A DEEP SEISMIC ANALYSIS OF THE FLEMISH CAP
CONTINENTAL MARGIN OFF NEWFOUNDLAND, CANADA

Joanna Gerlings

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia
January 2013

(© Copyright by Joanna Gerlings, 2013



DALHOUSIE UNIVERSITY

DEPARTMENT OF EARTH SCIENCES

The undersigned hereby certify that they have read and recommend to the Faculty
of Graduate Studies for acceptance a thesis entitled “A DEEP SEISMIC ANALYSIS
OF THE FLEMISH CAP CONTINENTAL MARGIN OFF NEWFOUNDLAND,
CANADA” by Joanna Gerlings in partial fulfillment of the requirements for the
degree of Doctor of Philosophy.

Dated: January 28, 2013

External Examiner:

Research Supervisor:

Examining Committee:

Departmental Representative:

1



DALHOUSIE UNIVERSITY

DATE: January 28, 2013

AUTHOR: Joanna Gerlings

TITLE: A DEEP SEISMIC ANALYSIS OF THE FLEMISH CAP
CONTINENTAL MARGIN OFF NEWFOUNDLAND, CANADA

DEPARTMENT OR SCHOOL: Department of Earth Sciences
DEGREE: Ph.D. CONVOCATION: May YEAR: 2013

Permission is herewith granted to Dalhousie University to circulate and to have copied
for non-commercial purposes, at its discretion, the above title upon the request of
individuals or institutions. I understand that my thesis will be electronically available
to the public.

The author reserves other publication rights, and neither the thesis nor extensive
extracts from it may be printed or otherwise reproduced without the author’s written
permission.

The author attests that permission has been obtained for the use of any copyrighted
material appearing in the thesis (other than brief excerpts requiring only proper
acknowledgement in scholarly writing), and that all such use is clearly acknowledged.

Signature of Author

1l



Table of Contents

List of Tables . . . . . . . . . . . . . viii
List of Figures . . . . . . . . . . . . ix
Abstract . . . . . . XV
List of Abbreviations Used . . . . .. .. .. .. ... ... ... .... xvi
Acknowledgements . . . . .. . ... xviii
Chapter 1 Introduction . . . ... ... ... 1
1.1 Flemish Cap: Backgound and Motivation for Study . . . .. .. . .. 12
1.2 Tectonic Setting . . . . . . . . . ... 13
1.3 Objectives . . . . . . . 16
1.4 Chapter Overview . . . . . . . . . . . . . 17
References . . . . . . . . .. 19

Chapter 2 Crustal Structure of the Flemish Cap Continental Mar-
gin (Eastern Canada): An Analysis of a Seismic Refrac-

tion Profile . . . .. .. ... ... 24

2.0 Summary . ... ... 24
2.1 Introduction . . . . . . ... 25
2.2 Geological Setting . . . . . . . ... 29
2.3 Wide-angle Seismic Experiment . . . . . . .. .. ... ... 30
2.3.1 Data Acquisition and Processing . . ... .. ... ... ... 30
2.3.2 Methodology . . . . .. ... o 30
2.3.3 Wide-angle Seismic Data . . . . . .. ... ... ... ..... 31

24 Results. . . . . . 36
2.4.1 P-Wave Velocity Model . . . . . ... ... ... ... .. ... 36

v



2.4.2 P-Wave Velocity Model Uncertainty and Resolution . . . . . . 38

2.4.3 S-Wave Velocity Model . . . . . . ... ... ... ... .. .. 41

244 The Gravity Model . . . . . . . ... ... oL 43

2.5 Discussion . . . . ... 46

2.5.1 Continental Crust . . . . . . .. .. ... ... 46

2.5.2 Transition Zone . . . . . . . ..o 48

2.5.3 Oceanic Crust . . . . . . .. ... 55

2.6 Conclusions . . . . .. .. 57

2.7 Acknowledgments . . . . .. ... L 58

References . . . . . . . . .. 59

Chapter 3 Flemish Cap-Gobans Spur Conjugate Margins . . . . . 64
3.1 The Flemish Cap - Goban Spur Conjugate Margins: New Evidence of

Asymmetry . . ... 64

3.1.0 Abstract . . . ... 64

3.1.1 Introduction . . . . . . .. ... 65

3.1.2  The Flemish Cap-Goban Spur Conjugate Profiles . . . . . .. 66

3.1.3 Discussion . . . . . ... 69

3.1.4 Conclusions . . . . ... .. 72

3.1.5  Acknowledgements . . . . . ... ... oL 73

3.2 Multi-Channel Seismic Section Line 85-3 . . . . . . .. .. ... ... 74

3.2.1 Reprocessing and Interpretation of Line 85-3 . . . . . . . . .. 74
3.2.2  Comparison of the Reprocessed Time Section and a Previous

Processing of Line 85-3 . . . . . . . . ... ... 82

3.2.3 Prestack Depth Migration . . . . .. ... ... ... ..... 87

3.24  Summary ... 96

3.2.5 Acknowledgements . . . . . ... ... 99



References . . . . . . . 100

Chapter 4 Along-Strike Variations . . . . . . .. ... ... ... ... 103
4.1 Revised Line 85-3 . . . . . . . .. 106
4.2 Line 87-4. . . . . . . 110
4.3 Crustal Domains of Erable Lines . . . . . .. ... ... ....... 116

4.3.1 Southern Lines . . . . . .. ... ... ... .. ... 116
4.3.2 Northern Lines . . . . . . ... .. ... ... L. 117
4.4 Summary/Conclusions . . . . .. ... Lo Lo 122
4.5 Acknowledgements: . . . . . ... L 124

References . . . . . . . . .. 125

Chapter 5 Conclusions and Suggestions for Future Work . . . .. 127
5.1 Conclusions . . . . . . . . . 127

5.1.1 Structure and Thinning of Initial Continental Crust . . . . . . 127
5.1.2  Nature of the Ocean-Continent Transition Zone . . . . . . .. 128
5.1.3 Ridge Feature and Mantle Exhumation . . . . . . . . . . . .. 130
5.1.4 Initial Formation of Oceanic Crust . . . . ... ... ... .. 130
5.1.5  Rifting Style . . . . . . . ... 131
5.1.6 Reprocessing of Line 85-3 . . . . . . ... ... ... 132

5.1.7  Along-Strike Variation of Rifting Style and Crustal Domains . 132

5.2 Future Work . . . . . . 134
References . . . . . . . 136
References . . . . . . . s, 140

Appendix A Wide-angle Seismic Data: Relocation of Ocean Bottom

Seismometers (OBS) . .. ... ... ... .. ...... 149

vi



Appendix B Wide-angle Seismic Data: OBS Sections not shown in

Gerlings et al. (2011) . . . . . . . . . ... ... ... ... 169

Appendix C Wide-angle Seismic Data: Full Error Analysis . . . . . 184
C.1 P-wavephases . . . . . . . . . . .. .. 184
C.2 S-wave phases . . . . . . . . . . ... 191
Appendix D Supplementary Material from Section 3.1 . . . . . . .. 192
Appendix E Multi-channel Seismic Data . . . . . ... ... ... ... 195
E.1 Processing steps . . . . . . . . .. 195
E.2 Shot gathers of the important processing steps . . . . . . . . .. ... 197
E.3 Examples of types of noise LIFT can attenuate. . . . . . . . .. ... 201
E.4 Stacked sections of the important processing steps . . . . . . . . . .. 205
E.5 Examples of jobs for adding header or patching traces. . . . . . . .. 215
E.5.1 Example of a nominal geometry job . . . . . .. ... ... .. 218

E.5.2 Spherical divergence . . . . . .. ... 219

E.5.3 Surface consistence amplitude balancing . . . . . ... .. .. 220

E.5.4 Noise attenuation on low frequencies . . . . .. ... .. ... 222

E.5.5 LIFT - Noise attenuation . . . . . . . ... . ... ... .... 223

Eb56 K-filter. . . . .. oo 229

E.5.7 Shot interpolation . . . . . . ... ..o 230

E58 SRME . . . . .. 233

E59 Radon LIFT . . . . . .. .. . . 234

Appendix F Copyright Release for Thesis Chapters Published as Jour-
nal Articles . . . . . ... 238

vil



List of Tables

Table 2.1

Table 2.2

Table 2.3

Table 3.1
Table 3.2

C.1

C.2

Table E.1
Table E.2

Identification of layers in the P-wave velocity model, the name
of the seismic phases and record sections on which they were
identified. . . . . . ...

The number of observations (n), the assigned average pick un-
certainty (t,ss), the root-mean-squares (rms) traveltime residual
(t;ms) and the normalized x? for individual P-phases. . . . . .

The number of observations (n), the assigned average pick un-
certainty (t.ss), the root-mean-squares (rms) traveltime residual
(trms) and the normalized x? for individual S-phases. . . . . .

Reprocessing of Line 85-3 (time section) . . . ... ... ...
Reprocessing of Line 85-3 (depth section) . . . . ... ... ..
The number of observations (n), the root-mean-sqzares (rms)

traveltime residzal (f,,,s) and the normalized x? for individual
P-phases. . . . . . ...

The number of observations (n), the root-mean-sqzares (rms)
traveltime residzal (f,,s) and the normalized x? for individual
S-phases. . . . ...

Reprocessing of Line 85-3 (time section) . . . . ... ... ..

Reprocessing of Line 85-3 (depth section) . . . ... ... ...

viil

32

39

43

84
38

184



List of Figures

Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4
Figure 1.5

Figure 1.6

Figure 1.7
Figure 1.8

Figure 1.9

Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7
Figure 2.8

Figure 2.9

Schematic of a) magma-rich and b) magma-poor margins. . . .

Models of a) simple-shear asymmetric rifting ( Wernicke, 1981)
and b) pure-shear symmetric rifting (McKenzie, 1978).

Map of the North Atlantic. . . . . . . . ... ... ... ....

Map of the East Canadian coast with locations of seismic profiles.

Examples of P-wave velocity models from the Nova Scotia and
Newfoundland margins, eastern Canada. . . . . . .. ... ..

Conceptual rifting model of Péron-Pinvidic and Manatschal
(2008). . ..

Conceptual rifting model of Reston (2009). . . . . .. .. ...

Examples of P-wave velocity models from the Nova Scotia and
Newfoundland margins, eastern Canada. . . . . . .. ... ..

Tectonic reconstruction of the North Atlantic Ocean. . . . . .

Regional map of the Atlantic. . . . ... ... ... ... ...
Bathymetry map of the study area. . . . . . .. .. ... ...

Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 4. . . . . .

Record section (top) with computed traveltimes and ray path
diagram (bottom) for the hydrophone of OBS 12. . . . . . ..

Record section (top) with computed traveltimes and ray path
diagram (bottom) for the hydrophone of OBSs 14 and 15. . . .

Record section (top) with computed traveltimes and ray path
diagram (bottom) for the hydrophone of OBS 18. . . . . . ..

P-wave velocity model (top) along the FLAME Line. . . . . .

Comparison of observed (red bars) and calculated (lines) trav-
eltimes for OBSs 1-19. . . . . . ... .. ...

Record section (top) with computed traveltimes of S-wave and

ray path diagram below for the horizontal geophone of OBS 11.

1X

w

ot

10
11

13
15

26
28

33

34

35

36
37

40

42



Figure 2.10
Figure 2.11

Figure 2.12

Figure 2.13

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8

Figure 3.9

Figure 3.10
Figure 3.11
Figure 3.12

Figure 3.13

Figure 3.14

Gravity model for the FLAME Line. . . . . ... ... .. ..

Velocity-depth curves from of the FLAME Line together with
SCREECH Lineland 3. . . . . . ... .. ... .. ......

Finite difference time migrated MCS data on Line 85-3 and Line
87-3 superimposed on part of the P-wave velocity model (thick
grey lines) converted to TWT. . . . . . . ... ... ... ...

Crustal cross-sections of the FLAME Line and the SCREECH
Lines 1, 2 and 3 with no vertical exaggeration. . . . . . . . ..
Plate reconstruction of North Atlantic Ocean at magnetic chron

S

Line drawing of previous reconstruction of Flemish Cap-Goban
Spur (FC-GS) conjugate margin pairs. . . . . ... ... ...

Deep water sections of poststack time migrated and time-to-
depth converted MCS profiles across Flemish Cap (top, Lines
85-3 and 87-3) and MCS profile across Goban Spur (bottom,
WAM line) superimposed on P-wave velocity models. . . . . .

Reconstruction of Flemish Cap-Goban Spur (FC-GS) conjugate
margin pairs. . . . ... ...

Diagram of noise attenuation. . . . . . . ... ... ... ...
Diagram of the processing steps for LIFT noise attenuation.
Shotgathers from LIFT noise attenuation. . . . .. .. .. ..

Comparison of different combinations of multiple removel with
Radon Transform, SRME, LIFT Radon Transform and LIFT

Diagram of the processing steps for LIFT Radon Transform.
Poststack Kirchhoff time migrated section of Line 85-3. . . . .
Close-up of the seaward end of the Cap. . . . . . ... .. ..

Close-up of the big fault block (B) at the foot of the slope and
some strong inter-crustal reflections (D). . . . . . .. ... ..

Close-up of the normal faulted basement in the transition zone
of thin continental crust. . . . . . . . . . ... ... ... ...

Close-up of the ridge feature. . . . . . . . ... .. ... ...

49

20

66

67

68

69
75
7
78

80
81
83
85

86



Figure 3.15
Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20
Figure 3.21

Figure 3.22

Figure 4.1
Figure 4.2

Figure 4.3
Figure 4.4
Figure 4.5

Figure 4.6

Figure 4.7
Figure 4.8

Figure 4.9

Figure 4.10
Figure 4.11

Prestack Kirchhoff depth migrated section of Line 85-3. . . . .

Close-up of the most landward part of the transition zone of
Line 85-3 with a major fault block.

Close-up of the transition zone of Line 85-3 with a basement
morphology suggeting minor thrust faults.

Close-up of the sediments and basement of the transition zone
in SCREECH Line 2. . . . . . . . . . .. ... ... ......

Close-up of the transition zone of Line 85-3 with a normal
faulted basement. . . . . . ... .. oL

Close-up the Ridge feature.

Two close-ups of the ridge feature together with a close-up of a
ridge feature on SCREECH Line 2.

Close-up of the basement morphology of the initial oceanic crust
of Line 85-3 (depth section). . . . . . ... ... ... ... ..

Location map of Flemish Cap with bathymetry.

Revised P-wave velocity model and observed satellite gravity
plotted together with calculated gravity from both the original
velocity model (blues dashed) and the gravity of the revised
velocity model.

Map of gravity anomalies at Flemish Cap.

Prestack time migrated seismic profile of Line 87-4.

Seismic profiles of GSI Line OB104, OB106, OB108, and OB110
across a rift basin in Orphan Basin. . . . . . .. .. ... ...

Seismic profile of GSI Line OB129 across a rift basin in Orphan
Basin.

Velocity model of Chian et al. (2001). . . . . . . ... ... ..

Time migrated seismic profiles of Erable Line E43-44 (Top) and
E46-47 (Bottom). . . . . . . ...

Time migrated seismic profiles of Erable Line E48 (Top) and

E49-50 (Bottom). . . . . . . ...
Time migrated seismic profile of Erable Line E51-52.

Map of the crustal domains of Flemish Cap.

x1

92

93

94

95
97

98

98

105

107
109
111

113

114
115

118



Figure A.1 Relocationof OBS 1. . . . . ... ... ... ... ... .... 150

Figure A.2 Relocationof OBS 2. . . . ... ... ... ... ... ..... 151
Figure A.3 Relocationof OBS 3. . . . . .. ... ... ... ... ..... 152
Figure A.4 Relocationof OBS 4. . . . . ... ... ... ... ... ..., 153
Figure A.5 Relocation of OBS 6. . . . . . ... .. .. ... ... ..... 154
Figure A.6 Relocationof OBS 7. . . . . . ... .. ... . ... ..... 155
Figure A.7 Relocation of OBS 8. . . . . . . ... ... .. .. .. ..... 156
Figure A.8 Relocationof OBS 9. . . . . ... ... ... . ... ..... 157
Figure A.9 Relocation of OBS 10. . . . . .. ... ... ... ... ..., 158
Figure A.10 Relocation of OBS 11. . . . . . . . .. ... .. .. ... ... 159
Figure A.11 Relocation of OBS 12. . . . . . . . . .. ... ... ... ... 160
Figure A.12 Relocation of OBS 13. . . . . . . . . ... ... .. ... ... 161
Figure A.13 Relocation of OBS 14. . . . . . . . . ... ... .. ... ... 162
Figure A.14 Relocation of OBS 16. . . . . . . . . . .. .. ... ... ... 163
Figure A.15 Relocation of OBS 17. . . . . . . . . . . ... ... ... ... 164
Figure A.16 Relocation of OBS 18. . . . . . . . .. ... ... ... .... 165
Figure A.17 Relocation of OBS 19. . . . . . . . .. . ... ... ... ... 166
Figure A.18 Relocation of OBS 20. . . . . .. . .. ... ... ... .... 167
Figure A.19 Relocation of OBS 21. . . . . . . . .. ... ... ... .... 168

Figure B.1 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 1. . . . . . 170

Figure B.2 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 2. . . . . . 171

Figure B.3 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 3. . . . . . 172

Figure B.4 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 5. . . . . . 173

Figure B.5 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 6. . . . . . 174

xii



Figure B.6 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 7. . . . . .

Figure B.7 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 8. . . . . .

Figure B.8 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 9. . . . . .

Figure B.9 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 10. . . . .

Figure B.10 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 11. . . . .

Figure B.11 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 13. . . . .

Figure B.12 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 16. . . . .

Figure B.13 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 17. . . . .

Figure B.14 Record section (top) with computed traveltimes and ray path
diagram (bottom) for the vertical geophone of OBS 19. . . . .

Figure E.1 Shot gather with left) nominal geometry, middle spherical diver-
gence and right) surface related amplitude balancing applied.
The shot gathers are not to the same scale. . . . . . . ... ..

Figure E.2 Shot gather with left) k-filter and right) interpolation to double
the shots applied. Notice that the interpolated 'new’ shot is
more noisy that the original. LIFT will reduce the noise and
increase the S/N ratio. The shot gathers are not to the same
scale. Lo

Figure E.3 Shot gather with left) LIFT, middle SRME and right) LIFT
radon transform applied. The shot gathers are not to the same
scale. ..o

Figure E.4 Lift noise attenuation example. left) before; middle) after;
right) difference . . . . ... oo

Figure E.5 Lift noise attenuation example. left) before; middle) after;
right) difference . . . . . ... oL

178

179

180

181

182

183



Figure E.6 Lift noise attenuation example. left) before; middle) after;

right) difference . . . . ... oo Lo L 204
Figure E.7 Stacked section . . . .. .. .. ... ... L. 206
Figure E.8 Stacked section with spherical divergence applied . . . . . .. 207
Figure E.9 Stacked section with surface related amplitude balancing . . . 208
Figure E.10 Stacked section with low frequency noise attenuation . . . . . 209
Figure E.11 Stacked section with K-filtering applied . . . . . . . . .. . .. 210
Figure E.12 Stacked section with doubled the shots and new geometry . . 211
Figure E.13 Stacked section with LIFT applied . . . ... ... ... ... 212
Figure E.14 Stacked section with SRME applied . . . . . . ... ... ... 213
Figure E.15 Stacked section with LIFT radon transform applied . . . . . . 214

Xiv



Abstract

The crustal structure of the NE Flemish Cap margin off Newfoundland, Canada has
been determined along a 460-km-long wide-angle reflection seismic transect (FLAME
Line). The westward section crossing Flemish Cap displays an up to 32-km-thick
continental crust. The thick crust thins to a 6-km-thick crust over a distance of only
40 km, which then continues seaward for an additional 100 km. S-wave velocities
favor a thin crust of continental composition. Beneath the thin crust velocities infer
that the upper mantle is partially serpentinized. The seaward-most end of the model
displays velocities and thicknesses typical of oceanic crust. The raw multichannel
seismic (MCS) reflection data of Line 85-3, coincident with the FLAME Line, were
reprocessed. Results were combined with the velocity model and then compared with
similar results across the conjugate Goban Spur margin (NE Europe). Previous stud-
ies had suggested a model of symmetric pure shear extension followed by asymmetric
breakup. The new results indicate that asymmetric structures are formed during all
stages of rifting, breakup, and transition to oceanic spreading. The differing nature
of the two transition zones is particularly striking. For Flemish Cap, the reprocessed
image of the MCS profile shows tilted fault blocks beneath syn-rift sediment packages,
consistent with a wide region of highly thinned continental crust suggested by P- and
S-wave velocities. In contrast, the Goban Spur transition zone consists primarily of
exhumed serpentinized mantle. To define potential variations along-strike of the mar-
gin, the raw MCS data of Line 87-4 to the north of Flemish Cap were reprocessed.
Interpretation of the image indicates a different crustal structure along the profile
in comparison to Line 85-3. Fault blocks with a roughly NW-SE rift direction are
indicated in the landward region of Line 87-4, followed seaward by a block indicating
complex 3D rifting. The basement morphology farther seaward indicates crust of an
oceanic affinity. In light of the results of the reprocessed images, Erable lines (E43,
E44, E46-E52) situated between Lines 87-4 and 85-3 were re-interpreted. The results
together with gravity data indicate along-strike variations both in rifting as well as

mantle serpentinization on the NE Flemish Cap margin.
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Chapter 1

Introduction

Passive margins have been intensely studied over the past two to three decades and in-
sight into the complex mechanisms of continental rifting and its evolution to seafloor
spreading has been gained as a result. There exist two end-members of continen-
tal margins: a magma-rich margin (volcanic; Fig. 1.1a) and a magma-poor margin
(non-volcanic; Fig. 1.1b). Magma-rich margins form when large volumes of mantle
melt occur prior to and during rifting (White et al., 1987). Rifting is followed by
continental breakup and the formation of oceanic crust. Initial oceanic crust may be
several times thicker than normal oceanic crust, which has an average thickness of
about 7 km ( White et al., 1992). An ocean-continent transition zone (OCT) is formed
during rifting prior to breakup. The OCT is characterized as a region, whose affinity
lies between unequivocal continental and oceanic crust. In the OCT of magma-rich
margins, basalt flows imaged as seaward dipping reflections (SDR) in the upper crust
and magmatic underplating modelled as high-velocity (7.2-7.6 km s™!) bodies in the
lower crust (White and McKenzie, 1989) (Fig. 1.1a) are often observed. In contrast,
magma-poor margins are associated with little or no melting of the mantle. The
OCT is most often associated with broad regions of exposed mantle (Fig. 1.1b).
Continental breakup on magma-poor margins does not necessary lead directly to the
formation of oceanic crust as on volcanic margins. The exhumed mantle material
is serpentinized by reaction with seawater, which reduces the mantle velocity (8.0
km s7'), as well as density and rheological strength. Hence, we commonly observe

Lin these regions.

velocities increasing with depth from about 5.0 to 8.0 km s~

The crustal structures and compositions across passive margins are studied on
these magma-poor margins, where the extensional fabric has not been modified by
large volumes of syn-rift and post-rift volcanism. To study these margins, a P-wave
velocity models are developed from wide-angle data. The crustal characteristics are

reflected in the velocity structure of the models, e.g. the velocity gradient in the
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Figure 1.1: Schematic of a) magma-rich and b) magma-poor margins. See legend
and text for details. Modified from Reston (2009).

upper crustal layer is often higher in oceanic crust than in continental crust ( White
et al., 1992). S-wave velocities provide an additional constraint on the lithology of
the crustal material. For instance, Poisson’s ratio helps distinguish serpentinized
mantle from oceanic or continental crust, and in some cases also helps distinguish
between the two crustal types (e.g., Christensen, 1996). Poisson’s ratio i the ratio of
radial to axial strain when a uniaxial stress is applied (See. e.g. Lay and Wallace
(1995) for further details). The Poisson’s ratio can discribed with the Lamé con-
stants, A and p: A = (2(A + p)) or P- and S-wave velocities, o and 3, respectively:
(0® —2p%)/(2(a* — §7)).

Multi-channel seismic (MCS) imaging is a highly-complementary tool in wide-
angle studies of passive margins. The geometry of the sedimentary and crustal struc-
tures that are imaged at high resolution using reflection seismology provide informa-
tion on the crustal nature. For example, a basement morphology of rotated normal
faulted blocks often indicates a continental affinity, exhumed mantle often displays a
more subdued basement, and slow-spreading oceanic crust is characterized by a nor-
mal faulted high-relief basement morphology (e.g. Small, 1994). Magnetic and gravity

data can sometimes be helpful and provide additional constraints on the composition
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Figure 1.2: Models of a) simple-shear asymmetric rifting ( Wernicke, 1981) and b)
pure-shear symmetric rifting (McKenzie, 1978).

of the crust. Strong magnetic anomalies along a margin are present in the oceanic
domain and are formed during seafloor spreading. Weaker magnetic anomalies may
be present in the OCT if mantle exhumed (e.g. Sibuet et al., 2007a). Magnetic and
gravity data can also help us constrain the extent of a crustal domain between profiles
along-strike of the margin.

Based on the observations above, geodynamic models were developed to under-
stand the rift evolution of a margin and its conjugate. In early models, the rifting
style of a margin pair was classified as either pure-shear symmetric (McKenzie, 1978)
or simple-shear asymmetric ( Wernicke, 1981) rifting (Fig. 1.2). These two litho-
spheric stretching models describe large-scale two-dimensional rifting to first order.
In the pure shear uniform rifting model, the thinning of the crust occurs by ductile
shear in the lower crust and upper mantle, and as normal faulting in the brittle up-
per crust. In the simple shear rifting model, a low-angle detachment fault or shear
zone penetrates into the upper mantle creating asymmetric rifting between the two

margins.
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Figure 1.3: Map of the North Atlantic. Abbreviations, NS: Nova Scotia; NB: New-
foundland Basin; FC: Flemish Cap; Lab: Labrador; DS: Davis Strait; PB: Porcu-
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Junction; FZ: Fracture zones. Magnetic anomaly 34 is indicated by dashed yellow
lines. Black solid lines represent the Charlie-Gibbs and Newfoundland-Azores frac-
ture zones. Close-up (black box) of the eastern Canadian coast with locations of
seismic profiles are shown in Fig. 1.4

The eastern Canadian margins, from the Labrador margin in the north to the Nova
Scotia margin in the south, and their conjugates, are primarily considered magma-
poor margins (Fig. 1.3-1.4) (Louden and Chian, 1999). Some examples from the
Newfoundland and Nova Scotia margins are shown in Fig. 1.5. These margins dis-

play a number of common features, but some variability can also be observed:

1. On magma-poor margins spanning from central Nova Scotia to the Labrador Sea
and their conjugates, thinning of continental crust spans a distance of roughly
100 km (Fig. 1.5) (e.g. Chian et al., 1995a,b; Chian and Louden, 1994; Funck
et al., 2003; Van Avendonk et al., 2006; Shillington et al., 2006; Lau et al.,
2006a,b; Funck et al., 2004; Wu et al., 2006; Bullock and Minshull, 2005; Dean
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et al., 2000; Maillard et al., 2006). This distance continues from the edge of
unstretched continental crust (~30 km thick) to almost zero km thick crust.
In this zone of crustal thinning, faulted blocks are often imaged. Geodynamic
models suggest that thinning of the crust initially is symmetric (Figs. 1.6a and

1.7a) (.e.g. Huismans and Beaumont, 2011; Reston, 2009).

2. The thin continental crust is commonly interpret to be undercrusted by partially
serpentinized mantle (e.g. Chian et al., 1995a,b; Chian and Louden, 1994; Funck
et al., 2003; Lau et al., 2006a; Funck et al., 2004; Wu et al., 2006; Bullock and
Minshull, 2005; Dean et al., 2000). This inter pretation is based on modelled
P-wave velocities that are too low to be interpreted as mantle velocities (j8.0
km s7!) and too high to interpreted as crustal velocities (<7.2 km s~!). When
extension of the crust reaches a factor of 4 (roughly <8-10 km), the entire crust
can become brittle, and faults and fractures form that may provide conduits for
water down into the mantle, which then will serpentinize the mantle (Figs. 1.5
and 1.7b) (Pérez-Gussinyé and Reston, 2001). The SCREECH Line 2 profile on
the Newfoundland margin ( Van Avendonk et al., 2006) and the velocity profile
situated along the SIS04 MCS line on the Moroccan margins (Maillard et al.,
2006) appear to be exceptions. On SCREECH Line 2, there appears to be no
modelled velocities indicating an undercrusted layer of partially serpentinized
mantle under thin continental crust and on SIS04, a high-velocity layer is inter-
preted as underplating. The stage of rifting to continental breakup, where thin
crust is underlain by partially serpentinized mantle, was shown to be asymmet-
ric (Fig. 1.6b and 1.7¢) (Huismans and Beaumont, 2011; Reston, 2009), and
often after breakup a tongue of thin continental crust is left on one side of a
conjugate margin (Reston, 2009). While the magma-poor margins in this part
of the North Atlantic commonly appear asymmetric, pure-shear rifted margins

may be encountered elsewhere, e.g in the Black Sea (Shillington et al., 2008).

3. Geodynamic models (Figs. 1.6c and 1.7d) show that continental breakup is
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followed by the emplacement of a wide region of mantle exhumation (Huis-
mans and Beaumont, 2011; Reston, 2009; Lavier and Manatschal, 2006). This
is according to interpretations from results of the presently most researched
magma-poor margin, the Iberia margin. This margin’s OCT is characterized
by a wide region (>100 km) of exhumed mantle (e.g. Dean et al., 2000) that was
first discovered and investigated in the 1980’s and 1990’s (Boillot et al., 1988;
Pickup et al., 1996). Similar broad regions of exhumed mantle are encountered
on the northeastern Nova Scotia (Funck et al., 2004), southern Newfoundland
(Lau et al., 2006a) and Labrador-SW Greenland margins ( Chian et al., 1995a,b;
Chian and Louden, 1994). Although not common on all margins, a ridge feature
was observed on the Newfoundland, Iberia and perhaps on the SW Greenland
margins (Boillot et al., 1988; Pickup et al., 1996; Dean et al., 2000; Shillington
et al., 2006; Deemer et al., 2009). This ridge feature is located in the OCT and

interpreted as a serpentinized ridge.

Seismic data and ODP drilling results show that the along-strike characteristics of
the crust in the OCT vary significantly. A narrower region of exhumed mantle ( Van
Avendonk et al., 2006; Shillington et al., 2006) to possibly no mantle exhumation
(Funck et al., 2003; Hopper et al., 2004; Wu et al., 2006) is encountered on the SE
Flemish Cap and central Nova Scotia margins (Figs. 1.3-1.5). Velocities in the thin
crust of the OCT on SE Flemish Cap are interpreted to be of an oceanic affinity
formed by ultra-slow spreading (e.g. Funck et al., 2003). This oceanic crust is un-
usually thin (1-3 km thick) and underlain by partially serpentinized mantle. The
region of exhumed mantle along the eastern Canadian margin (Fig. 1.5) narrows and
pinches-out both to the south on the central Nova Scotian margin (Wu et al., 2006)
and to the north at SE Flemish Cap (Funck et al., 2003; Van Avendonk et al., 2006;
Lau, 2005).

Numerical and conceptual models may explain some of the more complex features
we observe on passive rifted margins. These models however, have not yet focused on
along-strike variations in the OCT because modelling in 3D is challenging and com-

putationally expensive. So far, modelling is primary focused on reproducing the rift
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Figure 1.5: Examples of P-wave velocity models from the Nova Scotia and New-
foundland margins, eastern Canada (Funck et al., 2003; Van Avendonk et al., 2006;
Lau et al., 2006a; Funck et al., 2004; Wu et al., 2006; Dehler et al., 2004). All of
the velocity models were developed using the program RAYINVER (Zelt and Smith,
1992; Zelt and Forsyth, 1994) and FAST (Zelt and Barton, 1998) except SCREECH
line 2, which used tomography (Van Avendonk et al., 2006). Dotted black line indi-
cate crust with sesimic properties of typical continental crust. The blue dashed line
indicates crust with an oceanic composition. OCT: ocean-continent transition. The

horizontal colored bar (bottom right) indicates P-wave velocities in km s,
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evolution of the Newfoundland-Iberia conjugate margins (e.g Huismans and Beau-
mont, 2011; Lavier and Manatschal, 2006; Reston, 2009) to explain how wide regions
of mantle are exhumed. These models suggest slightly different modes of thinning of
the continental crust (Figs. 1.6 and 1.7), but they all reproduce many of the features
observed on the Iberia margin. The models do not take three-dimensionallity into
account; however. The northern part of these margins, the SE Flemish Cap-Galicia
Bank margin pair, was subjected to 3D rifting (e.g. Sibuet, 2004; Sibuet et al., 2007b).
While the Newfoundland and Iberia margins were experiencing extension, Flemish
Cap and Galicia Bank were attached to each other. This resulted in roughly N-S
rifting of Flemish Cap from Orphan Knoll, or possibly rotation of Flemish Cap (e.g.
Sibuet et al., 2007b). Detailed 3D modelling will be needed to better understand the
tectonic processes in these complex rift areas.

During the final stage of rifting, the lithosphere completely will rupture and
oceanic crust are to form. The structures formed during this process have not been
thoroughly investigated using seismic data, since coincident MCS and wide-angle
profiles that cross unambiguous seafloor spreading magnetic anomalies, and hence
sample unambiguous oceanic crust, are still not common at most margins. The
three SCREECH Lines 1, 2 and 3 cross magnetic anomaly M3, the oldest recognized
anomaly on the Newfoundland margin, and Lines 1 and 2 cross magnetic anomaly
MO. Tt is disputed whether anomaly M3 represents a magnetic anomaly formed by
seafloor spreading, since anomaly M3 is situated on crust interpreted as continental
on Line 1 and landward of drilled serpentinized mantle on Line 2 (Funck et al., 2003;
Van Avendonk et al., 2006; Shillington et al., 2006). Both lines display a region of
unusual oceanic crust. Line 1 displays a 2-3 km thick layer of oceanic crust on top
of partially serpentinized mantle, whereas Line 2 displays a more gradual transition
into formation of only <4-km-thick oceanic crust, with intermixed regions of volcanic

and mantle material (Jagoutz et al., 2007).
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Figure 1.6: Conceptual rifting model of Péron-Pinvidic and Manatschal (2008). This
model suggests that extension is depth-dependent in which the crust and mantle
lithosphere is strong and strongly bonded. The upper lithosphere undergoes brit-
tle deformation and the lower lithosphere by ductile deformation. Rifting is divided
into three phases: a) Subsidence of a symmetric crustal block bounded by conjugate
brittle faulting and shearing in the upper layer underlain by ductile necking of the
lower lithosphere. b) This phase is followed by asymmetric simple shear extension.
c¢) Finally, breakup of continental crust followed by extension, necking and mantle
exhumation. For more details see e.g. Péron-Pinvidic and Manatschal (2008); Huis-
mans and Beaumont (2011).
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Figure 1.7:  Conceptual rifting model of Reston (2009). This conceptual model
suggests that no depth-dependent stretching occurs. Instead polyphase extension
occurs, which may obscure older faulting. As a result, it may be difficult to quantify
extension. He proposes a model in which: A) Rifting is initially symmetric until the
entire crust becomes brittle. B) Onset of mantle serpentinization when the entire
crust becomes brittle. C) Coupling of crust and mantle leads to the development
of single large faults and shear zones, which may leave the highly thinned crust on
one side producing a late-state asymmetric rifted margin. D) Continental breakup is
followed by mantle exhumation. For more details see Reston (2009).
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1.1 Flemish Cap: Backgound and Motivation for Study

The rifting style of the Flemish Cap-Goban Spur conjugate margin pair was studied in
the 1980’s (Keen et al., 1989). This is the first place where deep seismic reflection data
were used to interpret the rifting style of a passive conjugate margin pair. Seismic
reflection profiles from the Flemish Cap-Goban Spur margins (Fig. 1.3) were used
to support a symmetric pure shear model of extension, followed by an asymmetric
breakup with a sharp continent-ocean-boundary (COB; Fig. 1.8). A more recent
wide-angle seismic study of Goban Spur (Bullock and Minshull, 2005) situated along
the Western Approaches Margin (WAM) multichannel seismic (MCS) profile (Peddy
et al., 1989) indicates that extension was more complex on the Flemish Cap-Goban
Spur conjugate margins than initially proposed. The P-wave velocity model of Goban
Spur includes a wide transition zone interpreted as serpentinized mantle similar to the
wide regions of exhumed mantle interpreted on the Iberia margin. This and an OCT
with a muted basement morphology on the NE Flemish Cap margin, prompted the
suggestion that a similar wide region of exhumed mantle may exist on the Canadian
side (Louden and Chian, 1999; Bullock and Minshull, 2005). A high-velocity body
(7.4 km s™!) was previously modelled along a small 50-km-long segment in the OCT
of NE Flemish Cap (Reid and Keen, 1990). Due to the interpretation of this region
as oceanic (Keen and de Voogd, 1988), the high-velocity body was assumed to be
underplated igneous material. In light of the interpretation of exhumed mantle on
Goban Spur (Bullock and Minshull, 2005) and the subdued basement morphology
(Louden and Chian, 1999), this body could potentially consist of exhumed partially
serpentinized mantle. Still, the rifting style of this margin pair appears simpler than
the rifting style of the SE Flesmish Cap-Galicia Bank conjugate margin pair.

In order to determine a complete conjugate section, the Flemish Cap margin
including results from a 460-km-long seismic refraction profile (Gerlings et al., 2011)
situated along the original deep MCS reflection profile (Lithoprobe Line 85-3, Keen
and de Voogd, 1988) was re-examined. As with the MCS profiles the wide-angle
seismic lines cross magnetic anomaly 34 well into oceanic crust, which makes this
margin pair ideal for studying the transition from rifting to the formation of initial
oceanic crust. Line 85-3 was reprocessed and prestack Kirchhoff depth migrated using

the raw field tapes. Furthermore, Line 87-4 situated between Line 85-3 and Orphan
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Figure 1.8: Examples of P-wave velocity models from the Nova Scotia and New-
foundland margins, eastern Canada (Funck et al., 2003; Van Avendonk et al., 2006;
Lau et al., 2006a; Funck et al., 2004; Wu et al., 2006; Dehler et al., 2004).

Knoll (Fig. 1.3), was reprocessed and prestack Kirchhoff time migrated in order to

study the along-strike variation of the NE Flemish Cap margin.

1.2 Tectonic Setting

Flemish Cap, located 475 km east of Newfoundland, is an approximately circular block
of Appalacian continental crust (King et al., 1985) some 30 km thick (Funck et al.,
2003; Gerlings et al., 2011); the most easterly continental crust of North America
(Figs. 1.3 and 1.4). The basement consists of Hadrynian (751-833 Ma) granodiorite
and minor granite, dacite and volcanic siltstone, with an onlapping sequence of undis-
turbed to disturbed Mesozoic-Cenozoic sediments (King et al., 1985). Flemish Cap
is separated from the Grand Banks by Flemish Pass, a bathymetric saddle over 1000
m deep. Previous seismic refraction measurements in Flemish Pass indicate a Moho
depth of 20-22 km, sediment fill over 5-km-thick, and continental crust about 15-17
km thick (Keen and Barrett, 1981). A triple junction divides SE and NE Flemish Cap
into two different margin segments. Flemish Cap is part of the North American plate
with SE Flemish Cap and Newfoundland margins conjugate to Galicia Bank and the
Iberia margins, which are part of the Eurasia Plate. NE Flemish Cap is conjugate to
Goban Spur, which is part of the Eurasia (Porcupine) Plate. In this thesis focus is
mainly on the NE Flemish Cap margin (Figs. 1.3 and 1.4).

Seafloor spreading progressed from south to north in the North Atlantic (Srivas-

tava et al., 2000). While regions in the south were spreading, the regions north of



14

them were undergoing extension (Fig. 1.9). Thus, as seafloor spreading progressed
to the north with Flemish Cap remaining attached to Galicia Bank, a large portion
of the Grand Banks off Newfoundland (including Flemish Cap) underwent extension
from Late Triassic to Late Cretaceous (Sibuet et al., 2007b).

Orphan Knoll (Fig. 1.4) is a fragment of thick continental crust, which was
part of Flemish Cap before rifting left it behind (Sibuet et al., 2007b). Extension
was initially accommodated in Orphan Basin and Flemish Pass (Sibuet et al., 2007b).
Rifting in Flemish Pass did not lead to continental breakup, but separation instead
took place seaward of Flemish Cap. Sibuet et al. (2007b) have suggested that Flem-
ish Cap was rotated clockwise relative to Newfoundland during rifting in the Late
Jurassic to Early Aptian.

The dating of syn-rift sedimentary sequences from boreholes (DSDP Sites 549,
550, 551) on the Goban Spur margin indicates that extension of the Flemish Cap-
Goban Spur conjugate margin pairs started in the early Barremian (126-128 Ma)
(de Graciansky et al., 1985) with final breakup leading to formation of oceanic crust
in the Albian (~110 Ma). Time-scales are taken from Ogg and Smith (2004). Mag-
netic chron 34 (~84 Ma) is the oldest magnetic anomaly identified on the Flemish

Cap-Goban Spur margins and is located close to the continental margin (Figs. 1.3).
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Figure 1.9: Tectonic reconstruction of the North Atlantic Ocean. From Ziegler (1988)
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1.3 Objectives

The combined wide-angle and MCS datasets have allowed for the following objectives

to be pursued with regards to the NE Flemish Cap margin:

1. Determine the thickness, structure and nature of the crust and upper mantle

across the NE Flemish Cap margin.

2. Determine the rifting style of the Flemish Cap-Goban Spur conjugate margin

pair.
3. Determine the nature and transition into formation of initial oceanic crust.

4. Determine the nature of the along-strike variation of the NE Flemish Cap mar-

gin (NE Flemish Cap to Orphan Knoll).

These results may help answer the following questions:

1. What is the nature of the OCT? Is it exhumed serpentinized mantle, as sug-
gested by Louden and Chian (1999), perhaps continental, or is there no transi-
tion but a sharp boundary and the region is oceanic, as initially suggested by
Keen and de Voogd (1988)7

2. Is partially serpentinized mantle present within the OCT?
3. What is the nature of the ridge feature observed on Line 85-37

4. Is the rifting style symmetric or asymmetric? Is it purely two-dimensional or is

there a three-dimentional component?

5. Does the transition into formation of oceanic crust appear abrupt or does it
take place over a finite distance? Is this transition similar on both sides of the

conjugate margins?

6. Is the rifting style similar or does it vary along the margin as on the Newfound-

land-Iberia and SE Flemish Cap-Galicia Bank conjugate margins?
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7. Did Flemish Cap rotate?

1.4 Chapter Overview

In the following chapters the objectives and questions of section 1.3 are adressed:

Chapter 2:
In this chapter, the P- and S-wave velocity results from the FLAME wide-angle seis-
mic profile across the NE Flemish Cap margin (Gerlings et al., 2011) is presented.
The velocity models allowed to determine the thickness, structure and nature of the

crust and upper mantle. I processed the raw data and developed the velocity model.

Chapter 3 section 3.1:
The rifting style of the Flemish Cap-Goban Spur conjugate margin pair (Gerlings
et al., 2012) will be discussed in this section. Seismic profiles from both margins
cross from unextended continental crust across the magnetic anomaly 34, the most
landward undisputed anomaly (Srivastava et al., 1988) and hence into unambiguous
oceanic crust. This allowed me to interpret the full rift evolution, from stretching to
rifting to continental breakup and initial formation of oceanic crust. The addition of
wide-angle data to MCS data changed a previous interpretation of the rifting style of
the conjugate margin pair from pure shear symmetric (Keen et al., 1989) to simple
shear asymmetric rifting (Gerlings et al., 2012). Results from Gerlings et al. (2011)
and Bullock and Minshull (2005) were used to derive the rifiting style, with the ad-

dition of a seismic image of the poststack time migrated Line 85-3.

Chapter 3 section 3.2
The results of the reprocessed poststack time migrated and prestack depth migrated
Line 85-3 coincident with the FLAME Line will be discussed in this section. The re-
processing of the MCS data of Line 85-3 has significantly improved the seismic image.
The depth migration allowed to observe the true geometry of the crustal structures
and more crustal details are visible in the improved image. Hence, further constraints
on the nature and structure of the crust and upper mantle are possible (e.g. normal

faults seem to cut the entire thin continental crust). A ridge feature on the profile
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also gives some indications of its complex nature. I performed the processing and

interpretation of Line 85-3 from raw data.

Chapter /:
In this chapter, the reprocessed result of Line 87-4 located north of Line 85-3 are
presented. The two lines show very different crustal structures and hence indicate a
change in the rifting style along-strike the margin. For this reason, the nature and
extent of crustal domains on the Erable lines, originally interpreted by Welford et al.
(2010a), situated between Line 85-3 and Line 87-4 are reinterpreted. The combined
results show three-dimensional complexity of the crustal domains and a poly-phase
rifting style along the margin. This work provides insight into what could be the
most profitable areas for understanding the development of rifted magma-poor mar-

gins, and that is the three-dimensionality to this process.

Chapter 5:

In this final chapter I summarize the conclusions made in the previous chapters.
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Chapter 2

Crustal Structure of the Flemish Cap Continental Margin
(Eastern Canada): An Analysis of a Seismic Refraction

Profile

This chapter is published as ” Gerlings, J., Louden, K.E., and Jackson, H.R. (2011),
Crustal structure of the Flemish Cap Continental Margin (eastern Canada): an anal-
ysis of a seismic refraction profile, Geophys. J. Int., 185(1), 30-48.” Minor editorial

corrections were applied.

2.0 Summary

The crustal structure of the NE Flemish Cap margin was determined along a 460-
km-long refraction/wide-angle reflection seismic transect (FLAME Line) to define the
thickness, structure and composition of the crust and uppermost mantle along the line.
A P-wave velocity model was developed from forward and inverse modelling of dense
airgun shots recorded by 19 ocean bottom seismometers. A coincident multichannel
seismic profile was used to guide the modelling as reflections could be identified down
to Moho. The model displays a sediment cover of up to 3.6-km-thick, subdivided
into three layers with velocities of 1.8-1.9 km s7!, 2.8-3.1 km s™! and 4.7-4.8 km
s~1. For the western part of the FLAME Line over Flemish Cap, the P-wave velocity
modelindicate that the continental crust is up to 32-km-thick, and has a three layers.
The continental crust has velocities of 5.8-6.1 km s™!, 6.3-6.45 km s~! and 6.65-6.85
km s~! and thicknesses of about 5 km, 7 km and 20 km in the upper, middle and
lower layers, respectively. The thick continental crust thins to a two-layer, 6-km-thick

I and the layer below is 6.65-6.8 km s™!) over a

crust (upper layer is 5.55-6.0 km s~
distance of 45 km. S-wave velocities are determined in the upper layer of the thick
continental crust over Flemish Cap and the transition zone by assigning Poisson’s

ratios in the P-wave velocity model. Comparison of calculated to observed arrival

24



25

times gives a Poisson’s ratio of 0.27 in the upper layer and 0.28 in the layer below,
which suggests that the composition of the crust is primarily continental in both the
thick crust and the thin crust of the transition zone. The thin continental crust is
stretched over a width of 80 km and is underlain by a layer with velocities of 7.5-7.9
km s™!. We interpret this layer as partially serpentinized mantle, which is consistent
with observations from the Newfoundland margin to the south. The serpentinized
mantle terminates 30 km seaward of the thick continental crust. At the seaward-most
end of the thin continental crust, a prominent ridge feature is observed. The seismic
refraction and multichannel seismic data results indicate a mixed character between
serpentinized mantle with volcanic extrusions or continental crust. The reflection
seismic data show a high relief basement from the ridge feature and seaward. The
FLAME Line crosses magnetic anomaly 34 and extends another ~50 km seaward well
into oceanic crust. The ridge is flanked seaward by a two-layer oceanic crust. The
upper layer (Layer 2) has velocities of 4.8-5.0 km s™! for the landward-most 35 km
of oceanic crust and 4.8-6.2 km s~! for the seaward 60 km. The average thickness of
Layer 2 is ~2 km. The lower layer (Layer 3) has velocities of 6.7-7.2 km s~! and a
thickness of ~3.5 km. The velocity model is consistent with a sharp onset of seafloor

spreading seaward of the ridge feature.

2.1 Introduction

Passive rifted continental margins were intensely studied over the last couple of
decades. One focus weres on non-volcanic margins, which represent the majority
of the eastern Canadian margins and their conjugates in Greenland or northern Eu-
rope (Louden and Chian, 1999). These non-volcanic margins are associated with little
or no melting of the mantle in contrast to volcanic margins, which form where large
volumes of magma are emplaced prior to and during rifting ( White et al., 1987). The
crustal structures and compositions across passive margins are studied best on non-
volcanic margins where the extensional fabric were not modified by large volumes of
syn-rift and post-rift volcanism.

Studies from the last couple of decades give some insight into the complex mecha-

nisms of continental rifting and its evolution to seafloor spreading. The results led to
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Figure 2.1: Regional map of the Atlantic. Black dashed lines indicate magnetic
anomaly MO and 34 taken from Srivastava et al. (2000). Grey solid lines indicate
the two fracture zones: Charlie-Gibbs and Newfoundland-Azores. BTJ, Biscay Triple
Junction; FC, Flemish Cap; GA, Galicia Bank; GB, Grand Banks; GS, Goban Spur;
OK, Orphan Knoll. Black box indicates location map in Fig. 2.2.

discovery of an ocean-continent transition (OCT) zone, which exists between undis-
puted oceanic crust and extended continental crust. Offshore seismic data and ODP
drilling results from the eastern Canadian non-volcanic margins show that the crust in
the transition zone can have characteristics of either exhumed serpentinized mantle,
thin continental crust or unusual ocean crust formed by ultra-slow spreading (Srivas-
tava and Roest, 1999; Funck et al., 2003, 2004; Lau et al., 2006a; Van Avendonk et al.,
2006; Party, 2004). Underlying this crust is often a layer of partially serpentinized
mantle (Louden and Chian, 1999).

These OCTs vary not only in their crustal composition, but also in width. We
encounter wide zones of exhumed mantle over distances of 100 km on the northern
Nova Scotian (Funck et al., 2004) and southern Newfoundland (Lau et al., 2006a)
margins as well as its conjugate Iberian margin (Dean et al., 2000). However, the
transition zones narrow and pinch-out both to the south on the central Nova Scotian
margin (Wu et al., 2006) and to the north at SE Flemish Cap (Funck et al., 2003;
Law, 2005; Van Avendonk et al., 2006). In this paper, we focus on the OCT farther
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north on the NE Flemish Cap margin (Figs. 2.1 and 2.2).

The FLAME (Flemish Cap Margin Transect; Figs. 2.1 and 2.2) refraction/wide-
angle reflection seismic (R/WAR) experiment was carried out in 2002 (Jackson et al.,
2002) and is situated along the Lithoprobe Line 85-3, a deep multichannel reflection
seismic (MCS) profile (Keen and de Voogd, 1988). The aim was to gain new insight
into the transition from rifting to the onset of seafloor spreading. The FLAME Line
offers a particular opportunity to detail the transition from rifting to formation of
oceanic crust, given that it crosses magnetic anomaly 34 and extends another ~50
km over ocean crust (Fig. 2.2). In this paper, we further concentrate on the nature
of the crust in the transition zone and a comparison of the results with recent results

from the Newfoundland margin to the south.
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Figure 2.2: (Bottom) Bathymetry map of the study area showing the FLAME Line
(thick black line), together with relevant lines to this study: SCREECH Line 1, 2 and
3, the Lithoprobe Line 84-3 and 87-4, and the Lithprobe Line 85-3 and 87-3 (thin
grey lines). Line 85-3 and Line 87-3 are coincident with FLAME Line 1. Black circle
indicate ODP drill site 1277 (Party, 2004). Magnetic anomalies MO and 34 (grey
dashed lines) are taken from Srivastava et al. (2000). Depth contours are shown as
indicated. (Top) Locations of the OBSs on the FLAME Line. OBSs ba and 14a (grey
circles) contained no data. The remaining OBSs (white circles) are identified as OBSs
1 to 19. Thick grey line indicates the location of the (Reid and Keen, 1990) velocity
profile (RK90) coincident with the FLAME Line.
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2.2 Geological Setting

Flemish Cap is located 475 km east of Newfoundland and is an approximately cir-
cular block of Appalacian continental crust (King et al., 1985), the most easterly
continental crust of North America (Fig. 2.2). The basement consists of Hadrynian
(751-833 Ma) granodiorite and minor granite, dacite and volcanic siltstone, with an
onlapping sequence of undisturbed to disturbed Mesozoic-Cenozoic sediments (King
et al., 1985). Flemish Cap is separated from the Grand Banks by Flemish Pass, a
bathymetric saddle over 1000 m deep. Previous seismic refraction measurements in
Flemish Pass indicate Moho depth at 20-22 km, sediment fill over 5-km-thick and
continental crust about 15-17 km thick (Keen and Barrett, 1981).

Seafloor spreading progressed from south to north in the North Atlantic (Sri-
vastava et al., 2000). While regions in the south were spreading, the regions north
of them were undergoing extension. Thus as seafloor spreading progressed to the
north, with Flemish Cap remaining attached to Galicia Bank, a large portion of the
Grand Banks of Newfoundland, including Flemish Cap, underwent extension from
Late Triassic to Late Cretaceous, thereby rotating Flemish Cap clockwise relative to
Newfoundland (Sibuet et al., 2007b). Orphan Knoll (Figs. 2.1 and 2.2) is a fragment
of thick continental crust, which was part of Flemish Cap before the rotation but
was left behind (Sibuet et al., 2007b). Extension was initially accommodated in the
Orphan Basin and Flemish Pass (Sibuet et al., 2007b). However, rifting in Flemish
Pass did not lead to continental breakup, but separation instead took place seaward
of Flemish Cap. SE Flemish Cap was separated from Galicia Bank in Barremian
close to M3 time (~127 Ma, Srivastava et al., 2000, timescales are taken from Ogg
and Smith 2004) and with rifting progressing northward, NE Flemish Cap separated
from Goban Spur in the Albian (~110 Ma, de Graciansky et al., 1985).

Flemish Cap is part of the North American Plate whereas the conjugate Goban
Spur is part of the Eurasian (Porcupine) Plate (Fig. 2.1). South of the Eurasian
Plate, Galicia Bank is the northern part of the Iberian Plate. The three plates form
the Biscay Triple Junction (BTJ) at magnetic anomaly 34 (Fig. 2.1). The BTJ is
located just south of the FLAME Line (Fig. 2.2). This is consistent with magnetic
anomaly MO (~125 Ma), which is observed southeast of Flemish Cap in Newfound-

land Basin but not northeast of Flemish Cap where the oldest magnetic anomaly is
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magnetic anomaly 34 (~84 Ma; Figs. 2.1 and 2.2).
At magnetic anomaly 34, the plates changed opening direction from a roughly

east-west direction to a northeast-southwest direction.

2.3 Wide-angle Seismic Experiment

2.3.1 Data Acquisition and Processing

The FLAME Line is a 460-km-long transect across and westward of Flemish Cap
(Figs. 2.1 and 2.2). The R/WAR FLAME Line is situated along Lithoprobe Line 85-
3, a deep MCS profile (Keen and de Voogd, 1988) oriented in a roughly W-E direction.
A total of 21 ocean bottom seismometers (OBS) were deployed along the line with a
minimum spacing of 9.8 km and a maximum spacing of 30.1 km. The closest OBS
spacing was in the middle of the profile seaward of the shelf break (Fig. 2.2). The
energy source used in this survey was a tuned airgun array that consisted of 12 guns
(2.0-16.4 L) with a total volume of 104 L. The average shot spacing was 165 m. The
global positioning system was used for navigation and timing. Two of the OBSs (5a
and 14a, see Fig. 2.2) failed to record data leaving 19 OBSs for developing a velocity
model.

The OBS raw data were converted to SEGY format, debiased and corrected for
the drift of the OBS clock. Positions of the OBS at the seafloor were determined from
traveltime picks of the direct wave. For the record sections shown in this paper (Figs.
2.3-2.6), a 5 to 10 Hz bandpass filter was used, which contains the main seismic
energy. Deconvolution was applied to the record sections to sharpen the wavelet.
Trace amplitudes in the seismograms were weighted by their distance to the OBS
to increase amplitudes with increasing offset. Water depths along the FLAME Line

were obtained from shipboard soundings.

2.3.2 Methodology

The instrument positions were located on a great circle arc, which was the baseline
for the 2-D velocity modelling. The P-wave velocity model for the crust and upper
mantle was developed using the programs RAYINVR (Zelt and Smith, 1992; Zelt and
Forsyth, 1994) and FAST (Zelt and Barton, 1998). Generally, the hydrophones had
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a better signal-to-noise ratio and were used for modelling, except for OBSs 3 and 4
where the vertical geophones were used instead. FAST was used to produce a starting
model, then a forward model was developed using RAYINVR from top to bottom by
fitting the observed traveltimes. Velocities within the individual layer boundaries were
further optimized by inversion. The coincident MCS data were used to define layers
with low ray coverage such as sediment layers and basement. Synthetic seismograms
were use to check and adjust velocity gradients in the individual layers and gravity
data were then used for a final adjustment of the velocity model, particularly regarding

the Moho depth.

2.3.3 Wide-angle Seismic Data

The nature of the seismograms changes significantly along the line. Some of the key
features of the seismic phases are illustrated in Figs. 2.3-2.6 for OBSs 4, 12, 15 and
18. These sections represent various characteristic aspects of the data. Phase names
of refractions and reflections are summarized in Table 2.1.

OBSs 1 to 7 are located on Flemish Cap and constrain both the structure of the
thick continental crust and the onset of crustal thinning; OBSs 3-7 have an especially
high signal-to-noise ratio. An example of these data is shown for OBS 4 (Fig. 2.3).
The energy on the vertical geophone of OBS 4 can be traced up to 170 km away from

1 west

the receiver. A sediment refraction, Pg3, with apparent velocities of 4.8 km s~
of the OBS and 4.9 km s™! east of the OBS is observed both east and west of the
OBS between offsets of 0 tol0 km. The Pg3 phase was modelled with a velocity of 4.8
km s~!. Continental crustal refractions, Po; and Pgs, were observed on both sides
of the OBS. They were modelled with velocities of 6.0-6.3 km s~!, respectively. The
Pcq refraction has an apparent velocity of 6.0 km s™! west and until 80 km east of the
OBS where the Pgy refraction appears and starts interfering with the Py refraction.
The apparent velocity of the Po; phase decreases to ~4.5 km s™1 at 80 km. Pgo

L west of the OBS and an apparent velocity of

has an apparent velocity of 6.2 km s~
5.5-6.0 km s™! east of the OBS. Crustal reflections, PcqP and PP, and the Moho
reflection, P,,1P, are also observed. Use of different reduction velocities, filters and
gains help to identity these reflections, although we do not have as good a control of

these mid-crustal reflections as the Moho reflection. The mantle refraction, P,,, has
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Table 2.1: Identification of layers in the P-wave velocity model, the name of the
seismic phases and record sections on which they were identified.

Layer Phase OBS records for observed phases
Refractions in:

Sediment layer 1 Ps1 2,9, 11, 16
Sediment layer 2 Pgo 9,18, 19
Sediment layer 3 Pgs 1-4, 811
Upper continental crust Pcq 1-15
Middle continental crust Peo 2-14

Lower continental crust Pcs

Oceanic layer 2 Pro 15-19
Oceanic layer 3 Prs 15-19
Partially serpentinized mantel Py 11, 12, 14, 15
Mantle P, 4-15, 17-19
Reflections at:

Base of sediment layer 1 PsiP 14,15
Base of sediment layer 2 PgsoP  8-13, 15
Base of sediment layer 3 PgsP 1-3, 8

Base of upper continental crust Pe P 3-7,9

Base of middle continental crust PP 1-8

Base lower continental crust P, P 1, 3-8

Base of cont. crust in trans. zone P,,,P 7-13

Base of oceanic layer 3 P..sP 16, 18, 19
Base of serpentinized mantle PP 11,12, 14

1 1

an apparent velocity of 8.1 km s™ and was modelled with a velocity of 8.0 km s™.
The mantle refraction is observed east of the OBS.

OBSs 8-15 represent the initial thinning of the continental crust where the re-
fractions have rapidly changing character. One example is shown for OBS 12 (Fig.
2.4). The energy is traced up to 120 km away from the OBS. On this section a new
high-velocity phase, Pz, is introduced with modelled velocity of 7.7 km s™!. This

phase has an apparent velocity of 7.8 km s+

. Furthermore, the crustal refractions,
Pc1 and Peo , and the mantle refraction, P,, , are also observed with modelled ve-
locities of 5.55 km s, 6.65 km s~ and 8.0 km s=! , respectively. The P, phase
has an apparent velocity of 5.5 km s~! west of the OBS and 5.6 km s~! east of the
OBS. The Py phase has an apparent velocity of 6.7 km s~!. The ray tracing of the
mantle refraction shows the initial thinning of the continental crust (Fig. 2.4). The

P, phase has an apparent velocity of 7.0 km s~ between 160 and 200 km, 10.0 km
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Figure 2.3: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 4. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram
is distance (km) along the velocity model. Layers are labelled as interpreted in the
P-wave velocity model of Fig. 2.7. The phases are described in the text.

s~ between 240 and 250 km and 8.3 km s™! between 255 and 270 km west of the
OBS. The sediment reflection, PgoP, is clear but the Moho reflection, P,,oP, is just
notable on either side of the OBS. Furthermore, a reflection, PP, is observed below
the Moho reflection.

OBSs 14 and 15 represent the transition to oceanic crust located on either side
of the continent-ocean boundary (COB). OBS 14 (Fig. 2.5, left) is located on a ridge
feature (see MCS data in Fig. 2.12 at 360 km distance). The apparent velocities
of the upper crustal phase, Py, appear to differ on either side of the OBS (5.2 km

s~ west; 3.8 km s™! east), as the upper crustal layer thins and pinches out just east
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Figure 2.4: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the hydrophone of OBS 12. The vertical scale for the record section is
traveltime (s) using a reduction velocity of 7.0 km s, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram
is distance (km) along the velocity model. Layers are labelled as interpreted in the
P-wave velocity model of Fig. 2.7. The phases are described in the text.

of the OBS. The crustal refractions Poy and Py are observed as well as the mantle
refraction, P,,, whichare observed up to 85 km away from the OBS with apparent
velocities of 6.5 km s!, 7.8 km s7! and 8.0 km s}, respectively. The reflection, PP,
is also observed.

Energy is traced out to about 40 km of either side of OBS 15 (Fig. 2.5, right).
West of the OBS, we observe the refractions Po; and Pz with apparent velocities of
5.0 km s~! and 7.4 km s™!, respectively. The reflections Pg;P and PgyP sre observed.
East of the OBS 15, two new refractions, Py, and P3 are interpreted with mod-

elled velocities of 4.8 km s~! and 6.7 km s~!, respectively. The apparent velocities
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Figure 2.5: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the hydrophone of OBSs 14 and 15. The vertical scale for the record
section is traveltime (s) using a reduction velocity of 7.0 km s, and the horizontal
scale is shot-receiver distance (offset in km). The horizontal scale in the ray path
diagram is distance (km) along the velocity model. Layers are labelled as interpreted
in the P-wave velocity model of Fig. 2.7. The phases are described in the text.

of these refractions are 4.7 km s=* and 7.1 km s}, respectively. OBS 15 is located
just seaward of the ridge feature. The energy starts to diminish abruptly at about
380 km (Fig. 2.5, right) as observed on OBSs 10 to 15. OBSs 16 and 17 have a low
signal-to-noise ratio and only a weak Py3 phase that can be traced only up to 30 km
away from the OBS. The signal-to-noise ratio increases again on OBSs 18 and 19.
OBS 18 (hydrophone, Fig. 2.6) is located seaward of magnetic anomaly 34 and
hence we consider the crust to be of oceanic composition. On this record, energy is
traced about 90 km west of the OBS and the shots terminate about 25 km east of
the OBS. Sediment refraction Pgy and crustal refractions, P;o and P53 with modelled
velocities of 4.7 km s~ and 6.7 km s™!, respectively, are observed. The apparent
velocity of the Pps refraction varies to the west of the OBS due to the high relief
basement with velocities of 4.0 km s~ west of 415 km and 8.5 km s~! east of 415 km.
East of the OBS the phase (Prs) has an apparent velocity of 4.5 km s™'. The P
refraction appears disrupted, consistent with a faulted basement. The phase has an
average apparent velocity of 7.0 km s~!. The P,, refraction arrives at 3.3 s reduced

L and

traveltime between distance 335-360 km with an apparent velocity of 7.0 km s~
at 4.2 s between distance 365-385 km with an apparent velocity of 8.0 km s~!. Rays

traced through the transition zone thus arrive 0.9 s earlier than those traced through
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Figure 2.6: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the hydrophone of OBS 18. The vertical scale for the record section is
traveltime (s) using a reduction velocity of 7.0 km s, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram
is distance (km) along the velocity model. Layers are labelled as interpreted in the
P-wave velocity model of Fig. 2.7. The phases are described in the text.

oceanic crust (Fig. 2.6). The mantle phase has an apparent velocity of 8.5 km s~!

east of 385 km. The Moho reflection, P,,3P, is observed to the east.

2.4 Results

2.4.1 P-Wave Velocity Model

The P-wave velocity model is shown in Fig. 2.7. The landward end of the model from
0 to 210 km is characterized by a up to 32-km-thick three layer crust with velocities of
5.8-6.1 km s, 6.3-6.45 km s~! and 6.65-6.85 km s~! and thicknesses of about 5 kim,
7 km and 20 km in the upper, middle and lower layers, respectively. Between 0 and

1'is encountered, pinching

130 km, a sediment layer with velocities of 2.9-3.1 km s~
out at about 130 km. Below this layer is another sedimentary layer with velocities
of 4.7-4.9 km s~! that extends from 35 to 235 km. This layer is 2-km-thick at 50 km
and thins to less than 1 km on the central part of Flemish Cap.

At 210 km, about 30 km before the shelf break, the continental crust thins

rapidly over a distance of 45 km to a thickness of 6 km at 255 km. The crust between
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Figure 2.7: P-wave velocity model (top) along the FLAME Line. Numbers indicate
velocity in km s~!. Triangles mark the location of the OBS used for the modelling.
Wide-angle reflection interfaces are marked with bold grey lines. The vertical blue
arrows near OBSs 2 and 17 show the position of the cross point with SCREECH
Line 1 and magnetic anomaly 34, respectively. Areas with no ray coverage in the
P-wave velocity model have light shading. Diagonal values of the resolution matrix
of the P-wave velocity model (bottom). The values for the velocity nodes have been
contoured. Values >0.5 indicate a good resolution.
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210 and 360 km is overlain by sediment layers up to 3.6-km-thick with velocities of
1.8-1.9 km s7!, 2.8-3.1 km s7! and 4.7-4.8 km s~!. The crust between 210 and 360
km can be divided into two layers with velocities of 5.55-6.0 km s~ and 6.65-6.8 km
s1 and with thicknesses of about 2.5 km and 3.5 km, respectively. Moho is defined
by the P,,sP reflections with a depth of ~11 km between 255 to 340 km. Between 290
km and 360 km an up to 5-km-thick high velocity layer (7.5-7.9 km s71) is modelled
below the two crustal layers. We refer to this section of the model as transitional
crust and will discuss its characteristics and origin in further detail in Section 5.2.
At 360 km, we encounter a significant change in the velocity structure of the
crust. At this point the transitional crust has almost zero thickness (< 1 km). Further
seaward the crust thickens abruptly (~5 km thick) and can be divided into two layers.
The upper layer has a thickness that varies between 2 and 3 km with velocities of
4.8-6.0 km s~ between distance 360 and 410 km and 4.8-6.2 km s~! from distance
410 km and seaward. The 4-km-thick lower layer has velocities of 6.7-7.2 km s71.

These layers are interpreted as oceanic crust layer 2 and 3 (see Section 5.3 later).

Moho depth is at 11 km.

2.4.2 P-Wave Velocity Model Uncertainty and Resolution

The assigned pick uncertainty, the root-mean-square (rms) traveltime residual, the
number of observations for individual P-phases and the normalized x? are summa-
rized in Table 2.2. A comparison of observed and calculated traveltimes for OBSs
1-19 is shown in Fig. 2.8 together with the corresponding ray paths. Pick uncer-
tainties are indicated by the heights of the vertical bars. Our results show a good
agreement between observed and calculated traveltimes. The traveltime residual is
109 ms and the normalized x? is 0.921 for the P-phases. Fig. 2.7 shows the diagonal
of the resolution matrix of the velocity model. Resolution matrix diagonals >0.5 are
considered to be well-resolved model parameters (Lutter et al., 1990; Zelt, 1999). The
resolution matrix shows that the velocity model is well resolved in areas where there
is good ray coverage (Fig. 2.7). There is, however, reduced resolution within the
sedimentary layers, which is related to the lack of reversed observations in the thin
sediment layers. The MCS data compensate partly for the lack of these reversed ob-

servations. Oceanic layers 2 and 3 (360-460 km) are also poorly resolved. No reverse
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rays were traced in this part and the Pro and Pp3 refractions could only be traced
a short distance from the OBS. Zones in the mantle that are sampled by rays show
an acceptable resolution, although only mantle in the OCT zone and beneath the
oceanic crust are sampled. Moho is well resolved (Fig. 2.7) on most parts of the
model, except between 0 and 70 km (see Section 4.4 for further discussion) and at
the initial thinning of the continental crust, where Moho is steep and hence rays are
difficult to trace.

To determine the uncertainty of the velocity and layer boundaries, selected nodes

Phase n tass (MS)  trms (ms) 2

Direct 822 85 90 1.011
P, 92 92 82 0.992
Ps,P 35 115 117 1.038
P, 54 85 91 1.325
PP 223 110 97 0.736
Py 451 80 73 0.822
PP 101 75 78 0.763
Pe 3682 100 93 0.928
Po,P 878 100 91 0.850
Pco 2375 110 106 0.893
PP 1698 105 99 0.804
P,.P 2157 150 151 1.139
P,.P 368 105 112 0.947
Py 128 120 124 1.074
Ps 277 120 91 0.769
P,sP 103 120 123 0.954
P, 438 105 100 0.787
P,P 181 120 135 1.357
P, 2177 120 115  0.844
Total 16240 110 109  0.921

Table 2.2: The number of observations (n), the assigned average pick uncertainty
(tass), the root-mean-squares (rms) traveltime residual (f,,,s) and the normalized y?
for individual P-phases.

in the model were perturbed to check for the sensitivity of the traveltimes to these
changes. The velocity uncertainty in the crust is generally +0.1 km s=!, although
it was somewhat higher (0.2 km s™!) in the seaward end of the model. The depth

uncertainty of the layer boundaries is up to £1 km for well-sampled boundaries.
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Figure 2.8: Comparison of observed (red bars) and calculated (lines) traveltimes
for OBSs 1-19 shown together with the corresponding ray paths and model layers.
Traveltimes are displayed with a reduction velocity of 7.0 km s~!. Pick uncertainties
of the observed traveltimes are indicated by the heights of the vertical red bars.
Horizontal scale is distance (in km) for the velocity model of Fig. 2.7,
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2.4.3 S-Wave Velocity Model

S-waves were observed on the horizontal geophones of OBSs 2, 5, 6 and 8-13 in the
continental and transitional parts of the velocity model. No S-waves were observed
in the oceanic part. OBSs 2, 5 and 6 sample the upper crust and OBSs 8 to 13 the
middle crustal layer in the transition zone. We used the horizontal geophone with the
highest signal-to-noise ratio regardless of orientation in modelling the arrival times of
the S-wave. Furthermore, we calculated S-wave velocities from the P-wave velocity
model by assigning Poisson’s ratios to the different layers of sediment and crust in the
model. Calculated arrival times were then compared to the observed arrival times.
The P-to-S phase conversion occurs at the basement beneath the shot and from there
the rays continue as S-waves to the OBS (with no conversion back to P waves), ex-
cept for the deepest part of the sediment basin between distance 245 and 290 km. In
the latter region, the P-to-S conversion occurs at the top of an extra high velocity
sediment layer with velocities of 4.7-4.8 km s™!. The boundary for the P-to-S phase
conversion is marked with a red line in Fig. 2.9. Conversions at other boundaries or
other phases (e.g. P-to-S phase conversion occurring at the basement and converting
again back to P-waves at the basement, or a P-to-S conversion at the seafloor) would
not fit the observed arrivals for reasonable velocities.

We obtained a good fit between observed and calculated arrival times using Pois-
son’s ratios of 0.27 for the upper crustal layer and 0.28 for the middle layer in the
transition zone (Fig. 2.9). An example of modelled traveltimes in comparison with
observed traveltimes is shown in Fig. 2.9 (left) for the horizontal geophone of OBS
11. The assigned pick uncertainty, the rms traveltime residual, the number of obser-
vations for individual S-phases and the normalized x? are summarized in Table 2.3.
For all the S-phases we obtained a total rms traveltime residual of 109 ms and a total
normalized y? of 0.956 for 1635 observations on the nine OBSs.

It has previously been suggested that the transition zone on NE Flemish Cap may
be composed entirely of serpentinized mantle (e.g. Louden and Chian, 1999; Bullock
and Minshull, 2005). Hence, we also tested a model using Poisson’s ratio representing
serpentinized mantle with decreasing serpentinization with depth. Following Chris-
tensen (1996), we assigned Poisson’s ratios of 0.36, 0.33 and 0.30 to the upper, middle

and lower crust in the transition zone, respectively. The assigned pick uncertainty,
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Figure 2.9: Record section (top) with computed traveltimes of S-wave and ray path
diagram below for the horizontal geophone of OBS 11 for values of Poisson’s ratio
associated with either serpentinized mantle (right) or thin continental crust underlain
by serpentinized mantle (left). Numbers in the layers indicate the assigned Poisson’s
ratio. The vertical scale of the record section is the traveltime (s) using a reduction
velocity of 3.5 km s, and the horizontal scale is shot-receiver distance (offset in km).
The P-to-S phase conversion is indicated by a red thin line in the ray path diagram.
(Bottom) Comparison of observed (red bars) and calculated (lines) traveltimes for
OBSs 2, 5, 6, 8-13 shown together with the corresponding ray paths and model layers.
Traveltimes are displayed with a reduction velocity of 3.5 km s™!. Pick uncertainties
of the observed traveltimes are indicated by the heights of the vertical red bars.
Horizontal scale is distance (in km) for the velocity model of Fig. 2.7,
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Phase n o tuss (MS)  tpps (ms) X2
Continent. crust

Sc1 579 100 95 0.898
Sco 736 110 116 1.149
SmaS 320 120 100 0.623
Total 1635 110 109 0.956
Serpent. mantle

Sc1 579 100 95 0.898
Sco 616 110 913 91.370
SmaS 314 120 1060 69.892
Total 1509 110 760 47.831

Table 2.3: The number of observations (n), the assigned average pick uncertainty
(tuss), the root-mean-squares (rms) traveltime residual (£,,,s) and the normalized x?
for individual S-phases.

the rms traveltime residual, the number of observations for individual S-phases and
the normalized x? for the case of a transition zone consistent of serpentinized mantle
are summarized also in Table 2.3. In this case, we obtained for a total rms traveltime
residual of 760 ms and a total normalized x? of 43.813. Fig. 2.9 (right-hand side)
shows an example of calculated arrival times for a transition zone where the whole
zone is partially serpentinized mantle. On this section, the misfit between calculated

and observed arrival times is ~600 ms or greater.

2.4.4 The Gravity Model

To check the velocity model for consistency with the gravity data, 2-D gravity mod-
elling was carried out using the Talwani algorithm (7Talwani et al., 1959). Free-air
gravity data were extracted from satellite altimetry of Sandwell and Smith (2009).
The gravity model was obtained from conversion of P-wave velocities to density using

the empirical relationship of Ludwig et al. (1970), which is given by

p = —0.00283v* 4 0.0704v* — 0.598v° + 2.23v — 0.7, (2.1)

1

where v is P-wave velocity in km s™" and p is density in kilogram per cubic metre.

The mantle under the continental crust was modelled with a density of 3330 kg m~3
and mantle under transitional and oceanic crust was modelled with a density of 3270

kg m~3. The theoretical gravity profile computed from the P-wave velocity model is
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shown in Fig. 2.10. The model was extended 300 km in each direction to minimize
edge effects.

The calculated and observed gravity display a generally good fit. The density
model is approximately isostatically balanced at its base (65 km), where the lithostatic
pressure is 1966 MPa with variations of up to 25 MPa (Fig. 2.10). The maximum
difference between calculated and observed gravity is 15.2 mGal and the rms misfit is
4.46 mGal. Some misfits can be attributed to deviations from the two dimensionality
of the model. Within 10 km of either side of the model plane, the gravity varies by
up to 15 mGal, except in the most westward part of the model (0-70 km) where it
varies by up to 30 mGal. In this latter region of Flemish Cap Basin and at the edge
of Flemish Pass, we have raised Moho depth to 26 km to fit the gravity. Previous
seismic refraction results (Line KB-3) indicate that Moho depth decreases to about
22 km in Flemish Pass (Fig. 2.2, Keen and Barrett, 1981).

The most complex area to model due to the abrupt lateral velocity changes are
found to be in the centre of the model at the shelf break where the continental crust
thins rapidly and the water depth increases from a few 100 m to almost 4 km. Fig.
2.10 shows the best gravity fit we have obtained without compromising the fit of the
R/WAR data.
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Figure 2.10: Gravity model for the FLAME Line. A comparison (top) of the cal-
culated (solid line) and observed satellite gravity (dashed line). Grey shaded area
indicates the gravity 10 km of either side of the model plane. The P-wave velocity
model (Fig. 2.7) was converted to density (middle) using the velocity-density rela-
tionship of Ludwig et al. (1970). The densities in the polygons are given in kilogram
per cubic metre. (Bottom) The lithostatic pressure at the base of the model (depth
of 65 km) is shown as solid line. Dashed line is the mean pressure, 1966 MPa.
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2.5 Discussion

The velocity model (Fig. 2.7) displays three main features. Continental crust, with a
maximum thickness of 32 km, thins rapidly to a 6-km-thick, 110-km-wide transition
zone beyond which up to 6-km-thick oceanic crust is encountered. In the following
sections, we will discuss in relation to other seismic profiles: (1) the unextended
continental crust and the rapid thinning of the continental crust; (2) the nature of

the transitional crust; and (3) the transition to and nature of the oceanic crust.

2.5.1 Continental Crust

The crust under Flemish Cap was already examined with R/WAR data by Funck
et al. (2003, SCREECH (Study of Continental Rifting and Extension of the Eastern
Canadian Shelf) Line 1) . SCREECH Line 1 crosses the FLAME Line near OBS 2
(see Figs. 2.2 and 2.7). Flemish Cap was also drilled down to shallow basement,
which was determined to consist mainly of granodiorite and minor granite (Hadry-
nian; 751-833 Ma King et al., 1985). Granodiorite has a Poisson’s ratio of 0.27 £ 0.02
and an upper crustal P-wave velocity of 6.08 4+ 0.35 km s~ (Holbrook et al., 1992).
Modelled S-wave arrivals (Poisson’s ratio of 0.27) and P-wave velocity (6.0 km s™!) of
the upper crustal layer on the FLAME Line under Flemish Cap support this crustal
composition.

The westward part of the FLAME velocity model displays a typical unextended
three-layer continental crust similar to what was observed on SCREECH Line 1
(Funck et al., 2003).

A comparison of 1-D velocity-depth curves of the continental crust at the crossing
point is shown in Fig. 2.11 together with the velocity-depth curve of SCREECH Line
3 (Law et al., 2006a), which represents the continental crust beneath the outer Grand
Banks. The overall average thickness of the thick continental crust on Flemish Cap
in the models of the FLAME Line and SCREECH Line 1 is similar (~ 30 — 31 km)
(Funck et al., 2003). The average thickness of the unextended continental crust of
SCREECH Line 3 located on Grand Banks is a few kilometres thicker, ~35 km (Lau
et al., 2006a). SCREECH Line 3 and the FLAME Line have a similar velocity profile
at the top of the crust with an upper crustal velocity of 6.0 km s=!. SCREECH Line
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Figure 2.11: Velocity-depth curves from of the FLAME Line together with
SCREECH Line 1 and 3. Vertical scale represents depth from basement to upper
mantle. (A) Velocity-depth curves from Flemish Cap the thick continental part of
the FLAME Line together with velocity-depth curves from unextended continental
crust from SCREECH Line 1 and 3. (B) Velocity-depth curves from the transition
zones of the FLAME Line and SCREECH Line 1 and 3. (C) Thick dashed black lines
represent velocity-depth curves from the oceanic part of the FLAME model, the thin
solid line represent the transition zone in the FLAME model and the grey shaded
area stacked velocity-depth curves for 59-127 Myr old oceanic crust in the Atlantic
Ocean ( White et al., 1992). Thin dashed lines represent velocity-depth curves from
the oceanic part of SCREECH Lines 1 and 3.

1 has a 6-km-thick layer at the top with a lower velocity (5.4 km s~!) than that of
the two other lines. This layer was interpreted to consist of either pre-rift sedimen-
tary rocks, mixed sedimentary/igneous rocks, or basement (Funck et al., 2003). The
FLAME Line contains a layer on top of the basement with slightly lower velocities
(4.7-4.9 km s71; Figs. 2.7 and 2.11) than that of SCREECH Line 1. The base of the
4.7 km s~! layer has a depth of 2 km at the crosspoint with SCREECH Line 1 (Fig.
2.11) but deepens to ~5 km at distance 50 km (Fig. 2.7) compared to a depth of
6.9 km on SCREECH Line 1. However, the FLAME model is poorly resolved in this
area (Fig. 2.7) and we are not able to give further constraints on the characteristics
of this layer.

Clear Moho reflections are observed on Line 85-3 at 180-230 km distance be-
neath Flemish Cap at two-way time (TWT) 10-10.5 s (depths of 31-33 km, Keen and
de Voogd, 1988), which fits well with our modelled Moho depth of 32-33 km. Moho
is, however, more difficult to observe farther seaward. A major tilted fault block is

observed on the profile at 240-245 km distance (Fig. 2.12). The resolution of the
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R/WAR data was not high enough to model this major fault block and hence the
MCS profile was used. The fault block is underlain by a clear, slightly landward
dipping reflection (R1; at 250 km distance and 6.5 s), which was suggested to be
a mid-crustal reflection by Louden and Chian (1999). In our model, the reflection
coincides with the boundary between the upper and middle continental crust of the
velocity model.

At the shelf break, the continental crust thins abruptly from 32 km to 6 km
over a distance of ~45 km. This abrupt thinning is consistent with results of the
SCREECH Lines from the Newfoundland margin to the south where recent R/WAR
seismic results (Funck et al., 2003; Lau et al., 2006a; Van Avendonk et al., 2006) show
a transition from unextended continental crust to thin crust (>10 km) over a distance
of 50-70 km (Fig. 2.13). This abrupt thinning contrasts with the Nova Scotia, Iberia,
and Labrador margins where the reduction in crustal thickness occurs over a range
of 100-200 km (Chian et al., 1995a; Dean et al., 2000; Funck et al., 2004; Wu et al.,
2006). There may be a relationship between the fault block (Fig. 2.12) located at
the shelf break in the basement and the abrupt necking. The fault block may relate
to the H-block described by Lavier and Manatschal (2006). The H-block is formed
during stretching and thinning of the crust in their numerical model for rifting of

magma-poor margins.

2.5.2 Transition Zone
Upper Crust

Offshore seismic data and ODP drilling results from the Newfoundland margin show
that the transition zone may exhibit characteristics of either exhumed serpentinized
mantle, thin continental crust or thin ocean crust formed by ultra-slow spreading (e.g.
Funck et al., 2003; Hopper et al., 2004; Lau et al., 2006a; Shillington et al., 2006; Van
Avendonk et al., 2006; Party, 2004). Underlying the thin continental or oceanic crust
there is a partially serpentinized layer. Welford et al. (2010b) subdivide the transi-
tion zone into two zones (T1 and T2). T1 has a deeper basement with either thin
continental crust on top or partially serpentinized mantle, where the thin continental
crust may be isolated blocks in the zone of exhumed mantle (Deemer et al., 2009).

T2 has a shallower basement where oceanic layer 2 overlies partially serpentinized
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Figure 2.13: Crustal cross-sections of the FLAME Line and the SCREECH Lines
1, 2 and 3 with no vertical exaggeration (Funck et al., 2003; Lau et al., 2006a; Van
Avendonk et al., 2006).
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mantle. In this zone, basalt begins to intrude the serpentinized mantle.

All these kinds of transition zones are observed on the SCREECH Lines. Just to
the south, SCREECH Line 1 is interpreted todisplay thin oceanic crust formed by
ultra-slow spreading on top of partially serpentinized mantle (Fig. 2.13, Funck et al.,
2003; Hopper et al., 2004). South of SCREECH Line 1, SCREECH Lines 2 and 3 are
interpreted to display a tongue of thin continental crust in the transition zone (Fig.
2.13, Lau et al., 2006a; Van Avendonk et al., 2006). A zone of exhumed mantle is
observed on SCREECH Line 2 and 3 ( Van Avendonk et al., 2006; Lau et al., 2006a).

For the FLAME Line, there is a transition zone between the thick continental
crust that forms Flemish Cap and the thin oceanic crust associated with magnetic
anomalies 34 and younger. It was suggested previously (e.g. Louden and Chian, 1999;
Bullock and Minshull, 2005), based on the MCS data Line 85-3 and an earlier 50-
km-long R/WAR profile along a small segment by Reid and Keen (1990) that the
transition zone at NE Flemish Cap may consist of serpentinized mantle. However,
modelled S-wave arrivals from the middle layer (P-wave velocity of 6.65- 6.8 km s™!)
give a good fit with Poisson’s ratios of 0.27 for the upper layer and 0.28 for the
layer below (Fig. 2.9). These Poisson’s ratios are not characteristic of serpentinized
mantle but could correspond to rocks of either continental or oceanic composition
(Holbrook et al., 1992). Where the basement is deepest (~250-300 km) the basement
morphology is subdued (Fig. 2.12). Between distances 300-340 km, the basement has
characteristics of a series of small-rotated fault blocks. The velocities of the two upper
layers are similar to the velocities of the upper and lower layers of the thick continen-
tal crust beneath Flemish Cap. Velocity-depth curves from the transition zone of the
FLAME Line and of SCREECH Line 1, where thin oceanic crust is observed, display
different velocities and velocity gradients (Fig. 2.11) for the upper and middle layer.
The character of the two layers of the FLAME Line appears more similar to the part
of SCREECH Line 3, where thin continental crust is observed, although the thickness
of the lower continental crust is different (Fig. 2.11). The upper layer is assigned a
Poisson’s ratio of 0.27, which fits well with a granodioritic crust and is comparable to
the upper crust of Flemish Cap. A Poisson’s ratio of 0.28 may be a little high for a
granodioritic crust (Poisson’s ratios of 0.27, Holbrook et al., 1992). However, we only

have S-wave arrivals from the lower part of the crust in the transition zone (Fig. 2.9)
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and the mafic content in the lower continental crust tends to increase (Holbrook et al.,
1992). Gabbro has a Poisson’s ratio of 0.29 + 0.02 (Holbrook et al., 1992). Hence,
a Poisson’s ratio of 0.28 is reasonable for lower continental crust. This part of the
transition zone (~250-340 km) is similar to the T1-type zone described by Welford
et al. (2010Db).

A ridge feature is apperent at 340-365 km distance (Fig. 2.12). The velocity model
for this feature is composed of three layers with velocities of 5.2-6.0 km s, 6.65-6.8
km s™! and 7.5-7.9 km s~!. This ridge feature is the most seaward extension of the
thin continental crust on the velocity model. Similar ridges are interpreted as serpen-
tinized mantle on several other seismic profiles (e.g. Pickup et al., 1996; Dean et al.,
2000; Shillington et al., 2006; Van Avendonk et al., 2006; Deemer et al., 2009). In the
MCS profile, the morphology changes from a muted to a higher relief basement and
the reflectivity is more disrupted around the ridge, which could be either an extrusion
of volcanic rock and/or serpentinized mantle. There are two landward dipping reflec-
tions (R2) at distance 330-335 km (Fig. 2.12) and the upper reflection terminates at
the landward edge of the ridge feature. These R2-reflections may indicate a boundary
between the thin continental crust and the ridge feature. The shallower and higher
relief basement indicates a T2-type zone, as described by Welford et al. (2010b).

Fully (100 %) serpentinized mantle has a P-wave velocitiy of ~5.0 km s™' (Hol-
brook et al., 1992; Christensen, 1996). A small lateral change from 5.55-6.0 km s™*
to 5.2-6.0 km s™! occurs in the velocity structure of the upper crustal layer in the
transition zone from the thin continental crust to the ridge feature (Fig. 2.7). If the
ridge is exhumed, serpentinized mantle, it would be fully serpentinized at the base-
ment with decreasing serpentinization with depth. An argument against this type of
transitional crust is that it is not consistent with a three-layer crust. However, we
observe no reflections in either the R/WAR or MCS data. There are a few S-waves
that sample the ridge feature (Fig. 2.9) observed on OBS 13. The OBS is located
~20 km landward of the ridge feature and samples the middle crustal layer (P-wave
velocities of 6.65-6.8 km s™!). The Poisson’s ratio of 0.28 indicates that the ridge
is of continental or oceanic composition. With the diapiric nature of the ridge fea-
ture, the velocities and Poisson’s ratio, we favour an interpretation of the ridge as a

combination of serpentinized mantle and volcanic rock.
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Mantle Serpentinization

Under the thin continental crust, the FLAME velocity model shows a layer with ve-
locities of 7.5-7.9 km s~!, which we interpret as partially serpentinized mantle. The
velocities are too high to be continental or oceanic crust but too low to be unaltered
mantle. The layer follows the same velocity trend as the layer below the thin crust
on SCREECH Lines 1 and 3 (Fig. 2.11), which also was interpreted as partially ser-
pentinized mantle (Funck et al., 2003; Lau et al., 2006a). Furthermore, serpentinized
mantle was drilled on ODP Site 1277 on SCREECH Line 2 ~300 km south of the
FLAME Line (Fig. 2.2, Party, 2004). The P- and S-wave velocities modelled on the
FLAME Line suggest about 10 % serpentinization of the mantle in this layer (Chris-
tensen, 1996).

Reid and Keen (1990) identified a low-velocity mantle layer of velocity 7.4 km
s~! on their velocity profile (Fig. 2.12), which they interpreted to be mafic material
underplating the thin crust. Their model layer approximately coincides with the layer
of partially serpentinized mantle on the FLAME model (Fig. 2.12). The landward
ends of the two-modelled layers coincide, but in the FLAME model the serpentinized
mantle stretches about 60 km farther seaward. The thin crust above was previously
interpreted as oceanic (Keen and de Voogd, 1988) with a sharp COB typical of a
volcanic margin. Underplated bodies usually have P-wave velocities ranging from
7.0 to 7.6 km s~ (Coffin and Eldholm, 1994). This velocity range fits well with the
modelled velocities of Reid and Keen (1990). However, only on the topmost part of
this layer at distance ~350 km have we modelled a velocity of 7.5 km s~!. Most of
the velocities are greater than 7.6 km s™! and beyond the velocity range of typical
underplated bodies.

Some prominent reflections are identified on the MCS profile (Fig. 2.12) that
appear to be associated with the partially serpentinized lower layer of the transition
zone. A landward (R3) and a seaward (R4) dipping reflection are observed at dis-
tance 285 km and 310 km, respectively, and at about 9-9.5 s (12-13 km depth). The
landward reflection (R3) was previously discussed as representing the COB (Keen
and de Voogd, 1988) but this interpretation is not consistent with the FLAME ve-
locity model. An alternative interpretation is that the (R3) reflection represents the

landward limit of the lower layer of the transition zone (Reid and Keen, 1990; Louden
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and Chian, 1999), which is consistent with the FLAME velocity model where the
layer of partially serpentinized mantle terminates at the location of reflection (R3).
Previously, the (R4) reflection was suggested to represent the seaward limit of the
mafic layer modelled by Reid and Keen (1990, Fig 2.12). de Voogd and Keen (1987)
and Keen and de Voogd (1988) observed an unusual pattern of reflections (RX), in-
cluding the R4 reflection, at the base of the transitional crust (distance 290-340 km)
on MCS profile Line 85-3 (Fig. 2.12). They described the reflections as a broken
and tilted horizon with topography of about 1 s (2-3 km) appearing at typical Moho
depths. The reflections are located in what de Voogd and Keen (1987) interpreted
as the oceanic domain and hence were interpreted as oceanic Moho. In our new
interpretation, these reflections (RX and R4) coincide with the lower boundary of
serpeninized mantle, or cut through the layer of partially serpentinized mantle. The
RX reflections may represent Moho or may be related to the serpentinization of the
mantle, but further processing of the reflection data is required.

We observe only partially serpentinized mantle beneath part of the thin continen-
tal crust on the FLAME Line. The layer terminates ~30 km seaward of the thick
continental crust (Figs. 2.7 and 2.13). In contrast, serpentinized mantle is observed
beneath the entire section of thin crust on SCREECH Lines 1 and 3 on the Newfound-
land margin (Funck et al., 2003; Lau et al., 2006a), as well as beneath the Labrador-
SW Greenland margin pair and Galicia Bank (Chian and Louden, 1994; Chian et al.,
1995a; Whitmarsh et al., 1996). Observations from those margins agree with the
model of Pérez-Gussinyé and Reston (2001) for mantle serpentinization, which sug-
gests that when the crust thins to about 6-10 km it becomes brittle and faults and
fractures form, which will channel water down to serpentinize the lithospheric man-
tle. However, this model does not agree with observations from the FLAME Line. To
our knowledge there is only one other line, SCREECH Line 2, where serpentinized
mantle is not observed beneath the landward-most section of highly thinned conti-
nental crust. On this line serpentinized mantle is only observed seaward of the thin
continental crust.

The distribution of serpentinized mantle and width of the transition zone vary
along-strike on the Newfoundland and Flemish Cap margins. If we look at the lateral

extent of exhumed serpentinized mantle and partially serpentinized mantle from the
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southern Newfoundland margin to the NE Flemish Cap margin, we can observe sig-
nificant variations in width (Fig. 2.13). SCREECH Line 3 displays a broad zone of
exhumed serpentinized mantle, which narrows northward on SCREECH Line 2 and
disappears completely on SCREECH Line 1. North of the BTJ on NE Flemish Cap,
the exhumed mantle reappears where we interpret a serpentinized ridge. The zone
of partially serpentinized mantle also narrows northward and broadens again at NE
Flemish Cap. The zone is widest roughly at the location of SCREECH Line 3 and
narrows southward of SCREECH Line 3 ( Welford et al., 2010b).

2.5.3 Oceanic Crust

The FLAME Line crosses magnetic anomaly 34 at ~410 km near OBS 17 (Figs. 2.2,
2.7 and 2.12), and thus the most seaward end of the profile is located in crust that
is definitely oceanic. According to Srivastava et al. (1988), the half-spreading rate at
this magnetic anomaly is 10.2 mm yr~!. This spreading rate is comparable to that of
the slow-spreading Newfoundland and Iberian margins, which have initial spreading

Land 10 mm yr~!, respectively (Srivastava et al., 2000).

rates of 8 mm yr~

In Fig. 2.11 two 1-D velocity-depth curves are displayed, together with typical
velocities for 59-127 Ma oceanic crust in the North Atlantic ( White et al., 1992). The
two profiles are located on either side of magnetic anomaly 34 at distance 380-440
km. The velocities and velocity gradients of these two profiles fit into the range of
typical values for oceanic Layer 2 and 3, although the velocity gradient of Layer 2 at
380 km is a factor of 10 smaller than typical oceanic crust but comparable to Layer
2 of SCREECH Line 1 (Fig. 2.11). The velocities of Layer 3 do not change across
magnetic anomaly 34. The lower boundary of Layer 3 (Fig. 2.7) is constrained by
P3P reflections from OBSs 16, 18 and 19 (Fig. 2.8). Although, the signal-to-noise
ratio is high on OBS 16, the P3P reflections indicate that the Moho depth is the
same on either side of magnetic anomaly 34 in this zone. We do not have many rays
from OBSs 16 and 17 sampling the two crustal layers between distances 365 and 410
km (Fig. 2.8). However, rays from the mantle phase, P, from other OBSs (e.g.
OBSs 15, 18 and 19) do travel through these two layers and their arrival times are
consistent with velocities and thicknesses of the model. The oceanic crust (4.5-6.5

km) is somewhat thinner than typical oceanic crust (~7 km, White et al., 1992), but
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comparable to that observed on the three SCREECH Lines on the Newfoundland
margin.

The zone between the ridge feature and magnetic anomaly 34 (~365-400 km)
may be: (1) thin oceanic crust formed by ultraslow spreading on top of partially ser-
pentinized mantle; (2) highly serpentinized mantle on top of partially serpentinized
mantle; or (3) oceanic crust formed by slow spreading. The type of material will
result in different styles for the onset of seafloor spreading. The first scenarios can be
observed on SCREECH Line 1 (Fig. 2.13, Funck et al., 2003; Hopper et al., 2004).
After continental breakup and mantle exhumation, the SE Flemish Cap margin expe-
rienced a stage of magma-starved seafloor spreading, creating thin oceanic crust (3-4
km thick) followed by a stage of mantle exhumation and then a stage of magmatic
event that create a 1.5-km-thick oceanic Layer 2 on top of partially serpentinized man-
tle (Hopper et al., 2004). The onset of seafloor spreading in this case is transitional.
On the coincident MCS profile of SCREECH Line 1, strong primary reflections is ob-
served, which indicate a boundary between oceanic crust and serpentinized mantle.
No such reflections can be identified on Line 85-3 and Line 87-3 coincident with the
FLAME Line (Fig. 2.12).

The second scenario is observed on SCREECH Line 3 (Fig. 2.13). Seaward of a
serpentinized ridge, a zone of exhumed and serpentinized mantle (Lau et al., 2006a)
was interpreted. In this case, onset of seafloor spreading would be a sharp transition
just landward of magnetic anomaly 34. On the coincident MCS profile to SCREECH
Line 3, the basement morphology is muted in the zone of exhumed mantle. This
contrasts with the high relief basement observed on Line 85-3 and Line 87-3 (Fig.
2.12).

The last scenario would indicate a sharp transition to the formation of oceanic
crust after emplacing a ridge. We favour this interpretation because the velocities
fit into the range of oceanic crust and the velocities of Layer 3 are consistent with
the velocities seaward of magnetic anomaly 34. Furthermore, a high-relief basement
as well as no primary reflections are observed in the MCS data in this zone. The
ridge feature with a combination of serpentinized mantle and volcanics may be the
first indication of melt. Seaward of the ridge feature our results are consistent with

normal oceanic crust. This is similar to SCREECH Line 3, which also displays a
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sharp boundary between exhumed and serpentinzed mantle and formation of typical
oceanic crust (Lau et al., 2006a).

There have been various other approaches to define the onset of seafloor spreading.
Tucholke et al. (2007) define the onset of seafloor spreading by a breakup unconfor-
mity. Cannat et al. (2009) define the onset of seafloor spreading as the time of active
thermal equilibrium, where crustal thinning occurs up until spreading begins with
mantle exhumation overlapping the end of the thinning phase and the beginning of
the spreading phase. Jagoutz et al. (2007) show that multiple magmatic events indi-
cate a gradual transition calling this crust embryonic oceanic crust. Péron-Pinvidic
et al. (2007) favour a gradual transition for the Newfoundland-Iberia margin pair.
Welford et al. (2010b) also suggest a gradual transition to formation of undisputed
oceanic with increasing volumes of melt in the transition zone seaward ( Whitmarsh
et al., 2001) and call this zone thin oceanic crust. A zone of thin oceanic crust with
increasing melt is not compatible with the results from the FLAME Line. The ve-
locity model together with the coincident MCS profiles indicate a sharp transition
from rifting to seafloor spreading, where a serpentinized ridge feature with extruded
volcanic separates thin continental crust from oceanic crust. However, we need more
detailed surveys (e.g. seismic R/WAR data with denser OBS spacing or MCS data
with longer streamers) and expand the number of profiles that extend into oceanic
crust to improve our understanding of the transition from rifting to formation of

oceanic crust.

2.6 Conclusions

The results of the P-wave velocity model developed from R/WAR data across the NE
Flemish Cap margin together with MCS data from a coincident line lead us to the

following conclusions:

1. The continental crust beneath Flemish Cap is a 31-km-thick 3-layer crust, which

is consistent with previous results.

2. The thick continental crust thins rapidly to 6-km-thick crust over a distance of

only 45 km. The rapid thinning of the NE Flemish Cap margin is consistent
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with the Newfoundland margin just south of NE Flemish Cap margin, which

also displays rapid thinning of the continental crust.

3. S-waves were found on several horizontal geophones, which show that the thin
crust in the transition zone is predominantly of a continental nature. The thin
continental crust is underlain by partially serpentinized mantle. This partially
serpentinized layer appears to terminate 30 km seaward of the thick continental
crust. Furthermore, the partially serpentinized layer can be associated with
reflections in the MCS data Line 85-3. The landward extension of the serpen-
tinized mantle coincides with a landward dipping reflector previously interpreted
as the COB. Furthermore, an unusual pattern of reflections in the MCS profile
of broken and tilted horizons coincides with the partially serpentinized mantle

interpreted from the P-wave velocity model.

4. A ridge feature is present the seaward extension of the transition zone. The
velocity model and the MCS profile indicate a mixed character between conti-

nental crust or a combination of serpentinized mantle and volcanics.

5. Oceanic crust occurs seaward of the ridge feature. Only the ridge feature sepa-
rates thin continental crust from oceanic crust and hence the onset of seafloor

appears sharp.
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Chapter 3

Flemish Cap-Gobans Spur Conjugate Margins

In this chapter, I first present the paper that is published as ” Gerlings, J., Louden,
K.E., Minshull, T.A. and Nedimovi¢, M.R. (2012), The Flemish Cap - Goban Spur
conjugate margins: New evidence of asymmetry, Geology., 40(12), 1107-1110" (Sec-
tion 3.1). This paper describes the most recent discoveries regarding the rifting style
between the Flemish Cap-Goban Spur conjugate margin pair. In Section 3.2, I will
present the LIFT methodology (noise attenuation), a comparison of the reprocessed
Line 85-3 with a previous processing (Keen and de Voogd, 1988) of the line, and the
result from a prestack Kirchhoff depth migration of Line 85-3, none of which were

included in Gerlings et al. (2012).

3.1 The Flemish Cap - Goban Spur Conjugate Margins: New Evidence
of Asymmetry

3.1.0 Abstract

We present the combined results of deep multichannel reflection and refraction seismic
surveys across the Flemish Cap-Goban Spur conjugate margin pair (North Atlantic),
which we use to infer rifting style and breakup. Profiles on both margins cross mag-
netic anomaly 34 and extend into oceanic crust, making it possible to observe the
complete history from continental rifting through to the formation of initial oceanic
crust. The deep multichannel seismic (MCS) reflection data have previously been
used to support a model of symmetric pure shear extension followed by asymmetric
breakup and a sharp continent-ocean boundary. Using both types of seismic data,
our results indicate instead that asymmetric structures are formed during all stages
of rifting, breakup, and complex transition to oceanic spreading. The differing nature
of the two ocean-continent transition zones is particularly striking. For Flemish Cap,

our reprocessed image of the MCS profile clearly shows tilted fault blocks beneath
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back-tilted sediment packages, consistent with a wide region of highly thinned conti-
nental crust inferred from wide-angle seismic data. In contrast, normal incidence and
wide-angle seismic data for the Goban Spur transition zone indicate the presence of

exhumed serpentinized mantle.

3.1.1 Introduction

Deep seismic reflection data were used for the first time in the 1980s to derive the
rifting style of a passive conjugate margin pair (Keen et al., 1989). Seismic reflection
profiles from the Flemish Cap-Goban Spur margins (Fig. 3.1) were used to support a
symmetric pure shear model of extension followed by an asymmetric breakup and a
sharp continent-ocean boundary (COB; Fig. 3.2). A more recent wide-angle seismic
study across Goban Spur (Bullock and Minshull, 2005) coincident with the Western
Approaches Margin multichannel seismic (MCS) profile (Peddy et al., 1989) indicates
that extension is more complex on the Flemish Cap-Goban Spur conjugate margins
than initially proposed. The Bullock and Minshull (2005) velocity model of the Goban
Spur margin includes a wide ocean-continent transition zone with a serpentinized
mantle composition. In order to determine a complete conjugate section, the Flemish
Cap margin has been reexamined, including results from a 460-km-long refraction
seismic profile (Gerlings et al., 2011) situated along the original deep MCS reflection
profile (Lithoprobe Line 85-3, Keen and de Voogd, 1988). The MCS profile has been
reprocessed and Kirchhoff time migrated (see the GSA Data Repository! for details).

The dating of synrift sedimentary sequences from boreholes (Deep Sea Drilling
Project (DSDP) Sites 549, 550, and 551) on the Goban Spur margin indicates that
extension of the Flemish Cap-Goban Spur conjugate margin pairs started in the
early Barremian (126-128 Ma, de Graciansky et al., 1985). Early and latest Albian
postrift sediments indicate final breakup ca. 100 Ma (using the time scales of Ogg
and Smith (2004)) leading to formation of oceanic crust. Magnetic chron 34 (ca. 84
Ma, Srivastava et al., 1988) is the oldest undisputed magnetic anomaly identified on
the Flemish Cap-Goban Spur margins, and is located close to the continental margin

(Fig. 3.1). Unlike many other margins without clear seafloor spreading anomalies,

!GSA Data Repository item 2012320, seismic reflection profiles, is available online at
www.geosociety.org/pubs/{t2012.htm, or on request from editing@geosociety.org or Documents Sec-
retary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 3.1: Plate reconstruction of North Atlantic Ocean at magnetic chron 34. Red
lines indicate multichannel seismic profiles 85-3 and 87-3 (Flemish Cap) and Western
Approaches Margin line (Goban Spur); solid white lines indicate refraction profiles.
White dashed lines indicate magnetic anomalies M3, M0, and 34 from Srivastava
et al. (1988). Abbreviations: FC: Flemish Cap; GB: Grand Banks; GS: Goban Spur;
GA: Galicia Bank; TAP: Iberia Abyssal Plain.

both of the conjugate MCS and wide-angle profiles cross magnetic anomaly 34 and

extend onto unambiguous oceanic crust.

3.1.2 The Flemish Cap-Goban Spur Conjugate Profiles

The crustal structure across Goban Spur was determined along a 640-km-long MCS
profile, the Western Approaches Margin (WAM; Figs. 3.1 and 3.3) (Peddy et al.,
1989). Previous studies of the Goban Spur margin (Peddy et al., 1989; Horsefield
et al., 1994) identified three large fault blocks beneath which Moho depths decrease
from 28 km to 12 km over a distance of 80 km. Tholeiitic basalt was recovered from
DSDP Sites 551 and 550 (de Graciansky et al., 1985) and was interpreted as evidence
for a sharp continent-ocean boundary located at the foot of the continental slope
(Figs. 3.2 and 3.3). Major element compositions of these basalts are consistent with
synrift melting of normal-temperature mantle (Dean et al., 2000). Although dating
of the basalt was not possible, the earliest overlying sediments are late Cenomanian
postrift chalks (de Graciansky et al., 1985). Seaward of the inferred continent-ocean
boundary (120 km distance in Fig. 3.3), the basement is initially smooth (60-120 km),

but increases in relief farther seaward (0-60 km). There is no clear Moho reflection in
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Keen et al.1989

Figure 3.2: Line drawing of previous reconstruction of Flemish Cap-Goban Spur (FC-
GS) conjugate margin pairs using Lithoprobe 85-3 and Western Approaches Margin
(WAM) multichannel seismic profiles. COB-continent-ocean boundary. Modified
from Keen et al. (1989).

the region of subdued basement relief, but several weak dipping reflections (G1 and
G2) are observed at 10-12 km depth. The Moho reflection (M3) appears just seaward
of magnetic anomaly 34. Poisson’s ratio in this zone is constrained by traveltime
delays for S-wave converted at the top of the basement, resulting in values of 0.34-
0.36 in the upper 1 km of the crust (Bullock and Minshull, 2005). These values
are too high for typical continental crustal lithologies and are more consistant with
exhumed serpentinized mantle. The composition of the zone of higher relief is less
well constrained, consisting of a basaltic layer on top of either partially serpentinized
mantle or gabbro (Figs. 3.3 and 3.4).

The Lithoprobe MCS Lines 85-3 and 87-3 (Keen and de Voogd, 1988, Fig. 3.3)
cross Flemish Cap and extend well into oceanic crust beyond anomaly 34. Only one
prominent fault block is observed at the foot of the continental slope (B1), underlain
by a landward-dipping reflection (R1). Seaward of this fault block, the basement
relief is subdued over a distance of 40 km (245-285 km distance in Fig. 3.3), similar
to Goban Spur. Our reprocessed image Fig. 3.3 clearly shows several minor faults
over a distance of 50 km overlain by back-tilted (synrift?) sediment packages.

Poisson’s ratio is constrained in the subdued basement region, but values of 0.27 in
the upper and 0.28 in the lower crust are obtained (Gerlings et al., 2011), indicating
a crust of a continental composition. The thin continental crust is underlain by
partially serpentinized mantle. Some landward- and seaward-dipping reflections (RX
in Fig. 3.3; distance 290-320 km) are observed within and just beneath this layer. The

basement abruptly changes character at a distance of ~290 km. Between distances
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Figure 3.4: Reconstruction of Flemish Cap-Goban Spur (FC-GS) conjugate margin
pairs. A: Under extension. B: Mantle exhumation. C: At magnetic chron 34, with
seafloor spreading. Dashed horizontal black lines indicate layer boundaries. Numbers
are P-wave velocities (black and white, in km s™') and Poisson’s ratios (red). Poisson’s
ratio of 0.28 and P-wave velocity of 6.7 km s~! indicate continental composition
(Christensen, 1996), whereas Poisson’s ratio of 0.28 and P-wave velocity of 4.5 km
s~ indicate basaltic composition. Poisson’s ratio of 0.36 and P-wave velocities of
5.8-7.6 km s~! indicate serpentinized mantle.

340 and 360 km a basement high is observed with velocities consistent with the
presence of either continental crust or a combination of serpentinized mantle and
incipient melt. Farther seaward, over distances of 365-460 km, is a region of rugged

basement with crustal velocities consistant with slow-spreading oceanic crust.

3.1.3 Discussion

A combined interpretation using both the MCS and wide-angle seismic data is pre-
sented in Figure 3.4. The crust at the Flemish Cap margin thins rapidly from 32 km
to 6 km over a distance of only 40 km (Gerlings et al., 2011). In comparison, the
Goban Spur margin thins from 28 km to 6 km over a distance of ~80 km (Horsefield
et al., 1994; Peddy et al., 1989). Thus the Flemish Cap margin displays a sharper
necking profile than that of the Goban Spur margin, indicating asymmetry during
rifting.

A prominent asymmetric feature of the two conjugate margins is the different
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nature of the ocean-continent transition zone. The similarity in basement features
(low relief) was previously inferred to indicate a similar composition of the crust.
Keen and de Voogd (1988), Horsefield et al. (1994) and Peddy et al. (1989) initially
interpreted the thin layer at the foot of the slope on both margins as oceanic with
a sharp continent-ocean boundary. However, this interpretation is incompatible with
S-wave velocities for the Goban Spur margin (Bullock and Minshull, 2005) that indi-
cate the presence of serpentinized mantle. Across Flemish Cap, a landward-dipping
reflection (R2 in Fig. 3.3) on Line 85-3 has previously been suggested to represent
a sharp continent-ocean boundary (Fig. 3.3, Keen et al., 1989). In light of the in-
ferred presence of wide zones of exhumed serpentinized mantle with low relief on the
west Iberia margin, Louden and Chian (1999) suggested that this layer consisted of
exhumed serpentinized mantle. However, S-wave velocities now favor a zone with the
composition of continental crust on the Flemish Cap margin (Gerlings et al., 2011).
Tilted (synrift?) sediment packages on the Flemish Cap margin (distances 285-340
km; Fig. 3.3) also support the presence of thin continental crust. The presence of a
tongue of thin continental crust on the Flemish Cap margin and the absence of thin
continental crust on the Goban Spur margin suggest that continental breakup was
asymmetric toward the side of Goban Spur (Figs. 3.4A and 3.4B). This interpretation
contrasts with the suggestion by Keen et al. (1989) of an asymmetric breakup toward
the Flemish Cap margin.

In general, observations elsewhere (e.g. Reston, 2009) would predict the breakup
to occur either within the thin continental crust or toward the Flemish Cap margin,
which has the sharper necking profile. However, the basaltic body observed at the
Goban Spur margin (Fig. 3.4) may represent a local weakness in the thin continen-
tal crust and explain why continental breakup occurred at this location. The basalt
was emplaced in the late stage of rifting by decompression melting prior to mantle
exhumation (Bullock and Minshull, 2005). Melting at this time apparently was not
extensive enough to initiate seafloor spreading; instead, mantle exhumation followed
the thinning stage (Fig. 3.4B). Prior to mantle exhumation, the thin crust became
brittle and part of the mantle beneath was serpentinized, in agreement with the model
of Pérez-Gussinyé and Reston (2001, Fig. 3.4A). This interpretation is also consistent

with observations further south on the Newfoundland margin, where there is direct
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evidence of partially serpentinized mantle (e.g. Party, 2004). The zone of exhumed
mantle spans a width of ~100 km, similar to the maximum observed width on the
west Iberia margin (e.g. Dean et al., 2000).

The few profiles that exist of conjugate margin pairs with wide zones of exhumed
mantle show zones of mantle exhumation on both sides (e.g. Reston, 2009), indicating
that often seafloor spreading begins somewhere within this zone. However, our obser-
vations suggest that at Flemish Cap-Goban Spur initial seafloor spreading began at
the same location as continental breakup, i.e., the eastward end of the tongue of thin
continental crust (Fig. 3.4B), leaving all the exhumed mantle on the Goban Spur
margin. Similar asymmetry has been suggested elsewhere. A wide zone of exhumed
mantle is interpreted on the Nova Scotia margin but is inferred to be absent on the
conjugate Morocco margin (Maillard et al., 2006). A wide zone of exhumed mantle is
also interpreted on the northern margins of the Gulf of Aden, but this zone is narrow
or absent on the southern margins (Leroy et al., 2010).

Such significant asymmetry between these transition zones remains a feature that
has not yet been explained by numerical models. A broad region of highly thinned
continental crust is observed at some South Atlantic margins and may be explained in
models by the presence of a weak layer in the lower continental crust (Huismans and
Beaumont, 2011). However, such models do not predict mantle exhumation, which
instead in the Huismans and Beaumont (2011) model requires a strong lower crust.

The formation of the first 50 km of oceanic crust just landward of chron 34 also
appears different on the two margins (Figs. 3.4B and 3.4C). On the Flemish Cap
margin, both the MCS and wide-angle seismic results indicate a sharp boundary im-
mediately seaward of a ridge feature, where the basement morphology becomes typical
of slow seafloor spreading crust. The velocity (6.7-7.2 km s™!) of the lower crust is
typical for gabbro (e.g., Miller and Christensen, 1997). Farther seaward toward chron
34, there are no significant changes in either reflectivity or velocity. The velocity
model of the Goban Spur margin indicates a change from the zone of exhumed ser-
pentinized mantle ~50 km landward of chron 34. In this region of initial oceanic
crust, the basement morphology is shallower and has a more subdued relief than that
of Flemish Cap (Fig. 3.3). The velocity (5.8-7 km s™!) of the lower crust is more am-

biguous and could support either a gabbroic or serpentinized composition (e.g. Miller
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and Christensen, 1997). Therefore, neither MCS nor wide-angle data clearly support
the presence of normal oceanic crust, although S-wave velocities are consistent with
a basaltic composition for the upper crust (Bullock and Minshull, 2005). Evidence
from plutonic rocks sampled by drilling on the Newfoundland and west Iberia mar-
gins suggests that melt supply wass subdued during earliest seafloor spreading there;
instead, mantle exhumation is interspersed with short periods of igneous accretion
and off-axis volcanism (Jagoutz et al., 2007). The initial oceanic crust of the Flem-
ish Cap margin has the characteristics of slow-spreading crust (velocity, density, and
basement morphology) formed primarily by igneous accretion. The initial oceanic
crust of the Goban Spur margin has lower velocity and basement relief characteristic
of both igneous crust and exhumed mantle. Thus we infer that the initial igneous
accretion was more dominant on Flemish Cap than on its conjugate. Such asymmetry
is also observed on the ultraslow-spreading Southwest Indian Ridge (Cannat et al.,
2006), where subdued seafloor relief on one flank is interpreted as exhumed mantle,
while at the conjugate location, a volcanic ridge topography is typical of slow seafloor

spreading.

3.1.4 Conclusions

We have shown the following:

1. The rifting style of the Flemish Cap-Goban Spur conjugate margin pair is asym-
metric during all stages of formation, i.e., crustal thinning, continental breakup,

mantle exhumation, and initial seafloor spreading.

2. Evidence from P- and S-wave velocities and a clearer MCS image of basement
morphology documents the presence of transition zones of contrasting composi-
tions for the Flemish Cap-Goban Spur margins. On Flemish Cap, both obser-
vations indicate the presence of thin continental crust throughout the transition

zone.

3. Based on our results, when determining the nature of the ocean-continent tran-
sition zone, careful imaging of the basement morphology is necessary with addi-

tional constraint from P- and S-wave velocities. Other margins, where subdued
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basement relief has been attributed to mantle exhumation, may need to be

reevaluated.

4. The transition to initial seafloor spreading appears complex and varies between
margins. To better understand these breakup processes, combined MCS and
wide-angle seismic surveys need to be acquired on both margin conjugates and
extend into oceanic crust unambiguously identified by seafloor spreading mag-

netic anomalies.
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3.2 Multi-Channel Seismic Section Line 85-3

3.2.1 Reprocessing and Interpretation of Line 85-3

In this section, I will first discuss the LIFT method, which is the most important
part of the data preparation for the final poststack Kirchhoff time migration and
prestack Kirchhoff depth migration of Line 85-3. Then I will compare the poststack
time-migrated result with the poststack time-migrated section of Keen and de Voogd
(1988) to show what improvements have been made. Further details of the processing
can be found in the Appendix E (see also Table 3.1) or Yilmaz and Doherty (1987). 1
will then show the result of the prestack Kirchhoff depth migration of Line 85-3 and
discuss the implications of the resulting image on the previous interpretations of the
rifting style of the Flemish Cap margin, as well as the nature of the different zones

of the margin.

LIFT - Reprocessing of Line 85-3

LIFT (Leading edge InFormation Technology) is a methodology first published by
Choo et al. (2004). LIFT is not a new filter but rather a new algorithm to filter the
data that combines well known filters. In other words, it is not a new module but it
is a new algorithm. The concept is very simple but the actual processing flow can be
complex. The goal is as always to get the highest signal-to-noise ratio (S/N) while
preserving the most signal possible. Often we stop at just trying to separate input
data (A) into noise (C) and a signal (B) e.g. by using a bandpass filter, FK-filter,
or noise burst attenuation such as a median filter. However, these methods are not
perfect and the signal (B) and noise (C) are not completely separated. There will still
be some noise left in the resulting signal (B; Fig. 3.5a; S/N=90/5) and we also may
eliminate part of the signal, which is included in the noise (C; Fig. 3.5a; S/N=10/95).
To counteract these difficulties, we sometimes go a step further and add back a per-
centage (D) of the original input (A; Fig. 3.5a) or the noise (C; Fig. 3.5b) to the
signal (B). The output is then B+D. In Choo et al.’s (2004) examples, they get a S/N
of 140/55 relative to the original S/N when adding back 50% of the original input
data (Fig. 3.5a) and a S/N of 95/52.5 when adding back 50% of the noise (Fig. 3.5b).
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Figure 3.5: a: Diagram of noise attenuation. A: Input data; B: Signal; C: Noise;
D: Percentage addback from input data (A). Adding back 50% of the original input
gives a S/N of 140/55. b: Diagram of noise attenuation. A: Input data; B: Signal; C:
Noise; D: Percentage addback from noise (C). Adding back 50% of extracted signal
gives a S/N of 95/52.5. c¢: Diagram of LIFT noise attenuation. A: Input data; B:
Signal; C: Noise; D: Residual Signal. By doing further processing on the noise (C)
extracting as much signal from the noise as possible we get a S/N of 98/10, higher
than in the two cases with a percentage add back of either input (A; S/N=140/55)
or signal (B; S/N=95/52.5). Modified from Choo et al. (2004).

Instead of adding back a percentage, Choo et al. (2004) performed further pro-
cessing on the noise (C) to separate out more of the signal (D; residual signal) from
the noise (C; Fig. 3.5¢). The extracted signal (D; residual signal) is added back to
the signal (B) increasing the S/N to 98/10, significantly higher than that of the two
other cases (Figs. 3.5a-3.5¢). The output (LIFT) is B4D.

Exactly how we put together our workflow depends on the specific nature of the
data and the noise. We still use conventional methods when separating signal and
noise, e.g. FK-filter for linear noise or Radon Transform for multiples. It is often ad-
vantageous to subdivide the input data into different frequency and/or offset bands

because this allows for using different noise removal algorithms on different types of
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noise. In further processing of Line 85-3, I have implemented the LIFT method for

both linear noise and multiple attenuation.

LIFT Noise Attenuation For linear noise attenuation, I divide the data into three
frequency bands (0-3 Hz, 3-80 Hz, >80 Hz, see job in Appendix E.5.5 and Fig. 3.6).
For the low band (Ap; 0-3 Hz; FILTER), I apply an FK-filter (FKFILT) followed
by noise-burst attenuation (AMPSCAL). The output for low frequencies is By. For
the middle band (A,;; 3-80 Hz; Fig. 3.6), I first apply a normal moveout (NMO)
flattening the primaries and then extract the signal (Bjs) from the input with the
SIGNAL (local slant stack) routine. After applying reverse NMO, I subtract the signal
(Bas) from input (Ajs) to get the noise (Cpy = Ap-Byy). I then apply a noise-burst
attenuation routine (AMPSCAL) to the noise (Cjyy), resulting in the residual signal
(Dyy), which is added to the signal (By;). The output for the middle frequencies is
Bu+Dyy. For the high band (Ag; >80 Hz), I apply only a noise-burst attenuation
(AMPSCAL). Output for high frequencies is By. Finally, I add the three outputs
together for the final output (B+By+Bg+Dyy). In Fig. 3.7, a shot-gather is shown
for each of the steps for the middle frequency band (A, Ays, By, Car, Das, Bar+Day,
and Bp+By+Bg+Dy). A shot-gather of the noise (Cp-Dyy) that is removed from
the input data (Ajy) is also a shown. The LIFT method allows a much more aggressive
approach when separating noise from signal. It is not necessary to be too careful in
not eliminating any signal, since by processing the noise (C) most of the eliminated
signal will be extracted and added back. Using this approach and including further
noise attenuation on the separated noise (C), I am able to add back most of the ”lost”

signal, which results in a higher S/N.

LIFT Radon Transform Line 85-3 displays several strong water bottom multi-
ples that overprint the signal, making it almost impossible to observe signal. For
shallow water depths, the multiples arrive at early times and are numerous almost
completely covering any signal in the upper crust beneath Flemish Cap. Over the
slope where the water depth changes rapidly, it is very difficult to separate primaries
and multiples. For multiple attenuation, several approaches (Fig. 3.8) were tested,
including surface related multiple elimination (SRME; Focus modules SMACMS and
SMACTRM) and the Radon Transform (PRADMUS), individually and combined. To
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Figure 3.6: Diagram of the processing steps for LIFT noise attenuation. Capital and
bold letters represent the Focus module used.
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Figure 3.7: Shotgathers from LIFT noise attenuation. A: Input data; Aj;: input
middle frequencies (3-80 Hz); By;: Signal of middle frequencies; Cy;: Noise of middle
frequencies; Dj;: residual signal of middle frequencies; LIFT,;: Output from middle

frequencies; LIFT: Total output. C,;-Dj; shows the noise that has been removed
from Ajs, which is the same as adding Dy to By, (LIFT=D+B).
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eliminate the multiple with Radon Transform, the data are transformed into the tau-p
domain, which separates the primaries and the multiples. Then either the primaries
are removed before transforming back into the T-X domain and subtracting from
the original input, or the multiples are removed in the tau-p domain. With SRME,
the Taylor terms are predicted for the multiples, which are then subtracted from the
input data. SRME and Radon Transform were tried both individually and combined
with and without LIFT. The best result was SRME followed by LIFT Radon Trans-
form (Fig. 3.8). This combination worked best on both the part of the section with
shallow water depths, showing many strong multiples, as well as on the slope, which
is the most challenging part of the section to demultiple. Using this combination, I
am best able to preserve the primaries, while attenuating the multiples the most. For
large water depths ( 4 s. TWT), a Radon Transform with no LIFT would have been
sufficient, but SMRE and LIFT Radon Transform were applied to the entire section.

LIFT Radon Transform includes multiple steps (see Job in Appendix E.5.9 and
Fig 3.9). First I apply a lowpass filter (0-10 HZ; FILTER) to the input data (A).
For the low frequencies (Ap), I apply a parabolic Radon Transform (PRADMUS).
Then I apply a noise-burst attenuation (AMPSCAL) on the window that includes the
multiple. The result is the signal (By), which is subtracted from the input data (A)
to give the highpass input (A = ABj). Notice that Ay still includes the noise (Cp).
I apply a Radon Transform (PRADMUS) and noise-burst attenuation (AMPSCAL)
to Ag. The result is signal (By), which is subtracted from Ay to obtain the noise
(Cy). On the noise (Cp), I apply a Radon Transform (PRADMUS) and noise-burst
attenuation (AMPSCAL). The result of this step is the residual signal (Dg). For the
final output, I add the residual signal (Dg) to the signal (By), which is then added
to the output (Bp).

Processing Steps for Line 85-3: Final Poststack Kirchhoff Time Migration
In the supplementary material (see Appendix D), I give a summary of the processing
steps for the poststack Kirchhoff time migration of Line 85-3, as presented in the
paper (Gerlings et al., 2012). 1 subsequently have improved and changed some of
the steps (Table 3.1). From raw data to noise attenuation, I optimize some of the

parameters but otherwise keep the order of the steps the same. I leave out surface
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Figure 3.8: Comparison of different combinations of multiple removel with Radon
Transform, Surface Related Multiple Elimination (SRME), LIFT Radon Transform

and LIFT SRME. SRME followed by LIFT Radon Transform gives the best overall

result.
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Figure 3.9: Diagram of the processing steps for LIFT Radon Transform. Capital and
bold letters represent the Focus module used.
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consistent deconvolution because I could not see any improvement to the signal and
did not want to risk removing any signal by applying it. For noise attenuation, I use
the LIFT method (see Section 3.2.1) and then add a K-filter (wave number filter),
which performs a filter of the seismic traces. I double the shots by interpolating to
make the shot and receiver distance the same (25 m) to reduce aliasing during LIFT
demultiple, or in particular during the radon transform. Hence I need to apply new
geometry. I then apply LIFT again because the shot interpolation algorithm added
some noise to the new shots. The next step was multiple attenuation, which again
is different from Section 3.1. T apply surface related multiple elimination (SMRE)
and Radon with LIFT (see Section 3.2.1) instead of just Radon Transform. I then
stack the data and apply a Kirchhoff time migration, followed by a coherency filter,
bandpass filter, bottom mute and Automatic Gain Control (AGC).

3.2.2 Comparison of the Reprocessed Time Section and a Previous

Processing of Line 85-3

By using the LIFT method as detailed above, I have managed to improve some of
the important details in the poststack Kirchhoff time migrated seismic image of Line
85-3 (Fig. 3.10). This section will illustrate these improvements. Note, however that
detailed interpretation is carried out only on the final result, which is the prestack
depth migrated section (Section 3.2.3). Close-ups of the seismic sections are show in
Figs. 3.11-3.14, compared with close-ups of the same sections from Keen and de Voogd
(1988).

Overall, the new image appears to be of significantly higher resolution and S/N
ratio, and reveals reflectors that were not imaged previously. A close-up of the thick
continental crust landward of the continental slope shows some significant improve-
ments (Fig. 3.11). The shallow event (T is a strong reflection but was previously not
visible. It may have been muted out in the previous processing in an attempt to get
rid of the very strong seafloor multiples. Moho is also clearer both beneath the thick
continental crust and where the crust begins to thin beneath the slope. Although
some hints are seen in the old section, it is now obvious that Moho consists of three
or perhaps four separate reflections. This could indicate that Moho may be a complex

transitional boundary between the lower continental crust and mantle.
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Table 3.1: Reprocessing of Line 85-3 (time section)

Step | Process Focus Module | Details in Appendix
or Section
1 SEGD to SEGY
Edit duplicated shots EDIT
HEADDEL
HEADPUT App. E.5
3 Nominal geometry,
CMP binning 12.5 m MARINE App. E5.1
4 Edit shot gathers EDIT
5 Spherical divergence GAIN App. E.5.2
6 Surface consistence
amplitude balancing BALAN
BASOL
BALAPP App. E.5.3
7 Noise attenuation on
low frequencies (0-12 Hz) SUPPRES App. E.5.4
8 preliminary velocity analysis
combined with velocity model
of wide-angle seismic data VELDEF
9 LIFT - Noise attenuation Sec. 3.1
and App. E.5.5
10 K-filter WNFILT App. E.5
11 Shot interpolation
(shot distance 25 m, before 50 m) HXINT App. E.5.7
12 New geometry MARINE
13 Noise attenuation LIFT Sec. 3.1
14 SRME SMACMS
SMACTRM App. E.5.8
15 Radon LIFT PRADMUS Sec 3.1 and
App. E.5.9
16 Velocity analysis VELDEF
17 Stack STACK
18 Kirchhoff time migration MIGTX
19 Coherency filter COHERE
20 | Bandpass filter (0-5-70-80 Hz) FILTER
21 Water bottom mute MUTE
22 AGC AGC

A close-up of the big fault block (B; Fig. 3.12) beneath the slope now shows

some deeper reflections (D) below the crustal block. I will discuss these reflections in
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Keen and de Voogd (1988)

Figure 3.11: Close-up of the seaward end of the Cap. T: a reflection just below the
seafloor and basement.
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Keen and de Voogd (1988)

5s

Figure 3.12: Close-up of the big fault block (B) at the foot of the slope and some
strong inter-crustal reflections (D).

further detail when I present the depth migrated section, since the geometry of these
reflections changes. However, the deep reflections (D) are now clearer and not over-
printed by over-migrated ”smiles” from the seafloor multiple as in the earlier section.

The imaging of the basement has improved significantly (Fig. 3.13). As shown in
the previous chapter, it is now clear that basement in the transition zone is overlain
by back-tilted sediments, and a row of rotated normal faults along the basement is
obvious. The basement was previously interpreted as oceanic by Keen and de Voogd
(1988) and later as potentially exhumed serpentinized mantle by Louden and Chian
(1999) and Bullock and Minshull (2005). As discussed in Section 3.1 (Gerlings et al.,
2011), a normal faulted basement is consistent with the P- and S-wave velocities that
suggest a continental nature. The deeper landward- and seaward-dipping reflections
(X) in the transition zone (Fig. 3.13) are also both stronger and clearer, especially
farther towards the ridge feature. These reflections may be related to the serpen-
tinization of the upper mantle, perhaps serpentinization fronts.

The image of the ridge feature has improved (Fig. 3.14). From displaying
an unclear basement and deeper crustal reflections (R and X) overprinted by over-
migrated ”smiles”, which could suggest the nature of the ridge feature as anything
from continental crust, to oceanic crust, to a serpentinized ridge, the new reprocessed
image of the ridge feature now more clearly suggests the presence of diapiric intru-
sive material. We suggest that a small amount of serpentinized mantle intruded thin
continental crust. The ridge was sampled by a few S-waves, which indicated a conti-
nental composition. However, these wide-angle data do not have sufficient resolution

to determine if the top part of the ridge is actually intruded by mantle.
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25 m

Back-tilted sediments overlying the basement

5s

Keen and de Voogd (1988)

Figure 3.13: Close-up of the normal faulted basement in the transition zone of thin
continental crust. Deep reflections in the crust (X) coincident with serpentinized
mantle modeled by the wide-angle data.

The sediments overlying the basement beside and on top of the ridge feature
display different characteristics. The landward sediment overlying the basement has
a clear fan-like structure consistent with rifting, whereas on top and seaward of the
ridge the sediments are more horizontal, perhaps indicating a change in nature of the
tectonic setting from rifting to drifting from one side of the ridge to the other or a
change in timing/style of deformation with sedimentation on either side. The ridge
represents the seaward end of the transition zone. Where the ridge displays a diapiric

nature, the overlying sediments look disturbed.

3.2.3 Prestack Depth Migration

For the depth migration, I focused on the slope and deep seaward part of the section.
The processing steps are the same as for the poststack time migration up until the
stack (Steps 1-15 in Table 3.1). Table 3.2 shows the processing steps 16-22. I refine the
sedimentary section of the wide-angle data velocity model by picking the residuals on
the cmp gathers in Geodepth 8.2. Then I apply prestack Kirchhoff depth migration.
This is followed by a coherency filter, bandpass filter, water bottom mute and AGC
on the migrated stack section (see details in Appendix). Fig. 3.15 shows the depth
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Basement

Figure 3.14: Close-up of the ridge feature. Deep reflections in the crust (X) and
within the ridge feature (R).

migrated section of the seaward half of Line 85-3. Close-ups are shown in Figs. 3.16-

3.22.

Table 3.2: Reprocessing of Line 85-3 (depth section)
| Step | Process | |

16 Residual velocity analysis Geodepth

17 Kirchhoff depth migration Geodepth

18 Stack Geodepth

19 Coherency filter Focus/COHERE
20 | Bandpass filter (0-5-70-80 Hz) | Focus/FILTER
21 Water bottom mute Focus/MUTE
22 | AGC Focus/AGC

Sedimentary Reflections

In the sedimentary package, very prominent reflections can be observed at ~4.5-5.5
km depth (Figs. 3.15, 3.16, 3.17, 3.19 and 3.20). Two bright reflections are observed
on the SCREECH 2 lines (Shillington et al., 2006), the A* and the U unconformities
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Figure 3.15: Prestack Kirchhoff depth migrated section of Line 85-3 (top). Prestack
Model (bottom). Boxes indicate close-ups (Figs. 3.16-3.22).
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(Fig. 3.18). The A" unconformity was mapped by Tucholke and Mountain (1979) and
drilled at Site 1276 (Party, 2007). The A" reflection and underlying sediments cor-
respond to interlayered mudstones and carbonate-cemented sandstone of an Eocene
to Paleocene age (Party, 2004; Shillington et al., 2006). The U unconformity was
previously suggested to represent a breakup unconformity (Tucholke et al., 1989).
However, drilling (Site 1276) just penetrating this reflection encountered two diabase
sills, separated by early Aptian sediments (Party, 2007; Shillington et al., 2006). No
bright reflections similar to those of the U reflection representing sills are observed
in the seismic section of Line 85-3. However, a reflection that is very similar to the

A" reflection is imaged, and the sediment packages above and below display similar
reflectivity to that of SCREECH Line 2.

Basement Morphology and Reflectivity within the Extended Thin

Continental Crust

We can observe four different zones of reflectivity within the thin continental crust.
(1) Sub-horizontal reflections are imaged in the landward-most zone showing the
thinning of all of the continental crustal sections, including the disappearance of the
mid crust (Fig. 3.16). (2) A reflective upper crust and non-reflective lower crust are
imaged in the adjacent zone (Fig. 3.17). (3) Farther seaward a zone of both landward
and seaward-dipping bright reflections in the lower crust are imaged (Fig. 3.19). (4)
In the seaward-most zone, reflections are mainly seaward dipping and can be traced
down from the basement (Fig. 3.19.

A close-up of the fault block (Fig. 3.16) in the depth section shows a different
geometry than that of the time section (Fig. 3.12). The depth migration has tilted
the block landward and the block appears more symmetric with flanks of similar
dips. At the tip of the fault block, we can observe a smaller normal fault. There also
appears to be another fault block just seaward of this block (Fig. 3.16). Below and
slightly seaward of the fault block, we can now clearly observe several strong inter-
crustal reflections. These reflections are all located in the part of the continental
crust where the most rapid thinning occurs and where the middle layer of continental
crust pinches out. The blue dashed line in the crust represents the boundary between

upper and lower crust in the P-wave velocity model. A possible interpretation is that
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these bright reflections correspond to ductile deformation in the middle and lower
crust related to rifting. No faults can be traced through the crust on either side of
the big fault block.

Seaward of the big fault blocks, we can observe a few minor thrust faults in the
basement morphology (Fig. 3.17). The minor thrust faults all seem to terminate at a
horizontal reflection in the upper crust. The blue dashed line indicates the boundary
between the upper and lower crust based on the P-wave velocity model (Gerlings
et al., 2011), which is located below this horizontal reflection. The upper first km of
the crust is highly reflective (Fig. 3.17). However, there are no clear reflections in the
lower crust (distances 260-285 km). Thus in this part of the thin continental crust,
we observe no features in the lower crust corresponding to brittle extension, ductile
deformation or serpentinization fronts. The basement morphology shows evidence
of minor compression. According to Pérez-Gussinyé and Reston (2001), the 6-km-
thin continental crust should be completely brittle and the upper mantle should be
partially serpentinized. However, mantle serpentinization does not seem to have
occured in part of this section. The lack of deep reflections may instead suggest that
the crust is not permeable here, which is also consistent with the observations of
the P-wave velocity model (Gerlings et al., 2011). No layer of partially serpentinized
mantle is modelled below this part of the thin continental crust (distances 255-285
km; Fig. 3.15).

Farther seaward, the basement morphology is subdued with a small number of
minor offsets. Low-angle seaward dipping reflections can still be traced from basement
to ~1 km into the upper crust. At distance 285-340 km at 8-13 km depth, some both
landward and seaward dipping bright reflections are observed within the crust (Fig.
3.19). No clear faults are observed in the basement morphology. These dipping
reflections in the lower crust were interpreted in the time section to be located within
the layer of partially serpentinized mantle. However, the depth migration has moved
these bright reflections up so they now terminate at the top of this layer of the P-wave
velocity model. If we still interpret these reflections to indicate serpentinized mantle,
the boundary between lower thin continental crust and partially serpentinized mantle
needs to be raised. The thick light blue line is a suggestion of where this boundary
may be located. This boundary will be discussed further in Chapter 4.
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Figure 3.16: (Top) Close-up of the most landward part of the transition zone of Line
85-3 with a major fault block. (Bottom) Close-up with the P-wave velocity model
superimposed (Gerlings et al., 2011). Dashed blue lines indicate basement; dotted
blue lines indicate the boundary between upper and lower crust in the P-wave velocity
model; red lines indicate strong reflections within the crust and upper mantle.
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Figure 3.17: (Top) Close-up of the transition zone of Line 85-3 with a basement mor-
phology suggeting minor thrust faults. (Bottom) Close-up with the P-wave velocity
model superimposed (Gerlings et al., 2011). Dashed blue lines indicate basement;
dotted blue lines indicate the boundary between upper and lower crust in the P-wave
velocity model; red lines indicate strong reflections within the crust and upper mantle.
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Figure 3.18: Close-up of the sediments and basement of the transition zone in
SCREECH Line 2 (Shillington et al., 2006). The Vertical line indicate ODP Site
1276. Two bright reflections, the A" and the U unconformities, are imaged

The basement morphology changes farther seaward (distance ~300 km) from
minor thrust faults, then a more muted basement morphology to minor normal faults
(Figs. 3.17 and 3.19). The minor normal faults are overlain by back-tilted syn-rift
sediments. The deeper bright reflections seem here to be mainly seaward dipping.
The normal faults are connected with these bright deep reflections in several places
and may have been a conduit for the seawater down to the mantle serpentinizing the
upper mantle (Fig. 3.19). These bright reflections are similar to some bright dipping
reflections observed at similar depth (7-12 km) in the Central Indian Basin (Delescluse
and Chamot-Rooke, 2008). Delescluse and Chamot-Rooke (2008) interpreted these

bright reflections as serpentinization fronts.

Ridge Feature

Basement morphology changes character at the ridge feature (Fig. 3.20), where nor-
mal faulted basement is no longer observed. Just below basement, we can observe
some short (1-2 km) semi-horizontal reflections in a few places(around distances 338,
350, 355 km) roughly parallel to the basement. Similar reflections are observed on

SCREECH Line 2 at the serpentinized ridge feature at Site 1277. Shillington et al.
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Figure 3.19: (Top) Close-up of the transition zone of Line 85-3 with a normal faulted
basement. (Bottom) close-up with the P-wave velocity model superimposed ( Gerlings
et al., 2011). Dashed blue lines (long) indicate basement; dashed blue lines (short)
indicate the boundary between upper and lower crust in the P-wave velocity model;
red lines indicate strong reflections within the crust and upper mantle; thick light
blue dashed line is discussed in the text.
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(2006) (Fig. 3.21) suggested that such a reflection could be a detachment fault. Fur-
thermore, we can observe a couple of clear, deeper, seaward-dipping reflections at
the most seaward end of the ridge (distance 355-360 km; Figs. 3.20 and 3.21). This
suggests that the most seaward end of the thin continental crust may have both been
faulted and intruded. It is the farthest seaward we observe these deep dipping reflec-
tions, suggesting that this is the limit of the partially serpentinized mantle, which is
consistent with the P-wave velocity model. The seaward-most limit of the layer of
partially serpentinized mantle terminates at distance 370 km (Fig. 3.20) just below
these dipping reflections in the P-wave velocity model. Seaward of the ridge feature,

formation of initial oceanic crust occurs.

Basement Morphology and Reflectivity Beneath Basement in Initial

Oceanic Crust

In the oceanic part of the section (Fig. 3.20, 3.22), seaward of the ridge, reflectivity
of the basement is scattered and not continuous, typical of oceanic crust. A weak
horizontal reflection (distance 360-370 km) corresponds to the boundary between
Layer 2 and 3 in the P-wave velocity model (blue dashed line, Fig. 3.20). No clear
Moho is observed in the section in the oceanic domain. Although the velocities of the
P-wave velocity model correspond to typical oceanic crust, it may be possible that at
least part of the material is serpentinized mantle. This would account for the missing
Moho reflections. However, the amount of serpentinized mantle is less than for the

initial oceanic crust of Goban Spur (see discussion in Section 3.1).

3.2.4 Summary

LIFT and other advanced prestack data analysis techniques applied have been suc-
cessful in enhancing the S/N ratio of the data relative to the previous processing of
Keen and de Voogd (1988). SMRE followed by the LIFT Radon Transform seem
to attenuate the multiples best while preserving the signal. The prestack Kirchhoff
depth migration using a hybrid MCS/wide-angle data velocity model resulted in a
higher resolution image that reveales several interesting features that illustrate the
complexity of the transition zone of thin continental composition. We now see evi-

dence of ductile deformation in the thin continental crust. Furthermore, we are able
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Figure 3.20: (Top) Close-up the Ridge feature. (Bottom) Close-up with the P-
wave velocity model superimposed (Gerlings et al., 2011). Dashed blue lines indicate
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the P-wave velocity model; red lines indicate strong reflections within the crust and
upper mantle.
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Figure 3.22: Close-up of the basement morphology of the initial oceanic crust of Line
85-3 (depth section).
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to trace the small normal faults from basement down through the crust and into the
mantle. The deep bright reflections may represent serpentinization fronts. The tran-
sition for ductile deformation to normal faulting is not sharp but rather a zone with
a muted basement morphology and deep landward and seaward dipping reflections.
These deep reflections may also be serpentinization fronts. However, the pathway
for water penetration is not clear. The observations are not conclusive regarding
the nature of the ridge feature. The observations best support an interpretation of

continental crust possibly intruded by serpentinized mantle.
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Chapter 4

Along-Strike Variations

The non-volcanic Iberia-Newfoundland conjugate margin pair has been the most re-
searched passive margin pair and is often used as a reference for other magma-poor
margins. Furthermore, recent geodynamical models based on this margin pair (e.g.
Huismans and Beaumont, 2011; Reston, 2009; Lavier and Manatschal, 2006), focused
on the large-scale variations across the margin, emphasise the existence of a broad
zone of exposed serpentinzed mantle. Most importantly, the margins are almost exclu-
sively evaluated two-dimensionally and often do not account for small-scale variations
along a margin. Although the Flemish Cap-Goban Spur conjugate margin pair does
initially appear as a simple 2-D problem, evaluation of the along-strike variations
suggests otherwise. The following brief overview of the rifting phases also suggests a
more complex story. Rifting between the Iberia and Newfoundland margin began in
the Late Triassic-Early Jurassic (e.g. Tucholke et al., 1989). Some rifting may have
occurred in the Orphan Basin at this time (Sibuet et al., 2007b). A second phase of
rifting affected Orphan Basin in Late Jurassic-Early Cretaceous with a NW-SE rifting
direction (Lundin and Dore, 2011; Sibuet et al., 2007b). In this phase, Flemish Cap
was separated from Orphan Knoll, another continental block. The final rifting phase
involved a more E-W rifting direction and ended in separation of the NE Flemish
Cap from Irish margins in Late Cretaceous (de Graciansky et al., 1985). Flemish Cap
has been suggested to be a micro-plate Hopper et al. (2007); Sibuet et al. (2007b) and
Sibuet et al. (2007b) hypothesized that this micro-plate rotated clockwise during the
formation of Orphan Basin.

The goal of this chapter is to examine the potential for identifying and describ-
ing three-dimensionality in the rifting style of the Flemish Cap-Goban Spur margin
pair using the available MCS and wide-angle data. I focus on the transition zone of
the NE Flemish Cap margin (Fig. 4.1), which has the greatest MCS and wide-angle
data density, including improved images of profiles 85-3 and 87-4 from Chapter 3.
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The new prestack migrated image of Line 87-4 displays a significantly different rifting
style than that of Line 85-3. In the context providing these new images, I re-evaluate
the extension and nature of the transition zone on the Erable Lines (E43, E44, F46,
E48, E49, E50, E51, E52) (Welford et al., 2010a), which are situated between the
lines 85-3 and 87-4. The results of the wide-angle data, the reprocessed Lines 85-3

and 87-4, and as gravity data were used in this re-evaluation.
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Figure 4.1: (Top) Location map of Flemish Cap with bathymetry (grey and black
contours). Red lines represent seismic lines of the Lithoprobe project. Blue lines
represent seismic lines from GSI (OB) and the Erable project (E). Yellow lines rep-
resent the magnetic anomalies M3, MO and 34. Orange dots represent ocean bottom
seismometers (OBS). (Bottom) Map of the North Atlantic. Thin dashed lines in-
dicated magnetic anomaly 34. Thick dashed lines indicate the Charlie-Gibbs and
Newfoundland-Azores fracture zones. The Biscay Triple Junction is indicated with
red text. Abbreviations are FC: Flemish Cap; OB: Orphan Basin; OK: Orphan Knoll,

GS: Goban Spur; BTJ: Biscay Triple Junction; FZ: Fracture zone.
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4.1 Revised Line 85-3

In Chapter 3.2.3, 1 showed that in the depth migration of Line 85-3, the dipping
reflections lie within the thinned continental crust at the landward end of the tran-
sition zone and not in the mantle as could be interpreted from the time migration
(Fig. 3.19, distance 285-310 km; depth 8-13 km). If these reflections are located in
the lower crust, it means that they could no longer represent serpentinization fronts.
This part of the P-wave velocity model was not very well constrained (see Chapter 2).
Hence, I have tested an alternative model where I have moved Moho up such that the
dipping reflections should be located within the mantle (Fig. 4.2b; blue dashed line
represent the old model). The velocities were lowered to 7.6-7.7 km s™! from 7.7-7.9
km s7! to keep a good fit between observed and calculated arrival times. The ocean
bottom seismometers (OBS 8-14) affected by moving up the boundary, had with the
previous model a traveltime residual of 77 ms and normalized x? of 0.601 for 331
observations (picks) for the P-phases of PZ (layer of partially serpentinized mantle).
With the alternative model the traveltime residual changed to 81 ms and normalized
x?2 of 0.665 for 331 observations.

If we include all the phases for OBS 8-14, the traveltime residual of the previous
model is 98 ms and the normalized x? is 0.847 for 5644 observations. For the alter-
native model, the traveltime residual is now 98 ms and the normalized 2 is 0.878 for
5007 observations.

A new gravity model was obtained as before by conversion of the P-wave veloc-
ities to densities using the empirical relationship of Ludwig et al. (1970). Fig. 4.2a
shows the gravity fit between observed satellite gravity data along the line with both
the calculated gravity of the previous P-wave velocity model of Chapter 2, as well as
the re-evaluated model. The revised model shows increased gravity (up to ~8 mGal)
at distance 270-320 km. The peak of the calculated gravity high derived from the
FLAME velocity model has also shifted seaward from distance 270 km to 290 km and
is now displaced from the observed gravity peak. This might be explained by the
presence of 3-D structure. Fig. 4.3 shows a map of the gravity anomalies at Flemish
Cap. The gravity anomalies are derived from Sandwell and Smith (1997) (version
15.1) and filtered to remove wavelengths (A) >80km, which allows us to observe the

oceanic fabric better (M. Delescluse, personal communication, 2012). The gravity is
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clearly not continues aling-strike at this section of the FLAME line. The gravity high
associated with the serpentinized mantle is a three-dimensional feature that shrinks
north of the profile, and a small high is observed to the northeast. This might ex-
plain the seaward shift of the gravity high in the revised model. However, in order to
resolve the details of this structure, we need additional crossing refraction profiles.
Another feature of the gravity map worth noticing is the gravity high associated
with the ridge feature on Line 85-3 (Fig. 4.3; dashed black shape on the FLAME
line). This high is followed north of the line, although the gravity anomaly is discon-
tinuous and reduces in amplitude along-strike with the margin. The strongest gravity
highs along this trend are circled (dashed lines) on the gravity map (Fig. 4.3) and

may represent areas of serpentinized diapirism or become exhumed.
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Figure 4.3: Map of gravity anomalies at Flemish Cap with bathymetry (grey and
black contours). Gravity anomalies are from Sandwell and Smith (1997) but filtered
to keep wavelengths (\) >80 km. Red lines represent seismic lines of the Lithoprobe
project. Blue lines represent seismic lines from GSI (OB) and the Erable project
(E). Yellow lines represent the magnetic anomalies M3, M0 and 34. Orange dots
represent ocean bottom seismometers (OBS). Possibly exposed mantle (ridge features)
is encircled in black dashed lines and a 3D rifted continental block on line 87-4 is
encircled in a dashed blue line (see text for discussion). Abbreviations are FC: Flemish
Cap; OB: Orphan Basin; OK: Orphan Knoll; BTJ: Biscay Triple Junction.
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4.2 Line 87-4

I have reprocessed the raw data of line 87-4 following the processing steps outlined
for Line 85-3 in Table 3.2 with the exception of applying a prestack Kirchhoff time
migration instead of a prestack Kirchhoff depth migration (see details in Appendix
E). Unfortunately some of the original field data have been lost, resulting in three
data gaps (Fig. 4.4a). The line is located north of Line 85-3 between Orphan Knoll
and Flemish Cap (Fig. 4.1). The profile displays very different features from Line
85-3, implying that the rifting style along Line 87-4 is also different than that of Line
85-3.

The landward-most part of Line 87-4 (CDP 11500-20778) displays a muted
basement morphology, with strong semi-horizontal reflections beneath basement and
some landward-dipping reflections. A muted basement morphology has previously
been connected with exhumed mantle (e.g. Louden and Chian, 1999; Bullock and
Minshull, 2005; Welford et al., 2010a). This section of the line is located in what has
been proposed to be a rift basin formed in a roughly NW-SE direction and underlain
by serpentinized mantle (Lundin and Dore, 2011). However, recent refraction models
(Watremez et al., 2012) suggest little or no serpentinized mantle in this region. This
lack of mantle serpentinization is also consistent with the earlier model of Chian et al.
(2001) along Line 84-3 (Fig. 4.7), which shows that Orphan Basin is underlain by
thinned continental crust. Lines 87-4 and 84-3 are crossed by several Geophysical
Service Incorporated (GSI) lines (OB104, OB106, OB108, OB110, OB129, OB502;
Figs. 4.1, 4.5-4.6). All the lines are positioned at a small angle to the rifting direction
except for OB129, which is at an angle of 45 degree clockwise to the other GSI lines.
The profiles were collected in the Orphan Basin in 2000 by GSI and processed in
2001 by Veritas Geoservice Ltd. Figs. 4.5-4.6 are scans of the MCS profiles we
obtained from the Canada-Newfoundland and Labrador Offshore Petroleum Board.
Figs. 4.3-4.6 show a system of fault blocks and half grabens typical of a rift basin.
Even OB129, which crosses the rifting direction at a different, larger angle, displays
these large fault blocks (Figs. 4.3 and 4.6). The rift basin extends as far secaward
as CDP 15500 on Line 87-4. The section of Line 87-4 between CDP 15500-11500
appears to be a continental block (Fig. 4.4). The semi-horizontal reflections are cut

by down-going faults indicating rifting in different directions (3D rifting). A local 3D
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gravity high is created by this block (Fig. 4.3). I suggest that this block has been
subjected to rifting in more than one direction and that the resulting gravity high
represents a transition from the NW-SE rifting in Orphan Basin to the E-W rifting
along the seaward part of Line 87-4. The gravity high appears to correlate with a
series of 3D highs northward toward Orphan Knoll (Fig. 4.3).

The nature of the basement morphology between CDP 11500-8500 does not
appear significantly different from the basement farther landward. Following the
gravity high at the ridge feature from Line 85-3 to Line 87-4 (Fig. 4.3; dashed black
lines), we can observe a gravity high on the southern edge of Line 87-4 at CDP
10500-11500 (Fig. 4.4a). The basement morphology of the seismic profile in this
section (Fig. 4.4a) does not display a ridge-like feature. However, a velocity model
developed along Line 84-3 (Chian et al., 2001) (Fig. 4.7a) just north of Line 87-4,
may display a basement morphology of serpentinized mantle. The velocity model
shows stretched continental crust thinning seaward of Orphan Knoll to less 2 km.
The very thin crust is underlain by partially serpentinized mantle or an alternative
interpreatation is that mantle has been exhumed. In a close-up of the seismic section
(Fig. 4.7b) we observe a dome-like feature similar to a one observed on SCREECH
Line 3, interpreted by Deemer et al. (2009) as exhumed serpentinized mantle (Fig.
4.7b). This section coincides with a gravity high (Fig. 4.3; encircled by black dashed
lines) to that observed for the ridge feature of Line 85-3. However, no such dome-like
feature is clearly imaged on Line 87-4. Hence, I have interpreted the nature of the
crust in the entire section between CDP 8500-11500 as continental.

The basement morphology has a high-relief character between CDP 2-7000,
similar to oceanic crust onLine 87-3 (the extension of Line 85-3 see Fig. 3.3) (Gerlings
et al., 2012). Hence I interpret this section as oceanic. Beneath the basement at
CDP 8000-9000 and 9-10 s depth there are strong reflections (T; Fig. 4.4b). These

reflections may be an expression in the mantle of the change in rifting direction.
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4.3 Crustal Domains of Erable Lines

The difference between Line 85-3 and Line 87-4 shows that the rifting style must
vary along-strike to the margin. To detail such along-strike variations, I have rein-
terpreted the multichannel seismic reflection (MCS) profiles (Erable lines) located
between Lines 85-3 and 87-4 (Fig. 4.1). The 2D MCS Erable profiles ( Welford et al.,
2010b,a) were collected in 1992 across the Newfoundland Basin and across Flemish
Cap as a joint project between the Atlantic Geoscience Centre (AGC) and the Insti-
tut Francais de Recherche pour I’Exploitation de la Mer (Ifremer).

The Erable lines all cross the unstretched continental crust of Flemish Cap. Deep
reflections at 9-12 s in the lower crust are imaged on all the Erable profiles (Figs.
4.8-4.10). These reflections may represent Moho. As on Line 85-3, the lines E44,
E50, E52 display multiple (layered) reflections, supporting the interpretation from
previous work (section 3.2.2) that Moho is a complex transitional boundary between
lower continental crust and mantle in this region.

The set of lines along the margin is subdivided into a northern and southern part.
The northern Erable Lines E48, E49-50 and E51-52 display similar crustal features,
which are correlated northward to Line 87-4. Erable line E46, on the other hand, is
strikingly similar to Line 85-3.

4.3.1 Southern Lines

Two Erable lines E44 and E46 (Fig. 4.8) are located on either side of Line 85-3.
Neither E44 nore E46 have significant normal faulting landward of the shelf break. A
large fault block similar to that imaged on 85-3 is not imaged on line E46 but a few
horizontal intra-crustal reflections are imaged below the muted basement in the thin
continental crust (CDP 4000-9000). These reflections are not as strong or as frequent
as on Line 85-3 because the S/N ratio may be too low on the Erable profiles that was
analyzed only to migrated stack sections. Nevertheless, the imaged crustal reflections
may indicate that the area crossed by line E46 also experienced ductile deformation
in the crust. The multiples make it difficult to identify potentially similar horizontal
reflections on Line E44. Line E44 images one large fault block, cut by minor faults.

This fault block appears different from the large fault block on Line 85-3.
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On lines E44 (CDP 5000-8000) and E46 (CDP 9000-12000), normal faults imaged
in the basement are similar to those on 85-3, but there are no strong deeper dipping
reflections below in the crust. A ridge feature is imaged on E46 at CDP 12000-
14000. As on Line 85-3, basement is shallower and the feature has distinct peaks.
I suggest that this ridge feature is similar in nature to the ridge feature of Line 85-
3, continental crust possibly intruded by serpentinized mantle, and that the ridge
feature is the seaward limit of the thin continental crust on E46. Seaward of the ridge
feature, initial oceanic crust formed. No such ridge feature is imaged on E43-44, but
rather an isolated seamount is imaged on the seismic section (CDP 1000-3000). Note
that as indicated by Welford et al. (2010a), this seamount was located close to the
Biscay Triple Junction (BTJ) during its formation(see Figs. 4.2-4.3).

4.3.2 Northern Lines

Features that suggest a more complex deformation of the crust are observed on lines
E48, E49-50 and E51-52. Line E48 barely crosses unstretched continental crust (Figs.
4.1, 4.9a). Although the multiples cover much of the signal in the lower crust, several
weak horizontal reflections indicate that the thinning of the crust is more gradual (Fig.
4.9a). At approx. CDP 27000 on E48 the basement steps downward and increases in
depth. A similar increase in basement depth is observed on E50 (CDP 8000) and E51
(CDP 7000). Another downward step of the basement is observed farther landward
on E50 (CDP 4000), E51 (CDP 13000) and possibly on E48 (CDP 32500). The
basement morphology of E48 between CDP 23000-32500 is also more complex than
that of Line 85-3, E44 and E46. Both normal and reverse faults indicate that thin
continental crust has undergone more than simple extension, probably compression
and/or shearing. Similar faulting is observed on E50 (Fig. 4.9b; CDP 4000-8000)
and E51 (Fig. 4.10; CDP 7000-13000). I propose that these sections of the crust
were affected by both the NW-SE rifting of Orphan Basin, as well as the more E-W
orientated rifting of the NE Flemish Cap margin, and that basement morphology is
an expression of 3D rifting. These sections of the profiles are also coincident with
the basement high correlated northward to the basement block at Line 87-4 and
continuing northward to Orphan Knoll. I suggest that these gravity highs represent
broken crustal blocks that have undergone poly-phase rifting, with rifting not only
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along Line 87-4 but also at an angle to the line.

The basement morphology of E48 at CDP 18000-22000 looks strikingly similar
to the basement morphology of minor normal faults in the continental domain on
Line 85-3, E44 and E46. The minor normal faults seem to connect to some deeper
seaward dipping reflections in a similar manner as on Line 85-3. The deeper dipping
reflections may represent serpentinization fronts. These kind of minor normal faults,
similar to those of Line 85-3 E44 and E46, are not imaged on E49-50 or E51-52. Line
E48 displays a different character of the basement at CDP 22000-23000 relative to
the same area on surrounding lines. The basement has a dome-like feature similar
to that on Line 84-3. The gravity high observed at the ridge feature on Line 85-3 is
correlated northward to this feature, although the gravity anomaly is not as strong
(Fig. 4.3). The gravity anomaly here is also weaker than at the dome-like feature
of Line 84-3. With the possibility of partially serpentinized mantle underlying the
continental crust seaward of this dome feature, the dome-like feature may represent
exhumed serpentinized mantle. As mentioned in previous chapters, when the crust
thins to roughly less than 10 km, it becomes brittle and faults and fractures form,
which channel water downward, allowing serpentinizion of the mantle ( Pérez-Gussinyé
and Reston, 2001). Although it is not possible to confirm from the Erable profiles, the
thin continental crust may be underlain in places by partially serpentinized mantle.
The weak positive gravity anomalies (Fig. 4.3; green to yellow shading) suggest that
this is likely. However, as shown by Gerlings et al. (2011) and Van Avendonk et al.
(2006), thin continental crust is not necessarily underlain by serpentinized mantle.

It is only the seaward-most part of the E48 that displays the basement morphology
of a high-relief slow-spreading oceanic crust. I base this observation on only the
change in basement morphology. However, none of the Erable lines extend across
magnetic anomaly 34, which makes it difficult to determine the exact location of
initial oceanic crust. The basement at the seaward end of line E48 could also be of
continental origin, or perhaps exhumed mantle. It is even more debatable whether
the nature of the crust along E49-50 (CDP 11500-14331) and E51-52 (CDP 100-3000)
is continental, oceanic, or exhumed mantle. The gravity map shows no gravity high
on the seaward-most end of the profiles. This section of the profiles lies on the edge

of the oceanic domain. Extending the oceanic domain farther landward will require
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some clearer evidence. Hence, I have left the composition of the crust as continental
at the seaward end of line E50, and suggest that formation of oceanic crust initiated

at the very seaward-most end of line E51.

4.4 Summary/Conclusions

A map of the crustal domains based on interpretation of the velocity models, re-
processed profiles of Line 85-3 and 87-4, and re-interpretation of the Erable lines is
shown in Fig. 4.11. Welford et al. (2010a) have also interpreted Lines 85-3, 87-4 and
the Erable lines. The main differences between the two interpretations are the extent
of exhumed mantle and the zone of complex poly-phase (3D) rifting. My interpreta-
tion suggests that the margin was subjected to a small amount of mantle exhumation.
Welford et al. (2010a) interpreted a continuous zone of exhumed mantle along the NE
Flemish Cap margin, which broadens northward into a wide zone (min. 100 km) of
exhumed serpentinized mantle on Line 87-4 in Orphan Basin. I have interpreted this
section of the profile to be within the continental domain, with possibly a small dome-
like feature of exhumed mantle at the very seaward end of the stretched continental
crust. I also distinguish between a dome-like feature of exhumed mantle observed
on the northern lines from a spiky peaked ridge feature of continental crust, poten-
tially intruded by serpentinized mantle, on the southern lines. Welford et al. (2010a)
observed features on the seismic profiles, e.g. a flower structure on the previously
processed section of Line 85-3, which they used as evidence for three distinct shear
zones. The flower structure is not visible in the reprocessed prestack depth migrated
section. Instead, features indicating ductile deformation in the lower crust are now
visible. T observe no clear evidence of shearing or major poly-phased rifting on the
southern lines, whereas the northern lines display a zone of poly-phase (3D) rifting.
This zone coincides with a gravity high and is correlated with the Line 87-4 structure,
where a zone of poly-phase (3D) rifting is also observed. I can neither confirm nor
reject the hypothesis of a clockwise rotation of Flemish Cap suggested by Sibuet et al.
(2007b).

Some conclusion may be drawn:
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1. Orphan Basin appears to be a rift basin and continental in nature.

2. A zone stretching from the south-eastern tip of Orphan Knoll to just southward
of E48 has been subjected to poly-phase (3D) rifting. This zone coincides with
a gravity high.

3. Line 85-3 and E46 only show evidence of 2D rifting. There is some evidence,

strong reflections, indicating ductile deformation in the lower crust of the area

crossed by lines 85-3 and E46.

4. The extent of partially serpentinized mantle underneath thin continental crust

appears complex and three-dimensional.

5. Two types of features for exposed mantle are observed: i) a dome-like feature of
exhumed mantle observed on the northern lines and ii) a peaked ridge feature
of continental crust possibly intruded by serpentinized mantle on the southern

lines.

The NE Flemish Cap margin displays lateral changes along the margin both in
the style of rifting as well as mantle serpentinization. The next step in understanding
the details of the processes and development of passive rifted non-volcanic margins
is to focus on the 3D variations of the margins. Hence, both 3D profiles and 3D

geodynamic models are needed to resolve smaller-scale features.
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Chapter 5

Conclusions and Suggestions for Future Work

5.1 Conclusions

In the previous chapters, I presented a P- and S-wave velocity model determined for
the FLAME profile situated across the NE Flemish Cap margin (Chapter 2; (Ger-
lings et al., 2011)). The results allowed me to determine the thickness, structure
and nature of the crust and upper mantle along the FLAME Line. I also presented
reprocessed and poststack Kirchhoff time migrated and prestack Kirchhoff depth mi-
grated sections of Line 85-3 coincident with the FLAME Line. The results allowed
me to address the rifting style of the Flemish Cap-Goban Spur conjugate margin pair
(Chapter 3 Section 3.1; (Gerlings et al., 2012)). The new information observed in the
prestack depth migrated section 85-3 and the prestack time migrated image of line
87-4, both produced as part of this thesis work, have led to reinterpretation of the
Erable lines and therefore a detailed look at the OCT of NE Flemish Cap (Chapter 3,
Section 3.2). The combined information from all the examined profiles allowed me to
address the along-strike variations of the NE Flemish Cap margin (Chapter 4). The

following conclusions can be drawn:

5.1.1 Structure and Thinning of Initial Continental Crust

1. The continental crust beneath Flemish Cap is a 31-km-thick, 3-layer crust. The
result is consistent with previous results of SCREECH Line 1, which is situated

across the southeast segment of Flemish Cap (Funck et al., 2003).

2. The thick continental crust along the FLAME profile thins rapidly in the N-E
direction to 6-km-thick crust over a distance of only 40 km. In comparison, the
SE Flemish Cap (Funck et al., 2003) and Newfoundland (Lau et al., 2006a; Van
Avendonk et al., 2006) margins thin from unstreched crust to about 6-km-thick
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crust over a distance of ~60 km and Goban Spur over a distance of ~80 km

(Bullock and Minshull, 2005; Horsefield et al., 1994).

3. Strong semi-horizontal reflections are clearly imaged in the middle and lower
crust of the landward part of the thin continental crust (distance 240-260 km),
possibly indicating ductile deformation and depth-dependent stretching.

5.1.2 Nature of the Ocean-Continent Transition Zone

1. The nature of the crust in the OCT is predominantly of a continental com-
position. Poisson ratios of 0.27 in the upper crust and 0.28 lower crust were
derived from P- and S-wave velocities. Together with P-wave velocities of 5.6
and 6.7 km s7!, these indicate continental composition (Christensen, 1996). In
comparison, Poisson’s ratio of 0.28 and P-wave velocity of 4.5 km s~! indicate
basaltic composition, and Poisson’s ratio of 0.36 and P-wave velocities of 5.8-7.6

km s—!

indicate serpentinized mantle. Before this study, it was speculated that,
due to its muted basement morphology, the thin crust was instead exhumed
serpentinized mantle similar to the OCT of the conjugate Goban Spur margin
(e.g., Louden and Chian, 1999; Bullock and Minshull, 2005). The velocities of
the FLAME Line show that to material in the transition zone is clearly not
serpentinized mantle. A tongue of thin continental crust is also interpreted e.g.,
on the Newfoundland margin (SCREECH Line 2 and 3 Van Avendonk et al.,
2006; Shillington et al., 2006; Lau et al., 2006a,b). Although, the Poisson ratio
of 0.28 could also indicate a crust of oceanic affinity, the P-wave velocities more

typical of crust with a contiental affinity. However, the velocities alone cannot

exclude a crust of oceanic affinity.

2. Better imaging of the MCS profile clearly shows tilted syn-rift sediment packages
on the Flemish Cap margin (distances 285-340 km), which also supports the

presence of thin continental crust in the OCT.

3. The results show that in order to determine the nature of the OCT, careful
imaging of the basement morphology is necessary, with additional constraints

from P- and S-wave velocities. Hence other margins, where subdued basement
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relief has been used to infer zones of exhumed mantle, may need to be re-

evaluated.

. The OCTs of SE and NE Flemish Cap are very different. Whereas the FLAME
Line on NE Flemish Cap displays a thin tongue of continental crust, thin crust
of oceanic affinity is observed on SCREECH Line 1 (Funck et al., 2003).

. The thin continental crust is underlain by a layer with velocities between 7.5 to
7.9 km s~!. Ifind it more likely that this layer represents partially serpentinized
mantle, and not underplated igneous material as previously suggested by Reid
and Keen (1990), based on: i) observations of a similar layer interpreted as
partially serpentinized mantle on the Newfoundland margin just to the south,
where serpentinized mantle was sampled (Party, 2004); ii) results from the
conjugate Goban Spur margin, indicating a wide region of exhumed serpentinzed
mantle; and iii) imaging of normal faults through the crust (e.g. distance 300-

335 km) that likely formed pathways for water to penetrate into the mantle.

. This partially serpentinized layer appears to terminate 30 km seaward of the
thick continental crust. This is somewhat puzzling, because 6-km-thick stretched
continental crust should be brittle with fractures and faults that could act
as a conduit for the seawater into the mantle, which would then be serpen-
tinized(Pérez-Gussinyé and Reston, 2001). We had expected to find serpen-
tinized mantle beneath the entire thin crust, similar to observations for other

eastern Canadian margins.

. Thin crust undercrusted by serpentinized mantle seems to be the most common
feature for magma-poor margins. Only SCREECH Line 2 on the Newfoundland
margin has no high velocity layer modeled below the thin continental crust ( Van

Avendonk et al., 2006).

. The partially serpentinized layer is associated with strong landward and seaward
dipping reflections imaged in the MCS data from Line 85-3 (distance 285-340
km at 8-13 km depth). The landward extension of the serpentinized mantle
coincides with a strong landward dipping reflector (distance 285 km) previously

interpreted as the continent-ocean boundary by Keen et al. (1989). The deep
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bright reflections may represent serpentinization fronts. These bright reflections
are similar to bright dipping reflections interpreted as serpentinization fronts at
similar depth (7-12 km) in Central Indian Basin (Delescluse and Chamot-Rooke,
2008).

5.1.3 Ridge Feature and Mantle Exhumation

1. A ridge feature is observed at the seaward-most extension of the OCT (distance
~340-360 km) on the FLAME line. The velocity model and the MCS profile
indicate a mixed character, between continental crust and serpentinized mantle,

for the ridge feature.

2. The NE Flemish Cap margin displays little evidence of exposed mantle, which
only might occur over a maximum distance of 20-30 km (distance ~340-360
km, ridge feature). Similarly, the SE Flemish Cap displays no exposed mantle,
although mantle may have been exhumed and later buried by deep-marine sheet
flows (Hopper et al., 2004). In comparison, the Goban Spur, Iberia, and New-
foundland magma-poor margins display wider regions (~70-100 km) of exhumed

mantle.

3. Mantle on magma-poor margins appears to be exposed in different ways. Ridge
features imaged on the Newfoundland margin as well as on Galicia Bank, the
Iberia, and SW Greenland margins (Boillot et al., 1988; Dean et al., 2000; Pickup
et al., 1996; Shillington et al., 2006; Chian and Louden, 1994) were interpreted
as serpentinzed ridges. A more dome-like ridge feature interpreted as exhumed
mantle is imaged on SCREECH Line 3 (Deemer et al., 2009). A similar feature
seems to be present on Line 84-3 just south of Orphan Knoll. Overall, ridge

features are present in many areas where exhumed mantle is inferred.

5.1.4 Initial Formation of Oceanic Crust

1. Velocities and velocity gradients typical of oceanic crust (White et al., 1992)

occur seaward of the ridge feature on the FLAME line. The upper layer has

a thickness that varies between 1 and 3 km with velocities of 4.8-6.0 km s!
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between distance 360 and 410 km and 4.8-6.2 km s~! from distance 410 km and
seaward. The 3 to 4-km-thick lower layer has velocities of 6.7-7.2 km s~!. These
layers are interpreted as oceanic crustal layers 2 and 3. The thickness of oceanic
crust (5-6.5 km) is comparable to the 3-6 km thick oceanic crust observed on
the three SCREECH Lines on the Newfoundland margin (Funck et al., 2003;
Van Avendonk et al., 2006; Lau et al., 2006a).

2. Only the ridge feature separates thin continental crust from oceanic crust and
hence the onset of seafloor spreading appears sharp. The transition to initial
seafloor spreading appears complex and varies between the Flemish Cap-Goban
Spur conjugate margins. The transition seems more gradual on Goban Spur

with melt increasing seaward.

5.1.5 Rifting Style

1. The rifting style of the Flemish Cap-Goban Spur conjugate margin pair is asym-
metric during all stages of formation: stretching, thinning, mantle exhumation
and serpentinization, and continental breakup. This is in contrast to previous
interpretations of the MCS profiles, suggesting a symmetric pure-shear rifting
style of the margins (7). This new interpretation stresses the importance of
using both wide-angle data and MCS when addressing the rifting style of a
conjugate margin pair. Very little mantle (over a 20-30 km distance) exhuma-
tion occurred on the Flemish Cap margin compared to the ~70 km wide region
of mantle exhumation on Goban Spur. Thin continental crust above partially
serpentinized mantle is displayed only in the velocity model of Flemish Cap.
Continental breakup occurred on the Goban Spur side. This means that the
interpretation of the location of continental breakup changed from the western

(Keen et al., 1989) to the eastern side of the margins (Gerlings et al., 2012).

2. The interpretation that the continental crust thins more rapidly across Flemish
Cap than Goban Spur and that a tongue of thin continental crust is left on the
Flemish Cap margin contrasts conceptual and geodynamic models. The models
show that thin continental crust is still attached to the margin, which thins less

rapidly (e.g. Reston, 2009; Huismans and Beaumont, 2011) after the margins
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have experienced asymmetric rifting. We observe that the reverse occurs for

the Flemish Cap-Goban Spur margin conjugates.

5.1.6 Reprocessing of Line 85-3

1. The results from the depth migration of Line 85-3 are used to support the
interpretation of P-wave velocity model as well as to get a more detailed image
of the NE Flemish Cap margin. LIFT has been successful in improving the
S/N ratio and preserving high frequencies of the data before migration. SRME
followed by LIFT Radon Transform seem to attenuate the multiples best while
preserving the signal. A comparison with the previous time migration (Keen
and de Voogd, 1988) illustrates this and signal hidden in or covered by noise are

visible.

5.1.7 Along-Strike Variation of Rifting Style and Crustal Domains

1. The interpretation of the reprocessed Line 87-4 and its crustal domains shows
a different crustal structure along the profile in comparison to Line 85-3. The
basement morphology is subdued in the most landward region of Line 87-4.
Semi-horizontal reflections are displayed in the upper crust, possibly indicat-
ing fault blocks formed during roughly NW-SE rifting. This interpretation is
supported by the GSI lines, which cross Line 87-4 in this region. Seaward, an im-
aged block coincident with a gravity high indicates complex poly-phased (3D)
rifting. The basement morphology farther seaward indicates crust of oceanic
affinity. These structures contrast with the crustal structures of Line 85-3,

which show no indication of poly-phased (3D) rifting.

2. The NE Flemish Cap margin displays a wide range of along-strike variability
in rifting style and crustal domains. The Erable lines situated between Lines
87-4 and 85-3 were re-interpreted. These lines, together with a velocity profile
coincident with Line 84-3 (north of Line 87-4) and MCS reflection profiles (GSI)
located in Orphan Basin, were used to evaluate the along-strike variation in

crustal domains and rifting style. Both Line 85-3 and 87-4 cross magnetic
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anomaly 34 and extend into oceanic crust. However, none of the Erable lines
extend across magnetic anomaly 34, which makes it difficult to determine the
exact location of initial oceanic crust on these lines. Most of the crust on the

lines F48-52 appears to be thinned continental crust.

. Mantle exposure appears limited along-strike of the NE Flemish Cap margin.
The basement morphology imaged on the Erable lines and Lines 85-3, 87-4 and
84-3, combined with the velocity models along Lines 85-3 and 84-3, shows no or
very narrow regions of exposed mantle. Two types of features for exposed mantle
are observed: 1) a dome-like structure of exhumed mantle on the northern
lines; and 2) a peaked ridge structure interpreted cas ontinental crust possibly

intruded by serpentinized mantle, on the southern lines.

. The extent of partially serpentinized mantle underneath thin continental crust
appears complex and probably three-dimensional. The peak of the calculated
gravity high derived from the FLAME velocity model and associated with
partially serpentinized mantle is displaced from the observed gravity peak.
However, the calculated gravity is based on a 2D density model along the
line and does not take into account off-plane changes in density. The three-
dimensionality becomes apparent when evaluating this high on the gravity map.
The gravity high diminishes north of the profile, and a small high is observed

to the northeast, which explains the displacement.

. On the NE Flemish Cap, only Lines 85-3 and E46 show evidence for 2D struc-
tures. In contrast, a zone stretching from the south-eastern tip of Orphan Knoll

to just south of line E48 was subjected to poly-phaed (3D) rifting.

. I can neither confirm nor reject the hypothesis of a clockwise rotation of Flemish
Cap suggested by 7. 1 observe no clear evidence of shearing or major poly-
phase (3D) rifting on the southern lines (Line 85-3, E46 and E44), whereas the
northern lines display a zone of poly-phase (3D) rifting.

. The Flemish Cap-Goban Spur margin pair no longer appears as simple as previ-

ously assumed. Although Line 85-3 only displays 2D rifting along the line, the



134

conclusions drawn above clearly illustrate the 3D variability of the NE Flem-
ish Cap margin. Hence, treating a conjugate margin pair in 2D may limit our

understanding of the rift evolution.

8. The difference between my interpretations of along-strike variations and those
of Welford et al. (2010a) concern the extent of exhumed mantle and the zone
of complex poly-phase (3D) rifting. a) In contrast to my interpretation of very
limited mantle exposure, Welford et al. (2010a) interpreted a continuous zone of
exhumed mantle along the NE Flemish Cap margin, which broadens northward
into a wide zone (>100 km) of exhumed serpentinized mantle on Line 87-4 in
the Orphan Basin. b) Welford et al. (2010a) interpreted shearing features on
the seismic profiles, e.g. a flower structure on the previously processed section
of Line 85-3, which they used as evidence for three distinct shear zones. The
flower structure is not visible in the reprocessed prestack depth migrated section.
Instead, features indicating depth-depending stretching in the lower crust are

visible.

5.2 Future Work

The next step in understanding passive rifted continental margins is to focus on:

1. The transition into formation of initial oceanic crust. Not many profiles cross
from contiental into unambiguous oceanic crust identified by seafloor spreading
magnetic anomalies. More seismic profiles need to be collected, preferably both
wide-angle and MCS data, on both sides of a conjugate margin pair. With a
bigger data pool, we may observe common features and illuminate symmetry
and asymmetry in the formation between the margin pair, as indicated by the

results of the Flemish Cap and Goban Spur margin pair study.

2. Greater detail of structures across specific features, such as across ridge features
and the OCT. To resolve such details we need denser OBS receiver sampling (3-
5km) (e.g. Lau et al., 2012; Watremez et al., 2012). Dense receiver-spacing also

might allow for full waveform inversion (Brenders and Pratt, 2007), which can
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provide a high-resolution velocity image of particularly complex structures in

the entire crust, as well as the depth and nature of the crust-mantle transition.

. The scale of 3D variability (gradual or sharp transition) such as crustal domains
or partially serpentinized mantle undercrusting thin crust along-strike a margin.
More cross-lines over features of interest and/or connecting wide-angle profiles

along a margin are needed (e.g. Watremez et al., submitteda).

. The true extent of exhumed mantle on magma-poor margins. Focus has been
on a wide regions (~100 km) of exhumed mantle as observed on the Iberia
margin. However, with the increased density of velocity profiles across margins
it has become evident that the extent of this region is highly variable (e.g. Funck
et al., 2003; Van Avendonk et al., 2006; Lau et al., 2006a; Funck et al., 2004;
Wu et al., 2006; Maillard et al., 2006; Chian et al., 1995a,b; Chian and Louden,
1994; Dean et al., 2000; Bullock and Minshull, 2005).

. Weakening of undercrusted mantle, which is partially serpentinized. Serpen-
tinization weakens the uppermost part of mantle at a serpentine content of only
10-15% (Escartin et al., 2001). This weakening of the upper mantle must af-
fect rifting (Skelton et al. 2005). This aspect has not been much explored by
geodynamic modelling, where focus has more been on a weak/strong crust vs.

weak /strong mantle (e.g. Huismans and Beaumont, 2009).

. 3D rifting in geodynamic models. Incorporating poly-phase (3D) rifting into
geodynamic models seems to be in its infancy (e.g. Watremez et al., submit-
tedb). Further development of such geodynamic models will help illuminate

many of the aspects described above.
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Appendix A

Wide-angle Seismic Data: Relocation of Ocean Bottom

Seismometers (OBS)

OBS numbers are in this appendix as the were during the cruise. Two OBSs (5 and
15) had no information on them. For modelling purposes the remaining nineteen

OBSs were renumbered from 1 to 19. This is how they are refered to in the thesis.
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Relocation of OBS 1. Blue star represents deployment position, red

circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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Figure A.2: Relocation of OBS 2. Blue star represents deployment position, red circle
represents recovery position, red circle with red cross and green circle with red cross
represent relocated positions.
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red

circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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Figure A.4: Relocation of OBS 4. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Figure A.5: Relocation of OBS 6. Blue star represents deployment position, red

circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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6: Relocation of OBS 6. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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Relocation of OBS 8. Blue star represents deployment position, red

circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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8:  Relocation of OBS 9. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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Figure A.9: Relocation of OBS 10. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Figure A.10: Relocation of OBS 11. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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Figure A.11: Relocation of OBS 12. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Figure A.12: Relocation of OBS 13. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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Figure A.13: Relocation of OBS 14. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red
cross represent relocated positions.
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Figure A.14: Relocation of OBS 16. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Figure A.15: Relocation of OBS 17. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Hudson 2002-011 Line 1 OBS 18
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Figure A.16: Relocation of OBS 18. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Figure A.17: Relocation of OBS 19. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Hudson 2002-011 Line 1 OBS 20

‘ }Deploy :48.5993 —41.33
: : : : Recover:48.5885 ~41.3605
1000} - SRR A R o Relocat:48.5972 -41.3494 - -
‘ ‘ 1 1 Mirror::48.5971 -41 3494
Err: 0. 028411 :

1250 ; ;

750 ‘
The OBS drl‘fts 802 9477m

500

250

-250

-500

-750

-1000

~1250 i ——r
12501000750 500 250 O 250 500 750 1000 1250

Figure A.18: Relocation of OBS 20. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Hudson 2002-011 Line 1 OBS 21
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Figure A.19: Relocation of OBS 21. Blue star represents deployment position, red
circle represents recovery position, red circle with red cross and green circle with red

cross represent relocated positions.
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Figure B.1: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 1. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.
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Figure B.2: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 2. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.
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Figure B.3: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 3. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.
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Figure B.4: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 5. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.
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Figure B.5: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 6. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave

velocity model of Fig. 2.7.
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Figure B.6: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 7. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave

velocity model of Fig. 2.7.
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Figure B.7: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 8. The vertical scale for the record section

is traveltime (s) using a reduction velocity of 7.0 km s=!

, and the horizontal scale is

shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave

velocity model of Fig. 2.7.
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Figure B.8: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 9. The vertical scale for the record section

is traveltime (s) using a reduction velocity of 7.0 km s~

1 and the horizontal scale is

shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave

velocity model of Fig. 2.7.
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Figure B.9: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 10. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.
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Figure B.10: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 11. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.



180

Offset (km)

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50

! I
s \mnn"‘ﬂ‘w““‘n\\”""”"'wn'v'”“‘(uﬂ. 'W‘ “‘“":ﬂ‘i‘\“‘"w"w/u "»!w\\"‘"‘ )

o it ‘\‘\H RUATIA
W’:;Mw‘” RN "“‘.u!‘vu‘“m‘]f i

.

l\'\i‘l' “’ ‘l'ﬂ \‘!w\»yy‘w”ﬂ \MM

WWWWM

ﬂ AR CARIA,
uh:wm ! »IMN.M WM ) | ﬂ" A;;ﬁ‘ :::'Ph‘w, 'J'I?):M:Mil:nI'M*:“:wm'k

W
P A it
A w Vil b ‘ WMWWW""‘”: ”‘M’ ”\’u“; ‘\‘""\ w‘h" “‘“"“”v‘“f' o N\\)
\“l ! \"‘\‘”' " \ I ‘H "\ W‘ } -" 0 3 iy} M,‘J fip “ w if ”, “‘1 ) ) (
A RN N 2
5 mwwwwwyww*x ”MWWWWWW
f \ : f q‘\ Wl ooy W . \ ;‘}“ uNi ‘IW ,\
: ‘;ﬁfﬁ*’%"wﬁ%“‘):?"‘””*ﬁ.7 ol """"7:% M“’*M”"‘ 'wwm. N i Jmuw ‘, ANty 'p Ol
] ; P M" NN ") o H it i \‘\ i
= A lﬁ " 1"”“"” MMN ‘ “'VW“’ 1 i W “i"\ D‘ kg Uy Nt ” \\"}ML m 'I\“‘ Jﬂ} ‘ ‘»\‘ \“ \“ \‘ ) WN' "W M‘ \ f
m’n N» ’% e hil) "H “»“ " wuw“‘ b R Talr \ i iy aﬂ’\ w‘“n‘mw uv}nﬂ"l\“"‘% i ‘}”‘U”""“‘M""w "“H“W"IH’M“M ‘l’
- , %"‘n W * M ”MM J i W '\”W ‘v'."“m‘ ‘”“ m“h‘“ “H‘\“HI\WW s MH l“w\‘.\“ \lr ‘>“ [y 1 i H‘W" ”IU‘”W ’\’ ”“‘\‘N V”m‘ i "H: \lw/L ‘
4 ‘nm‘; d N V‘ Yy V lJH‘ .WI l"mﬂ”‘\ M,n WA“ Hun,‘ﬁ i \5:'; A V‘\ H"H“‘ (AN ‘mwy’ | "” m H“\W Wi, u‘\h JMM D‘"" )V‘U 'l,
W ‘ IH " \ :’H‘\:‘ ”“': ” I“’ M}\‘l'\ i “:\‘)‘ | { "?\"\’”‘ ’5” H \‘“\":m ‘:” HJ “h \‘\W"» i ’”\‘ h:w’w‘d")‘l‘“‘m ! \“ "h ‘”‘“‘“{AN} i '\'r“f “"’;IW "\‘ ‘l‘ﬂ’\‘h \ ‘: \‘\‘ﬂ""““\\,“i ‘;“"W‘ "I‘U: wa”
| \ M;W‘ iw»mf’»w“‘;nl,:” i ’W\iﬂm"‘;‘ﬂl’\ j\ .Lw u»)‘;",ﬂ\““\ '\,v",‘\;\“”\ ”h‘\\“‘m‘y?‘\,ww‘lw‘ h j ‘J“ um""”"\»"w"»fnr Jl“’\‘ h";:‘\"‘,"“‘”f‘w ':W"Nw“ ("w:“ ":’:“"::‘ ‘;WV{JWJ;M;%\\:
» i \‘»H " i ) ' H ) | :\‘ ) ‘h\ ‘H“” A ‘5' ‘\“ Ul I W ‘Hw‘” “‘“ i H\W‘“H\"“m‘ ”m ) y
\\Qj*u \»Hhtw “J.\“‘J‘."Vw‘m:\w.‘ |'. \‘w’\ f MWI i ’f:’ ) "‘.ﬂm‘ | ?h‘n‘):w“':‘:\\w“\?“};‘““t“ “‘,.W: N w\ ! J‘ﬂm “:V h:,},"w\':‘: ﬂ"‘\“:‘m | H}" \"\\““J J:‘ ‘\:g“l:}w‘yﬂw i \‘JW w‘:‘w‘»}w;‘i‘;y’ ";‘:}:‘?'VW i
0 J M ”]"'\‘o "“‘mw'"' m\ i “"I\WI' W ‘: i" i n"\ il “‘W “”“““‘f\"“m‘w\“w‘u‘ W l*ﬂ"w"w \H‘Gw‘n (A
BRI
€ 7 0 = ':’ 2
Eo ] ¢M° :gz/'/'
< =" Serp.mantle= ———
o i
(&)
20
Mantle
OBS 13
30 T T
300 350

Distance (km)

Figure B.11: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 13. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave

velocity model of Fig. 2.7.
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Figure B.12: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 16. The vertical scale for the record section

is traveltime (s) using a reduction velocity of 7.0 km s}

, and the horizontal scale is

shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave

velocity model of Fig. 2.7.
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Figure B.13: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 17. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.
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Figure B.14: Record section (top) with computed traveltimes and ray path diagram
(bottom) for the vertical geophone of OBS 19. The vertical scale for the record section
is traveltime (s) using a reduction velocity of 7.0 km s™!, and the horizontal scale is
shot-receiver distance (offset in km). The horizontal scale in the ray path diagram is
distance (km) along the velocity model. Layers are labelled as interpreted in P-wave
velocity model of Fig. 2.7.



Appendix C

Wide-angle Seismic Data: Full Error Analysis

C.1 P-wave phases

Table C.1: The number of observations (n), the root-mean-sqzares (rms) traveltime
residzal (t,,s) and the normalized x? for individual P-phases.

OBS Phase n trms 2
1 Direct 26 0.128 | 1.708
1 Ps3 68 0.079 | 1.126
1 Ps3P 29 0.091 | 0.854
1 Pcl 209 | 0.056 | 0.551
1 Pc2P 174 | 0.068 | 0.467
1 Pml1P | 196 | 0.167 | 1.244
1 702 | 0.107 | 0.827
2 Direct 10 0.173 | 3.308
2 Psl 14 0.071 | 0.972
2 Ps3 71 0.074 | 0.983
2 Ps3P 39 0.069 | 0.877
2 Pcl 392 | 0.044 | 0.348
2 Pc2 39 0.107 | 1.174
2 Pc2P 121 | 0.157 | 1.099
2 686 | 0.086 | 0.667
3 Direct 6 0.213 | 5.461
3 Ps3 58 0.022 | 0.194
3 Ps3P 19 0.020 | 0.041
3 Pcl 541 | 0.119 | 1.413
3 PclP 62 0.088 | 0.788
Continued on next page
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Table C.1 — Continued from previous page

OBS Phase n trms X

3 Pc2 310 | 0.158 | 1.355
3 Pc2P 342 | 0.065 | 0.419
3 Pml1P 9 0.061 | 0.104
3 1347 | 0.115 | 1.049
4 Direct 6 0.150 | 2.698
4 Ps3 79 1 0.095 | 0.918
4 Pcl 573 | 0.065 | 0.761
4 PclP 113 | 0.047 | 0.393
4 Pc2 183 | 0.162 | 1.168
4 Pc2P 231 | 0.139 | 1.386
4 Pml1P | 249 | 0.170 | 1.297
4 Pn 185 | 0.046 | 0.212
4 1619 | 0.112 | 0.900
5 Direct | 76 | 0.125 | 1.571
) Pcl 391 |0.124 | 1.102
5 PclP 144 | 0.109 | 1.206
5 Pc2 240 | 0.092 | 0.855
5 Pc2P 136 | 0.124 | 1.538
) Pml1P | 284 | 0.160 | 1.142
5 Pn 220 | 0.056 | 0.316
5 1491 | 0.119 | 1.023
6 Direct | 77 | 0.124 | 1.567
6 Pcl 450 | 0.100 | 1.010
6 PclP 256 | 0.104 | 1.078
6 Pc2 170 | 0.138 | 0.866
6 Pc2P 300 | 0.069 | 0.481
6 Pm1P | 381 | 0.111 | 1.231

Continued on next page
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Table C.1 — Continued from previous page

OBS Phase n trms X

6 Pn 75 1 0.058 | 0.339
6 1709 | 0.103 | 0.955
7 Direct | 25 | 0.055 | 0.557
7 Pcl 197 | 0.114 | 1.299
7 PclP 288 | 0.082 | 0.674
7 Pc2 63 | 0.042 | 0.179
7 Pc2P 148 | 0.038 | 0.149
7 Pm1P | 457 | 0.188 | 1.571
7 Pm2P 70 0.149 | 1.003
7 Pn 75 1 0.097 | 0.948
7 1323 | 0.133 | 1.021
8 Direct 43 0.071 | 0.921
8 Ps2P 18 0.124 | 1.625
8 Ps3 42 1 0.044 | 0.795
8 Ps3P 14 0.114 | 1.408
8 Pcl 360 | 0.073 | 0.710
8 Pc2 45 1 0.069 | 0.493
8 Pc2P 246 | 0.113 | 1.291
8 Pml1P | 581 | 0.122 | 0.659
8 Pm2P | 51 | 0.087 | 0.532
8 Pn 65 | 0.067 | 0.456
8 1465 | 0.102 | 0.784
9 Direct | 52 | 0.069 | 0.862
9 Ps1 25 10.054 | 1.214
9 Ps2 23 0.055 | 1.243
9 Ps2P 37 10.022 | 0.206
9 Ps3 62 0.081 | 1.198
9 Pcl 126 | 0.096 | 0.934

Continued on next page
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Table C.1 — Continued from previous page

OBS Phase n trms X

9 PclP 15 | 0.091 | 0.881
9 Pc2 266 | 0.077 | 1.060
9 Pm2P 48 0.139 | 1.961
9 Pn 192 | 0.034 | 0.117
9 846 | 0.076 | 0.835
10 Direct | 49 | 0.111 | 1.268
10 Ps2P 34 0.048 | 0.424
10 Ps3 61 | 0.072 | 0.529
10 Pcl 121 | 0.105 | 1.119
10 Pc2 509 | 0.091 | 0.823
10 Pm2P 31 0.136 | 1.324
10 Pn 118 | 0.082 | 0.686
10 923 | 0.093 | 0.845
11 Direct | 44 | 0.073 | 0.976
11 Ps1 47 0.100 | 1.028
11 Ps2P 40 | 0.031 | 0.403
11 Ps3 10 | 0.075 | 0.632
11 Pcl 81 | 0.058 | 0.612
11 Pc2 118 | 0.038 | 0.268
11 Pm2P | 70 | 0.061 | 0.375
11 Pz 61 0.106 | 1.138
11 PzP 62 0.110 | 1.225
11 Pn 161 | 0.112 | 1.268
11 694 | 0.085 | 0.812
12 Direct | 46 | 0.067 | 0.827
12 Ps2P 37 1 0.097 | 0.963
12 Pcl 80 0.104 | 1.106
12 Pc2 156 | 0.056 | 0.319

Continued on next page
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Table C.1 — Continued from previous page

OBS Phase n trms X

12 Pm2P | 45 |0.079 | 0.633
12 Pz 92 | 0.079 | 0.627
12 PzP 101 | 0.147 | 1.525
12 Pn 321 | 0.151 | 1.019
12 878 | 0.118 | 0.880
13 Direct | 51 | 0.063 | 0.718
13 Ps2P 36 | 0.174 | 1.380
13 Pcl 78 10.102 | 1.048
13 Pc2 232 | 0.075 | 1.016
13 Pm2P | 53 |0.112 | 1.274
13 Pn 153 | 0.129 | 0.775
13 603 | 0.105 | 0.970
14 Direct | 42 | 0.050 | 0.446
14 Ps1P 10 | 0.150 | 1.109
14 Pcl 56 0.102 | 1.052
14 Pc2 44 | 0.103 | 1.080
14 Pz 178 | 0.080 | 0.648
14 PzP 18 | 0.146 | 1.003
14 Pn 75 0.122 | 1.504
14 423 | 0.097 | 0.890
15 Direct | 60 | 0.063 | 0.715
15 Ps1P 25 1 0.101 | 1.055
15 Ps2P 21 0.104 | 0.785
15 PL2 22 10.124 | 1.619
15 Pcl 27 0.134 | 1.874
15 PL3 30 | 0.055 | 0.308
15 Pz 107 | 0.136 | 0.980

Continued on next page
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Table C.1 — Continued from previous page

OBS Phase n trms X
15 Pn 79 ] 0.136 | 1.297
15 371 | 0.117 | 1.027
16 Direct | 59 | 0.052 | 0.496
16 Ps1 6 0.022 | 0.242
16 PL2 39 10.099 | 0.702
16 PL3 16 | 0.130 | 0.802
16 Pm3P 47 0.126 | 0.722
16 167 | 0.097 | 0.614
17 Direct | 70 | 0.064 | 0.750
17 PL2 12 0.235 | 1.502
17 PL3 47 1 0.078 | 0.621
17 Pn 23 1 0.095 | 0.949
17 152 | 0.097 | 0.780
18 Direct | 42 | 0.053 | 0.509
18 Ps2 21 0.122 | 1.553
18 PL2 37 0.109 | 1.217
18 PL3 109 | 0.109 | 1.207
18 Pm3P | 30 |0.092 | 0.873
18 Pn 233 | 0.185 | 1.535
18 472 1 0.148 | 1.290
19 Direct | 38 | 0.110 | 1.253
19 Ps2 10 0.082 | 1.314
19 PL2 18 | 0.092 | 0.904
19 PL3 75 1 0.066 | 0.439
19 Pm3P 26 0.147 | 1.551
19 Pn 202 | 0.114 | 1.314
19 369 | 0.107 | 1.111
Direct | 822 ] 0.090 | 1.011

Continued on next page
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Table C.1 — Continued from previous page

OBS Phase n trms X
Ps3 451 1 0.073 | 0.822
Ps3P 101 | 0.078 | 0.763
Pcl 3682 | 0.093 | 0.928
Pc2P | 1698 | 0.099 | 0.804
Pml1P | 2157 | 0.151 | 1.139
Ps1 92 | 0.082 | 0.992
Pc2 2375 | 0.106 | 0.893
PclP 878 | 0.091 | 0.850
Pn 2177 |1 0.115 | 0.844
Pm2P | 368 | 0.112 | 0.947
Ps2P 223 | 0.097 | 0.736
Ps2 54 0.091 | 1.325
Pz 438 | 0.100 | 0.787
PzP 181 | 0.135 | 1.357
Ps1P 35 10.117 | 1.038
PL2 128 | 0.124 | 1.074
PL3 277 | 0.091 | 0.769
Pm3P | 103 |0.123 | 0.954
Total 16240 | 0.109 | 0.921
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C.2 S-wave phases

191

Table C.2: The number of observations (n), the root-mean-sqzares (rms) traveltime
residzal (t,,,5) and the normalized x? for individual S-phases.

2

OBS Phase | n Broms X
2 Scl 123 | 0.117 | 1.380
3 Scl 178 | 0.080 | 0.650
6 Scl 278 | 0.092 | 0.850
8 Sc2S 54 | 0.052 | 0.270
9 Sc2 132 | 0.142 | 0.900
10 Sc2 216 | 0.111 | 1.220
10 Sc2S 83 |0.043 | 0.180
10 299 | 0.097 | 0.930
11(west) | Sc2 59 1 0.105 | 1.110
11(west) | Sc2S 31 | 0.122 | 1.530
11 (west) 90 | 0.111 | 1.239
11(east) | Sc2 57 | 0.092 | 0.860
11(east) | Sc28 | 41 |0.084 | 0.730
11(cast) 98 | 0.089 | 0.798
12 Sc2 134 | 0.124 | 1.540
13(west) | Sc2 107 | 0.113 | 1.290
13(west) | Sc2S 51 | 0.169 | 1.280
13(west) 158 | 0.134 | 1.279
13(east) | Sc2 31 1 0.057 | 0.330
13(east) | Sc2S 60 | 0.107 | 0.520
13(east) 91 |0.093 | 0.451

Scl 579 | 0.095 | 0.898

Sc2S 320 | 0.100 | 0.623

Sc2 736 | 0.116 | 1.149
Total 1635 | 0.106 | 0.956




Appendix D

Supplementary Material from Section 3.1

The material can also be found at: GSA Data Repository item 2012320, seismic
reflection profiles, is available on-line at www.geosociety.org/pubs/ft2012.htm, or on
request from editing@geosociety .org or Documents Secretary, GSA, P.O. Box 9140,
Boulder, CO 80301, USA.
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Supplementary material:

The figure shows the multichannel seismic depth profiles of Flemish Cap (Line 85-3, Line 87-3)
and Goban Spur (WAM Line). We have reprocessed Line 85-3 with FOCUS 5.4 starting from
the raw field tapes. Processing flowchart is shown in the tables 1 below. Line 87-3 was processed
by Western Geophysical in 1988. Full details of processing applied are given in Western
Geophysical (1988). The WAM Line was processed by Seismograph Services, Ltd (SSL). Full
details are given in Klemperer (1989). Poststack time migration at 1.48 km s™' was done by
Bullock and Minshull (2005). We have time-to-depth converted the three time migrated profiles
using SeisWide 5.9 and the velocity models derived from the wide-angle data. The lower two
sections are identical to Figure 3 in the paper, except the sections have no vertical exaggeration.
The sections have the multichannel seismic data superimposed on the velocity models (Bullock
and Minshull, 2005 and Gerlings et al., 2011). Layer boundaries of the velocity model are
indicated by white lines. The velocity model of Bullock and Minshull (2005), which deviates by
up to 8 km from the WAM profile (Figure 1), has been modified to better fit the seabed,
basement and sedimentary layer boundaries. The upper two sections show the multichannel
seismic profiles with no vertical exaggeration. The middle section is a close-up of the basement
feature of Line 85-3 showing tilted fault blocks overlain by a (syn-rift?) sediment package (light
blue).

Table 1. Reprocessing of Line 85-3:

SEGD to SEGY Noise attenuation

Edit duplicated shots Multiple removal, Radon
Nominal geometry, CMP binning 12.5 m Velocity analysis

Edit shot gathers Stack

Spherical divergence AGC

Surface consistence amplitude balancing Kirchhoff time migration
Noise attenuation on low frequencies (0-12 Hz) Coherency filter

Surface consistence deconvolution Bandpass filter (0-5-70-80 Hz)

(preliminary velocity analysis combined with Water bottom mute
velocity model of wide-angle seismic data)

References:

Bullock, A.D., and Minshull, T.A., 2005 From continental extension to seafloor spreading:
crustal structure of the Goban Spur rifted margin, southwest of the UK, Geophysical
Journal International, v. 163, p. 527-546.

Gerlings, J., Louden, K.E. and Jackson, J.R., 2011, Crustal structure of the Flemish Cap
Continental Margin (Eastern Canada): An analysis of a seismic refraction profile,
Geophysical Journal International, v. 185, p. 30-48.
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Appendix E

Multi-channel Seismic Data

Here you find the tables of processing steps also shown in Section 3.2, examples of
job flows from some of the processing steps and some figures of shots and stacked

sections.

E.1 Processing steps

The seismic processing was done with the software package FOCUS 5.4 and
GeoDepth 8.2 from Paradigm.
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Table E.1: Reprocessing of Line 85-3 (time section)

Step | Process Focus Module | Details in Appendix
or Section
1 SEGD to SEGY
2 Edit duplicated shots EDIT
HEADDEL
HEADPUT App. E.5
3 Nominal geometry,
CMP binning 12.5 m MARINE App. E5.1
4 Edit shot gathers EDIT
5 Spherical divergence GAIN App. E.5.2
6 Surface consistence
amplitude balancing BALAN
BASOL
BALAPP App. E.5.3
7 Noise attenuation on
low frequencies (0-12 Hz) SUPPRES App. E.5.4
8 preliminary velocity analysis
combined with velocity model
of wide-angle seismic data VELDEF
9 LIFT - Noise attenuation Sec. 3.1
and App. E.5.5
10 K-filter WNFILT App. E.5
11 Shot interpolation
(shot distance 25 m, before 50 m) HXINT App. E.5.7
12 New geometry MARINE
13 Noise attenuation LIFT Sec. 3.1
14 SRME SMACMS
SMACTRM App. E.5.8
15 Radon LIFT PRADMUS Sec 3.1 and
App. E.5.9
16 Velocity analysis VELDEF
17 Stack STACK
18 Kirchhoff time migration MIGTX
19 Coherency filter COHERE
20 | Bandpass filter (0-5-70-80 Hz) FILTER
21 Water bottom mute MUTE
22 AGC AGC
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Table E.2: Reprocessing of Line 85-3 (depth section)
’ Step \ Process \ ‘

16 Residual velocity analysis Geodepth

17 Kirchhoff depth migration Geodepth

18 Stack Geodepth

19 | Coherency filter Focus/COHERE
20 | Bandpass filter (0-5-70-80 Hz) | Focus/FILTER
21 Water bottom mute Focus/MUTE
22 AGC Focus/AGC

E.2 Shot gathers of the important processing steps

Figure E.1-E.3 show a shot gather from the processing step: nominal geometry, spher-
ical divergence, surface related amplitude balancing, noise attenuation on low frequen-
cies, k-filtering, interpolation of shots, LIFT, SRME, LIFT radon transform. Notice

that the shot gathers are not to same scale.
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shot gather (nominal geometry) Spherical divergence

TC_EGITCMANSS_GAINIOLT
a m o mn

Surface consistent
amplitude balansing

FC_GATN_BALAN_2012
g B 2w m

Noise elimination of low freq.

FC_GATH_BALAN_SUPPRES_2013
5 @ @ @ n_ w

Figure E.1: Shot gather with left) nominal geometry, middle spherical divergence
and right) surface related amplitude balancing applied. The shot gathers are not to
the same scale.
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E.3 Examples of types of noise LIFT can attenuate

Figure E.4-E.6 show example of type of noise LIFT can eliminate.
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E.4 Stacked sections of the important processing steps

Figure E.7-E.15 show a stacked sections from the processing step: nominal geometry,
spherical divergence, surface related amplitude balancing, noise attenuation on low
frequencies, k-filtering, interpolation of shots, LIFT, SRME, LIFT radon transform.

Notice that the shot gathers are not to same scale.
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E.5 Examples of jobs for adding header or patching traces.

The only header information the raw data of Lies 85-3 and 87-4 contained was the
field record number (FFID). Hence, is was necessary to add shot headers to the data
prior to nominal geometry.

Furthermore, there was a bad trace (channel 58) in the shot gathers and a patch

was applied to this traces by combining the two surrounding traces.
Sk 3k >k 3k ok 3k >k >k 5k ok 3k >k 3k 3k Sk k >k 3k 5k Sk >k >k 3k 5k k >k >k 5k Sk k >k >k 5k Sk %k >k >k 5k >k %k >k >k 5k >k %k

EDIT SHOT NUMBERS

>k 3k 5k 3k 5k 5k >k 5k 5k >k 3k 3k >k 3k 5k >k 5k 5k >k 5k 5k >k >k >k 5k >k >k 5k %k >k 5k >k %k >k >k %k >k >k >k >k >k %k >k >k %

*J0OB FCAP LINE85_3

*CALL  DSIN

LABEL Flemish Cap 1ine85-3
PKEYLST

1 9999

*CALL  HEADPUT SHOT INTEGER
INPUT  FFID

DATA 1 3370

DATA 197 3566

DATA 199 3567

DATA 370 3738

DATA 715 3739

DATA 1896 4920
DATA 6449 1
DATA 7408 960
DATA 7587 961
DATA 7636 1010
DATA 7638 1011
DATA 9498 2871
DATA 9500 2872
DATA 9562 2934



DATA
DATA
DATA
DATA
*CALL
SEL

1
*CALL
LABEL
*END

9564
9731
9733
9999
EDIT
1

2
DSOUT

2935

3102

3103

3369

shot chan
99999

3

OVERWRT

FC_EDIT_SHOT_4920_2012

>k >k 3k 3k 5k 5k 5k 5k 5k >k >k >k >k 3k 3k 5k 5k 3k 5k >k >k >k >k 5k 3k 3k 5k 5k 5k >k >k %k >k >k %k 3k 5k 5k >k 5k >k % %k >k %k

PATCH BAD CHANNEL (58)

>k >k 3k 3k 5k 5k 3k 5k >k >k >k >k >k 3k 3k 5k 5k 5k 5k >k >k >k k 5k 3k 3k 5k 5k 5k >k >k %k >k >k 3k %k 5k 5k >k 5k >k *k %k >k %k

*JOB
*CALL
LABEL
FILEID
ORDER
PKEYLST
1
#*xCALL
SEL

58
*CALL
TRACES

FCAP
DSIN

FCPREMIG

FC_Marina_GAIN_2012
0000400500900bc1.000000.0000000f

SHOT

4920
EDIT

PATCH
0

20476
20476
20476
20476

SEQNO
SHOT CHAN
4928
CHAN 3
1 1 1 58
2 2 2 58
3 3 3 58
4 4 4 58

57
57
57
57

59
59
59
59
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*CALL
BATCHES
5000
BATCHES
5000
BATCHES
5000
*CALL
BATCHES

BATCHES
14000
*CALL
TRACES
14000
*CALL
LABEL
*END

20476
20476
20476
20476
20476
20476
20476
20476
PATCH
0

10000

10000
0
10000
PATCH
0
2000
0
20476
PATCH

20476
DSOUT

FC_EDITCHANS58_GAIN2012

4914
4915
4916
4917
4918
4919
4920
4921

895

883

887

1286

1285

1458
OVERWRT

4914
4915
4916
4917
4918
4919
4920
4921

894

882

886

1285

1284

1457

4914
4915
4916
4917
4918
4919
4920
4921
360

896

884

888
360

1287

1286

1459

58
58
58
58
58
58
58
58

15

57
57
57
57
57
57
57
57

15

59
59
59
59
59
59
59
59

15
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E.5.1 Example of a nominal geometry job

A few key values:
Number of shouts: 4290
Number of channels: 120
Offset to 1st channel: 210 m

Shot spacing: 50 m

Receiver spacing: 25 m

Streamer length: 3024 m

cdp spacing:12.5 m

>k >k 3k 3k 5k 5k 3k 5K 5k >k >k >k >k 3k 3k 5k 5k 3k 5k >k >k >k >k 5k 3k 3k 5k 5k 5k >k >k %k >k >k %k 3k >k 5k >k 5k >k k% >k %k

NOMINAL

GEOMETRY

>k >k 3k 3k 5k 5k 5k 5k >k >k >k >k >k 3k 3k 5k 5k 5k 5k >k >k >k >k 5k 3k 3k 5k 5k 5k >k >k %k %k >k %k %k 5k 5k >k >k >k % %k >k %k

*JOB
*CALL
LABEL
FILEID
ORDER
PKEYLST
1

*CALL
SEL

*CALL
INPUT
DATA
DATA
*CALL

*CALL
*CALL

FCAP FCPREMIG

DSIN

FC_EDIT_SHOT_4920_2012
0000400500e00bc1.000000.00000008
SHOT SEQNO

4920

EDIT SHOT CHAN

1 4920

2 3

HEADPUT CHAN

SEQNO

1 1

120 120

MARINE 4920 120 120 210 25
PROFILE

DSOUT  OVERWRT

50
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LABEL FC MARINE 2012
*END

E.5.2 Spherical divergence

Using a slightly updated version of the FLAME velocity model spherical divergences
was applied to the cdp gathers.

3k 3k 5k 3k 5k 3k >k 5k 3k >k 3k 3k >k 3k 3k >k 5k 5k >k 5k 5k >k >k >k 5k >k >k 3k >k >k 3k >k >k >k >k %k >k >k %k >k >k %k >k >k %

SPHERICAL DIVERGENCE

3k 3k 5k >k 5k 3k >k 5k 5k >k 3k 3k >k 5k 5k >k %k 5k >k 5k 5k >k >k >k 5k >k >k 5k %k >k 3k >k %k >k >k %k >k >k %k >k >k %k >k >k %

*J0B FCAP FCPREMIG

*CALL  DSIN

LABEL FC MARINE 2012

FILEID 0000400500a00bc1.000000.00000009

ORDER  CDP SEQNO

PKEYLST

131 19926

*CALL  GAIN CDP

SPHDIV 1 1 1 VR_SM20
#+xCALL  GAIN CDP

GATE 131 1

0 500 1 500 1000 1
1000 2000 1 2000 3000 1
GATE 8000

0 500 1 500 1000 1
1000 2000 1 2000 3000 1
GATE 9000

0 3000 1 3000 5000 2
5000 6000 2 6000 7000 2
SPHDIV 1 1 1 VR_SM20

*CALL  DSOUT  OVERWRT
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LABEL FC_Marina_GAIN_2012
*END

E.5.3 Surface consistence amplitude balancing

To apply surface related amplitude balancing three modules from Focus are neces-
sary: BALAN, BASOL and BALAPP.

If the seismic section varies a lot laterally it may be necessary to apply BALAN
several times on different cdp windows. All the analyzed output can be used all

together in the following module BASOL.

stk ok ok sk sk sk ok ook sk sk ok sk ok ok sk ok sk sk ook sk sk sk sk ok ok sk ok sk sk ok ok sk sk sk sk ok ok ko
SURFACE RELATED AMPLITUDE BALANCING
ANALYSING A PART OF THE MCS SECTION

WAS DONE ON CDP WINDOWS

>k ok 5k >k 5k 5k >k 5k 5k %k 3k 5k >k 3k 5k >k >k 5k >k 5k 5k >k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k % %

*JOB FCAP FCPREMIG

*CALL  DSIN

LABEL FC_EDITCHANS58_GAIN2012

FILEID 0000400500a00bc1.000000.00000010

ORDER  CDP SEQNO

PKEYLST

5000 5249

*CALL  BALAN  ABSA CDP OFFSET

GATE OFFSET

285 680 4680 1260 1100 5100

2260 1700 5700 3110 2300 6300
FNAME  FC_BALAN_5000-5249

THRSHLD 0O

*END



stk ok ok sk sk sk ok ook ok sk ok sk ok ok sk sk sk sk ok sk sk sk sk ok ok sk sk sk ok ok sk sk ko kok ok ko
SURFACE RELATED AMPLITUDE BALANCING

"SOLVING" A PART OF THE MCS SECTION

WAS DONE ON CDP WINDOWS

>k 3k 5k >k 5k 5k >k >k 5k %k 3k 5k >k 3k 5k >k 5k 5k >k 5k 5k >k >k >k 5k >k >k 5k >k >k >k >k >k >k >k >k >k >k %k >k >k >k >k %k %

*JOB FCAP FCPREMIG

*CALL  DSIN

LABEL FC_EDITCHAN58_GAIN2012

FILEID 0000400500a00bc1.000000.00000010

ORDER  CDP SEQNO

PKEYLST

131 19926

*CALL  BALSOL 60 BSL12
KEYLIST CDP OFFSET

FNAME  FC_BALAN_250-499
FNAME  FC_BALAN_500-749

FNAME  FC_BALAN_19000-19249
FNAME  FC_BALAN_19250-19499
FNAME  FC_BALAN_19500-19842
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stk ok ok sk sk sk ok ook ok sk ok sk ok ok sk sk sk sk ok sk sk sk sk ok ok sk sk sk ok ok sk sk ko kok ok ko
SURFACE RELATED AMPLITUDE BALANCING
APPLYING

>k >k 3k 3k 5k 5k 5k 5k 5k >k >k >k >k 3k 3k 5k 5k 5k 5k >k >k >k >k >k 3k 3k 5k 5k 5k >k >k %k >k >k %k %k 5k 5k >k >k >k *k % >k %k

*JOB FCAP FCPREMIG

*CALL  DSIN

LABEL FC_EDITCHAN58_GAIN2012

FILEID 0000400500a00bc1.000000.00000010

ORDER  CDP SEQNO

PKEYLST

131 19926

*CALL  BALAPP BSL12 CDP OFFSET
#+xCALL  NMO RMS8RED

#*xCALL STACK 30

*CALL  DSOUT  OVERWRT
LABEL FC_GAIN_BALAN_2012
*END

E.5.4 Noise attenuation on low frequencies

SUPPRES was used to try and eliminate the worst of the spikes.
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>k 3k 5k >k 5k 5k >k 5k 5k %k 3k 5k >k 3k 5k >k 3k >k >k 5k 5k >k >k >k >k >k >k 5k %k >k >k >k %k >k >k %k >k >k %k >k >k >k >k >k %

TIME-VARIANT BAND-LIMETED NOISE SUPPRESSION

>k 3k 5k >k 5k 5k >k 5k 5k >k 3k 5k >k >k 5k >k 5k 5k >k 5k 5k >k >k >k 5k >k >k 5k >k >k >k >k %k >k >k >k >k >k %k >k >k %k >k >k %

*J0B FCAP FCPREMIG

*CALL  DSIN

LABEL  FC_GAIN_BALAN_2012

FILEID 0000400500900bc1.000000.00000011
ORDER  SHOT SEQNO

PKEYLST

1 4920

#+xCALL  SUPPRES SHOT SEQNO 50
FBAND O 12

GATES 2000

1 700 20476

GATES 8000

1 3000 20476

GATES 9000

1 6700 20476

GATES 10000

1 7600 20476

GATES 14000

1 10000 20476

*CALL  SUPPRES SHOT SEQNO 50
FBAND O 12

*CALL  DSOUT  OVERWRT
LABEL  FC_GAIN_BALAN_SUPPRES_2012
*END

E.5.5 LIFT - Noise attenuation

See Section 3.2 for a description of LIFT. The Figs. E.4-E.6 show examples of types

of noise LIFT can attenuate.



>k 3k 5k >k 5k 5k >k 5k 5k %k 3k 5k >k 3k 5k >k 3k >k >k 5k 5k >k >k >k >k >k >k 5k %k >k >k >k %k >k >k %k >k >k %k >k >k >k >k >k %

LIFT

>k 3k 5k >k 5k 5k >k 5k 5k >k 3k 5k >k >k 5k >k 5k 5k >k 5k 5k >k >k >k 5k >k >k 5k >k >k >k >k %k >k >k >k >k >k %k >k >k %k >k >k %

*J0B FCAP FLAME

*CALL  DSIN

LABEL FC_Marine_edit_SHOT2_9839

FILEID 0000400500a00bc1.000000.00000004

PKEYLST
4281 9840
*CALL  HDRMAN
STORE  orig
*CALL  FILTER shot
KEYDEF 1
BAND LP
0 1 3
*CALL  HDRMAN
STORE  rawlow
MATH
rawmidhiorig SUB rawlow

RESTORE rawmidhi
*CALL FILTER shot

KEYDEF 1
BAND HP
80 90
*CALL  HDRMAN
STORE  rawhp
MATH
rawmid rawmidhiSUB rawhp

RESTORE rawmid
*CALL HDRMAN
RESTORE rawlow

ZERO

ZERO
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*CALL  HEADDEL

ENTRIES

rawmidhi

#*xCALL  AMPSCAL 121

GATES

0 7000 3 1

7000 20476 1

*CALL  TSCALE

SAVSCAL 4

AGC

*CALL  FKBUILD klow

DESIGN

KF

500 0 500 16 200 16 20 2
-20 2 -200 16 -500 16 -500 0
500 0

*CALL  FKAPPLY klow
*CALL  DESCALE
*CALL  AMPSCAL 121

GATES

0 5500 250 1 1
5500 11200 1 1
11200 20476 1

*CALL  HDRMAN
STORE  lowlift
*CALL  HDRMAN
RESTORE rawmid

*CALL  NMO VR_SM20
STRETCH 65

#+xCALL  AMPSCAL 121
GATES

0 20476 1



*CALL

*CALL
SEL

1

17

33

49

65

81

97
113
129
145
161
177
193
209
225
241
*CALL
*CALL
MATH

mtmpnois

RESTORE mtmpnois

*CALL
STRETCH
*CALL
SPHDIV
*CALL
MATH

scal

SIGNAL
0.05
EDIT
1

3

19
35
51
67
83
99
115
131
147
163
179
195
211
227
243
NMO
HDRMAN

NMO
65
GAIN

HDRMAN

15

SHOT
9840
5

21
37
53
69
85
101
117
133
149
165
181
197
213
229
245
VR_SM20

SUB

VR_SM20

CDP

ABS

SEQNO

23
39
55
71
87
103
119
135
1561
167
183
199
215
231

rawmid

60

25
41
57
73
89
105
121
137
1563
169
185
201
217
233

NMOREM

VR_SM20

11
27
43
59
75
91
107
123
139
155
171
187
203
219
235

13
29
45
61
77
93
109
125
141
157
173
189
205
221
237

90

15
31
47
63
79
95
111
127
143
159
175
191
207
223
239
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MATH

scal scal GT 0.0001

*CALL  GAIN CDP

SPHDIV -2 -1 VR_SM20
*CALL  HDRMAN

MATH

trace scal MUL
*CALL AMPSCAL 21

GATES

0 20476 0.8

*CALL  NMO VR_SM20 NMOREM
*CALL  HDRMAN

MATH

midnois SUB mtmpnois

RESTORE midnois

*CALL  HDRMAN

MATH

midlift rawmid SUB midnois

RESTORE midlift

*CALL  HEADDEL

ENTRIES
midnosmtmpnoisrawmid scal

*CALL  HDRMAN

RESTORE rawhp

*CALL  HDRMAN

MATH

scal ABS

MATH

scal scal GT .001
MATH

trace scal MUL
*CALL AMPSCAL 121
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GATES

0 8000 200 1

8000 20476 200

*CALL  HDRMAN

STORE  hilift

*CALL  HEADDEL

ENTRIES

rawhp

*CALL  HDRMAN

MATH

lowmid lowlift midlift
MATH

LIFT lowmid hilift
RESTORE LIFT

*CALL  HEADDEL

ENTRIES

orig rawlow rawhp rawmid lowmid Ilowlift midlift hilift
rawmidhitrace scal LIFT

*CALL  DSOUT  OVERWRT FLT16

LABEL FC_LIFT_aftermarine?2
*END
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E.5.6 K-filter

K-filter or wave number filter was applied prior to other demultiple jobs. Thes module

will reduces the multiple somewhat.

>k 3k 3k 3k 5k 5k 3k 5k >k >k >k 3k >k 3k 3k 5k 5k 3k 5k %k >k >k k 3k 3k 5k 5k 5k 5k >k %k %k >k %k 3k 5k 5k 5k 5k >k %k %k %k >k %k

WAVE-NUMBER FILTER (K-FILTER)

>k >k 3k 3k 5k 3k 5k 5k >k >k >k >k >k 3k 3k 5k 5k 5k 5k >k 5k >k 3k 3k 5k 5k 5k 3k 5k >k >k %k %k %k 3k 5k 5k 5k >k >k %k %k >k >k %k

*JOB FCAP FCPREMIG

*CALL  DSIN

LABEL  FC_GAIN_BALAN_SUPPRES_LIFT_Marchl9
FILEID 0000400508a00bc1.000000.0000008f

ORDER  CDP SEQNO

PKEYLST

131 19926

*IF

RANGE  CDP 8850 19926
*CALL  NMO VR_SM20

*CALL  WNFILT 3 WITHIN
FILTER

0.5

*CALL  NMO VR_SM20 NMOREM
#*xCALL  STACK 30

*RESET

*CALL  DSOUT  OVERWRT
LABEL  FC_GAIN_BALAN_SUPPRESS_LIFT_KFILT_w50_March19
*END
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E.5.7 Shot interpolation

Shots were interpolated (doublet) to make shot and receiver interval the same (25
m) This is an advantage when using LIFT for demultiple because it reduces aliasing.
After interpolation the shot headers had to be rewritten. See below for jobs on these

steps.

3k 3k 5k 3k 5k 5k >k 5k 3k %k 5k 3k %k 5k 5k >k 5k 5k >k 5k 5k >k >k >k 5k >k >k 3k >k >k 3k >k %k >k >k >k >k >k %k >k >k %k >k >k %

INTERPOLATIONS OF SHOTS

3k 3k 5k >k 5k 3k >k 5k 3k >k 3k 3k >k 5k 5k >k 5k 5k >k 5k 5k >k >k >k 5k >k >k 5k >k >k 3k %k %k >k >k %k >k >k %k >k >k %k >k >k %

*J0B FCAP FCPREMIG

*CALL  DSIN

LABEL  FC_GAIN_BALAN_SUPPRESS_LIFT_KFILT_ wb50_March19
FILEID 0000400500900bc1.000000.00000090

ORDER  REC-STATSHOT

PKEYLST
2 9959
*CALL  HXINT 4 50 3 100

*CALL  DSOUT  OVERWRT
LABEL  FC_GAIN_BALAN_SUPPRES_LIFT_KFILT_March19
*END

>k 3k 3k 3k 5k 5k 3k 5k 5k >k >k 3k >k 3k 3k 5k 5k 3k 5k >k %k >k >k 5k 3k 3k 5k 5k 3k >k >k %k >k %k %k %k 5k 5k >k 5k >k % %k %k %k

EDIT SHOT AFTER SHOT SHOT INTERPOLATION

>k >k 3k 3k 5k 5k 5k 5k >k >k >k >k >k 3k 3k 5k 5k 5k 5k >k >k >k >k 5k 3k 3k 5k 5k 5k >k >k %k >k >k 5k 3k 5k 5k >k >k >k k% %k %k

*JOB FCAP LINE85_3

*CALL  DSIN

LABEL  FC_WNFILT_HXINT_REGLO

FILEID 0000408500b00bc1.000000.00000361
ORDER  REC-STATSEQNO

PKEYLST

2 500



*CALL
INPUT
DATA
DATA
DATA
DATA
*CALL
LABEL
*END

>k 3k 5k >k 5k 5k >k 5k 5k >k 3k 3k >k 3k 5k >k %k 5k >k 5k 5k >k >k >k 5k >k >k 5k >k >k 3k >k %k >k >k %k >k >k %k >k >k %k >k %k %

HEADPUT
SHOT

1

1

4927
4928
DSOUT

SHOT2 INTEGER

1

2

9855
9856
OVERWRT

FC_EDTSHOT_HXINT

MAKE NEW SHOT NUMBERS

3k 3k 5k >k 5k 5k >k 5k 5k %k 3k 5k >k 3k 5k >k 3k 5k >k 5k 5k >k >k >k 5k >k >k 5k >k >k 5k >k %k >k >k %k >k >k %k >k >k >k >k >k %

*JOB
*CALL
LABEL
FILEID
ORDER
PKEYLST
2

*CALL
DEFINE
DEFINE
DEFINE
DEFINE
HCDIV
HHADD
HCMUL
HCSUB
*CALL
ENTRIES
TYP2

FCAP
DSIN

FC_GAIN_BALAN_SUPPRES_LIFT_KFILT_HXINT_Marchil9
0000400500b00bc1.000000.00000092

FCPREMIG

REC-STATSEQNO

9959
HDRMATH
TYP2
SHOT2
SHOT3
SHOT4
IXTYP
TYP2
SHOT2
SHOT3
HEADDEL

SHOT2

FLOAT

FLOAT

2 TYP2
SHOT SHOT2
2 SHOT3
1 SHOT4
SHOT3
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*CALL  DSOUT  OVERWRT
LABEL  FC_GAIN_BALAN_SUPPRES_LIFT_KFILT_HXINT_editshot_Marchil9
*END
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E.5.8 SRME

the SMACTRM module extracts the Taylor terms of multiples which the SMACMS

module uses to subtract from the input data.

>k 3k 3k 3k 5k 5k 3k 5k >k >k >k 3k >k 3k 3k 5k 5k 3k 5k %k >k >k k 3k 3k 5k 5k 5k 5k >k %k %k >k %k 3k 5k 5k 5k 5k >k %k %k %k >k %k

SURFACE RELATED MULTIPLE REMOVAL

>k >k 3k 3k 5k 3k 5k 5k >k >k >k >k >k 3k 3k 5k 5k 5k 5k >k 5k >k 3k 3k 5k 5k 5k 3k 5k >k >k %k %k %k 3k 5k 5k 5k >k >k %k %k >k >k %k

*JOB FCAP FLAME

*CALL  DSIN

LABEL FC_LIFTall_aftermarine?2

FILEID 0000400508a00bc1.000000.00000007

PKEYLST

1 9840

GATES

5000 2000

*CALL  SMACTRM 100 4 0

SPREAD -3200 O 25 1
*CALL  SMACMS SOFFSET 50 PONLY 4

*CALL  DSOUT  OVERWRT
LABEL  FC_SMAC_March20_1
*END



E.5.9 Radon LIFT

See Section 3.2 for a desciption on the multiple elimination.

>k ok 5k >k 5k 5k >k 5k 5k %k 3k 5k >k 3k 5k >k 3k 5k >k 3k 5k >k >k 5k 5k >k >k >k >k >k 5k %k >k >k >k >k >k >k %k >k >k %k >k %k %

LIFT RADON TRANSFORM

sk sk ok ok s ok ok s ok ok sk ok ok sk sk ok sk sk ok ok s ok ok sk ok ok sk ok ok sk sk ok sk sk ok ok s ok ok sk ok ok sk ok ok

*JOB
*CALL
LABEL
FILEID
ORDER
PKEYLST
135
#*xCALL
*CALL
STORE
*CALL
BAND

0

*CALL
FORWARD
INVERSE
FILTER

BAND
*CALL
GATES

DSNMUTF
210
DSNMUTF
210

FCAP FLAME

DSIN

FC_SMAC_March20_2
0000400500a00bc1.000000.00000009

CDP SEQNO

19924

NMO VR_SM20

HDRMAN
original
FILTER
LP

20476
PRADMUS
50
SUBTRACT

-400 200

AMPSCAL 51

250

650 3185

500
650 3185

750

10

0.5

1650

1650

10 15
21 200
1000
15
CDP
0.5

3185
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DSNMUTF
210
DSNMUTF
210
*CALL
STORE
MATH
aftfilt
RESTORE
*CALL
FORWARD
INVERSE
FILTER

BAND
*CALL
GATES

DSNMUTF
210
DSNMUTF
210

DSNMUTF
210
DSNMUTF
210
*CALL
STORE

19250
11290 3185
19500
11390 3185
HDRMAN

lowpass

originalSUB
aftfilt
PRADMUS

650
SUBTRACT

-400 200

AMPSCAL 51

250
650 3185
500
650 3185

19250
11290 3185
19500
11390 3185
HDRMAN

model

11450

11510

lowpass

21 300
750 1000

50 60
CDP

0.1

1650

1650

11450

11510

3185
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MATH
noise aftfilt SUB model
RESTORE noise
*CALL  PRADMUS 21 300 3185
FORWARD 650 750 1000
INVERSE SUBTRACT
FILTER
-400 200
BAND 50 60
*CALL  AMPSCAL CDP
GATES
0 11000 0.8 0.8
12000 20476 0.5 0.5
DSNMUTF 250
210 650 3185 1650
DSNMUTF 500
210 650 3185 1650

DSNMUTF 19250

210 11290 3185 11450
DSNMUTF 19500
210 11390 3185 11510

#*CALL  HDRMAN

STORE  amsnoise

MATH

liftl  lowpass amsnoise
RESTORE 1iftil

*CALL  HDRMAN

STORE  amsnoise

MATH

1lift1 model amsnoise



RESTORE
*CALL
STORE
MATH
lift2
RESTORE
*CALL
LABEL
*CALL
*CALL
DESIGN
KF

10

10
*CALL
MUTE
*CALL
ENTRIES

originallowpass aftfilt model noise  amsnoiseliftl

*CALL
*CALL
LABEL
*CALL
*CALL
*CALL
LABEL
*END

1iftl
HDRMAN
1iftl

1iftl lowpass
lift2

DSOUT  OVERWRT
FLAME_smac_liftpradmus
NMO WATER2

FKBUILD MultLift

120 -10 120 -10 0
120

FKAPPLY MultLift

ON

HEADDEL

NMO WATER2 NMOREM
DSOUT  OVERWRT
FLAME_smac_liftpradmus_fkfilt

NMO VR_SM20

STACK 60

DSOUT  OVERWRT
FCJG_SMAC_LIFTPRADMUS_fkfilt_stack

10
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31 January 2013

Geology

The Geological Society of America
P.O. Box 9140

Boulder, CO 80301-9140

I am preparing my Ph.D. thesis for submission to the Faculty of Graduate Studies at Dalhousie
University, Halifax, Nova Scotia, Canada. I am seeking your permission to include a manuscript version
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The Flemish Cap-Goban Spur conjugate margins: New evidence of asymmetry, Gerlings, J., Louden,
K.E., Minshull, T.A. and Nedimovic, M.R. Geology, 40(12), 1107-1110, 2012
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LAC(NLC) website (www.nlc-bnc.ca).

Full publication details and a copy of this permission letter will be included in the thesis.
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