. In 

theory, the broad scale flow patterns of passive and buoyant upwelling should be 

distinguishable as the shear in these flows would likely impart an anisotropic fabric to the 

constituent mineral assemblages which could be detected seismically. In practice, this 

requires techniques and observations with a depth scale which is an order of magnitude 

greater than provided by conventional seismic refraction and reflection techniques which 

only sample the crust and uppermost mantle. Upon the advent of the requisite equipment 

and techniques, discernment between passive and active flow at spreading centres should 

be pursued by seismic methods. 
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Figure A.1: Refraction profiles for (a) OBS L shooting southwest and (b) OBS Q shooting northeast. Traces are bandpass 
filtered from 4 to 12 Hz and a 3 trace mix has been applied. Gain has been applied as a function of distance. 
Travel time lines are from 2-D raytracing through the final velocity-depth structure in Fig. 4.2. 
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Travel time lines are from 2-D raytracing through the final velocity-depth structure in Fig 4.2 -



Shot Point 200 
Line R2: Refraction Profiles for OBS N 

300 400 

'•':.'^'iz"'•'• '"•'• '• i'Cn»"L'.»'''••;'••"''::••''"'''•• •"""'L/"':/ •',"!'•'^i'l!'."!,"':'"!',''^ MJIM". '"' 
"••:'j'-.'"I- "•»: ,: ,» ,^T "-i;.'••i",","':,"1'..

,"ii»!'L' ••'•?..«• ::;'-,:i-I'i-,':'-:ti''i, •;;•''••'•'..•••;: i;"-" 
••"•..•• ,•••:'":::>• ,• • :'•"•-.;"•...:.:.••'.!,•:.:.-H-I. J , -.-'••.:••• '>«,,': : ; > , . , : , . . - p ' 

^ S - - .:!-'C~~•:;•• '•:•.'••.; .r.>- ••;•?:.: K • :-r;-:'i-::-'C>...•; -••, ..»•:'•- :;•:;,:::•.;••;.":; "• i:::::,:.";::- ••'.»';•••;""••::: • "•• • :••;:::••,•• •". •••..-::••';...::.>-*:•%: 
^ • - " J . C - " ~ ' . I I " - . " ' " . " • ; . . •« ,.~-C J!" . . • _ ' " - " . •"•- . " .• ' i ,-!» . i ' i| " i i ' " ' ' " ' . . ' . ' . . . . ' "" ...'— l*„ • „ " , , •;> ,.• »J'»m» , , '« 

6 

5 

4 

I ' i i i . 'p" 'W. 'M"" 1 : : " : ' 

-"* ;-• \ ,»!, ;"- ' : . ;~ 'C'"* 'V"^^ :•,:...::;, :.'•:.•••.; » 
ii:

i'""i'.'.' "'•"'','„'"''','"".'.;i "LTJI"!|*r!i'".'"''"'.''• "MI,,"'"•'.!"',i ';,•I'.i.ii.ni."' in' •••.'..,"., I..'":.!! •'"':""..>':'y. 

•;••!• H , : : ' ' . l " i : : : : : 5 ^ '•'.;;!:::V!T:;;:::';:
-:. j;;;,";''1,|i.:;'|

;":•;::.;,•••:;':•"•"•": 'i:;, "• ':. ":'<..' 
rc^:;;;:::,".:".:' ••<ps-.^., ;;,-:-i ;;".-.M ;:.:. y.yy •» :„K, ••••:::;:;;:;••:•••.: n;„"; ••;:;;.. •• -' ••:.•:.-•&:.•;. y • •;•, ;; yj ;::.•; ...: ' •, i 

-90 

500 

-60 

600 

Distance (km) -30 

:*j*5--r:..'.. 
• ! ' : " . , " ' " " ' i i ' 

700 800 Shot Point 

•"••- i! "HI ii".- ...,••• r-'":I.."•'. iiI'wi'i'i i• .,:•„'.:..«'"."7;;i j'»iu.:*•"'••«•">• ,„i*t..,:..:.*t.lli~.';i.... 
1 "•-. i,,.;... HMHIJIIIII, ,». ,;:', ..»•• .„ j . . . : , . •• ; ; - ... 4 • >•; , • . / . » ; •; »• HN*."-!.;^-'"'•:*;- I".".:.^::';, 

;:;'^:::;:-:;c:p:;;::;:;;:;j::.;::::%^ 

" "•'-"— - ' " ^ - i - •,;,:,:.: ':'::::-"r—^*J''•"•»...^..' .. JJ: • •:: S t̂:-.::.-::::: •'• .-•:.: »:r.i- :>-." 

••* |M'*» 

" ' " ( M 
" ' " • I • 

i M . t N l 

•. '.; 1 i n 

••ui • 

m»^» 

I" " 
u l l t t l " 

•M'M' ", 
• m , , M . . 

H,»ll.„ 

*' ' 1 

, 
• • 

»l 

,.•••;••„ " i " : . . n , | . 

„ . - l i , l M l M » . l t t | | 

Distance (km) 

Figure A3: Refraction profiles for (a) OBS N shooting southwest and (b) OBS N shooting northeast Traces are bandpass 
filtered from 4 to 12 Hz, and a 3 trace mix has been applied. Gain has been applied as a function of range. 
Travel time lines are from 2-D raytracing through the final velocity-depth structure in Fig. 4.2. 
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Figure A-4: Refraction profiles for (a) OBS E shooting southwest and (b) OBS E shooting northeast Traces are banpass 
filtered from 4 to 12 Hz, and a 3 trace mix has been applied Gain has been applied as a function of range. 
Travel time lines are from 2-D raytracing through the final velocity-depth structure in Fig. 4.2. 



Line R2: Refraction Profiles for OBS O 
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Figure AS: Refraction profiles for (a) OBS O shooting southwest and (b) OBS O shooting northeast Traces are bandpass 
filtered from 4 to 12 Hz and a 3 trace mix has been applied. Gain has been applied as a function of range. 
Travel time lines are from 2-D raytracing through the final velocity-depth structure in Fig. 4.2. >-> 
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Line R2: Refraction Profiles for Sonobuoys 11 and 12 
200 Shot Point 

Distance (km) 

Figure A.6: Refraction profiles for (a) Sonobuoy 11 shooting northeast and (b) Sonobuoy 12 shooting northeast. Traces are 
bandpass filtered from 4 to 22 Hz, and a 3 trace mix has been applied. Gain has been applied as a function of 
range. Travel time tines are from the 2-D raytracing through the final velocity-depth structure in Fig. 4.2. -



Line R2: Near Field Refraction Profiles for Sonobuoys 11 and 12 
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Figure A.7: Refraction profiles for (a) Sonobuoy 11 and (b) Sonobuoy 12. Traces are bandpass filtered from 4 to 22 Hz and 
gain has been applied as a function of range. Travel time lines are from the 2-D raytracing through the final 
velocity-depth structure in Fig. 4.2. © 
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Line R2: Near Field Refraction Profiles for OBSs L and M 
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Figure A.8: Refraction profiles for (a) OBS L and (b) OBS M. Traces are bandpass filtered from 4 to 12 Hz and gain has 
been applied as a function of range. Travel time lines are from the 2-D raytracing through the final 
velocity-depth structure in Fig. 4.2. N> 



Line R2: Near Field Refraction Profiles for OBSs N and E 
400 500 Shot Point 600 

Figure A.9: Refraction profiles for (a) OBS N and (b) OBS E. Traces are bandpass filtered from 4 to 12 Hz and gain has 
been applied as a function of range. Travel time lines are from the 2-D raytracing through the final 
velocity-depth structure in Fig. 4.2. N> 



Shot Point 
Line R2: Near Field Refraction Profiles for OBSs O and Q 
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Figure A.10: Refraction profiles for (a) OBS O and (b) OBS Q. Traces are bandpass filtered from 4 to 12 Hz and gain has 
been applied as a function of range. Travel time lines are from the 2-D raytracing through the final 
velocity-depth structure in Fig. 4.2. O 
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Line Rl: Refraction Profiles for OBSs D and H 
Shot Point 300 400 500 

Distance (km) 

Figure B.1: Refraction profiles for (a) OBS D shooting southeast and (b) OBS H shooting northwest Traces are bandpass 
filtered from 4 to 12 Hz, and a 3 trace mix has been applied. Gain has been applied as a function of range. 
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Figure B.2: Refraction profiles for (a) OBS E shooting southeast and (b) OBS E shooting northwest Traces are bandpass 
filtered from 4 to 12 Hz, and a 3 trace mix has been applied. Gain has been applied as a function of range. 
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Figure B.3: Refraction profiles for (a) OBS F shooting southwest and (b) OBS F shooting northeast. Traces are bandpass 
filtered from 4 to 12 Hz, and a 3 trace mix has been applied. Gain has been applied as a function of range. 
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Line R l : Refraction Profiles for OBS G 
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Figure B.4: Refraction profiles for (a) OBS G shooting southeast and (b) OBS G shooting northwest Traces are bandpass 
filtered from 4 to 12 Hz, and a 3 trace mix has been applied. Gain has been applied as a function of range. 
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Table C: Velocity nodes for 2-D velocity-depth structure on line R2 

Layer 1: Water 
Upper Boundary 

Dist. | Depth j Vel. 
(km) j (km) | (km/s) 

220 j to L49 

Layer 1: Water 
Lower Boundary 

220 

I 

sea
floor 

1.49 

Layer 2: Sediment 
Upper Boundary 

Dist. 
(km) 

220 

Depthj V e l-
(km) |(km/s) 

sea- I 1 5 Q 

floor | 

Layer 2: Sediment 
Lower Boundary 

0 

10 
20 
30 
50 
60 
80 
90 
100 
110 
120 
130 

150 
160 
190 
200 
210 
220 

4.01 

3.94 
3.99 
4.01 
4.00 
3.91 
4.05 
4.02 
4.02 
3.99 
3.91 
3.94 

3.93 
3.95 
3.93 
3.95 
3.95 
3.95 

2.16 

2.10 
2.15 
2.15 
2.12 
2.07 
2.14 
2.12 
2.12 
2.10 
2.07 
2.07 
2.01 
2.05 
1.98 
2.02 
2.02 
2.04 

Lay* 
Up 

Dist. 
(km) 

0 
10 
20 
30 
50 
60 
80 
90 
100 
110 
120 
130 
150 
160 
190 
200 
210 
220 

;r 3: Sediment 
per Boundary 
Depth 
(km) 

4.01 
3.94 

3.99 
4.01 
4.02 
3.91 
4.05 
4.02 
4.02 
3.99 
3.91 
3.94 
3.93 
3.95 
3.93 
3.95 
3.95 
3.95 

Vel. 
(km/s) 

2.22 
2.23 
2.25 
2.20 
2.20 
2.22 
2.28 
2.40 
2.34 
2.38 
2.28 
2.20 
2.18 
2.21 
2.21 
2.21 
2.22 
2.20 

Layer 3: Sediment 
Lower Boundary 

Dist. j Depth 
(km)| (km) 

0 • 5.67 
10 

20 
25 
30 
35 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
125 
150 
155 
160 
170 
175 
180 
185 
190 
195 
200 
205 

2l6 
220 

5.49 
5.60 
4.92 
4.80 
5.20 
5.34 
4.97 
4.20 
4.66 
4.91 
5.10 
5.65 
5.68 
5.51 
5.53 
5.74 
5.52 
4.87 
4.79 
5.40 
5.52 
5.37 
5.02 
4.13 
4.65 
4.48 
4.71 
5.21 
5.14 

5.47 

5.25 
5.40 

Vel. 
(km/s) 

2.50 
2.48 
2.59 
2.42 
2.38 
2.45 

2.43 
2.45 
2.25 
2.36 
2.46 
2.55 
2.62 
2.69 
2.64 
2.62 
2.72 
2.66 
2.44 
2.38 
2.41 
2.49 
2.47 
2.45 
2.27 
2.35 
2.33 
2.38 
2.45 
2.50 

2.50 I 
2.48 

2.49 I 
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Table C: Velocity nodes for 2-D velocity-depth structure on line R2 (continued) 

La 
Up] 

Dist. 
(km) 
110 
120 
130 

yer 4: Crust 
per Boundary 

Depth 
(km) 
5.52 
4.82 
5.01 

Vel. 
(km/s) 
3.48 
3.53 
3.50 

Layer 4: Crust 
Lower Boundary 

Dist. | Depth 
(km)| (km) 

110 | 5.63 
120 j 5.66 
130 j 5.09 

! 
i 
i 

i 
i 
i 
i 

j 

Vel. 
(km/s) 

3.48 
3.53 
3.50 

Layer 5: Crust 
Upper Boundary 

Dist. 
(km) 

0 
10 
20 
60 
70 
80 

90 
100 
110 
120 
130 
140 

Depth | Vel. 
(km) i(km/s) 
5.67 ] 4.85 
5.49 
5.60 
4.97 
4.66 
5.10 

5.68 
5.53 
5.63 
5.66 
5.09 
4.68 

150 j 5.40 
160 | 5.37 
170j 5.02 
190 1 4.71 
200 | 5.14 
220 | 5.40 

: : 
i 

: 

4.90 
4.88 
4.50 
4.74 
4.65 

4.60 
4.58 
4.61 
4.64 
4.72 
4.76 
4.60 
5.40 
5.15 
4.51 
3.79 
4.30 

Layer 5: Crust 
Lower Boundary 

Dist. | Depth 
(km)| (km) 

0 
10 
20 
60 
70 
80 

90 
100 
110 
120 

7.25 

7.11 
6.66 
6.60 

6.98 

7.10 

: 
140 j 7.05 
160! 
190 | 6.85 
200! 
220 | 6.85 

i 
i 

i 
i 

! 
| 
i 

Vel. 
(km/s) 
5.55 
5.62 
5.51 
5.36 
5.23 
5.11 
5.01 
5.10 
5.15 
5.30 
5.38 
5.74 
5.65 
5.67 
5.60 

Layer 6: Crust 
Upper Boundary 

Dist. 
(km) 
130 
140 
150 
170 
180 
190 

220 

Depdi i 
(km) 
7.17 
7.05 

7.00 
7.00 
7.00 
6.85 
6.85 

i 

Vel. 
(km/s) 
5.90 
5.90 
5.90 
5.90 
5.90 
5.90 

5.90 

Layer 6: Crust 
Lower Boundary 

Dist. | Depth 
(km)| (km) 

130 1 7.46 
140 | 7 /7 

150 1 7.55 
1 

170 | 7.60 
180 j 7.46 
190 | 7.39 
220 | 7.35 

i 
i 

i 

Vel. 
(km/s) 

6.40 
6.40 
6.40 
6.40 
6.40 
6.40 
6.40 



Table C: Velocity nodes for 2-D velocity-depth structure on line R2 (continued) 

u 
Up 

Dist. 
(km) 

0 
20 
30 
60 
70 
90 
110 
130 
140 
150 
170 
180 
190 
220 

' j ^ ^ ^ ^ M 

iyer 7: Crust 
jer Boundary 
Depth 
(km) 
7.25 
7.11 
7.01 
6.66 
6.60 
6.98 

7.10 
7.46 
7.47 
7.55 

7.60 
7.46 
7.39 
7.35 

Vel. 
(km/s) 
6.32 
6.26 
6.12 
5.96 
5.58 
5.64 

5.52 
6.89 
6.89 
7.19 
7.07 
6.98 
6.69 
6.80 

Layer 7: Crust 
Lower Boundary 

Dist. 
(km) 

0 
20 
30 
60 
70 
90 
110 
130 
140 
150 
160 
170 
180 
190 
220 

Depth! Vel. 
(km) j(km/s) 
11.32 | 7.12 
10.91 ! 7.12 

| 7.00 
9.54 | 7.09 
9.34 j 6.96 
9.45 | 7.14 

9.76 | 7.29 
11.08 | 7.62 
11.75 | 7.46 
11.94 | 7.54 

11.65 | 7.71 
10.92 j 7.63 
10.69 1 7.47 
10.87 j 7.25 
10.67 ! 7.30 

: j 
i 

I 
| 
i 
! 
i 
i 
j 
! 

Lay 
Up 

Dist. 
(km) 

0 
20 
40 
50 
60 
70 

80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
220 

êr 8: Mantle 
)er Boundary 

Depth 
(km) 
11.32 
10.91 
10.86 
10.50 
9.54 
9.34 

9.22 
9.45 
9.62 
9.76 
10.37 
11.08 
11.75 
11.94 
11.65 
10.92 

10.69 
10.87 
10.71 
10.67 

Vel. 
(km/s) 
8.00 
8.08 
7.92 
7.98 
8.02 
8.02 

7.92 
7.82 
7.94 
8.04 

8.01 
7.98 
7.93 
7.91 
7.90 
7.95 

7.92 
7.91 
8.07 
8.05 

Layer 8: Mantle 
Upper Boundary 

Dist. 
(km) 
220 

Depth 
(km) 
20 

Vel. 
(km/s) 
8.24 
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