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simple shcar or simple shear/pure shear combination model involving a westward dipping
detachment fault, with the Newfoundland margin acting as the upper plate.

However, the Newfoundland  argin has a long and complex rifting history that
cannot be explained by o '/ 2-D rifting models, thus a Late Jurassic to ™ rly C  iceous
rifting and break-up model is presented as an attempt to account for the present day

structure of the southern ma "1 of Flemish Cap.
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sites (1276 and 1277) drilled by the Ocear  rilling Program (ODP) during Leg 210 in
2003 (Figure 1.2).
1.2 Geology of the Flemish Cap Contine al Crust

Just cast of the northern Grand Banks and southeast of the Orphan Basin lies a
detached fragment of continental crust. Th  submarine knoll consists of Hadrynian (Late
Proterozic) rocks that are exposed in its core, and otherwise are surrounded and onlapped
by a very thin cover of Mesozoic and ¢ ozoic sediments (King ct. al, 1985). These
sediments arc folded and faulted along the west to southwest edge of Flemish Cap, and
are relatively undisturbed elsewhere. Flemish Cap has a sub-circular. ape and is fairly
flat along the top and covered by less than 200 m of water. Coring bedrock was
performed by Bedford Institute of Occanography using an electric dnll that could
penetrate up to 6 m. Samples were collected in arcas of mapped acoustic basement and
was unsuccessful in arecas where basement  ad Quaternary surficial cover. Complete
sample coverage of basement could not be obtained for this e on.

Sam; ng results did show that a large portion of Flemish Cap consists of pink,
medium-grained granodiorite and minor granite (Figure 1.3; King et. al, 1985). However,
not all cores recovered these types of rocks. One core recovered dacite and the other a
volcanically-derived siltstone, st zesting that mapped acoustic basecment is not
homogencous. Basement rocks of Flemish Cap are correlated with Hadrynian rocks of
the Avalon terrane based on lithology. This is not surprising since much of the
continental shelf off Newfoundland consists of Avalon terranc (King ct al., 1986) that 1s

the most casterly tectonostratig ' <o ofthe > :h (W
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Between 1983 and 1992, the GSC s conducted multiple seismic
refraction/wide-angle reflection surveys, and many of these surveys coincide with the
location of FGP seismic reflection lines. This is done to provide velocity constraints for
the seismic reflection data.

Previous interpretations suggested that the change from the continental to oceanic
domain was represented by a sharp boundary (Keen and de Voogd, 1988), as opposed to
present interpretations that recognize ¢ ansitional zone between the two (e.g., Funck ct
al., 2003; Hopper et al., 2004, Hopper et al., 2000, Lau et al., 20006a; Lau ct al., 20006b;
Shillington et al., 2006; Van Av donk et al., 2006). Keen and de Voogd (1988) provided
an interpretation of the FGP seismic reflection data collected along the Atlantic margin
cxtending from the southeastern Grand Banks into the Orphan Basin. Here they use
additional « aracteristics to help locate the continent-ocean boundary. These
characteristics include definii - ocean crust by the absence of syn-rift sediments, a rough
basement surface with 0.5-1s relief, and crustal thickness less than 10 km thick (where 7-
8 kmis presently consid d  aver.  normal ocean crust thickness (Fowler, 2005,
p.1)). They did recognize problen with using some of these characteristics, such as
some ocean spreading environments prodi  : smooth basement crust, and crust less than
10 km may. nply represent thinned continental crust.

In addition to these criteria discussed above, a predominant landward dipping
reflector was used locate the continent-oc 1 boundary on line 85-2 (K+ 1 and de Voogd,
1988). This feature calle (he "L Reflector” is located at the base of the slope and

appears 1o st arate two regions that have very different seismic character, inferred to
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represent continental crust to the west, and ocean crust to the cast (Figure 1.5). A similar
feature is also recognized on the near by SCR3 seismic reflection line, where the lower
part of the reflection corresponds with a increase in velocity to 7.6-7.9 kn/s, interpreted
as the top of partially serpentinized mantle (Lau et al., 2006a; Lau ct al., 2006b). It is
also possible that this reflection is produced by a shear zone that aids in the exhumation
of mantle further scaward, as the thinned and faulted continental crust allows the
penetration of seawater and serpentinizatic  of upper mantle (Lau et al., 2000b).

Line 85-3 is collected across Flemish Cap extending northeastwards across the
slope and into deep water (>5s) (Keen and de Voogd, 1988). Beneath the shelf, bright
reflections from lower continental crust are well imaged, and rise beneath the slope where
crust thins. Here the base of these reflections is interpreted to represe  Moho. On this
lineg, the location of the continent-ocean b« ndary was chosen based on the presence of a
continuous landward dipping reflection that corresponds with a positive magnetic
anomaly. East of this boundary within assumed oceanic crust lies a set of discontinuous
landward d »ing reflections, named “X-reflectors™, that occur about 7 km below the top
of bascment.

A scismic refraction survey was undertaken over a section of FGP profile 8§5-3 to
investigate the nature of these X-reflectors (Reid and Keen, 1990). Rest s from this
experiment yield a 4.5 km/s velocity, likely representing the top of layer 2 occanic crust,
above a 7.4 km/s velocity that is associated with the strong X-reflections. Here it is

assumed that these X-  lections are produced from the mafic lower crust.
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The northeast margin of Flemish Cap was reconstructed with its conjugate
margin, the Goban Spur located offshore United Kii  lom, at the inferred time of rifting
(Keen et al., 1989). This was achicved by Hining the 85-3 profile with a deep
multichannel scismic reflection profile, WAM, at the assumed continent-ocean
boundarics for the Flemish Cap and Goban Spur margins respectively. Here rifting
structures west of Flemish Cap arc not included within the study using the assumption
that these features were produced by an carlier failed rift system. Results from this study
favored the interpretation that rifting was accommodated through ductile stretching of the
lower lithosphere and brittle faulting in the upper lithosphere.

FGP profile 85-4 was acquired acr s the Carson-Bonnition E in, which is a
shelf edge basin, extending into the d¢ | water of the Newf{oundland Basin (Figurc 1.0;
Keen and de Voogd, 1988). Resolving deep crustal or Moho reflections in the slope arca
was unsuccessful, which may be a result of the inability to image through broken-up and
discontinuous sediments. The inferred continent-ocean boundary is positioned where
syn-rift sedi ents are no lot rimaged. Scaward of this there 1s no cvidence of rotated
fault blocks and basement re..octions are more typical of a rough basement surface
supporting the interpretation of ocean cru  in this ar

A further investigation of the Carson-Bonnition Basin was conducted by
collecting  mic refraction data to provide velocity control within the basin (Reid and
Keen, 1988). Results indicate a 4.5 km/s layer on top of a 6.0 km/s basement surface. It
1s postulated that the 4.5 km/s cted arrivals are produced by either Mesozoic syn-rift

sediments, or upper Palcozoic sediments.
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1.4.1.1 GSC Seismic Refraction: CSS Hudson Cruise 85-025

The GSC conducteda  smic  raction survey in 1985 along e southern
margin of I 'mish Cap (see F e 1.2« cation) for the purposes of providing decp
crustal information on the structurc of the ocean-continent boundary ( >dd and Reid,
1989). This experiment utilized two 10.4 and 32.8 L air guns, and 6 ocean bottom
seismomcters (OBS). From these data, ve  city-depth models where derived from
iteratively fitting computed travel times t¢  ie refraction records to obtain the best fit with
the most simplistic modcl (F* ire 1.6).

Refraction lines HU-9, HU-10, and HU-11 all have a 6.0 km/s velocity layer with
a low gradient, providing evidence of continental crust. Linc HU-6 has a less than 4 km
thick 4.0-4.5 km/s velocity layer, and is m sing layer 3 velocitics (Todd and Reid, 1989).
From this obsecrvation, some have interpre 1 an oceanic fracturc zone, despite the fact
that there arc no clear linear trends in the magnetic or gravity data (Todd and Reid, 1989).
A strong 7.3 m/s refracted arrival is recognized on HU-18, HU-1, and HU-2, and these
lines arc interpreted to lic within the occanic crust domain.

Results of the refraction experiment led to the interpretation that the southern
margin of Flemish Cap formed an “‘oblique sheared margin™, as Iberia moved castward
along the margin (Todd and Reid, 198Y).

Thesc refraction data were obtained in very close proximity to Erable Linc 54,
and will thus be used in Section 3 ~ 5 to provide velocity control on the seismic reflection
data. Since final Erable lnn ep ited  time scctions, velocity-  h models from

Todd and Reid (1989) are converted to velocity-time models (Appendix 1). Location of
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Program (OL ). There were 3 main objectives of the study, 1) to determing the
composition of the transitional crust which es between unequivocal ocean crust and
continental crust, 2) to compa the crustal structures of the Newfoundland margin with
the conjugate Iberia margin to gain a better understanding of the rifting process, and 3)
acquire data for the , irposes of selecting and proposing an ODP drill ¢ within the
Newfoundland Basin. These data were collected along 3 major transccts (Figure 1.7),
where transec | and 2 lie near the Erable profiles 54 and 56 and are used to aid in the
interpretation of these lines. Transect 1 lies over the Flemish Cap extending into decp
water on its southern margin, and Transect 2 lies over the location of the ODP drilling
sites 1276 and 1277. An interpretation of 1 crustal boundaries of Screech Transects 1,
2, and 3 1s given in Chapter 3.
1.4.3 Ocean Drilling Program Leg 210
1.4.3.1 Site 1276

The C P drilled two sites on the Newfoundland margin during Leg 210 1n 2003,
The main objective was toex 11 deep basement structures to gain an understanding of
the rifting cvolution between Newfoundland and Iberia, with particular interest in the
transitional crust (Tucholke et al., 2004). A secondary objective was to look at the
shallower stratigraphy and postrift sedimentation to study the Cretaceous
paleoceanography between Newfoundland and Iberia. The first locatic  w  drilled in a
water depth 0£4549.1 m on presumed transitional crust at Site 1_. o (Figure 1.7). Here
85% core rec  ery was achieved over an interval of 800- 1736.9 mbsf. Sediments

consisted of ostly bioturbated clay  dn ° o1 |, with interbedded wity-flow
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sills (Shipboard Scientific Party, 2004a). However, it is also possible that an
unconformity cxist at the level that the diabase sills intrude.

Geochronological dating of the sills was performed using a step-relcase *Ar/*’Ar
method (Hart and Blusztajn, 2006). Results yield an age of ~105.3 Ma for the upper sill,
and ~. , .8 Ma for the lower sill, which isn  :h yow r than the assumed agc of
basement at this site of ~128 Ma.
1.4.3.2 Site 1277

Since basement was not p- :trated at Site 1270, a second location was chosen,
Site 1277 on a basement ridge named Mauzy Ridge (Shipboard Scientific Party, 2004a).
This sitec was drilled in 4626.2 m of watcr in an area initially inte | “cted as oceanic crust
(Shillington et al., 2004) and scaward of M1 (Shipboard Scientific Party, 2004a; M1
interpreted by Srivastava et al., 2000), whe  shallow basement penetration was
successful. This site was chosen | ause of the thin sediment cover where the sediment
thickness v estimated to be 132 m from ulti-channel seismic. Because of time
constraints, it was decided to drill through sediment and start coring at 100 mbsf. Drilling
into hard layers coupled with reco'  ing wash core containing gabbro 1d basalt
fragments allows the suggestion that the basement surface could be as shallow as 85
mbsf.

Wash core and core recovered from Site 1277 has about a 60% core recovery
yielding two thological units (Miintener and Manatschal, 2000). First unit is mix of
igncous and sedimentary rock from about 85-142.1 mbsf, where about half of the

asscmblage consists of basalt flows itar alternatn  with mass flows containing
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peridotite and serpentinized peridotite, somewhat deformed gabbroic rocks, and a small

percentage of sandstones (Shipboard Scier  fic Party, 2004b; Miintener and Manatschal,

2000). Here the sedimentary material 1s interpreted as being sourced from the underlying

rock units (Miintener and Manatschal, 2000). The second unit is recovered from 142.1-

180.3 mbsf, representing serpentin  :d peridotite in-situ basement with minor veins of
bbro (Shipboard Scientific Party, 2004b; Miintener and Manatschal, 20006).

A recent geochemical study performed on the rocks recovered from Site 1277
concludes that the mafic rocks recovered from the upper unit are :nctically unrelated to
the underlying serpentinized peridotite basement (Miintener and Manatschal, 20006).
They also suggest that the recovered serpentin  :d peridotites are not representative of a
mid-occan ridge environment, but acquired their geochemical signature pre-rift, and may
be related to a subduction in the Caledonian, or an even older orogenic event. Thesc
rocks would have then later been  humed to the seafloor during the rifting of the
Atlantic.

1.5 Western Iberia Margin
1.5.1 Galicia Bank

ODP Leg 103 drilled Sites 37-641 in 1985 along the western margin of Galicia
Bank (Shipboard Scientific Party, 1987a). Drilling at Site 637 rccovered serpentinized
peridotites along the North-South trending peridotite ridge (R2, Figurce 1.8). .uls
location was the first to sample mantle rocks from the ocean-continent transition zone
(OCTZ), thus giving rise to theories of mantle exhumation occurring before seafloor

spreading in the rifting process (Shipboard Scientific Party, 1998).

Ct serl,P: :19



Initia  + the serpentinized peridotit  recovered from Site 637 were interpreted to
represent sub-oceanic mantle duc to similarity in composition with other occanic
peridotites (Shipboard Scientific Party, 1987b), however a more detailed analysis of the
petrology and structure of the sample was later performed. This led to the conclusion that
these serpentinized peridotites were in fact subcontinental mant  that were exposed to
the seafloor during the rifting process (Evans and Girardeau, 1988; Girardeau ct al., 1988;
Kornprobst and Tabit, 1988).

Multichannel scismic reflection data have been collected in the area of the Leg
103 drilling by the Institut Francais du Per ¢ (IFP) in 1975 and 1980. A line drawing of
GP101 profile is presented in Figure 1.9 (Reston ct al., 1996). From these data a
promincnt undulating reflection is obscrved called the S-reflector, first recognized by
Boillot et al.  988) and Boillot and Winterer (1988). Many different possibilities arc
given for the source of this reflection such as the brittle-ductile transition and the top of a
large intrusion, however, the interpretation of a top to the west detachment fault is the
most widely accepted (Winterer ct al., 1988; Reston et al., 1996; Reston 19906;
Whitmarsh ct al., 1996). After combining seismic refraction data with the previously
acquired reflection data, it was « nned that the S-reflector 1s intracrustal at the castern
end of the line (landward), cuts d  er int  the lower crust moving west, and nearing or
reaching the crust-mantle boundary at the western end over ad  mnce of about 20 km
(Whitmarsh et al., 1996).

Adjacent to thinned continental crust is a peridotite ridge sampled during drilling

Site 637 just to the north of GP101 (Figt  1.9). The dominant velocity for the
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anomalously thin duc to a limited magma  pply created from the conductive cooling of
the mantle during a long rifting stage.
1.5.2 Iberia Abyssal Plain

Various sites have b- drilled in the Iberia Abyssal Plain by both the Ocean
Drilling Program (ODP) and the Deep Sea Drillit - Program (DSDP). The first hole was
Site 398 drilled by the DSDP in 1976 during Leg 47B. In 1993, during ODP L. 149,
sites (897-901) were drilled along the margin to gain an understanding of the rifting and
break-up history between Newfoundland and Iberia, and to better define the location and
composition of transitional crust (Whitm: 1 and Wallace, 2001; Pinheiro et al., 1996).
From these results it was recommended that more drilling, mainly in the transitional
zone, was necessary to obtain this goal. Conscquently the ODP drilled Sites 1065-1070 in
1997 during  2g 173 in close proximity.

Results from these studies (Figure 1.10) were synthesized to propose that the
thinning of continental crust was accommodated initially by pure shear of the entire
lithosphere, followed by simple shear involving both low angle detachment faults and
high angle normal faults (Whitmarsh et al., 2000; Whitmarsh and Wallace, 2001). Cores
recovered from Sites 901, 1065, and 1069 were drilled on rotated fault blocks and did not
penetrate bascment. These sites sampled sediments and fossils that imp 7 a shallow
water environment and indirect evidence of underlying continental crust (Dean et al.,
2000; Whitmarsh and Wallace, 2001).

Basement was cored from three sites (900, 1067, and 1068) on  Hbby H 1,

whichisan h 1ith ing ba tridg  Here lower continental crust and mantle ‘

Chapter 1, Page 23



rocks have been exhumed, likcly from the later stage of faulting in the rifting process
(Whitmarsh and Wallace, 2001).

Exhumed serpentinized peridotites where recovered from basement rock of Sites
897, 10068, and 1070 (Whitm: 1 and Wallace, 2001). Basement was not penetrated at
Site 899, however serpentinized peridotites were also recovered this location. Site
1070 is located just east (~30 km) of the magnetic J-anomaly, where the J-anomaly is
assumed to indicate ocean crust. This site was assumed to lie within the occanic domain
because of its rough basement morphology and close proximity to the J-anomaly, yet
pegmatitic gabbros and overlying serpenti zed peridotite breccias were recovered from
drilling. The lack of extrusive basalts gives evidence against an occanic affinity for these
rocks, but it may be possible that rocks recovered from this site are not representative of
the surrounding geology.

Analysis of the petrology and geochemistry of the peridotites from Sites 1068
(Hobby High) and 1070 (near J-anomaly) have been performed to determine whether
these peridotites are derived from sub-occ 1ic or sub-continental mantle (Abe, 2001;
Hébert et al., 2001). Results from both studies suggest the peridotites from Sites 1068
and 1070 represent subcontinental mantle.

Analysis of scismic reflection data including the LG-12 profile allows the
identification of strong intracrustal reflections (labeled L, FB, H, and F in Figure 1.11),
where some arc interpreted as de  hment faults (Krawczyk et al., 19 ). The H-reflector
is a fairly cc tinuous reflection that originates on the western flank of the basement high

(where Site )05 is drilled) dipping seaward, then flattens and 5~ ward and onlaps
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the eastern flank of Hobby High (Sites 900, 1067, 1068). Another seaward dipping
reflector, the F-Reflector, originates on the western flank of Hobby High, and is
interpreted as a detachment fault that is responsible for exposing the lower crust and
mantle rocks on the western flank of Hobby High (Whitmarsh et al., 2000). These low- |
angle normal or detachment faults appcar to sole at different depths within the mantle, in
contrast to the Galicia Bank S-reflector.

A 350 km multi-channel seismic r¢  ection profile [AM-9 ( Figure 1.12) was
collected on the western Iberiama  n just south of Leg 149 and 173 ODP drilling sites
(Pickup et al., 1996). The velocity structure of IAM-9 reflection data is constrained by 3
older scismic refraction lines that intersect the profile, and run parallel to the Iberia
margin (Whitmarsh et al., 1990). More recently improved scismic refraction data was
collected directly along the IAM-9 Transect, where the results are in good agreement
with the previous data set (Dean ct al., 200 ).

The IAM-9 profile shows a different marginal environment compared to that
farther to the north (Dean et al.. ~100). Continental crust is thinned through rotated
faulted blocks similar to the north; however, there is no evidence of seaward dipping
detachment faults similar to the H and S reflector in  zed to the north on seismic lines
LG-12 and GP101 respectively (Dean ct al., 2000). The upper layer of bascment within
this arca is1 deled with a velocity between 5.5-6.8 km/s.

Adjacent to rotated fault blocks of 1inned continental crust lies a 120 km wide
section within the transitional zor  which is characterized by low basement rclief and

low top-of-basement reflectivity (Pickup et al., 1996; Dean et al., 2000). Hcre the upper
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basement unreflective layer is about 2 km thick, and has 5.2 km/s velocity at its top
(Dean ct al., 2000). Below thisis a I km thick, 6.4-7.0 km/s layer. Fur er seaward
within the transitional zone is a 50 km wide section of increased basement relicf and
reflectivity, which includes two peridotite ridges (R3 and R4). Here basement velocity
structure is also divided into two layers but the velocities are reduced: a ~1 km thick layer
with a 4.3 km/s velocity at its top, and a raised 5.7-7.3 km/s layer with a thickness of
about 2 km. A 7.3-7.9 km/s velocity layer underlies the whole of the transitional zone,
with a thickness up to 4 km.

An interpretation for the transitional region is that it contains exhumed mantle that
has been highly s | ntinized thror -1 fau  ng and the influx of seawa - (Pickup et al,,
1996; Dean ct al., 2000). This zone includes the arca of increased basement relief likely '
representing peridotites ridges (R3 and R4) that have been identified to the north. The top
of basemer velocity in the section of inferred peridotite ridges does have a velocity of
~4.3 km/s, which is lower than what is ex  ted for 100% serpentinized peridotite ([ n
ct al., 2000). However, this is still a reasonable interpretation if the.top of acoustic
basement is highly faulted and brecciated, which would further  luce the seismic
velocity.

West of R3 in the v' ity of both M3 and the J-anomaly, a two iyer velocity
structure that is typical for normal layer 2 and 3 oceanic crust is observed with velocitics |

0f 4.5-0.5 km/s and 6.7 and 7.2 km/s respectively (Dean et al., 2000).
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1.6 Objectives

Despite the extensive investigatior  [both the Newfoundland and Iberia margin,
questions remain regarding the relationship between this conjugate pair. Some of these
questions include:

1) Where are the boundaries of continental, transitional, and oceanic crust located on
the southern margin of Flemish C: and how docs this relate to the Iberia
margin?

2) What is the dominant mode of rifti ; that accommodated scparation between
Newfloundland and Iber

3) As the continental margin bends around the edges of Flemish Cap, how is rifting
and scafloor sprecading accommod  :d?

[ have applied extensive processing efforts to lines 53, 54, and 56 from ¢ Erable survey,
providing more comprehensive data cove e along the southern margin of Flemish Cap.
A detailed comparison of the Newfoundl: | and Iberia margin discussing symmetrical
and asymmetrical features will be explored to aid in answering some of the above
questions. A modcl will be provided in order to provide insights on rifting and break-up

processes that led to the formation of the  :sent day Flemish Cap southern margin.
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Chapter 2: Processing Methods

2.1 Data Ac isition and Geometry Set-up

The Erable cruise report, 1 d notes, and navigation file were used to set up the
geometry for the processed lines. See Figure 2.1 for a schematic of the field geometry
used for the Erable multi-chani  seismic (MCS) reflection survey. The following
Regional Survev Acquisition Parc  ters for the survey were obtained from the Erable

cruse report:

Source:

Type: 8 Bolt air guns

Total Capacity: 5700 cu

Depth: 15-17m

Shot interval: ~100 m (Once every 19.4 sec at cruising speed 5 knots)
Streamer:

Length: 2400 m

Channels: 96

Spacing: 25 m

Elements: 24 hydrophones per channel

Channel 1 offset: 300 m

Streamer depth: 17-35 m (V  ed for survey due to extreme temperature

variations)

Recording:

System: SERCEL SN358

Format: SEGD 9 Track 6250 bpi

Filter: 0-77}

Record length: 0-.,.408 s

Sampling rate: 4n

The navigation file provided a set of latitude and longitude readings with

corresponding time and field file ident cation (FFID) readings. It should be notcd that

the navigation coordinates where taken at  t time interval and thus cvery shot does not

have a corresponding navigation reading. This poses a problem since ProMAX requires a

UTM coordinate for every FFID. Therefore, it was decided that thet t approach was to
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pick a set of latitude and longitude coordinates and convert these to UTM coordinates
(Appendix 2 and 4). ...is set of L. M coordinates can then be used to 11 :rpolate UTM
coordinates for every FFID, and correctly represents the location of the data so long as
the ship speed is fairly constant (Ap;  dix 3 and 5).

About 10 evenly spaced points were initially chosen for interpolation, and
additional points were added where shot s;  :ing appeared to change rapidly. The
latitude-longitude points were first converted from decimal degree to degrees, minutes,
and seconds. Then the points were conver  1to UTM using the Geographic to UTM
conversion calculator from the Natural Resources Canada website. A station number is
assigned to every CDP and is calculated for each F. .. location using the assumption that
there is a station every 12.5 m (CDP spacing).

Line 53 deviated from its course between FFID’s 3712 and 3786 to avoid a
fishing ship, and this created a sharp kink in the line. One option is to proccss this
section using crooked line geometry. However, this piece of data is collected over
Flemish Cap where there water is shallow and there is almost no sediment cover. Tl e
conditions produce reverberations with very strong amplitudes in the data. It is not likely
that Hod quality data will be recovered from * s tion. Another option that is much
less computationally intensive is to assume that there is no kink in the line. This is done
by deleting cvery second FFID where the kink exists to account for the reduced distance
that the straight line encomp ies, projecting the I . .D coordinates onto the stra 1t lin,

and assigning the appropriate shot spacing. The data within these FFID’s will not have
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geological significance, but will allow ¢ data to remain continuous which is beneficial
when applying processing tools that have problems with edges such as migrations.

Fiel notes were accessed to :quire the nominal source and receiver depths for
the lines 53, 54, and 56. The following pai neters where used for the geometry setup of
Line 53, 54, d 56:

Nom al Receiver Source Interval: 25 m

Nom al Shot Spacing: 100 m
Nom al Source Depth: 16 m
Nominal Receiver Depth: 18 m
Channel Spacing: 25m
X Channel Offset: 300 m
Y Channel Offset: 0
CDP spacing: 125 m

Itis kely that the nominal source and receiver depth obtained from field notes
was chosen ased on the assumption that t  dominant frequencies recovered will be
approximately 20-23 Hz. Within seawater with a velocity ~1480 m/s, this corresponds to
a seismic wavelength of about 64 m (v = f2). The scismic wave reflected from or below
the seafloor heads upward toward the sea surface to be recorded by the hydrophones.

The waves received by the hydrophone include: 1) the upcoming wa'  that is directly
reccorded by 3 hydrophon¢ and 2) upcoming wave that travels an extra distance x to
the water st ace, reflects of the  ~-water interface producing a A/2 phase shift, which
then returns to the hydrophor  at a« Hth x below tl  water surface. The optimal result is
for the two groups of scismic waves to have constructive interference, so that signal is not
lost. This can be achieved by placing both the source and receiver at a depth of about x =

M4, or~16 m.
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the inconsist  cy between the general description and processing paramecters, a shot
gather for lines 54 and 56 (Figure 2.2) was looked at in close detail to determine what the
offset of the near channel 1s. T1 {  arrival of the direct wave on cach channel was
traced back to zero time to estimate what tl  distance was between the gun and near
channel. Knowing that the trace spacing on the shot record (channel spacing) is 25 m and
there are 12 traces between the near channe  and the point where we cross the time axis,
this gives an offset of 300 m for both lines.

2.2 Trace Editing

Channel 86 from lines 53, 54, and 50 was killed because this channel appeared noisy
on Line 53 and beginning of Line 54, and was dead on the end of Line 54 and all of Line
50.

Shot 4391 was a dead shot and was also deleted. Data from Line 53 and 54 are
continuous and written to onc file. For the remainder of Chapter 2, Line 54 will refer to
both Line 53 and 54.

2.3 Frequency Spectrum Analys and Testing of Bandpass Filters

The frequency content of the data was examined for the shelf, slope, and deep water
regions for Line 54 and Line 56 usii  the Frequency spectrum analysis program in
ProMAX (Figures 2.3 and 2.4). For cach region on both lines there is little signal
amplitude content above about 40 Hz. Also, there is a very low frequency noise spike
that occurs on all spectrum anal* s, but is strongest within the shelf region, getting

weaker moving into deep water. It appears that the frequency range of the signal is
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between approximately 5-35 Hz, so a bandpass filter may be applied to remove unwanted
frequency content above and below this specified range.

Testing of band pass filters was used ©  cxamine how cach filter removes high and
low frequency noise, but also observing how the filters degrade the qual ' of the data.
Bandpass filters such as the Ormsby and Butterworth createari 1 wavelet, and also
can decrease temporal resolution. The undesirable rn 'ng in the wavelet can be
explained by Gibbs phenomenon. Thisoc rs due to a truncation of the Fourier series
that 1s induced by the design of the filter with a steep slope on the cut off frequencies.
This eftect is decreased as the slope of the cut of frequencies become gentler. Band-
limiting the data also decreases the vertical resolution, and so it is important to remove
only the minimal range of frequencics from the spectrum when trying to achieve
desirable noise attenuation. The ef . of the bandpass filters can be tested on real data,
but to understand simply the effect of banc  ss filters, a synthetic spike was generated
(Figure 2.5) and various band] s filters applied (Figures 2.6-2.8).

Figure 2.6 compares the cffects of the Ormsby and Butterworth filter, using the same
cut off frequencies and a similar slope on the cut off. Frequ icies fort  isby filter are
denoted in an f1-2-f3-f4 format, with f1 and f2 representing the 0% and 100% points
respectively of the low cut ramp, and {3 and {4 representing the 100% and 0% points of
the h™ "1 cut ramp (Landmark ProMAX Software Manual). In contrast, frequencies
cutoffs of the Butterworth filter are denoted in a f1-S1-f2-S2 format. ~ is produces a
filter that accepts 100% of frequencies between f1 and {2, and creates a low roll off slope

(S1) and and a high roll off slc | : (S2) in dB/octave.
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Note that the Ormsby filter (Figurc 2.6 a) gives a complicated first arrival
wavelet, and the ringing gives a false impression that a second, third, and fourth reflector
are present. 1 comparison, the Butterworth filter (Figure 2.6 ¢) first arrival wavelet has a
more simple  ape and the ringing produces only one event that could be mistaken for a
reflector that does not exist, and it is very low in amplitude. Figurc 2.6 (a) and (b) can be
compared to observe the effect of changing the cut off frequencies of the Ormsby filter
from 8-40 to 5-40 respectively. Here we see that increasing the frequency bandwidth and
creating a gentler slope on the low frequency cut reduces the ringing (Figure 2.6 b). This
creates a lower frequency wavelet with a larger period, but now only one event can be
mistaken for a non-existent reflector. Comparing the two Butterworth filters with cut off
frequencics of 8-40 and 5-40 (F° 1 2.6 ¢ and d), there is an improvement of the
wavelet quality using the wider frequency bandwidth, which is similar to that of the
Ormsby filter. Lastly, when comparing the Ormsby and Butterworth filters with the
larger bandwidth (F* 1res 2.6 b and ¢), we sce the Butterworth fil , the initial wavelet
for both are very similar. However the Or by filter produces an extra peak that is not
scen in the Butterworth filter.

This exercise has reinforced the ide  that usit  a higher bandwidth of frequencies’
increases vertical resolution and reduces ringit  in the spectrum. Also, it has also
showed us that the Butterworth filter appears to produce less rii - ng compared to the
Ormsby filter. Before making any judg  cnts, onc must observe the effect of these

filters on rcal data, where the source wavelet is unknown.
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Figure 2.7 and 2.8 illustrate the effect of the Ormsby and Butterworth bandpass
filters respe  vely on shot gathers from the slope area of Line 54. These data are in
agrecement with the finding from  ting performed on the synthetic spike. Herc we
observe that including lower frequencies produces less ringing on strong  flectors,
particularly the basement reflection. There is little difference between the Ormsby and
Butterworth filtered sections with the same¢ 1t off frequencies (Figures 2.7 ¢ and 2.8 ¢).
But, since the Butterworth did a much bett  job on the synthetic spike, it is chosen for
the processing flow.

2.4 Brute Stack

A bandpass filter has been applied to improve the signal to noise ratio. Now that
the geometry has been set up, the data can  :sorted into CDP (common mid-point)
gathers. At s point we can make a first pass at picking velocities to use for a NMO
(normal moveout) correction, and then sum the traces to create a brute stack. Producing a
brute stack at this st: : will enable one to identify different types of noi  that still
contaminate the section, and also create a plan to remove this noise. The following
processir  scheme was applied to the brute stack given illustrated in Figure 2.9:

1. Butterworth bandpass filter 5-12-40-24 (using {1-S1-f2-S2 format)
2. AGC 2000 ms

3. Dircet and refracted wave top mute

4. NMO correction

5. CDP stack
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ProMAX uses rms (root mean square) reflections velocities for NMO corrections,
so 1t 1s necessary to convert the interval velocities (Vi) to rms velocities (V) which is
done using Dix’s equation:

Vin= [Ty Vamsir” = Tty Vs oy T Ty )] ™ (2.1)
This equation can be rearranged to solve for the rms velocity:

Vims (i) — [(Vim2 * (Ti - T(l—l) )+ T(i-l) Vrms (i-1) 2) / T(l-l)] B
Where T represents the zero offset two way travel time of the reflected wave. T, and T»
are mecasured by extrapolatii  the hyberbolic shape of the waterbottom and top of
basement reflected waves back to o offset. No first arrival refractions are observed
from within the basement from the shot gathers, so Ti, Ty and Ts were arbitrarily chosen
at 1, 2 and 4 seconds two way time, and it is assumed that the interval velocity remains
constant between T> and T,. These measurements were recorded and 5 rms velocities
calculated at every 50" shot gather alor~ 1l shelf to gain lateral velocity control (Table
2.1). There is a great amount of uncerta y associated with the calculated rms velocities
and these are only used in combination with other velocity control.

A test picce was selected from the shelf in an area where a weak primary
reflection is observed from base of sediment. This:  tion is stacked over a range of
constant stacking velocities to observe which velocity best images reflections within
sediments. NMO stretch (discus | in Section 2.6) obscured any primary reflections and

only peg leg multiples were imaged. An! 10 stretch mute can be designed for each

constant velocity stack, however it is ti ¢ intensive to adequately remove the distorted
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zone from cach section without removing the signal, so this method is not used for these
data.

Indivi 1al CDP gathers input intot  velocity analysis program do not provide
sufficient S/N (signal to noise) ratio to produce well defined semblance peaks in the
velocity spectra (Figure 2.12 a).  >wever, the S/N ratio is considerably improved when
adjacent CDP’s are combined and input in  :he velocity analysis, which can be done
using a supergather. Since shot spacing is 100 m and CDP spacing is 12.5 m, at least 8
adjacent CDP’s are required to prov  : a full range of offsets. However, ProMAX

requires the user to input an odd number o!  thers into the supergather program.

Vel
Water
T, - :
UV L Sediment
T,
Basement
T,
T,
[ = interval velocity
R rms velocity
T = zero offset time
T,
TWT

Figure 2.11: Schematic illustrating the Ta  :ment of the interval and rms velocities that
are recorded  Table 2.1. Note that Ty = 1s, 'I'y=2s and Ts= 4s.
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Because of this, 9 adjacent CDP’s are combined into a supergather and used to perform
the velocity analysis (Figure 2.12 b). The velocities estimated from the shot gathers
(Table 2.1) and velocity models derived from previous work within the I mish Cap
region (Funck, 2003) are both used in combination with the supergather velocity analysis
to producc a first pass at the stacking velocity function.
2.5.2 Velocity Analysis Slope and Deep Water

Moving from the shelf into the slope and dcep water area, the sediment cover and
water depth progressively increase allowing for improved signal to noisc itio, and thus
the velocity analysis becomes more precise as scmblance peaks become better defined
(Figurc 2.13).
2.6 NMO Stretch

Figure 2.14 1llustrates a CDP gather from the shelf with and without a NMO
correction a] 1ed. Notc the distortion on the NMO corrected CDP ~ther that is most
predominant at large offsets and low reflection time. This distortion is a product of the
NMO correction, where events are stretched along the time axis, producing events shified
into lower frequencies (Yilmaz, 1987, p. 48 and 161). Most NMO correction programs
allow the user to input a per: rof the NMO stretch to be removed. A 15% stretch
mute has been applied in the slope and decp water sections and has wo  &d quite
successlully. However this method did not work well within the shelf region of shallow
water where refracted waves greatly interfe  with the reflected waves. Also, a near trace
mute will be applied later in tl - processing sequence to increase the success of filters

used for demu ipling, which in turn decrea  ; the fold of the data. A NMO stretch mute
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2.7 Deconvolution

Deconvolution is a process that may be applied pre- or post-stack to improve the
temporal resolution of the data (Yilmaz, 1987, p. 83). Generally there arc two types of
deconvolution filters used in seismic processing: deconvolution and predictive
deconvolution. The first filter compresses the scismic wavelet giving the section a much
less “ringy”  pearance. The second fi ris usced for multiple attenuation, which is
applied by using the periodic rate of the multiples to predict when they will occur. Both
filters are applied in such a way that a prediction lag gap (a) and a prediction filter length
(1) arc chosen in mulliscconds, whe  the first a lags of the autocorrelation that are
preserved, and the remaining » lags are reduced to zero. The difference between a

spiking and prediction deconvolution filter lics in the length of the prediction filter and

A) 13)
Input l ‘ A Ak A, Input \ ‘ A .A“. A A.‘lh

I7ilter ' . Filter |

Output l ‘ A Output i

Figure 2.15: a) Autocorrelations of a seis m illustrating the length of # and « used to
design a predictive deconvolution filter, ¢ low the autocorrelation of the output of
the filter. b) Autocorrelations of a seismo_ illustrating the et h of n and « used to

design a spil 1g deconvolut 1 filter, and  ow the autocorrelation of the output of the
filter.
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prediction gap. The spikit  deconvolution filter uses a prediction lag gap of 1 time
sample period with a prediction filter length that encompasses the ringing of the wavelet.
A prediction deconvolution filter uses a gap that is just shorter than the multiple period,
and the prediction filter  1gth encompasses the first multiple (Figure 2.15).
2.7.1 Spiking Deconvolution

Figurec 2.16 is a brute stack seismic section. Note the waveform of the water
bottom reflection contains 3 peaks, and this section is characterized by having a “ringy”
appcarance. The auto correlation function was calculated for this section of the line
(Figure 2.17). There is a stror  continuous peak at approximately 100 ms lag, a second
less continuous peak at 230 ms lag. The peak is repeated in parts of the lower section,
but progressively becomes less continuous laterally. From this scveral spiking
deconvolutions were tested. Spiking deconvolution attempts to balance the amplitude
and power cctra, and since the data contains low frequency noise, it useful to remove
this noise before applying the deconvolution. If the low frequency noise is not removed,
the deconvolution will dramatically boost = high frequencies to balance the low
frequency noise, thus producii  a  tion with over compensated high frequencies. A
Butterworth filter of 5-12-70-36 was chos  to remove the low frequency noise based on
the discussion in Bandpass filtering above. An additional bandpass filter is nccessary
after the sp  ing deconvolution to remove initial high frequency noise as well as noise

produced from the spiking deconvolution filter.
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Various parameters for the spikin - deconvolution operator length and bandpass
filters were tested and compared. Initially an operator length of 150 ms was used based
on the strong continuous peak in the autocorrelation. A Butterworth filter (5-12-40-24)
was tested post deconvolution and pre-stack (Figure 2.18). Thesc processing parameters
produced a stack with a sharper waterbottom reflection, however there was a substantial
amount of ringnn  of the wavelet produced by the _atterworth filter. In - oMAX therc is
an option wi in the spiking/predictive deconvolution program to apply a bandpass filter.
Figure 2.19 illustrates a stack with the same operator length of the spiking deconvolution
filter (150 ms), but with the bandpass filter (4-8-35-70 Hz) applied within the spiking
deconvolution program. Here the ringing of the wavelet is reduced, £t 1e water bottom
refection docs produce a double peak. Longer operator lengths (200 and 300 ms) in
combination with the bandpass filter whe .csted on the data (Figures 2.20 and 2.21).
Comparing the top of basement reflection on the test panels presented thus far, the 300
mss operator length produces a refection tt has the le  amount of ringing, which is
expected based on the autocorrelation (Figure 2.17). In some cases, a predictive
deconvolution filter can be used to spike the data. This is done by using a very small
prediction gap and an operator ler  h, which encompasses the ringy wavelet. The first
zcro crossing in the autocorrelation occurs at approximately 25 ms. So to retain the initial
peak of the waterbottom refection, we use a predictive deconvolution  Iter with a gap of
25 ms in combination with a 300 ms operator length (Figure 2.22). The results from the

spiking and predictive deconvolution using a 300 ms operator h arc quite similar
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2.9 F-K Demultipling
2.9.1 Cont ental Shelf

The shelf of Flemish Cap is an area where the water is very sl low, and thus a
large number of multiple reflections dominate the first S seconds or so of data. The f-k
filter can be a useful tool for separating the multiple and primary energy. In the f-k
domain, events with negative dip plot in one quadrant of the f-k spectrum, events with
positive dip plot in the other quadrant, and flat cvents plot along the zero wave number
axis. Multiple reflections have a velocity slower than primary reflections, and can be
separated based on the NMO corrections to CDP gathers. However, the CDP gathers
have a maximum fold of 12 traces, which is not enough samples for the f-k filter to work
with, hence the data becomes aliased. Since the shelf is a flat area where the latcral
variation is gradual, adjacent CDP gathers can be combined into super gathers which
increase signal to noisc ratio and reduce aliasing. 8 adjacent CDP’s are combined to give
the full range of offscts for the f-k filter to work with.

It is a common practicc to use the f-k filter for multiple removal on CDP gathers,
or supergathers in this case. This is done by applying a NMO correction with a velocity
function e rthan that of the multiple reflections but lower than th: of the primary
reflections (Yilmagz, 2001, pg. 911). This produces primary reflections that arc over
corrected (positive dip), and the multiple reflections that are under corrected (negative
dip), thus separating the reflectic  : into different quadrants when the data is transformed

from the t-x into the f-k domain (Figure 2.27and 2.28).
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Interpolation of CDP’s was tested in combination with the radon filter. Various
mterpolation rograms were tested, yet the Beam and Steer interpolation proved to work
the best and was chosen for this reason (Fi ire 2.35).

Before applying a Radon filter, a NMO correction is applicd to the CDP gathers
using a veloc y function that flattens the primary events, but under corrects the multiples.
Next we transform the data in such a way that the data 1s stacked over a range of different
hyperbolic or parabolic surfaces, so that primary and multiple events (with different
moveout) plot in different regions (Foster and Mosher, 1992). ProMAX allows you to
chose cither hyperbolic or parabolic surface to fit to the reflections, where a hyperbolic
surface is recommended for deep water sections (Landmark ProMAX Software Manual)
and is chosen for these data. Figure = 36 is an illustration of a CDP gather transformed to
the radon domain.

Now that the primary reflections a  separated from the multiples, a top mute 1s
applicd to remove the primary reflections. The multiple reflections arc then inverse
transformed om the Radon domain to the t-x domain, and subtracted from the original
data (Figure 2.37). This in theory should ive only the primary reflections remaining.
Since the Radon filter is fitting reflections to hyperbola as opposed to the f-k filter which
i1s fitting reflections to straight lines, it she 1d also do a better job of removing multiples
at ncar offsets.

However, it should be noted that there is somewhat of an overlap between the

primary and multiple ene  within the Radon domain. Removii  most of the multiple
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2.11 Post Stack Processing
2.11.1 Predictive and Adaptive Deconvolution

ProMAX contains several processors that predict and attenuate multiple
reflections. Testing has been performed wi  a predictive deconvolution filter, and also
an adaptive decc  solution filter, where both take advantage of the periodic and predictive
nature of the water bottom multiples to remove them. This water-born noisc appears in
the seismic section at a two way time that is a multiple of the water bottom time. It is
desirable to vary the deconvolution prediction gap onset as the water bottom time varics.
This 1s achicved by picking ah:  n that follows the water bottom. The horizon can
then be transferred to the database  a water bottom header, and the header attached to
the data to v ich the deconvolutional filters will be applied. ProMAX allows both the
predictive deconvolution and adaptive ¢ :onvolution prediction gap to be applicd water
bottom relative. It is recommended to input a negative prediction gap of a few
milliseconds since the multiple may not occur at exactly twice the watcr bottom time
(Landmark ProMAX Software ' 1nual).

The predictive deconvolution filter  lows for definition a window of data from
which the filter is des” 1ed. ProMAX also allows defining mc  than ¢ design
window, meaning that more than onc filter can be designed. In this case, each filter is
designed and applied within that time gate, and the program will interpolate or
cxtrapolate between or outside cach specified time gate. This is useful since the

frequency co ent and character of the wavelet changes within the section.
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The adaptive deconvolution filter works differently in that it does not use time
gates to design the filter, and works with the full seismic trace. Within this program there
is a parameter that can be varied to change the amount of the multiple ¢ srgy removed,
and this parameter is referred to as the rate of adaptivity (Landmark ProMAX Software
Manual). This is aratio that repr: :nts 2 degree to which the filter adapts itself to be
similar to the section of multiple energy. A very low adaptive rate would mean that the
filter used f deconvolution would only re  ove multiples that are almost exact
duplicates of the primaries, where a very h  1adaptive rate would mean that the filter
would adapt itself to be similar to that of the multiple, thus removing a great portion of
the multiple within the given o}  ating length. The ProMAX manual suggests that an
adaptive rate of 0.1 is a good starting point. Extensive testing is performed with both
filters on shelf, slope, and d » water sections of the data as discussed below.
2.11.1.1 Shelf (Line 54: CDP’s 102-6999)

Trial and ecrror tests were | forme  with both the predictive and adaptive
deconvolution filters. The predictive deconvolution filter was tested with various
different design windows. Two design wi  >ws worked better than one, yet there was no
difference in data quality when comparing design windows that were separated versus
overlapping. Similarly, various adaptation rates were tested for the adaptive
deconvolution filter. Testing showed that a -25 ms predic on gap and 300 ms operator
length was optimal for both filters. Figure 2.40 illustrates that the adaptive deconvolution

did a better job of removing multiple reflections, particularly the first water bottom
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multiple (M1) in the shelf region. For this reason the adaptive deconvolt on filter is
preferred over the predictive deconvolution filter.

The character of the multiples on the stacked section before (and also after) an
adaptive deconvolutional filter is applic is 1ite nebulous and non-continuous. This will
impair the ab  ty of the deconvolution filter since it is looking to remove a seismic
wavelet with similar character to the wavelet crcated by the water bottom reflection. A
tapered 9-trace mix was chosen to obtain a more coherent wavelct of the multiples.
Applying this process to the stack that is input into the adaptive deconvolution filter
improves its success (Figure 2.40 d).
2.11.1.2 Slope (Line 54: CDP’s 7000-9500, Line 56: CDP’s 15500-18 '6)

Between 9 and 10 seconds and CDPs 9000-9500, therc arc weak primary
reflections that cut the seabottom multiple. These reflectors likely represent the base of
the crust rising as the crust thins seaward.  >sting within the slope region with both
predictive and adaptive deconvolution has yiclded undesirable results. Both filters did
attenuate the scabed multiple, but also attc 1ated the primary reflectors that cut it, giving
no improvement of the S/N ratio. Various parameters for each were tested, and the best
one is chosen to compare to the radon filtered section (Figure 2.41). The radon filtered
section did a much better job of preserving the primary reflector below the onset of the
multiple, and thus neither the adaptive nor  redictive deconvolution filters were applied |

in the slope section.
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b) Adaptive deconvolution

¢) Windowed processii  Orm y bandpass filter
d) Migration

e) Post stack F-K filter

Power cxponent F-K filter
g) Time variant scalar n
h) Trace Mix (9 taper weighted mix)
i) 17sAGC
Slope (CDPs 7000-9500):
a) Trace mix (5 equal weight mix)
b) Migration
c¢) Windowed processing (  nsby bandpass filter
d) Time variant scalar gain
e) Tracc mix (9 taper weighted mix)
f) 12s5sAGC
Dcep (CDP 9501-20865):
a) Adaptive deconvolution
b) Trace Mix (5 equal weight  ix)
c) Migration
d) Windowed processing Ormsby bandpass filter (CDPs 9501-11115 only)
e) Time variant scalar gain
f) Trace mix (9 taper weighted mix)
g) 12sAGC

Line50:
Slope (CDPs 18096-15500):
a) Trace mix (5 equal weight  ix)
b) Migration
Dcep (CDPs 15499-1):
a) Adaptive deconvolution
b) M ation
¢) Trace mix (5 equal weight mix)
d) Windowed processit  Ormsby bandpass filter
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Chapter 3: Recognizing Crustal Don ir and Placing of the Crustal Boundaries
3.1 Recognizing Crustal Domains

Before placing boundarics on continental, transitional, and oceanic crust, it is
necessary to identify and distii  uish these domains from one another. ~ s section will
explore the typical composition and morphology of each crustal domain, and how we can
recognize this from seismic reflection and refraction data.

3.1.1 Continental Crust

Continental crust has a variable composition and thickness, which is dependent on
its tectonic and metamorphic history. Continental crust in an extensional regime
(excluding thinned crust on continental margins) has an average crustal thickness of ~30
km, where as crust in an orogenic regime has an average of ~46 km (Christenscn and
Mooncy, 1995). Even though the compos on is heterogeneous and complex, it 1s
distinguishable from ocean crust in that it is much more silica rich (Fowler, 2005, p. 514).
Gencrally speaking, average upper contin  :al crust is composed of granodiorite and the
lower continental crust is closer to a  ibbro composition.

Similarly, the P-wave v ocity through the ¢ is variable sincc the seismic
velocity through the crust is dependent on s composition. However, typical crustal
velocitics are summarized in Table 3.1 ba 1 on average velocitics measured from
seismic refraction studies within various tectonic settings globally. Upper crustal P-wave
velocitics usually fall between 5.9-6.3 km/s (Fowler, 2005, p. 511). The middle crust
velocities arc more variable, between 6.0 1 km/s, with the normal range between 6.4-

6.8 km/s. Average lower continental crust has a bimodal distribution, with most valucs
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crystallizes sctting the magnetization (Fov r, 2005, p. 51-57). This process produces
linear magnetic anomaly strips parallel to the spreading axis that have amplitudes on the
order of + 500 nT, dependit  on whether the Earth’s magnetic field polarity was normal
or reversed at the time oceanic rocks acquired their thermoremanent magnetization.
These high amplitude magnetic anomalies can aid in identifying an occan crust domain.
3.1.3 Transitional Crust

For the purpose of this paper, transitional crust is defined to represent the domain
between mnferred extended continental cru  and oceanic crust (where the features
discussed in Sections 3.1.1 and 3.1.2 are used to provide evidence of the boundaries of
the continental and ocean crust  pectively). There are four hypotheses proposed for
the crust within the transitional zone: 1) h 1ly extended continental crust (Tucholke ct
al., 1989; Enachescu, 1992), 2) thin oceanic crust formed by slow or ultra-slow sea Hor
spreading (Reid, 1994; Keen and de Voe -1, 1988; Srivastava ct al., 2000), 3) exhumed
serpentinized mantle (e.g., Boillot et al., 1987; Dean et al., 2000), and 4) a combination
of any of the above (e.g., Lau et al., 20006b).

The Iberia margin has been extensively studied through seismic studies and
drilling. Within this margin it has been established that the transition: crust contains
cxhumed serpentinized mantle (c.g., Boillot et al., 1987; Whitmarsh ct al., 1996; Pickup
ct al., 1996; Dean et al., 2000), and this hypothesis has also been proposed for the
transitional crust on the conju ite Newfoundland margin (e.g., Lau ct al., 2000b;

Tucholke a1 Sibuet, 2007; ~buct et al., 2007b).
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3.1.3.1 Exhumed Serpentinized Mantle

During rifting, continental crust becomes extensively thinned and faulted,
possibly to the point where the peridotites of the upper mantle become completely
cxposcd at the sea floor. The extensional faulting allows for scawater to penctrate the
upper layer of the mantle, where the seawater reacts with the peridotites and alters a
percentage of the olivine mimerals to: sentine (Eq. 3.1; Schroeder et al., 2002). The
hydration of ridotite rocks to form serpentinite is a process known as serpentinization
(Fowler, 2005, p. 663). The following 2 possible exothermic reaction that can occur
[rom serpentinization below 500 °C:

()(Mg, Fe),Si0; + 7H,O = 3(Mg, FC)Isz(OH).; + Fe;O, + [
olivine s , entine magnetite (3.1)

(]

Serpentinization of peridotites changes the physical properties of the rock,
producing an increase in volume and decrease in density and strength. As a result, this
decreases the P-wave velocity. The higher the degree of serpentinization, the more the P-
wave velocity is reduced. For example, the seismic P-wave velocity of peridotites with no
serpentinization is about 8.1 kin/s (Fowler, 2005; Christensen and Mooney, 1995), for 10-
15% serpentinization the velocity is ~7.5-7.8 km/s (Escartin et al., 2001), and for 100%
serpentini; - ion it is ~5 kim/s (Schroeder et al., 2002).

The serpentinization reaction has a significant effect on the rheological behavior
of the mant  Deformation experiments performed by Escartin et al. (2001) suggest that
peridotite with more than 10% s | entine has reduced strength, and its volumetric strain
behavior is comparable of pure : itini - Itis ¢ »stated that strength 1s not a lincar

function of serpentinization, but rather decreases abruptly at approximately 9-15%

Chapter 3, Page 100



serpentinization. The reasoning for this is 1at the deformation is accc  modated by the
scrpentine, leaving the olivine un-deformed.

As ustrated in Eq. 3.1, magnetite is a commonly a product of the
serpentiniza Hn reaction. Conscquently, | idotites that undergo a high degree of
scrpentinization in turn have a h™ "ier magnetic susceptibility and ferromagnetic
properties, unlike unaltered peridotites, which have a weak magnetic susceptibility and
paramagnetic properties (Oufi et al., 2002). In fact, a recent study perfi  ed by Oufi et
al. (2002) has shown that a non-linear relationship exists between the two, where
magnetic susceptibilities remain modest v il about 75% serpentinization (corresponding
to a P-wave velocity between 5-5.5 km/s), and above this value the magnetic
susceptibility increases rapidly. Tl natural remnant mag tization (NRM) of
serpentinize peridotites can be quite variable, and depends on the formation of
magnetite grains. Typically, elongated grains that form concentrated veins produce a
high NRM, and irregular al iment and concentrations produce a low NRM (Sibuct ct al.,
2007b).

Various studies on the v itic properties of oceanic serpentinized peridotites
show that they may make a contribution to oceanic magnetic anomalies (Nazarova, 1994;
Dyment et al., 1997; Oufi et al., 2001). Dyment et al. (1997) recognizc that the marinc
magnetic anomalies at slow- to intermedi  :-spreading ridges are skewed or have a “hook
shapc™, and this effect decre s as the sp 1ding rate increases. Similarly, drilling and

dredging results confirm that serpentinize  oeridotites are most often recovered {rom
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slow and intermediate spreading ridges and this is not a common process at fast spreading
ridges (Dyment et al., 1997).

A high amplitude m:  etic anomaly has been identified within the transition zone
on the Iberian Margin over Site 899 (Zhao, 2001). Serpentinized peridotites recovered
from this site possess a strong magnetization intensity, which suggests that these rocks
significantly influence the observed magnetic anomaly. A recent study performed by
Sibuct et al. (2007) of ODP sites from bo!  the Newfoundland and Iberia margin suggest
that the oldest identificd M-Sequence anomalies (M17-M3 or younger, M-scquence
identificd by Srivastava et al., 2000), located in the zone of thinned continental crust and
transitional crust, are created by exhumed serpentinized mantle. They also suggest that
scrpentinization of upper mantle rocks as  cy arc gradually exhumed can form magnetic
lincations in a similar fashion as basalts from seafloor spreading, with the difference
being that the resulting magnetic anomalies may have weaker ampliti  es.

3.2 Placing Crustal Boundaries

Using the above summary describing features of continental crust, oceanic crust,
and transitional crust, data from the Newf indland margin are examined in detail to place
boundarics of the crustal domains, and ex ore the possible hypothese for the transitional
crust. The 1 in data sets used for interpretation are the SCREECH seismic reflection
and refraction data, drillii  results from the ODP Leg 210, refraction data from the CSS
Hudson Cruise 85-025, and the MCS reflection lines 53, 54 and 56 processed for this
study from the Erable survey. The discussion will begin with the SCREECH data sct,

starting on the southwestern edge of the project area on the Grand Banks, working to the
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northeast edge of Flemish Cap. Various authors’ interpretations will be drawn upon for
the SCREECH data set and ODP Leg 210 drilling results (Funck et al., 2003; Hart and
Blusztajn, 20006; Hopper et al., 2004; Hopper et al., 2006; Lau et al., 20006a; Lau et al.,
2000b; Miintener and Manatschal et al., 2006; Shillir  on et al., 2006; Van Avendonk et
al., 2000). An interprectation for the Erable  ita and overlapping CSS Hudson refraction
data is then discussed. Lastly, Line 104 from the SCREECH survey lics sub- parallel to
the margin and connects all of the dip lines discussed above. This profile will be used to
tic the interpretation of all lines together. SCREECH Transects 1, 2, 3 and Line 104 will
be referred to as SCR1, SCR2, SCR3, 1d SCR104 respectively. Erable lines 53, . |, and
56 will be referred to as ER53, ER54, and ER56. SCREECH Transect 3 is not located on
the southern margin of Flemish Cap, and tI 3 not in the project arca. However the
interpretation of the crustal boundaries on this profile is used to illustrate how the
boundary :ometrics change frc  the Grand Banks to the southern margin of Flemish
Cap.
3.2.1 SCREECH Transect 3 (Plate 2a)

A ray tracing technique was used on OBS data to forward model travel times, and
a velocity model was created (I 1 ¢t al., 2006a). Between CDPs 509000-513000 in
section C1, strong landward dipping intra-crustal reflections are identif | and named ‘L’
(Lau et al., 2000b) based on  similarity to the ‘L’ reflection first observed on the 85-2
profile (Kee and de Voogd, 1988). The scaward lower section of thesc reflectors is

coincident with a 7.6-7.9 km/s p-wave velocity hence these reflectors are interpreted as
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separating crust from underlying serpentinized mantle (Lau et al., 2006a; Lau et al.,
20006b).

The edge of the thinned continental crust zone is hard to interpret in arcas wi
there is a lack of basement reflectivity on scismic reflection data, perhaps created by the
overlying U-reflector (Lau et al., 2006a). The OBS data does however model a ~5.6-6.0
km/s low-gradient layer within this low-reflectivity zone, consequently it is interpreted as
continental crust (C2). The zone interpreted as continental crust (C1 and C2) 1s much
wider compared to thosc of SCR1 and SCR2, thinnit  over a distance of about 170 km.

Adjacent to the thinned continental crust lics an 80 km wide zone (sections Tla,
T1b, and T2) that is characterize by ah” "1 velocity gradient, and is interpreted as
transitional ¢ st (Lau et al., 2006a). Here ~4.4-7.8 km/s basement layer is modeled
from the refraction data, howe  velocity  olution within this arca is poor. The high
velocity gra  ent suggest that this area does not contain continental cri, and is most
likely produced by either: 1) layer 2 and 3 in oceanic crust or 2) exhumed serpentinized
mantle, where serpentinization decre s with depth (Lau et al., 20006a).

Basement relief and character within the transitional zone is quite variable. A
rounded basement high with disturbance in the overlying sediments marks the landward
edge (T1a) (Lau et al., 2006b). This disturbance in the above sediments suggests uplift in
this arca and a diapiric nature for the basement high. This area also has a high vclocity
gradient in the upper basen  , thus the interpretation of a serpentinized peridotite diapir
is indicated. Further seaward is a low relicf area where the bascment surface is not

clearly imaged (T1b). Thisislikelya & ofthev kimpedance contrast at top of
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basement or tI inability to image below the strong U-reflector. This basement character
is very similar to the serpentinized mantle identified on the IAM-9 profile from the
conjugate Iberian margin (Pickup et al., 1996), and quite diffcrent from the high
basement reflectivity and relief - re  iting thin ocean crust identified on SCR1 (Hopper
ctal., 2004; Hopper ct al., 2000), supporting the interpretation of exhumed serpentinized
mantle for this region. At the scaward edge of this zone there are two moderate relief
basements hiy s where top of basement is weakly 1maged (T2). Within this section the
refraction data does not provide su  :ient evidence to distinguish between the
interpretation of either exhumed serpentini. 1 mantle or ocean crust for this region (Lau
ct al., 2000b). However Lau et al. (2000a) prefer the interpretation of exhumed
serpentinized mantle. This is because 1) magnetic anomalies in this arca are very weak
(M-Sequence anomalies older than M4 interpreted by Srivastava et al., 2000), 2) and
basement relief is moderate with weak reflectivity; both features are uncharacteristic of
occan crust.

Vclocity-depth models V o 1, VD2, and VD3 are provided for locations at CDPs
545500, 548750, and 551875 ri »sectively (Figure 3.2; Lau et al., 2006a). Results indicate
that these velocity models are repre  itative of normal oceanic crust, with an uncertainty
for the most seaward model VD3 (CDP 551875) (Lau et al., 20006a). Here the interpreted
layer 3 occan crust has a velocity ).3 km/s higher than v at is expected, although it
should also be noted that the resolution of the velocity-depth model at this location 1s

estimated t¢ 2 accurate within £0.2 km/s. The velocity information, tc :ther with the
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The onset of transitional crust is located seaward of CDP 220000 1 is separated
into two domains. The first domain is char  erized by a wide flata 1, containing ODP
drill Site 1276, where basement is not imaged (Shillington et al., 2000). This domain is -
named T1 and extends to CDP 230000. The inability to image a reflection from the top of
basecment may be because reflections are obscured by the U-reflector (discussed in
Secction 1.4.3.1.1). Velocities modeled within zone T1 show a 6 km thick layer on the
landward end with crustal velocities betwe  ~5.5-6.5 km/s that thins to 2 km on the
scaward edge of this section, where the crust layer overlies velocities that steeply increase
to > 8.0 kn/s throughout this section, indic  ing the inferred top of un: ered mantle
(Shillington  al., 2006). A velocity versus depth model from zonec T1 (VD T1,; CDP
232800) is illustrated in Figure 3.3. Based on the velocity of this crustal layer, Van
Avendonk et al. (2006) interpret this crustal layer as highly thinned continental crust.
Similarly, Shillington et al. (2000) interpret this zone as thinned continental crust, but add
that it may be modified by “n ic intrusions and/or mantle exhumation/initial
oceanic accretion.” However therc isno € lence of rotated fault blo 5 or pre-rift
scdiments within this section, and the 5.5-6.5 km/s P-wave velocitics can also be
produced by 50-90% serpentinization of peridotites (Escartin et al., 2001). Thus, my
interpretatic  of exhumed serpentinized mantle is equally plausible for this transitional
domain, similar to that imaged on tI  conjugate IAM-9 profile (Pickup ct al., 1996; Dean
et al., 2000), and sampled there during ODP legs 149 and 173 (e.g., Whitmarsh and

Wallace, 20 ).
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presented in Figure 3.2 and compared to velocities of typical Atlantic Ocean crust,
showing a similar velocity structure. As a result this region is interpreted as ocean crust
(Van Avendonk et al., 2006).

3.2.3 SCREECH Transect 1 (Plate 2c¢)

The continental crust along the SCR1 profile thins very abruptly, from about 30
kmto 3 kmtl knessover adistance of 80 n (Hopper et al., 2000), as illustrated by the
stecp continental slope (CDPs 50000-56000). Interesting deep reflections imaged benecath
the foot of the continental slope between CDPs 54000-58000 include landward and
seaward dipping reflections. Ref tions V and W are interpreted as intracrustal, with V
possibly representing the top of middle crust which truncates against W, where W has a
dip of about 45° and possibly  resentsa alt (Hopper et al., 2004). Reflection M is
interpreted to represent the crust-mantle boundary.

Seaward dipping reflections below the slope appear to continue from the lower
crust into the mantle (Hopper et al., 2000). At a first look these reflections may be peg-
leg multiples or out-of-the-plane energy, where both would be low velocity. However
depth migration performed by Hopper et al. « ~)006) successfully migrated most of these
reflections using a velocity between ¢ .8 km/s, so these reflections are interpreted as
primary. It is uncertain what produces this observed reflectivity but it appears to be
unrelated to rifting and spreading of the N h Atlantic, and more likely caused by a
collapse structure or an older orogenic structure.

Between CDPs 58500-60000, a high crustal block is present v high reflectivity

in the upper section exhibitii  velocit  between 3.8-5 km/s. Reflectivity decreases
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cxhibiting stratified layers within. Some a 1ors explore the possibility of a continental
affinity for these crustal blocks, which would require a jump in the spreading axis
(Hopper ct al., 2004). However, there is little variation in the interpreted layer 2
velocities across this region providing the sense that this is a continuous layer throughout
the transitional region. Also, rotated crustal blocks have been recognized in the ultra-slow
sprcading ocean crust in the Labrador £ (Srivastava and Keen, 1995). Thus these
rotated crustal blocks arc similarly interpreted as ocean crust being formed in an ultra-
slow spreading cnvironment (Funck et al., 2003; Hopper et al., 2004; Hopper ¢t al.,
2000).

A strong ‘Z’ reflection is 1m: below thinned ocean crust between CDPs
66500-67700 (Hopper et al., 20 Hopper ct al., 20006). This reflection occurs near the
top of serpentinized mantle (Funck et al., 2003), and has been modeled as a detachment
that accommodated mantle exhumation, and was later covercd by flood basalts (Hopper
ctal., 2004). However, this strong reflection is not present on SCREECH Line 101
seismic reflection profile collected only 10 km to the northeast, suggesting that this is not
a continuous regional feature (Hopper et al., 20006).

The region of thin continental and :eanic crust betwecen CDPs 57500-69000 is
underlain with a 7.6-8.0 km/s velocity  yer, and normal mantle velocity of 8.0 km/s is
observed elsewhere along the profile (Funck et al., 2003). The 7.6-8.0 km/s layer is
interpreted as serpentinized mant  where faulting within the thin brittle crust allows a
pass: :of seawater to react with the upper mantle. This velocity is consistent with about

10% serpentinization at the top that  adually reduces with depth to unaltered mantle.
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3.2.4 Erable 56 (Plate 2d)

The ER506 profile is located in very close proximity to SCR2, and has a very
similar seisn - reflection character. There appears to be some evidence of rotated fault
blocks along the continental slope, although these features are poorly imaged. Extending
seaward from e foot of the slopc is a section where these features are not imaged (CDPs
15500-14000), however deeper landward dipping to sub-horizontal reflections are
successfully imaged. These reflections may represent the crust mantle boundary. A
crustal block located between CDPs 14000-13500 is fairly angular, and appcars to have
stratigraphic layerit  that parallels its surface. It also correlates with a crustal block on
SCR2 between CDPs 218000-220000, which is interpreted as continental crust. Thus,
these featurcs allow for a similar interpreta  m, where this crustal block defines the
seaward limit of thinned continen  crust.

Farther scaward, zone T1 (CDPs 13500-10000) is defined by the dramatic change
in basement reflectivity and relief. Hc  the basement surface is not well imaged because
it is partly obscured by the U and associated strong reflections (discussed in Scction
1.4.3.1.1), by docs appear not to have mu  rchief. At CDP 11000 there is a shght
increase in relief, where this featurc correlates with the area drilled on ODP Site 1276.
This zone of unrcflective ba  1ent with a low relief is only about 30 km wide compared
to ~60 km on SCR2, and ~100 km on the « njugate FAM-9 profile on the lberia margin.

There is no velocity control from seismic refraction data to aid in the
in 'tation of these crustal zor But nsidering ER506 is in close proximity to SCR2

that does have velocity cor 1 and two drilling locations aloi s profile, v can use
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(CDPs 8500-5500), where the basement ric  located at CDP 8000 corrclates well to
Mauzy Ridge where Site 1277 was drilled.

The zone of moderate- moving into higher-basement relief is named zone T2
(CDPs 10000-7000), and is very similar to  : T2 domain on the SCR2 profile. A 6.0-7.6
km/s velocity characterizes this zone on the SCR2 profile (Van Avendonk et al., 20006),
and drilling from Site 1277 suggests that these rocks represent exhumed serpentinized
subcontinental mantle (Miintener and Man.  chal, 2006). This crustal domain is
corrclated with T2 on SCR2, and is most likely formed through exhumation and
serpentinization of mantle rocks.

Bascment becomes relatively smoa  ncar the MO magnetic anomaly (CDP 6000)
and this continucs extending seaward to the end of the profile, and illustratcs a morc
modecrate yet variable basement relief. The 10 is located over a bascment low on both
the ER56 and SCR2 profile, where this basement feature is likcly corre 1ited across both
lines. As discusscd in Section 3.2.2, a change in the velocity gradient along the SCR2
profile occurs at MO (Van Avendonk et al., 2006), and modeled velocitics at this location
rc :mblc those of typical At ccan crust (VD OC; F© :3.2). The landward limit
of oceanic crust is similarly placed just landward of the MO anc 1y on the ERS56 profilc.
3.2.5 Erable 53 and 54 CSS Hudson 85-025 (Plate 2e)

ER 53 imagcs the continental shelf of Flemish Cap is between CDPs 102-7000.
Here shallow water depth combined with a hard wa  bottom reflection makes noise
from multiple reflections a severe problem. Although various multiple removal

techniques were used inthe pro 11 flow, the signal to noise ratio remains very low.
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observed on Galicia Bank (Reston et al., 1996) and the Iberian Abyssal Plain (Whitmarsh
et al., 2000; kup et al., 1996). However, velocity models HU-9&10, and HU-11
confirm the presence of continental crust, modeling velocities of 6.0-6.1 km/s and 5.9-6.0
km/s respectively. The crustal block at HU-11 (CDPs 10000-11000) may represent a
smaller westward dipping fault block adjacent to a horst that is bounded by a high angle
landward dippii normal fault to the west, and a seaward dipping normal fault to the east.

Scaward, a crustal block of unknown origin is present between CDPs 11500-
12000. Adjacent to this crustal block there  a change in the top of basement reflectivity
character, and deeper reflections a  more - :dominant. A seaward dipping reflection,
that likely r resents a fault, coincides with this change in basement character. The
basement surface of this block is very angular, demonstrating a similar shape to the top of
a rotated fault block. Also, two crustal blocks near the foot of the slope on the SCR1
profile (CDPs 56000-60000) that lies just1 -th of ER54, have been interpreted as
continental crust by some authors (Funck et al., 2003; Hoj cr ct al., 2004). Two crustal
blocks also lic near the foot of the continer I slope on ER54 (CDPs 10000-12000), and
may correlate with those ident...2d on SCR1. Thus, based on the angular shape and
correlation to features on SCR1, this crustal block is assumed to be a block of continental
crust,

Immediately secaward of this block the velocity model from 11U-18 has been
projected onto the profile (~ CDP 12000). Profiles shot from both cast and west indicate
a 4.5-5.0 or 5.1 km/s layer that is about 1.5 km thick above a layer with a velocity of 7.0

km/s that increases tc « 3 km/s within 5 km depth. This provides high velocity
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gradient of about 0.4 s, which is not typical of continental crust, and could represent
either 1) layer 2 and 3 ocean crust. ~ h™ "ly serpentinized and brecciated peridotites
(similarly interpreted on IAM-9; Dean et al., 2000) over moderately serpentinized
peridotites (25-35%; serpentinization values from Escartin et al., 2001), or 3) layer 2
occan crust over moderately  pentinized ridotite. The velocity model from HU-1, 2,
and 18 have all been interpreted by Todd ¢ | Reid (1989) as being produced oceanic
crust. Stmilarly on SCRI1, thin ocean crust is interpreted to lie just scaward of the two
crustal blocks interpreted as continental crust (CDP 60000) extending for about 60 km
until normal occan crust thickness is rcached (Funck et al., 2003; Hopper et al., 2004;
Hopper et al., 2000). The mterprctation of 11n ocean crust is also adopted for this region
on the ER54 profile.

The HU-6 refraction profile has an interesting crustal velocity structure, where a
2.5 km thick 4.0-4.5 km/s layer, prc  1med ) be layer 2 ocean crust, is modeled above
unaltered mantle velocities of 7.9 0 km/s. It is possible that another layer is present
between the two, but too thin to be resolved by the refraction experiment. It is observed
on SCRI1 that layer 3 crust pinches out and is absent over a distance of about 10 km
(Funck et al., 2003; Hopper et al., 2004; Hopper ct al., 2000). This intc  -etation is
similarly accepted to explain the HU-0 velocity model. Just scaward of the HU-0
projection at CDP 13500, a possible stratified rotated block is imaged. Similar features
have been it ged within the thinned oceanic crust region of SCR1 (Hopper ct al., 2004;

Hopper ct al., 2000).
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Basement relief and reflectivity is n  derate between CDPs13000-16500, and then
becomes more reflective extending seaward to the end of the profile maintaining a
moderate relief. This change in the basement reflectivity occurs near the MO magnetic
anomaly (Srivastava et al., 2000) locate at ~CDP 17500. :low the basement surface,

deep reflectors are imaged from CDP13000 to the end of the profile. Note the package of

reflectors between CDPs 13500-14000 at 8.5-9.0 s. The base of these reflector correlates

with the unaltered mantle velocities (7.9-8.0 km/s) modeled at HU-6. These possible

Moho reflections where present are imaged as sub-horizontal relatively continuous

features, until CDP 16000, where the refle on become discontinuous and form *‘criss-

cross” fcatures up to CDP 17500. A strong lateral velocity contrast may explain the

inability to image these reflections, where a pre-stack depth migration would be required |
to successfully resolve them. The change in basement reflectivity near the MO magnctic

anomaly may coincide with a mo  normal thickness of ocean crust produced by a faster

spreading rate.

Both HU-1 and HU-2 display normal oceanic crust layer 2 and 3 velocities up to a
depth of 6 and 6.5 km below basement surface, and no mantle arrivals where recorded to
constrain the total thickness of the crust. This r¢ “on has a crustal thickness that 1s likely
close to, or within the range of normal ocean crust thickness (7-8 km; wler, 2005, p.
320). Thus, the region between CDPs 12000-17500 is interpreted as thin ocean crust, and

CDPs > 17500 are interpreted as n  al thickness ocean crust.
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3.2.6 SCREECH Line 104 (Plate 2f)

Low asement relief, and an unreflective basement surface characterize the area
extending from the SW end of SCR104, to CDP 124500. Here the U-reflection is present
(Shillington et al., 2004), and appears to t¢ 1inate near CDP 124500. This zone is
interpreted as transitional crust (T1), and includes intersection points with SCR2 and
ERS56 at CDPs 137200 and 132, 0 respectively. The SCR2 and ER56 profiles arc
similarly interpreted as transitional crust at 1c SCR104 intersections.

A flat basement surface is imaged, with little intra-crustal reflectivity betwcen
CDPs 124500-122000. 1t is uncertain what crustal type this area represents. However
this zone is in close proximity to both ERS  where continental crust is interpreted to lie
adjacent to in ocean crust, and this also applics to SCR1 to the northecast. Therefore this
area most likely contains either thinned continental crust, or thin occan crust.

Just northeast of this section at CL 121900 is the intersection with ER54,
corresponding with the bounc 'y of continental crust and thin ocean crust interpreted on
the ER54 profile (CDP ~12000). This arca also corresponds with an increase m intra-
crustal reflectivity extendin  northeast to the end of the profile. The velocity model from
HU-18 is projected onto SCR104 at CDP1 )00. The 4.5-5.0 or 5.1 and 7.1-7.3 km/s are
interpreted as layer 2 and 3 thin ocean crust (as discussed in Section 3.2.5). This zone is
similarly interpreted as thin ocean crust (To¢). Basement topography increascs sligh -

between CDPs 117500-11300 a ) supporting this interpretation,
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3.3 Results

A detailed map with the SCREECH and Erable transects is provided in Plate 3
that includes CDP numbers for each profile. Taking the crustal boundarics outlined in
Secction 3.2, we can overlay them onto the map of the project area, and observe the
relationship between all profiles (Figure 3.4 and Plate 3). Stra _ it linc interpolation
between the various profiles provide shapes for these crustal domains (Figure 3.5), and
aids in the understanding of how rifting and seafloor spreading spatially changed along
the southern margin of Flemish Cap. The region southwest of the shaded crustal domains
has not been interpreted for this project, however crustal domains have been placed on
profile FGP 85-2 by Lau et al. (2006b). Likewisc, a sense of the crustal boundary trend
south of profile FGP 85-2 is taken from Tucholke ct al. (1989), where these boundaries
are outlined with dashed lines. A discu on what mechanisms that could allow for
the bend in these boundaries is given in Chapter 4.

The dominantly low rel | unrefle  ve transitional crust (T1), interpreted as
exhumed serpentinized mantle on the SCR3 profile (Lau et al., 2006a; Lau ct al., 20006b).
However this z¢ :is interpreted s dominantly thinned continental crust on the SCR2 |
profile by Shillington et al. (2006) and Van Avendonk et al. (2000), be  1sc of
correlation with the modeled ~5.5-6.5 km  |ayer from the wide-angle data. Low relief
and unreflective transitional crust is also observed on the ER56 profile (T1). There is no
evidence of rotated fault blocks or pre-rift sediments imaged in the T1 domain on either
of the ER56, SCR2, or SCR3 profiles. Also, a 5.5-6.5 km/s layer can also be attributed to

ser itinization of - d mantle rocks. ...us, we hypothesize that the .. d¢  1n
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Layer 3 is absent in some areas. Thus a change occurs in the transitional zone moving

from southwest to northeast, wl ¢ the southwest appears to be devel: ed by rifting of
continental crust, and the north: st is formed by anomalous seafloor-spreading. This is
also in agreement with the extended continental crust zone, where the width of thinned

continental crust decreases moving to  : northeast.

As illustrated in F* 1re 3.5, there is no correlation between magnetic lineations
interpreted by Srivastava et al. (2000) and the various mapped crustal domains. This is
likely because of the uncertainty associated with the weakness of the anomalies and along
strike discontinuity.

A discussion of how rifting and sea floor spreading processes change moving
along the margin is given in Chapter 4, along with possible rifting models for the

Newfoundland and Iberian conjugate mar 1s.
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Chapter 4: Discussion
4.1 Basic Rifting Models

Pure shear extension is an early model proposed by McKenzic (1978) for the
development of rifted continental margins. This model involves rapid uniform stretching
throughout the continental lithosphere, with small-scale listric faulting occurring in the
upper brittle crust, and ductile stretchii  in the lower crust (Figurc 4.1 a). As the crust
thins due to  ctching there is an upwelling of the hot asthenosphere. This stage is
associated with initial subsidence accommodated by fault block moven . Once
stretching ends, heat is conducted to the surface and the lithosphere then thickens and
cools, lecading to a sccond slow stage of subsidence. Rifting accommodated by this pure
shear uniform stretching would result ins©  metrical conjugate margins.

However, asymmetries in continental margins are commonly observed, and
cannot be represented by the pure shear rifting model (Lister ct al., 1986). Wernicke
(1985) proposed a simple shear model to explain this phenomenon, with a low angle
normal fault that penetrates the entire lithc shere (Figure 4.1 b). In this scenario, crustal
thinning is commodated in the upper crust on the “break away side” (left as illustrated ‘
in Figure 4.1 b). As the detachment fault penetrates deeper, movit - away from the
“break away side™ (right as illustrated in Figure 4.1 b) thinning of the lithosphere occurs
within the lower crust and mantle, until o1 7 the mantle lithosphere is thinned. During
rifting, uplift is produced in the area associa | with the rising asthenosphere, while
subsidence occurs below the area of crustal faulting. Hence, the asymmetry in the

lithospheric response.

Chapter 4, Pa_ 127



Lister et al. (1980) modified the simple shear rifting model so that it involves the
delamination of the lithosphere, with the detachment fault becoming horizontal at the
brittle-ductile transition, steeping, then again becoming horizontal at the crust mantle
boundary (Figure 4.1 ¢). This would also produce asymmetrical plate margins, where the
upper and lower plates are defined by rocl  that originally lay above and below =
detachment fault respectively. The lower plate is typically composed of rocks that have
undergone extensive faultii - and rotation, in comparison to the upper  irgin, which is
much less structurally complex exhibiting some normal faulting with little rotation.
Lister et al. (1986) also commented that the upper plate might be uplifted relative to the
lower plate as a result of the rising asthenosphere and possible magmatic underplating.

Various models exist that combine the pure and simple shear models (c.g., Keen
et al.. 1989; Lister ct al., 1991). These models arc such that simple shear cxtension is
accommodated alor a detachment fault, and ductile pure shear stretching occurs below
this in the lower crust and/or upper mantle (F re 4.1 d). Some varieties of the
combination model include: whether or nc  the detachment fault has multiple ramps and
flats, the level at which the detacl  :nt fault soles (mid crustal or mantle depth), whether
or not the zone of brittle extension in the  per crust is laterally offset {rom the zonc of
ductile stretching (Lister et al., 1991). The combination model shown in Figure 4.1 d
illustrates a  :tachment fault that soles into the ductile lower crust, where the brittle

faulting in the upper crust is not laterally offsct from the zone of ductile stretching.
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approximately perpendicular to the strike of the Flemish Cap margin, and so lic in the
optimal direction for imaging structures wil  n this margin.

As illustrated in Figure 4.2, the SCR1 profile is conjugate with the GP101 profile.
Although ER54 is slightly oblique to both of these profiles, it is also assumed to be
approximately conjugate with GP101. The LG-12 profile and Leg 149/173 drilling sites
are both conji  ite to the SCR2 profile. These profiles also align with the most southern
end of profile R56, and are thus assumed to be approximately conjugate to this profile.
The 1AM-9 profile is located only 30 km tc 1€ south of LG-12, and within this 30 km the
structure of the Iberia margin changes dramatically. Because the IAM-9 profile is in
close conjugate proximity to the ER56 and SCR2 profiles in the MO reconstruction, it
will also be used for conji 1ite profile comparison.

4.2.1 Southwest Flemish Cap Margin and Southern Iberia Abyssal Plain

Figure 4.3 is a comparison of the ER56 and SCR2 profiles from the southwest
Flemish Cap and Central Grand Banks ma  n with the southern Iberian Abyssal Plain.
The zone of extended continental crust is about 55 km on both the ER56 and SCR2
profiles. This zone of thinnit  of crust beyond the shelf break is not  wide as that
observed on the LG-12 and IAM-9 profiles. The full zone of extended continental crust
extends further landward of the most landward edge of both the LLG-12 and IAM-9
profiles. However measuring from the  ge of the shelf break, the width of extended
continental ¢ st is about 330 km on both profiles. The thinning of the crust is clearly
accommodated by multiple low ar '¢ listric faults on both Iberian pro es. A possible

detachn it Itisin ed on the LG-12 profile as discussed in Sectic  1.5.2, but not on
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the IAM-9 profile. In sharp contrast, faulting on the slope of the ER56 and SCR2 profilcs
is not as clearly imaged, and there is little to almost no evidence of crustal scale normal
faulting or detachment faulting (Shillington et al., 20006).

The IAM-9 profile images a low  ief transitional basement interpreted as
cxhumed serpentinized mantle (Pickup et al., 1996; Dean ct al., 2000) that is about 120
km wide (T1), followed by a penidotite ridge region about 50 km wide (T2). The arca
around the LG-12 profile and L« 149/173  illing does not contain a low relief
transitional region, but a zone of peridotite ridges about 80 km wide lics adjacent to the
most scaward block of continental crust.

A low relicf transitional region . 1) has be  identified on both ER56 and SCR2 profiles
with widths of 40 and 60 kmre :ctively (Figure 4.2 for broad features or Plates 2b and -
3b for detailed illustration). This is less  an half the width of the low relief and
reflectivity zone illustrated on the IAM-9 | file. Adjacent to the low relief unreflective
transitional bascment, there is a change to a more reflective, moderate to high relief
transitional basement (T2), with widths of . and 55 km respectively. This zone is
interpreted as serpentinized | lotite ridges, similar to the peridotite ridges located in the
Iberia Abyssal Plain. The width of this zone off the southwestern margin of Flemish Cap
is approximately the same as that observed from the IAM-9 profile. Comparison of the
transitional regions of ERS6 and IAM-9 (F 1re 4.4) shows that the reflectivity is quite
different. No top of basement reflection is observed from the low relief transitional

r nonthe 56 profile. Aneventnam the U-reflector is widesp  id in this arca
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and is created by intrusion of mafic sills into sediments just above the assumed bascment
surfacc (scc Scction 1.4.3.1.1 for a full discussion). The lack of a visible basement
reflection is likely a result of the inability of seismic waves to penetrate through the sills,
a weak impedance contrast at the basement surface, or both (Shillington et al., 2006). In
contrast, basement surface reflectivity on t : TAM-9 profile in the low rclief transitional
1s visible (yct of low reflectivity) and increases with depth. However, a widespread event
comparable to the U-reflection on the Nevw undland margin is not present on the Iberian
margin, so the difference in reflectivity may not be a result of different basement typcs.
The transitional region of increased basement relief has becen 1dentified as
containing peridotite ridges on the lAM-9 profile (Figure 4.4), and a similar intcrpretation
is given to this zonc on the ERS56 profile (see Section 3.2.4 for discussion on
interpretation of crustal types). Amplitude and height of basement topography are very
similar. The main difference between the Newfoundland and Ibceria profile in this
scction, is that the basement h s are fairly angular on the [AM-9 prc le, and more
smooth on the ER56 profile. However stt  ¢s have shown that serpentinization weakens
peridotitc rocks (Escartin et al., 2001), where serpentinization at the top of peridotite
ridges would make them more susceptible to erosion, producing a mo  rounded
basement surface (Tucholke et al., 2006),  the interpretation of a peridotite ridge for

this region cannot be dismissed.
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4.2.2 Southeast Flemish Cap Margin and the Galicia Bank

Figure 4.3 is a comparison of the ER54 and SCR1 profiles from the southeast
Flemish Cap rgin with the GP101 profile from the Galicia Bank margin. The zone of
extendcd continental crust beyond the sl f break is about 80 km wide on the SCR1
profile (Hopper ct al., 2000), and 70 km wi : on the ER54 profile. The landward edge of
continental crust is not included in the GP101 profile, but this profile docs show
continental crust thinning from 16 to 3 km over a distance of about 100 km suggesting
that the zonc of extended continental ¢t is much greater on the Galicia Bank margin.

A strong con wous reflection named the S-reflector is imaged off Galicia Bank and 1s
interpreted to represent a detachment fault (c.g., Boillot et al.1988a; Boillot ct al., 1988b;
Reston ct al., 1996). There is no evidence of detachment faulting on the southcast margin
of Flemish Cap. Also there is little evidence of highly rotated fault blocks as imaged on
the Galicia Bank margin.

Neither the southeast Flemish Cap nor Galicia Bank margins contain a zone of
low-relief transitional basement as obscrved just to the south (ER56, SCR2, and IAM-9
profiles). The GP101 profilel ar »w zone of transitional crust containing a
peridotite ridge that was sampled at Site 637 by the C™? durii Leg 103. . .iis peridotite
ridge abuts thin occan crust th  extents for about 20 km until it reaches normal occan
crust thickness. In contrast, no peridotite ridges are interpreted on the ER54 or SCR1
profiles, where thin ocean crust lics adjacent to the most seaward limit of continental

crust. This zone of thin ocean crust is much wider on the southeast Flemish Cap margin,
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extending for about 70 and 60 km on the ER54 and SCRI profiles respectively, and it
also exhibits rotated fault blocks.
4.3 What Rifting Model is the Best Fit?

Starting with the southwest Flemish Cap and southern Il ia Abyssal Plain
conjugate pa  the asymmetries of each margin provide evidence of asi ple shear
extension. Simple shear extension is typici y accommodated through detachment
faulting, where low angle major faults, which have been interpreted as detachment faults
(Krawczyk et al., 1996; Whitmarsh et al., 2000), have been imaged on the LG-12 profile.
The zone of extended contir  tal crust 1s wider in the southern Iberia Abyssal Plain
compared with the southwest Flemish Cap margin. Also highly-rotated fault blocks have
been image in the southern Iberia Abyssal Plain, but not on the southwest Flemish Cap
margin, suggesting that Iberia would be the lower plate, and Newfoundland the upper
plate using the simple shear rifti - mc "1

Similarly, the Galicia ~ank margin also exhibits a wide zonc of extended
continental crust accommodated by low angle normal faults that sole near the S-reflector,
a proposcd detachment = " (: - atet ., 1988a; Boillot et al., 19¢..; ..eston et al.,
1996). This is quite different fr  the ab1 it thinning of the continental crust on the
southeast FI 1ish Cap margin observed on both the SCR1 (Funck et ¢ , 2003; Hopper ct
al., 2004; Hopper et al., 2006) and ER54 profiles. This provides further evidence that the
Newfoundland shelf lies on the upper plate, and Iberia on the lower plate, as rifting is

accommodated by a westward dippit  detachment fault in a simple shear rift model.
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Various authors have proposed simple shear models for the Newfoundland —
Iberia conjugate pair, where both a westwar  (Winterer et al., 1988; Krawczyk et al.,
1996, Whitmarsh et al., 2000) and castward (Boillot et al., 1988b) dipping detachment
fault has been modeled for the Iberian margin. However, extensive study has been
performed on the nature of the S-reflector from multiple seismic reflection lines collected
off Galicia Bank (Reston et al., 1996). Although these seismic reflection profiles image
S as an undulating surface that, in diffe it places, dips to the west, is sub-horizontal, and
also gently to the cast, the dominant dip direction is clearly to the west. The present day
dip of a detachment surface does not always indicate the sense of shear, since it may have
later become tilted. However there is no cvidence of opposing dips observed within
either the syn-rift or post rift sediments, so it is assumed that the predc  tnant westerly
dip of the S-reflector is a true indication of normal-slip shear motion (Reston et al.,
1996). Also, overlying block-bounding faults also dip to the west, and evidence from
detachment terrancs is that faults overlyin  detachments are most often synthetic to the
detachment (Lister and Davis, 1989), providing further evidence to suj ort this theory.
Scctions of the S-reflector that dip eastwar  may simply represent area where the
detachment fault bowed up as a result of re 10val of the load of the upper plate (Reston et
al., 1990).

A similar bowing-upw 1 feature is recognized on the H-reflectt  maged on the
LG-12 profile in the southern Iberia Abys  Plain, where H is a proposed detachment
fault scparating crust and mantle ks (K wczyk et al., 1990) (Figurc 1.10 and 4.3). In

cor st a comparison of scismic refraction and ref :tion results from Galicia Bank have
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determined that the S-reflector is intracrustal at the landward edge of Galicia Bank, and
gradually cuts into the lower crust moving seaward (Whitmarsh et al. 1996). This
suggests that there is variation along the Iberian margin in how these low angle (proposed
detachment) faults form. Overall, evidence from dips of proposed detachment faults on
the Iberian m  zin suggest that Iberia lies on the lower plate.

Although no detachment faulting has been imaged on the southern Flemish Cap
margin, furthi  south west on the Central Grand Banks, a package of westward dipping
reflectors are imaged beneath the b: : of the continental slope on both the FGP 85-2
(Keen and de Voogd, 1988) and SCR3 (Lau et al., 2006b) profiles. It is uncertain what
produccs this strong L-reflection. Initially it was tho1 it to be produced by magmatic
matcrial that underplated extended lower ¢ tinental crust (Keen and de Voogd, 1988).
A recent seismic refraction experiment con icted along the SCR3 profile has shown that
the lower scection of this package of reflectc i is coincident with a 7.6-7.9 km/s P-wave
velocity hence these reflectors are interpre | as separating crust from underlying
serpentinized mantle (Lau ct al., 2006a; Lau et al., 2006b). It is also proposed that the L-
reflection represents a shear zone that aids  the exhumation of mantle further scaward
(Lau et al., 20006b). It is possible that the shear zone could be remnants of a westward
dipping detachment fault (Tankard and Welsink, 1987) as similarly suggested for the
southern Iberia Abyssal Plain (Krawez: et al., 1996; Whitmarsh et al., 2000) and
Galicia Bank (Winterer ct al., 1988; Reston et al., 1996; Reston 1996; Whitmarsh et al.,
1996). It should be noted that intra-cratonic and continental slope rift basins located on

the Grand Banks, such as the Jeani  D’Arc Basin and Carson-F  1nition Basin, have
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featurcs. However, some asymmetrics are formed through heterogeneous boudinage
and/or faulting of the brittle la_ s, whe  shear stretching occurs in the ductile lower
crust and mantle layers.

4.4 Proposed Rifting and Break-up Mo« s  _ross Section)

Here the hypothesis is accepted that rifting was accommodated  y a west-dipping
detachment fault, and 1s represented by bot the S- and L-reflectors on 1c Iberian and
Newfoundland margins respectively. Two different models of continental break-up are
proposcd in Figures 4.6 and 4.7.

Where the S-reflector is imaged, comparison of seismic reflection and refraction
data has shown that it lics in mid-crust at1  zastern edge, cuts into lowcr contincntal
crust moving westward, and then comes close to, or reaches, the crust-mantte boundary
(Whitmarsh et al., 1996). Similarly, modeling of scismic refraction data from the SCR3
profile shows that the basc of the L-reflectors corresponds with the top of a modeled
serpentinized mantle layer, at the western edge of tI  layer (Lau et al., 2006a; Lau ct al.,
20006b). Thesc featurcs condition both  Hdels presented (Figure 4.6 and 4.7).

ODP drilling from L« 103 and 173 on the Iberian margin.  d Leg 210 on the
Newfoundland margin suggest that recove 1 serpentinized peridotites represent
¢xhumed subcontinental mantle (Evans and Girardcau, 1988; Girardcau ct al., 1988;
Kormnprobst and Tabit, 1988; Abe, 2001; Hébert et al., 2001; Miintener and Manatschal,
20006). This is the second condition set for both models illustrated in Figure 4.6 and 4.7.

The first model assumes a brittle i sphere, with a detachment fault that

penetrates the entire lithosphere as propos by Wemicke (1985) (Figu 1.6a). The
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Iberian margin acts as the lower plate, and experiences dominantly upper crustal thinning,
whereas the Newfoundland margin acts as the upper plate, and experiences dominantly
lower crust and lithospheric mantle thinning. A slow and cold phase of rifting allows the
crust to be thinned until it reaches zero thicl  ess, and subcontinental mantle exhumation
occurs (Figure 4.6 b). Faulting allows pene ition of seawater into the peridotite rocks,
so that serpe  inization occurs. This is acce 1panied by a rising asthenosphere, which
eventually penetrates to separate the two plates as seafloor spreading commences to form
ocean crust (Figure 4.6 ¢). Here the breakup point is such that a section of subcontinental
mantle from 1c Iberian upper plate is strar  :d on the Newfoundland margin. The
detachment fault is now inactive. On the Newfoundland margin, the inar  ve detachment
fault separates continental crust from mantle on its seaward side, and mantle from dcepcr'
mantle on its landward side. Seismic reflection and refraction data provide no evidence
for a continuation of the detachment fault, separating mantle from mantle. It may be
possible that the faulted mantle/mantle boundary docs not possess an impedance contrast
high enough to image a reflection. As seafloor spreading continues, the isotherms ncar
the continental margins cquilibrate, the asthenosphere level drops, and sub-occanic
mantle forms (Figure 4.6 c).

The second model proposed involves simple shear in the crust, and pure shear
below (e.g., Keen ct al., 1989; Lister ct al., 1991). Here a detachment fault penetrates lhc‘
entire crust and soles at the crust mantle boundary (Figure 4.7 a). The underlying mantle
undergocs ductile pure-shear stretchir - § nilarly to the mantle exhumation stage in the

simple shear model (Figure 4.6 b), crustal thinning is accommodated along this
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85-2 profilc, but the exact location is uncertain because of lack of seisniic coverage in
this arca. An interesting feature is that the M vfoundland Seamounts fall within the zone
where the bend occurs, and they also line up with the Collector Anomaly (Haworth and
Maclntyre, 1975; Haworth and Keen, 1979; Figure 4.8) as discussed in Section 4.5.4.
We chose to place the bend in crustal boundarices at this location to constrain this section
of our modcl (Figure 4.8), however any other location between SCR3 and FGP-85-2 is
also possible.

As discussed in Section 3.3, both scctions of transitional crust interpreted as low
relicf exhumed mantle and peridotite ric s (T1 and T2 respectively) arc believed to have
a subcontinental affinity, thus representing an arca that has expericnced rifting
(represented by the grey section in Figure 4.9). Note that a lack of drill sites located
within transitional crust does creatc an uncertainty in the interpretation that the entire
rcgion represents subcontinental mantle. T 1s, some areas of the transitional crust may
consist of suboccanic mantle or melt products. For the purposes of this modcel, we
assume the hypothesis that the transitional crust containing exhumed subcontinental
mantle 1s correct.

The arca of extended continental crust has been formed through rifting. The most
landward cdgc of the extended continental crust is approximated by the outline of the 600
m bathymetry cor Hur, and it is asst  »d that crust located inside this boundary is
relatively undeformed. However, it should be noted that this is used as a rough estimate
since therc is a small amount of internal deformation within Flemish Cap, and morc

deformation landward on the Grand ~ =~ basins such as the Jeannc d’ Arc Basin.
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Newfoundland Fracture Zone represents the normal transform margin end member,
where a transitional zone about 25 km wide contains a steep continental slope with crust
that has thinned from 20 to 8 1 thickness, and the seaward thinned continental crust
scems to be overlain by a 3-5 km thick layer of volcanics (Todd et al., 1988). The
continental crust on the southern margin of Flemish Cap thins from about 30 to 5 km
thickness over a width of , J ki on the ER 54 profile, and 55 km on the ER56 profile.
Note that the model presented that approaches M3 time (Figure 4.12 b) positions
the southern margin of Flemish Ci  as conjugate with the western margin of Galicia
Bank. However, during MO time (Figure 4.12 d), the southern margin of Flemish Cap is
conjugate with the northern margin of Galicia Bank, similar to reconstructions presented
by Todd an Rcid (1989). This solves the problem of a misfit with overlap in the
Flemish Cap Galicia Bank arca as encot  ered in other reconstructions (e.g., Keen and
Barrett 1981; Masson and Miles 1984; Srivastava and Tapscott, 1980; Sibuet et al.,
2004). But ther del presented here is different from many past and recent MO
paleographic reconstructions that place the southern margin of Flemish Cap conjugate
with the western margin of Galicia a1 (c.g., Verhoef and Srivastava, 1989; Sibuet and
Collette, 1991; Srivastava et al., 2000; Sit it ct al., 2007a). This discrepancy may be a
result of either the inability to properly identify the MO anomaly on the Newfoundland
margin, which has been used to place sout :m Flemish Cap conjugate to western Galicia
Bank, or this modcl’s inability to properly constrain motion of Flemish Cap, IB, and EU

relative to North America.
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4.7 Conclusions

Processing of two seismic reflection lines from the Erable survey has provided
more cxtensive data coverage over the sov  ern margin of Flemish Cap.  Combining
these data with SCREECH seismic profiles and two ODP drill sites have allowed the
mapping of distinct zones of continental, transitional, and oceanic crust. These zones are
comparcd to those on the conjugate Iberian margin to constrain the rifting and seafloor
spreading processes.

Results show the presence of transitional crust (proposcd to be exhumed
subcontinental mantle) along the Central ¢ nd Banks and the southwest margin of
Flemish Cap that tapers to the northeast, so that no serpentinized mantle exists on the
southcastern edge of Flemish Cap. The conjugate Iberian margin is characterized by a
much wider zone of serpentinized exhumed mantle that narrows to the north moving into
the Galicia Bank region. Also, the zone of extended continental crust on the Flemish Cap
margin is much narrower than that on the Iberian Margin. The marked asymmetry of the
Newloundland and Iberian margins is likely a result of simple shear extension with a
westward-dipp nt, however both a simple shear model, and simple
shear/pure shear combination model fit the data presented.

However, the Newfoundland Margin has a complex rifting history, and thus
cannot be adequately described by two-d  nsional rifting models only. The
complexitics involve the proposed rotation of Flemish Cap (Sibuet et al., 2007a), and
possibly subsequent oblique shearing along the southern Flemish Cap margin (Todd and

Reid, 1989). The plan-view rifting and break-up model presented in this paper attempts
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to account for the change inriftit  anc  eak-up processes throughout the Late Jurassic
to Early Cretacer s that formed the south Flemish Cap margin.

Based on geochemical studies of ODP Site 1277 (Miintener and Manatschal,
2000) from the Newfoundland margin, and Sites 637 (Evans and Girardeau, 1988;
Girardeau et al., 1988; Kornprobst and Tabit, 1988), 1068 and 1070 (Abe, 2001; Hebert
ct al,, 2001) from the Iberian margin, it is proposed that the transitional region of the
Newfoundland margin dominantly contains serpentinized exhumed subcontinental mantle
formed during ri 1 However, more dri ng data is needed to constrain its composition
with a high degree of confidence. It is possible that suboceanic mantle or melt products
arc prescnt in some regions of transitional crust, and if present in large amounts would
significantly reduce the region interpreted as being forme through rifting processes, and
increase the region interpreted as being formed through seafloor spreading processcs.
This in turn would require modification of the model.

The model presented in this paper (F 1re 4.12) leaves NA fixed. A rifting triple |
junction active during the ~ ite Jurassic is proposed with three branches that cxtend into:
1) East Orphan Basin, 2) along the southern margin of Flemish Cap,  13) into the
(future) Flemish 1ss asin. In addition to extension, dextral strike slip motion occurs
along all three branches, and accommodates rotation and southeast di  lacement of
Flemish Cap and southeast translation of the IB plate with respect to NA. Thus, it is
expected th  the Flemish Pass Basin formed in a transtensional regime that

accommodated movement 1d rotation of  emish Cap (Sibuet et al., 2007a).
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detailed imaging to help determine how rifting and seafloor-spreading processes change
within this arca.

Drilling additional locations in both the flat (T1) and high relief (T2) transitional
crust can provide information to confirm its composition, formation, and determine
whether this zonc is fairly homo; 1cous, or contains various rock types (thinned
continental crust/serpentinized 1antle/occan crust).

Anot trecommendation is to do further work with modecling the complete rifting
and break-up history of the Flemish Cap a 1, that incorporates and properly constrains
the rifting events and resultit  crustal bou laries in the Orphan Basin, Iberian margin,

and Europcan m  zin.
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Appendix 2: Latitude and longitude points for Line 54 converted to UTM and
corresponding station numbers assigned to each FFID. These points were then
interpolated to assign a UTM and stationr  nber to every FFID for se ng up the
geometry. No latitude and longitude point was given for FFID 6114 which is the last
FFID for the line, so the UTM and station number was extrapolated for this FFID.

FFID L tude Longitude  Northing (UTM) Easting (UTM) Station No.
3174 4751637  -44.02635 5263008.394 573305.82 1000
3276 4742513  -44.08482 525281498 569023.03 570023
3378 47.33553 -44.1412 5242809.005 564880.706 1134904
3481 47.24123  -44.20183 5232280.631 560407.526 1695311
3582 47.1486  -44.25845 5221944 431 556220.152 2251531
3683 47.055 -44.3191 5211501.023 551712.584 2803244
3711 47.03098 -44.3333 5208822.476 550656.867 3353901
3787 46.97242  -44.36337 5202295.928 548424.996 3902326
3931 46.83981  -44.45295 5187508.292 541713.891 4444040
4002 46.7694  -44.49233 5179664.01 538761.615 4982801
4055 46.72018  -44.52433 5174179.35 536351.426 5519153
4074 46.70162  -44.52317 5172117.486 536452.569 6055605
4296 46.52508 -44.382 5152575.678 547398.451 6603004
4518 46.35088 -44.2449 5133310.891 558098.376 7161102
4670 460.2302  -44.14986 5119976.02 565554.082 7726657
4747 46.1673 -44.1035 5113026.54 569208.443 8295865
4823 46.109  -44.05321 5106593.94 573167.926 8869033
4940 46.0151  -43.98395 5096227.028 578653.561 9447687
5058 459328  -43.91927 5087148.952 583784.521 10031471
5272 4578663  -43.80948 5071030.196 592538.243 10624010
5383 4571358  -43.75017 5062984.6206 597275.18 11221285
5495 45.63695  -43.69: 5054539.026 601673.538 11822958
5748 45 622 -43.55475 5034048.545 613000.059 12435958
5780 45 1323 -43.53703 5032119.525 614432.015 13050390
5864 45.37187  -43.49211 5025367.666 618073.37 13668464
5946 4531042  -43.44464 5018611.699 621922.289 14290386
6029 4524438 4339 £ 13508 625925.799 14916312
6113 45 1925 -43.3447 5004195.879 630055.45 15546367
6114 5004110.701 630104.6125 16176472
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6110 907.9625 5004451.412 22 6113 630055.45 5004195.879 24246
6111 629957.125 5004366.234 30 6114 630104.6125 5004110.701 24254
6112 630006.2875 5004281.057 24238
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Appendix 4: Latitude and longitude points for Line 56 converted to UTM and
ed to cach FFID. These points were then
interpolated to assign a UTM and station number to every FFID for setting up the

corresponding station numbers ass’

geometry.

FFID
7633
7859
8082
8308
8532
8759
8872
8984
9208
9320
9433
9540
9602
9659
9772
9880

Latitude
44.46447
44.65727
44.84040
45.04202
4523312
45.417
45.50810
45.5992
45.76743
45.84405
45.92570
46.02737
46.07407
46.12017
46.2003
46.27905

Longitude
-43.76073
-43.8912

-44.02198
-44.1563

-34.28899
-44.42074
-44.48371
-44.55093
-44 67258
-44.72657
-44.78947
-44.85994
-44.89188
-44.92445
-44.9832

-45.0425

Northing (UTM)

4924209.434
4945476.504
4966. .496
4987964.513
5009093.473
5029« 1.691
5039: .68
5049615.496
50068200.023
S..0 965
5080931.574
5097098.029
5102282.912
5107386.933
5116302.724
5125053.495
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Easting (UTM)

598579.145
587909.892
577288.555
566447.
555810.75
545322.1065
540330.248
535022.733
525458.897
521231.716
516320.681
510839.823
508360.803
505837.351
501296.159
496725.709

Station No.
1000
599579
1187489
1764778
2331225
2887030
3432358
3972689
4507711
5033170
5554402
6070723
6581502
7089923
7595701
8097057















8068
8069
8070
8071
8072
8073
8074
8075
8076
8077
8078
8079
8080
8081
8082
8083
8084
8085
8086
8087
8088
8089
8090
8091
8092
8093
8094
8095
8096
8097
8098
8099
8100
8101
8102
8103
8104
8105
8106
8107
8108
8109
8110
8111
8112
8113
8114
8115
8116
8117
8118
8119
8120
8121
81

8123

577999.8052
577952.3886
577904.9719
577857.5552
577810.1385
577762.7218
577715.3051
577667.8885
577620.4718
577573.0551
577525.6384
577478.2217
577430.805
577383.3884
577335.9717
577288.555
577240.3741
577192.1931
577144.0122
577095.8312
577047.6503
576999.4694
576951.2884
576903.1075
576854.9266
576806.7456
576758.5647
576710.3837
576662.2028
576614.0219
576565.8409
576517.66
576469.4791
576421.2981
576373.1172
576324.9362
576276.7553
576228.5744
576180.3934
576132.2125
576084.0316
576035.8506
575987.6697
575939.4887
575891.3078
575843.1269
575794.9459
575746.765
575698.5841
575650.4031
575602.2222
575554.0412
575505.8603
575457.6794
575409.4984
575361.3175

4964961.081
4965054.309
4965147.537
4965240.764
4965333.992
4965427.22
4965520.447
4965613.675
4965706.903
4965800.13
4965893.358
4965986.585
4966079.813
4966173.041
4966266.268
4966359.496
4966455.518
4966551.541
4966647.563
4966743.585
4 339.607
4966935.63
4967031.652
4967127.674
4967223.697
4967319.719
4967415.741
4967511.764
4967607.786
4967703.808
4967799.83
4967895.853
4967991.875
4968087.897
4968183.92
4968279.942
4968375.964
4968471.987
4968568.009
4968664.031
4968760.053
4968856.076
4968952.098
4969048.12
4969144.143
4969240.165
4969336.187
49694 32.21
4969528.232
4969624.254
4969720.276
4969816.299
4969912.321
4970008.343
0104.366
4970200.388

4652
4661
4669
4677

4702
4711
4719
4728
4736
4744
4753
4761
4769
4778
4786
4795
4804
4812
4821
4829
4838

4855
4864
4872
4881

4
4907
49
4924
4932

4950
4958
4967
4975
4984
4993
5001
5010
5018
5027
5036

5053
5061
5070
5079
5087
5096
5104
5113
5122

8124
8125
8126
8127
8128
8129
8130
8131
8132
8133
8134
8135
8136
8137
8138
8139
8140
8141
8142
8143
8144
8145
8146
8147
8148
8149
8150
8151
8152
8153
8154
8155
8156
8157
8158
8159
8160
8161
8162
8163
8164
8165
8166
8167
8168
8169
8170
8171
8172
8173
8174
8175
8176

8179

575313.1366
575264.9556
575216.7747
575168.5937
575120.4128
575072.2319
575024.0509
574975.87
574927.689
574879.5081
574831.3272
574783.1462
574734.9653
574686.7844
574638.6034
574590.4225
574542.2415
574494.0606
574445.8797
574397.6987
574349.5178
574301.3369
574253.1559
574204.975
574156.794
574108.6131
574060.4322
574012.2512
573964.0703
573915.889%4
573867.7084
573819.5275
573771.3465
573723.1656
573674.9847
573626.8037
573578.6228
573530.4419
573482.2609
573434.08
573385.899
573337.7181
573289.5372
573241.3562
573193.1753
573144.9944
573096.8134
573048.6325
573000.4515
572952.2706
572904.0897
572855.9087
572807.7278
572759.5468
711.3659
572663.185
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4970296.41

4970392.433
4970488.455
4970584 .477
4970680.499
4970776.522
4970872.544
4970968.566
4971064.589
4971160.611
4971256.633
4971352.655
4971448.678
49715447

4971640.722
4971736.745
4971832.767
4971¢ 789
4972024.812
4972120.834
4972216.856
4972312.878
4972408.901
4972504.923
4972600.945
4972696.968
4972792.99

4972889.012
497: .035
4973081.057
4973177.079
4973273.101
4973369.124
4973465.146
4973561.168
4973657.191
4973753.213

4973849.235
4973 258
4974 28

4974137.302
4974233.324
4974329.347
4974425.369
4974521.391
4974617 414
4974713.436

174809.458
4974905.481
4975001.503
4975097.525
4975193.547
4975289.57
4975 ).592
4975481.614
4975577.637

5130
5139
5147
5156
5165
5173
5182
5190
5199
5208
5216
5225
5233
5242
5250
5259
5268
5276
5285
5293
0302
5311
5319
5328
5336
5345
5354
5362
5371
5379
5388
5397
5405
5414
5422
5431
5440
5448
5457
5465
5474
5483
5491
5500
5508
5517
5526
5534
5543
5551
5560
5568
5577

5594
5603



























9076
9077
9078
9079
9080
9081
9082
9083
9084
9085
9086
9087
9088
9089
9090
9091
9092
9093
9094
9095
9096
9097
9098
9099
9100
9101
9102
9103
9104
9105
9106
9107
9108
9109
9110
9111
9112
9113
9114
9115
9116
9117
9118
9119
9120
9121
9122
9123
9124
9125
9126
9127
9128
9129
9130
9131

531094.7289
531052.0332
531009.3375
530966.6¢
530923.9461
530881.2504
530838.5548
530795.8591
530753.1634
530710.4677
530667.772
530625.0763
530582.3806
530539.6849
530496.9892
530454.2935
530411.5978
530368.9021
530326.2064
530283.5107
530240.815
530198.1193
530155.4236
530112.7279
530070.0322
530027.3365
529984.6408
529941.9451
529899.2494
529856.5537
529813.858
529771.1623
529728.4666
529685.7709
529643.0753
529600.3796
529557.6839
529514.9882
529472.2925
529429.5968
529386.9011
529344.2054
529301.5097
529258.814
529216.1183
529173.4226
529130.7269
529088.0312
529045.3355
002.6398
528959.9441
528917.2484
528874.5527
528831.857
528789.1613
528746.4656

5057273.07
5057356.304
5057439.539
5057522.773
5057606.008
5057689.242
5057772.477
5057855.711
5057938.946
5058022.18
5058105.415
5058188.649
5058271.884
5058355.118
5058438.353
5058521.587
5058604.822
5058688.056
5058771.291
5058854.525
5058937.759
5059020.994
5059104.228
5059187.463
5059270.697
5059353.932
5059437.166
5059520.401
5059603.635
5059686.87
5059770.104
5059853.339
5059936.573
5060019.808
5060103.042
5060186.277
5060269.511
5060352.746
5060435.98
5060519.215
5060602.449
5060685.684
5060768.918
5060852.153
5060935.387
5061018.622
5061101.856
5061185.091
5061268.325
5061351.56
5061434
5061518.029
5061601.263
5061684.498
5061767.732
5061850.967

12936

12974
12981
12988
12!

13003
13011
13018
13026
13033
13041
13048
13

13063
13071
13078
13086
13093
13101
13108
13116
13123
13131
13138
13146
13153
13161
13168
13176
13183
13191
13198
13206
13213
13220

13235
13243
13250
13258
13265
13273
13280
13
13295
13303
13310
13318
133
13333
13340

9132
9133
9134
9135
9136
9137
9138
9139
9140
9141
9142
9143
9144
9145
9146
9147
9148
9149
9150
9151
9152
9153
9154
9155
9156
9157
9158
9159
9160
9161
9162
9163
9164
9165
9166
9167
9168
9169
9170
9171
9172
9173
9174
9175
9176
9177
9178
9179
9180
9181
9182
9183
9184
9185
9186
9187

528703.7699
528661.0742
528618.3785
528575.6828
528532.9871
528490.2914
528447.5958
528404.9001
528362.2044
528319.5087
528276.813

528234.1173
528191.4216
528148.7259
528106.0302
528063.3345
528020.6388
527977.9431
527935.2474
527892.5517
527849.856

527807.1603
527764.4646
527721.7689
527679.0732
527636.3775
527593.6818
527550.9861
527508.2904
527465.5947
527422.899

527380.2033
527337.5076
527294.8119
527252.1163
527209.4206
527166.7249
527124.0292
527081.3335
527038.6378
526995.9421
526953.2464
526910.5507
526867.855

526825.1593
526782.4636
526739.7679
526697.0722
526654.3765
526611.6808
526568.9851
526526.2894
526483.5937
526440.898

526398.2023
526355.5066
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5061934.201
5062017.436
5062100.67

5062  .905
5062267.139
5062350.374
5062433.608
5062516.843
5062600.077
5062683.312
5062766.546
5062849.781
5062933.015
5063016.25

5063099.484
5063182.719
5063265.953
5063349.188
5063432.422
5063515.657
5063598.891
5063682.126
5063765.36

5063848.595
5063931.829
5064015.064
5064098.298
5064181.533
5064264.767
5064348.002
5064431.236
£ 514471
5064597.705
5064680.94

5064764.174
5064847.409
5064930.643
5065013.878
5065097.112
5065  .347
5065263.581
5065346.816
5065430.05

5065513.285
5065596.519
5065679.754
5065762.988
5065 223
5065929.457
5066012.692
5066095.926
5066179.161
5066262.395
5066345.63

5066428.864
5066512.099

13355
13363
13370
13378
13385
13393
13400
13408
13415
13423
13430
13438
13445
13452
13460
13467
13475
13482
13490
13497
13505
13512
13520
13527
13535
13542
13550
13557
13565
13572
13580
13587
13595
13602
13610
13617
13625
13632
13640
13647
13655
13662
13669
13677
13684
13692
13699
13707
13714
13722
13729
13737
13744
13752
13759
13767





















9860
9861
9862
9863
9864
9865
9866
9867
9868
9869
9870
9871
9872

497768.0923
497728.0007
497687.909
497647.8173
497607.7257
497567.634
497527.5423
497487.4507
497447 359
497407.2673
497367.1757
497327.084
497286.9923

5123057.705
5123134.466
5123211.227
5123287.989
5123364.

5123441.511
5123518.272
5123595.033
5123671.794
5123748.555
5123825.317
5123902.078
5123978.839

6

18850
18857

18878

18892
18899
189

18913
18919

9873
9874
9875
9876
9877

9879
9880
9881
9882
39883
9884
9885

497246.9007
497206.809
497166.7173
497126.6257
497086.534
497046.4423
497006.3507
496966.259
496926.1673
496886.0757
496845.984
496805.8923
496765.8007
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5124055.6
5124132.361
5124209.122
5124285.884
5124362.645
51 39.406
5124516.167
5124592.928
5124669.689
5124746.45
5124823.212
5124899973
5124976.734

18926
18933
18940
18947
18954
18961
18968
18975
18982
18989
18996
19003
19010
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