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Objective

Update the plate kinematic reconstructions of the central and north Atlantic oceans, in order to
better understand the nature and timing of rifting of Nova Scotia and Morocco conjugate continental
margins and provide a series of paleo-geographic maps for seven geological time slices. This is part of
the Nova Scotia Play Fairway Analysis “Plate Tectonics” Special Project.

Plan

We propose to:
1) Re-examine the interpretation of the velocity structure of the SISMAR04 wide-angle reflection and
refraction line by using a more conservative approach with respect to the new trend of the East Coast
Magnetic Anomaly (ECMA) and West African Coast Magnetic Anomaly (WACMA).
1) Examine the Fugro magnetic data acquired in the area where the ECMA vanishes and determine the
potential northern prolongation of the ECMA. Update the trend of the WACMA from a recent
compilations of the Bedford Institute of Oceanography (B1O). Compare the shapes of the ECMA and
WACMA magnetic lineations.
2) Test available and/or determine poles and angles of rotation of the plates for the time of
emplacement of significant magnetic anomalies, including ECMA and WACMA.
2) Review the timing of ECMA emplacement.
4) Provide paleo-geographic reconstructions of the central and north Atlantic oceans for the seven time
slices defined below.
5) Integrate these results with the recent work undertaken on the Newfoundland/lberia margins.

Deliverables
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Structural elements and outline palaeogeography maps for the following seven time slices:

1) Late Triassic - Pre-rift configuration (Norian/Rhaetian limit, about 203 Ma),

2) Early Jurassic - end of rifting (after CAMP and salt deposition) (ECMA/WACMA fit,
Sinemurian/Pliensbachian limit, 190 Ma),

3) Middle Jurassic (BSMA, Middle Bajocian, 170 Ma),

4) Late Jurassic (M22, Tithonian, 150 Ma),

5) Early Cretaceous (M11, Valanginian, 136 Ma),

6) Middle Cretaceous (MO, Late Barremian/Early Aptian, 125 Ma),

7) Late Cretaceous (C34, Santonian, 83.5 Ma).

In this study we have adopted the Ogg et al. (2008) geologic time scale.

1. Re-interpretation of OETR2009 and SISMARO04 wide-angle reflection
and refraction data

The re-interpretation of SISMARO04 wide-angle reflection and refraction line located in Figure
1 was presented in the SISMAR final report (31 July 2009). The proposed interpretation of the velocity
structure, which was determined by using the Korenaga code, was influenced both by the Contrucci et
al. (2004) interpretation (Figure 2a) and by the Maillard et al. (2006) interpretation of SISMAR MCS
lines (Figure 3). Between OBS07 and 11 along SISMARO4 line, the upper crustal landward reflectors
of Contrucci et al. (2004) are dipping eastward (Figure 2a), following the Maillard et al. (2006)
interpretation of MCS lines SISMARO04 and 10. The NE-SW oriented SISMAR10 MCS line cuts across
the S1 anomaly in the south and SISMARO04 line in the north, in the vicinity of OBS09 (Figure 1).
Maillard et al. (2006) identified a landward dipping reflector (LDR) on SISMAR10 and 09, but not on
profiles SISMARO04 and 05, where only faint landward dipping crustal reflections are identified.
Maillard et al. (2006) interpret the landward dipping reflectors as a detachment surface which was
active during the rifting period (Figure 3). Figure 4 shows the SISMAR04-SMARTO01 2-D model of
Maillard et al. (2006), which does not consist of true conjugate profiles, as the two conjugate sections
are ~170 km apart. Assuming the lack of conjugacy is overcome by the 2 dimensionality of the
conjugate margins, they proposed a rifting episode in two stages: a widespread crustal extensional stage
followed by the exhumation of the lower continental crust and mantle through the play of a large
detachment surface as suggested on other margins by Whitmarsh et al. (2001). However, the crucial
ingredient of the model (the detachment fault) is not representative of the two conjugate sections as it is
located in between and does not correspond to what is observed on the SISMARO04 profile. We will
look in detail both the interpretation of the SISMAR MCS lines and the new interpretation of the
SISMARO04 velocity structure, to demonstrate that the detachment model cannot apply to the
SISMARO04 profile.



i &
@06\ -———-’-)—""774

6\/\ \ N :"~, » s 2
@oy\\\ « g‘?{/ ey

~——

S
by

LY
~~
£ 75
~

-
______

33°%

.....

@[@O/
<3009 Morocco

Y
Jurassic Quiet Zone

32°1 Magnetic Li/ne_ations . b 300

8°

©

Tertiary ;
Underplating Oceanic Crust
Nova Scotia Moroccan Thinned
Thinned Cont. Crust Cont. Crust

Figure 1: Location of MCS and wide-angle reflection and refration SISMAR lines shown in this study.
Open dots underline the S1 magnetic lineation. Salt diapirs (small gray polygons) are mostly located
landward of S1 (Maillard et al., 2006). DSDP holes are indicated. In light green, the extent of
unusually high 7 km/s + underplated crust emplaced during Tertiary and in light blue the oceanic crust
determined from sonobuoy data (Holik et al., 1991). In light yellow the Moroccan thinned continental
crust and in light orange the portion of transferred Nova Scotia thinned continental crust. The limit
between the light orange and yellow thinned continental crusts is the western extent of the Moroccan
thinned continental crust; it is constrained by the SISMAR MCS and refraction data.
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Figure 2: Comparison between the Contrucci et al. (2004) velocity model (a) and the tomographic
model (b), with similar color scale and iso-value contours for proper comparison. Note that between
OBHO09 and OBH10, there is a sharp boundary between the Moroccan thinned continental crust and a
thinned continental crust intruded by volcanics that we interpret as transferred from the Nova Scotia
margin. See discussion in sections 1.2 and 2.3.
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Figure 3: The four SISMAR MCS profiles are aligned with respect to S1 located in Figure 1. The
landward dipping reflector (LDR) is identified on SISMAR10 and 09, but not on profiles SISMARO4 and

05 where Maillard et al. (2006) have identified discontinued crustal reflections dipping landward.
Above the LDR, the layerd unit (LU) is ~0.5 second thick.
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Figure 4: 2-D model of the conjugate margins of the Morocco and Nova Scotia margins based on
SISMARO4 and SMARTOL1 lines and proposed by Maillard et al. (2006).

1.1. Re-interpretation of SISMAR MCS profiles

Figure 5 shows a detailed portion of MCS seismic profile SISMAR10 interpreted by Maillard et
al. (2006) in Figure 3. In our interpretation, the landward dipping reflectors (noted LDR by Maillard et
al. (2006)) only extends 30 km landward from the emergence point of the LDR compared to 45 km in
Figure 3. From MCS data, it is impossible to detect any seismic structure in the crust above the
detachment. S1 anomaly is located about 25 km oceanward of the emergence point of the LDR. The
thickness of the transparent layer beneath both the LDR and the transitional crust is 2-2.2 seconds twt,
i.e. about 7 km. It suggests that the portion of crust located between S1 and the emergence point of the
LDR might be composed of transitional crust, possibly exhumed mantle from beneath the thinned
continental crust, as proposed by Maillard et al. (2006).
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Figure 5: Detailed portion of MCS seismic profile SISMAR10 (J. Perrot, personal communication,
2010). Note that the landward dipping reflectors (noted LDR by Maillard et al. (2006) in Figure 3) only
extends 30 km landward from the emergence point of the LDR compared with 45 km in Figure 3. S1is
located about 25 km oceanward of the emergence point of the LDR. The thickness of the transparent
layer beneath the LDR and the transitional crust is 2-2.2 seconds twt, i.e. about 7 km (exhumed lower
crust or mantle?).

Figure 6 shows a detailed portion of MCS seismic profile SISMARO04 interpreted by Maillard et
al. (2006) in Figure 3. We do not see any clear landward dipping crustal reflectors as interpreted in
Figure 3, except perhaps where “LDR?” is mentioned. However, the basement is very hummocky and
numerous reflections are observed beneath it, suggesting that “LDR?”” might have an other meaning. In
addition, we do not identify a transparent crustal layer as observed in SISMAR10 (Figure 5), suggesting
that the nature of the crust is different in these two sections located 60 km apart and that the supposed
cylindrical symmetry of the margins is not confirmed. However, from MCS data alone we cannot
clearly establish the nature of the crust. The indications concerning the nature of the crust mentioned
above the seafloor will be discussed later on in sections 1.2 and 2.3.
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Figure 6: Detailed portion of MCS profile SISMARO4 (J. Perrot, personal communication, 2010). Note
that the landward dipping reflectors (noted LDR? by Maillard et al. (2006) in Figure 3) are
hypothetical. There is no clear evidence of the presence of LDRs on MCS SISMARO04 profile. Note also
that the seismic character of the crust is different from the one of the crust in SISMAR10 (Figure 5).

1.2. Re-interpretation of SISMARO04 wide-angle reflection and refraction profile

Figure 7 shows the 1-D vertical velocity profiles extracted below instruments 08 to 14. When
compared to trial-and-error Zelt inferred velocity profiles (Figure 7a), the tomographic-based velocity
profiles (Figure 7b and c) are quite rough and sometimes spiky. It actually reflects the difference
between what is required in the velocity model (tomographic approach) and what is required and
interpreted by a geologist eye (modeling by hand).

The broken line aspect of velocity profiles of Figure 7a reflects the paradigm on which Zelt
code Rayinvr is based (linearly varying velocities within layers and strong velocity jumps at layers
interfaces) and the grid mesh used in the tomographic experiment (velocities are continuously varying)
(Figures 7b and c). For example, the ~ 7.54 km/s spike of the purple curve (OBH11, Figure 7b)
observed at z =5 km corresponds to the positive velocity anomaly observed in the model (Figure 2b).

As OBHO08 and 09 are clearly outside the oceanic crust envelopes on all the three graphs of
Figure 8 and regularly increasing in velocity with depth (Figures 7b and c), OBHO08 and 09 are located
above thinned continental crust, even if the crust between 170 and 210 km is sparsely covered, implying
a lower resolution. Thus, the continental crust and thinned continental crust (domain A, Figure 2b)
extends from OBHO1 to OBHO9 (x > 175 km).

Localized maximum velocities of 7+ km/s (7.4 and 7.1 km/s) are observed beneath OBH11
(Figures 7b and c respectively) at 14-15 km depth (Figure 2b), 7 and 6.9 km/s beneath OBH13 (Figures
7b and c respectively) and 6.6 and 6.8 km/s beneath OBH14 (Figures 7b and c respectively), showing



that these velocities slightly decrease westward from OBH11 to OBH14 (domain B). Compared to the
envelopes of 60-to-130 Ma oceanic crust (White et al., 1992) and exhumed mantle (Bullock and
Minshull, 2005), Domain C is probably composed of oceanic crust abnormally thick to the west (Figure
2b). Contrucci et al. (2004) also interpret crustal velocities below OBH13 and 14 as “more” typical of
oceanic crust even if the crust beneath OBH13 and 14 is thicker than normal and velocities are either on
the extreme left-hand side of the oceanic crust envelope or lower than normal at depths deeper than 5
km below basement. As OBH13 and OBH14 are located on the flank of Coral Patch seamount (Domain
C), the crust beneath these two OBHs might be related to the oceanic nature of the abnormally thick
Coral Patch crust. If this is true, the westernmost extremity of the SISMARO04 profile would not be
similar to the conjugate portion of OETR2009 Profile.

A region of thin crust approximately 60 km wide (Domain B) marks the transition from
thinned continental crust (Domain A) to abnormally thick oceanic crust (Domain C). Domain B only
exhibits a few anomalously high P-wave velocities, which suggests that this domain cannot be simply
associated to the serpentinized upper mantle typically found on magma-poor volcanic margins and to
the high velocity body found on OETR2009 Profile (C. Keen, personal communication, 2010). It could
not be oceanic material because crustal velocities in the lower part of the crust are outside the White et
al. (1992) oceanic bounds (Figure 7b and c). However, this material could represent a thinned, and
possibly broken up, continental crust intruded by partial melt (CAMP volcanism?). The presence of
autochtonous salt, not on SISMARO4 profile but in its immediate distal vicinity (Figure 1) suggests a
shallow marine salt deposition in favor of the presence of thinned continental crust. In addition, it is not
excluded that some underplating might have occurred during rifting to take into account the 7+ km/s
high velocities observed at the base of the crust. Indeed, we will see later on salt reconstructions at
ECMA (190 Ma) and BSMA (170 Ma) times that Domain B might correspond to a portion of Nova
Scotia thinned continental crust transferred on the Meseta plate 190 My ago and presently adjacent to
the thinned Moroccan continental crust (section 2.3).

To conclude, the SISMARO4 line can be considered as representative of the Moroccan margin
only for the portion of margin located east of OBH09-10, comprising the Moroccan continental and
thinned continental crusts. The OBH10-12 portion of the profile (Domain B) probably consists of a
portion of Nova Scotia thinned continental crust intruded by volcanics and transferred to the Moroccan
side at the time of ECMA emplacement (190 Ma) (Figure 2b). The OBH13-14 portion of the profile and
westward (Domain C) consists of an abnormally thick oceanic crust.
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Figure 7: 1-D vertical velocity profiles below each OBH (continuous curves of various colors) when
using the Zelt and Korenaga codes: close-up for vertical profiles OBH08 to OBH14. The vertical axis
indicates the depth below the top-basement, defined on the coincident MCS profile. The thick orange
line with error bars is the average velocity profile in extended continental crust (Christensen et
Mooney, 1995). The gray and green shaded areas are the envelops of 1-D velocity profiles in 60-to-130
Ma oceanic crust (White et al., 1992) and in exhumed mantle (Bullock and Minshull, 2005),
respectively.

1.3. Nature of the crust west of S1 anomaly

Using numerous sonobuoy data, Holik et al. (1991) identified an area roughly corresponding to
the Canary swell, featuring high lower crustal velocities (7.1-7.4 km/s) (Figure 8). The thickness of the
high lower crustal body is 4-5 km (Holik et al., 1991) and is interpreted as resulting from Tertiary
underplating linked to the Canary thermal anomaly and clearly not formed during the rifting of
Morocco and Nova Scotia continental margins. Holik et al. (1991) data also show that outside of the 7.3
km/s area contoured in Figure 8, and in particular between the Canary swell and S1 anomaly, lower
crustal 6.8 km/s velocities are observed south of 34°N, along a ~70-km wide stripe. As these sonobuoy
data are the only available refraction data in the area south of SISMARO04 line, we have displayed them
in function of the depth below basement (Figure 9). All the velocities are within the White et al. (1992)
bounds of oceanic crust, clearly suggesting that the crust located westward of S1 anomaly is oceanic,
with a mean thickness of 6.5-7 km. Thus, west of S1 in the south and west of S1old in the north, the
nature of the crust is oceanic, including north of 34°N, on SISMARO04 line where the oceanic crust
thickens in the vicinity of Coral Patch Seamount. The seafloor spreading rate (between ECMA and
Blake Spur magnetic anomaly (BSMA)) is low, about 1.6 cm/yr full rate (Labails et al., 2010). Typical
oceanic crust may be emplaced at such low spreading rate.
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Figure 9: 1-D vertical velocity profiles of Holik et al. (1991) in the area located between S1/Slold
anomaly and the Tertiary Canary swell where underplating has been evidenced. The vertical axis
indicates the depth below the top-basement, defined on the MCS profiles. The thick orange line with
error bars is the average velocity profile in extended continental crust (Christensen et Mooney, 1995).
The gray and green shaded areas are the envelops of 1-D velocity profiles in 60-to-130 Ma oceanic
crust (White et al., 1992) and in exhumed mantle (Bullock and Minshull, 2005), respectively.

On Profile SISMARQ9, some dubious dipping diffractive reflectors have been identified by
Maillard et al. (2006) oceanwards of the LDR emergence point and interpreted as seaward dipping
reflectors of limited extent (SDR’s). However, they are located westward of the continental crust
domain, clearly on top of the oceanic crust. The other occurrence of published dipping reflectors is
offshore Tafelney Ridge (Roeser et al., 2002), close to line 377 (Figures 1 and 8) and westward of S1
anomaly also on top of the oceanic crust. Roeser et al. (2002) also noticed that within this ~70-km
stripe of oceanic crust, dipping reflectors are mostly dipping seaward in the eastern part of the stripe,
more or less horizontal in the central part of the stripe and mostly dipping landward in the western part
of the stripe. This is a common feature observed in the oldest oceanic crusts located close to the base of
continental margins (e. g. in the norhern Bay of Biscay, Thinon et al. (2003)). In general, the basement
is rather flat, suggesting the emplacement of excessive magma supply or superposed flood basalts
which may explain the occurence of flat or dipping reflectors. These dipping reflectors are all observed
on top of typical oceanic crust and cannot be considered as SDR’s typically formed on volcanic
margins. We will see in section 1.4 that the age of the oldest oceanic crust is late Toarcian (177 Ma),
much younger than the end of the rifting episode (190 Ma).

The existence of this stripe of oceanic crust adjacent to the thinned continental crust where
autochtonous salt is observed also raises the question of interpretation of the LDR reflector identified
by Maillard et al. (2006) on SISMAR10 MCS line (Figures 3 and 5).

1.4. Composite SISMARO04 and OETR2009 wide-angle reflection and refraction profile

Figure 10 shows that the lack of conjugacy between SISMAR04 and OETR2009 and between
SISMARO04 and SMARTOL1 lines is about 80 and 160 km, respectively. Maillard et al. (2006) have
produced a composite cross-section of the Nova Scotia and Morocco margins by using arbitrarily the
informations of MCS SISMARL0, introducing a bias in the model of conjugate margins (Figure 4). We
have demonstrated that there is no clear LDR on SISMARO04 (Figure 6). Consequently, a composite
model of conjugate margins using Line SISMARO4 on the Moroccan side cannot include a detachment
surface. However, a composite model of conjugate margins located in the vicinity of the green profile
(Figure 10) and using a profile where the emergence of the LDR is seen (e.g. Profile SIMAR10) may
include a detachment surface. Such a recorded profile perpendicular to the margin does not exist and it
is difficult to use SISMAR10, as this profile is close to be along strike and is perpendiclar to
OETR2009 and SMARTOL lines.

This discussion helps to understand that: 1) Conjugate profiles which includes SISMARO04 and
an hypothetical conjugate NS line located 80 km NE of OETR2009 line (blue line in Figure 9) would
not display a detachment surface; 2) Conjugate lines crossing the area of the emergence of the LDR on
SIMAR10 (green line) would display a detachment surface, but they don’t exist. The implication of this
discussion is that areas where a detachment surface is observed are generally restricted in space. For
example, there is a several tens of km parallel-to-the-margin detachment surface identified beneath
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Galicia Bank which does not exist beneath the Iberia Abyssal Plain margin. Similarly, the scale of
mullions or megamullions in the oceanic crust (which are similar features in the oceanic crust) is also
several tens of km parallel to the rift. However, generally speaking, areas where detachment surfaces
exist are far less than areas without detachment surfaces. Thus, it seems difficult to identify an area
where a detachment fault exists over more than a few tens of km. In addition, for the Galicia Bank/SE
Flemish Cap conjugate margins where detachment faults have been identified on both margins, leading
to the apparent contradiction that both margins seem to be upper plates to a detachment fault, Ranero
and Pérez-Gussinyé (2010) have proposed an explanation which does not require the existence of an
active detachment fault and is compatible with Andersonian mechanics allowing slip until a fault angle
of 30° is reached.
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Figure 10: Maillard et al. (2006) reconstruction at the time of juxtaposition of the magnetic anomalies
S1 and ECMA. The line of breakup is shown as a stippled-dashed line. SISMARO4 and SMARTOL1 lines
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(black squares) and OETR2009 line (red squares) are shown. The composite profile shown in Figure 4
is build on SISMAR10. Thin continuous lines represent faults on each margin.

Figure 11 shows the location of the four available wide-angle and refraction seismic profiles
acquired off Nova Scotia. Lines OETR2009, SMARTO01 and SMARTO02 display similar high velocity
bodies located at the base of the crust (Figure 12). The green line (Figure 10) corresponds to the
oceanward limit of the thinned continental crust and the landward boundary of the high velocity body.
It follows the oceanward boundary of the ECMA. This oceanward limit of the thinned continental crust
is also evidenced on coincident MCS lines. Though magnetic forward modelling shows that ECMA
might be associated with a thinned volcanic layer located in the upper part of the layer overlying the
high velocity body and also landward of it (S. Delher, personal communication, 2010), we cannot
exclude that the magnetic signal might include an edge effect due to the juxtaposition of a magnetized
serpentinized body with a non-magnetic continental crust. Only inversion of magnetic data (Euler
deconvolution) could be able to decipher between these two possibilities. In any case, the thin volcanic
layer might be interpreted as a basaltic and gabbroic layer formed by decompression melting as
observed in the drill sites off Iberia and Newfoundland (Tucholke and Sibuet, 2007). Thus, we have
rather the characteristics of an amagmatic continental margin, even if a few CAMP volcanic features
have been emplaced during rifting, some of them being intruded through the contemporaneous salt
layer.

Line SMARTO03 and the coincident MCS profile show the presence of a significant amount of
SDRs (associated with the strong portion of ECMA), showing that this portion of margin is magmatic.
The boundary between the magmatic and amagmatic segments of continental margins is located
somewhere in between SMARTO02 and SMARTO3 lines (Lau et al., 2010) (Figure 11).

On the Moroccan side, the identification of volcanic material within the thinned continental
crust always located eastward of S1/S1old anomaly is poor. Although Maillard et al. (2006) suggest by
forward magnetic modelling that some volcanics might have been emplaced along the LDR of
SISMARZ10 line, there is no clear seismic image of these volcanic bodies on available MCS data.

14
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Figure 11: Location of the four wide-angle reflection and refraction lines on the magnetic anomaly
map of Dehler (2010). OETR: OETR2009 line; Line 1: SMARTO1 Line; Line 2: SMARTO2 Line; Line 3:
SMARTO3 Line. The green continuous line following the oceanward boundary of the ECMA also marks
the seaward limit of the thinned continental crust and the landward limit of the lower crustal high
velocity body.
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Figure 12: P-wave velocity models of OETR2009, SMARTO1 and SMARTO2 lines across the NE Nova
Scotia margin (locations of lines in Figure 11) (Lau et al., 2010).
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Figure 13: Conjugate velocity profiles SISMARO04 and OETR2009 with the two types of interpretations
(Zelt (bottom) and Korenaga (top) codes) at the time of emplacement of ECMA (190 Ma). Preliminary
interpretation of Profile OETR2009 from Makris et al. (2010). As the sediment thickness is double on
the Nova Scotia side compared to the Moroccan side, Profile OETR2009 has been moved upwards in
order to show crustal coincidence.
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Figure 13 shows the OETR2009 and SISMARO04 conjugate profiles at the end of the rifting
episode (ECMA, 190 Ma). Figure 14 shows the same OETR2009 and SISMARO04 conjugate profiles at
170 Ma (Bajocian). In light blue we have superposed a 6.5-7 km thick oceanic crust identified further
south on Holik et al. (1991) data on top of Domain B of SISMARO04 profile interpreted as Nova Scotia
thinned continental crust intruded by volcanics with possible underplating (OBH10 to 12) and oceanic

crust (OBH13 and 14).
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Figure 14: Conjugate velocity profiles SISMARO04 and OETR2009 with the two types of interpretations
(Zelt (bottom) and Korenaga (top) codes) at 170 Ma (Bajocian). Preliminary interpretation of Profile
OETR2009 from Makris et al. (2010). Juxtaposition of the high velocity body on the NA side and either
the transferred NA thinned continental crust (OBH10 to 12) and oceanic crust further west (OBH13
and 14) (beneath the light blue) or oceanic crust identified further south on Holik et al. (1991) data (in

light blue).

Figure 15 is a sketch which summarizes what we know about the two conjugate profiles at 190
Ma (ECMA, Sinemurian/Pliensbachian limit) and 170 Ma (BSMA, Bajocian). The width of the oceanic
crust domain (50 km) has been estimated assuming that: i) the domain created in between the thinned
continental crusts is 140 km and ii) a half-spreading rate of 0.7 cm/yr between ECMA and BSMA at the

latitude of the transect.
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The conjugate profiles at 170 Ma are surprising. The Nova Scotia high velocity body is
interpreted as a serpentinized mantle capped by a layer of highly serpentinized mantle due to the Fisher-
Tropsch reaction (slow sea-water/peridotite reaction creating serpentinite and talc). This interpretation
of the high velocity body has been proposed by numerous authors (e.g. Funck et al., 2004 for
SMARTO01; Wu et al., 2006 for SMARTO02). One of the argument which may contradict this
interpretation is that the velocity variation at the Moho location beneath the high velocity body is too
weak, considering that it is the same mantle beneath and above the Moho and that serpentinization
effect was not able to reach the Moho interface as expansion of the peridotites during the
serpentinization process seals the fractures and fluid paths in the rock and thus prevents sea-water from
penetrating deeper into the mantle.

At this time it might be worthwhile to consider how much melt could have been generated
during rifting using the model of Bown and White (1995), in which the melt is produced by mantle
decompression during uniform pure shear extension of continental lithosphere. The stretching factor
along the northern Nova Scotia margin is 2 for the whole margin (B. Colletta, personal communication,
2010) but 5 where the continental crust is the thinnest, at the contact with the high velocity body. With
the rifting starting at 203 Ma and ending 190 Ma ago, i.e. a 13-My long duration of rifting, according to
Bown and White (1995) no melt should be generated with an extension factor of 5 and an
asthenosphere potential temperature of 1300°C because the rift duration is sufficient to cool the
asthenospheric mantle. However, for a an asthenosphere potential temperature of 1350°C, the final melt
thickness would be 1.3 km. Thus, the interpretation of the transition zone as serpentinized mantle is
consistent with the melt generation model of Bown and White (1995) and the presence of a thin layer of
volcanic material as given by the forward magnetic modeling of S. Delher (personal communication,
2010). In addition, the oceanic crust adjacent to the high velocity body is about 4 km thick on both
OETR2009 and SMARTO1 lines, which is in agreement with a slow seafloor spreading and a low
asthenosphere potential temperature (Dick et al., 2003), which creates oceanic crust with a thickness of
<4 km (e.g., Mohns Ridge (Klingelhoefer et al., 2000), Gakkel Ridge (Jokat et al., 2003), extinct
Labrador Sea spreading center (Louden et al., 1996)).

The evidence of SDRs on the Moroccan side is weak, even if a few dipping reflectors are
reported in Maillard et al. (2006) and Roeser et al. (2002) and are considered by these authors as able to
produce the amplitude of anomaly S1. On the Nova Scotia margin, northeast of SMARTO02 Line, the
quasi-absence of SDRs northeast of SMARTO02 could be masked by the overlying salt or by other
complexities (e.g., low signal-to-noise ratio or multiples) due to the thick sediments in the Scotian
Basin. Therefore, some reduced volume of extrusives, as evidenced by the weakening ECMA anomaly
in the northeast direction, might correspond to a thin layer of volcanic material as modelled by S.
Delher (personal communication, 2010) but on this basis, we cannot dismiss the possibility of magmatic
underplating, even if there is no clear thinned continental crust above. Figure 15 shows the presence of
a thin layer of volcanics on top of the highly serpentinized mantle overlying the high velocity body.

From Holik et al. (1991) data on the Moroccan side, we have represented a 6.5-7 km thick
oceanic crust, which is much thicker than the 4-km thick oceanic crust imaged on OETR2009 and
SMRTOL1 lines (Figure 12). Is the discrepancy in crustal thickness due to uncertainties in the processing
of sonobuoy data of Holik et al. (1991) or to another reason as the lack of conjugacy for example?

From the same spreading center, it is impossible to create simultanously a serpentinized mantle
on the Nova Scotia side and an oceanic crust on the Moroccan side. The only possibility would be to
first create the serpentinized mantle domain and then the oceanic domain. It is well known that there is
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an asymmetry in the opening of the central Atlantic, in particular during the ECMA-BSMA (190-170
Ma) period. For many authors, the BSMA corresponds to an eastern ridge jump at ~ 170 Ma leaving
crust from both ridge flanks between ECMA and BSMA (Vogt et al., 1971; Klitgord and Shouten,
1986; Roest et al., 1992; Schettino and Turco, 2009; Labails et al., 2010). For Labails et al. (2010), the
initial opening phase between ECMA and BSMA is highly asymmetrical with in average 56% of the
accretion taking place on the western side, but the asymmetry is variable from segment to segment.
Because of the absence of serpentinized mantle on the Moroccan side and the presence of this
asymmetry, we suggest that a major ridge jump occurred at the end of emplacement of the high velocity
body at least from 31.5 to 34.5°N on the Moroccan side over a minimum distance of 300 km (Figures 8
and 11) where the oceanic crust has been inferred from Holik et al. data and on the conjugate NA side
where the high velocity body has been identified (OETR2009 and SMARTO01 and 02 lines).
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Figure 15: Crustal interpretation of conjugate velocity profiles SISMAR04 and OETR2009 at the time
of emplacement of ECMA (190 Ma) and in early Middle Jurassic without syn- and postrift sediments.
SM, serpentinized mantle; HSM, highly serpentinized mantle; OC, oceanic crust.

Figure 16 shows a schetch of the evolution of OETR2009-SISMARO04 conjugate margins. The rifting
episode occurred between late Trias (Norian/Rhaetian limit, 203 Ma) and the formation of ECMA
(Sinemurian/Pliensbachian limit, 190 Ma) (Figure 16a). During that period, salt deposited in a shallow
water and restricted environment on both margins. Some volcanics belonging to the CAMP province
intruded the salt layer and are contemporaneous of salt deposition. At the end of rifting, an eastward rift
jump occurred in the north, where the lack of autochtonous salt was evidenced on the Nova Scotia
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margin and where a restricted autochtonous salt province was identified between S1old and S1new
(Figure 16b). Since 190 Ma, a transitional crust was emplaced in an slow spreading environment (1.4
cm/yr between ECMA and BSMA) (Figure 16c¢). It consists of asthenospheric mantle overlaid by
highly serpentinized mantle resulting from the interaction of sea-water with peridotite. Some limited
amount of melt was produced by decompression as shown by the ECMA magnetic modeling. There is
no such serpentinized mantle on the Moroccan side, which means that at the end of the formation of the
high velocity body, a second eastward rift jump occurred as attested by the ~45-km asymmetry
observed on kinematic reconstructions (Labails et al., 2010). This ridge jump occurred along strike,
over a distance of more than 300 km, i.e. the distance between OETR2009 and SMARTO?2 lines, where
a continuous high velocity body was identified (Figures 11 and 12). By using the kinematic parameters
of rotation between ECMA and BSMA, the age of BSMA was established at 177 Ma (late Toarcian).
Figure 16d shows that at the time of BSMA (170 Ma), already ~50 km of oceanic crust was emplaced.
A consequence of this late eastward ridge jump is the absence of crust formed westward of S1 anomaly
from 190 to 177 Ma. If this is true, the dipping reflectors observed in the oceanic crust (sometimes
characterized as SDRs) and located east of the S1 anomaly are not related to the rifting episode but are
linked to the emplacement of clearly post-rift oceanic crust.
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Figure 16: Scheme of formation and evolution of the Nova Scotia/Morocco conjugate margins. a) At the

end of the rifting phase (chron ECMA, 190 Ma). b) after a ridge jump transferring part of the Nova
Scotia thinned continental crust on the Moroccan side. ¢) At the end of emplacement of the lower

crustal high velocity body (177 Ma, late Toarcian). d) After a ridge jump to the eastern side of the high

velocity body and accretion of 50 km of typical oceanic crust (chron BSMA, 170 Ma, Bajocian).

2. Paleo-geographic reconstructions of the central and north Atlantic oceans
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2.1. Northern prolongation of ECMA and WACMA

The magnetic grid of Verhoef et al. (1996) has been updated by introducing the detailed
magnetic data acquired by Fugro in the northeastern prolongation of ECMA (Delher, 2010). A color-
coded representation of this grid is shown in Figure 17 (an open color scale is used, see bottom of
Figure 17). Thin continuous gray lines are bathymetric contours (200 m, 500 m and then every km,
extracted from ETOPOL data set (Amante and Eakins, 2009). In white is the portion of ECMA already
identified by Sahabi et al. (2004) and in gray our interpretation of the northern ECMA prolongation.
Dashed black lines are a selection of iso-values used to interpret the ECMA prolongation.

ECMA_FUGRO

45°

-100 0 100

23



P
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Figure 17: Updated magnetic grid of the northwestern central Atlantic ocean (Delher, 2010) (top) and
detail of the northeastern termination of ECMA (bottom). Dashed lines are contoured magnetic
anomalies and continuous black lines are bathymetric contours every km. In white the portion of ECMA
already identified by Sahabi et al. (2004) and in gray what we suggest as a reasonable northern
prolongation of ECMA.

For the purpose of comparison, Figure 18 shows the original Verhoef et al. (1996) magnetic
data (1-minute grid), using the same display as in Figure 17. It clearly shows that the present
interpretation benefits from the new data set and its higher resolution.

24



ECMA_Verhoefim

-65° -60° -55°

-400 =200 0 200 400 600 800 1000

Figure 18: Magnetic anomaly map based on Verhoef et al. (1996) data. Same comments as in Figure
17.

East of 58.5°W (the eastern limit of Sahabi et al. (2004) ECMA identification), the amplitude of
the ECMA is considerably reduced and associated magnetic anomalies broaden (Figure 17). Whereas
the ECMA features a single positive anomaly that locally splits in two branches southward, the
northward continuation we propose shows a rather different signature. First, the amplitude is two to
three times lower than just southward. Second, the prolongation mostly appears as a linear borderline
between a large negative anomaly to the north (blue in Figure 17) and a gently varying positive
anomaly to the south (cyan in Figure 17). Thus, the northeastward prolongation of the ECMA is
straightforward for its landward side and, using the magnetic iso-contours up to 56.5°W, could be
define as a stripe not wider than the ECMA southward. Further east, only individualized, shorter extent,
anomalies could be interpreted as a possible prolongation of the ECMA. Notice that the linear part of
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the prolongation is parallel to the margin, whereas further east the prolongation slightly departs from
the trend of the shelf break.

Thus, the nature of the ECMA is different east and west of 58.5°W. Refraction lines
SMARTO01, SMARTO02 and OETR2000 are located west of 58°W. They show similar crustal features,
in particular the presence of a high velocity body interpreted as serpentinized peridotite. S. Delher
(2010, personal communication) suggested by forward modeling that the ECMA can be related to a
very thin layer of volcanics located above the eastern part of the high velocity body, slightly extending
to the northwest of the high velocity body. The ECMA may also be partly caused by the edge effect due
to the juxtaposition of a magnetized serpentinized body and a poorly magnetized thinned continental
crust. East of 58.5°W, the disconnected small magnetic anomalies interpreted as a possible prolongation
of the ECMA suggest that both the high velocity body and the overlying volcanic layer are
discontinuous.

Figure 19 shows the northeastern central Atlantic magnetic grid of Verhoef et al. (1996)
updated with newly available data (courtesy of S. Delher, personal communication, 2010). We used the
same color palette as in the preceding figures. The West African Coast Magnetic Anomaly (WACMA)
is represented as a white line following the interpretation of Sahabi et al. (2004) and Labails et al.
(2010) and as a red line for what we suggest to be the location of the WACMA in the north. The rotated
ECMA is divided into two parts: one south of 30°N, is rotated as part of the AF plate with the NA/AF
rotation parameters of Labails et al. (2010), while north of 30°N, the ECMA is rotated as part of the
MES plate with the NA/MES rotation parameters of Labails et al. (2010). The two rotated portions of
ECMA are drawn in black.
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updated by S. Delher (personal communication, 2010) (top) and detail of the northern portion of the
WACMA (bottom). Same comments as in Figure 17. In gray, bathymetric contours every km.
Continuous white lines are the WACMA contoured magnetic anomalies of Sahabi et al. (2004) and
Labails et al. (2010) and continuous black lines are the rotated ECMA contoured magnetic anomalies
(rotations parameters of Labails et al., 2010). In white the portion of ECMA already identified by
Sahabi et al. (2004) and in red what we suggest as a possible northern prolongation of the WACMA. In
brown, the seaward limit of the thinned continental crust based on the results of SISMARO04 refraction
line and further southwest on the emergence of a crustal detachment fault on MCS SISMAR10 line.

North of 32.8°N, our WACMA identification (in red) does not follow Labails et al. (2010)
interpretation but is parallel to the Moroccan continental slope. We follow the S anomaly of Roeser et
al. (2002) up to 32.8°N. Roeser et al. (2002) do not identified S north of 33.4°N. As the northern
portion of anomaly S of Labails et al. (2010) has not a counterpart on the NA side, we consequently
question the conjugacy of the northern part of anomaly S and ECMA.

In the north, our proposed fit of ECMA and WACMA is much better than the one of Labails et
al. (2010). However, it is not perfect as ECMA and WACMA are tangent in the south and overlapping
to the north of 32.5°N. This discrepancy in the fit might be due to the different nature of ECMA (south
and north of 32.5°N for the rotated ECMA) and/or to a wrong identification of the northern part of
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WACMA. A better fit between ECMA and WACMA is hardly conceivable because we have to take
into account the existence of a bend in both WACMA and rotated ECMA at 30.5°N latitude (cf. Figure
19), which prevents to move latitudinally the rotated ECMA with respect to WACMA. For these
reasons, we suggest to keep Labails et al. (2010) parameters of rotation for chron ECMA both in the
south (AF/NA) and in the north (MES/NA).

2.2. Reconstructions of the central and north Atlantic oceans

Before to establish the seven paleo-geographic maps mentioned in the deliverables we need to
determine and/or to validate the rotation parameters of the five plates involved in this work, namely the
Africa (AF), the Meseta (MES), the Iberia (IB), the Galicia Bank (GB) and the Flemish Cap (FC) plates
with respect to the North America (NA) plate kept fixed in all the reconstructions. A large part of the
work is already done for the AF/NA and MES/NA (Labails et al., 2010) but we need to establish the
IB/NA, GB/NA and FC/NA parameters of rotation for times earlier than MO because the oldest IB/NA
parameters of rotations were properly established only from chron M0 onward (Srivastava et al., 2000).
We have to test several hypotheses, in particular (i) What was the IB/MES motion during the Nova
Scotia/Morocco rifting from late Triassic to early Jurassic ? (ii) Was Iberia attached to North America
during most of the Jurassic, from Sinemurian (195 Ma) to around M25 (154 Ma) ? (iii) Was Iberia
attached to Meseta and Africa from M25 or more recently to C13 (34 Ma, late Eocene) as demonstrated
by Srivastava et al. (1990) ? (iv) What are the GB/IB parameters of rotation and the timing of motions ?
(v) What are the FC/NA parameters of rotation and the timing of motions ?

2.2.1. Methodology used for plate reconstructions

Figure 20 shows the MO reconstruction with the main kinematic elements (magnetic picks,
fracture zones and bathymetric contours) used to calculate the parameters of rotations for specific
chrons. Informations about the origin of the data and the making of the kinematic reconstruction maps
are given in annex. We have adopted Labails et al. (2010) rotation parameters for the the MES/NA and
AF/NA from the fit (Norian/Rhaetian limit, about 203 Ma) to chron MO. The IB/NA reconstructions are
well constrained from MO onward (e.g. Srivastava et al., 1988; Srivastava et al., 2000) but are badly
constrained for older periods. The amplitude of magnetic anomalies belonging to the M sequence is
considerably reduced on the IB side compared with the NA side, explaining the weak number of
magnetic picks on the IB side. In addition, geophysicists were questioning both the seafloor spreading
nature of these magnetic anomalies as well as their modeling with a seafloor spreading magnetic
polarity reversal sequence until the acquisition of close to the sea-bottom magnetic profiles on the 1B
side (Whitmarsh et al., 1996; Russel and Whitmarsh, 2003) and the demonstration that these magnetic
anomalies were due to the serpentinization process (formation of grains of magnetite) occurring at the
time of mantle exhumation (Sibuet et al., 2007a). Even if the amplitude of magnetic anomalies is not
the same than for typical seafloor spreading anomalies, Sibuet et al. (2007a) demonstrated that magnetic
anomalies and lineations can be used to date the emplacement of exhumed mantle and consequently for
kinematic reconstructions. Therefore, we propose to revise the IB/NA kinematic story for periods older
than chron MO.

MO reconstruction
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Parameters of rotation of Srivastava et al. (2000) for IB/NA, Srivastava et al. (1992) for EU/NA
are used for the MO reconstruction (Figure 20). GB and FC are in their present-day positions with
respect to IB and NA respectively.

M11 and M22 reconstructions

Reasonable hypotheses have to be assumed for the M21-MO period where magnetic picks exist
between IB and NA:
- Due to the lack of fracture zones pattern between IB and NA and to the extremely weak number of
magnetic picks on the 1B side, mostly identified on deep-tow magnetic data, it is impossible to
unambiguously fit conjugate magnetic lineations or picks. However, by comparing the distribution of
picks on both sides, the degree of asymmetry is weak. Thus, we have assumed a symmetrical seafloor
spreading, even if we know that it is not true for MES/NA for example.
- M22 has been extrapolated from MO to M21 picks. Fits at M11 and M22 have been computed with
respect to the MO fit by doubling the M0-M11 and M0-M22 distances of the NA side and, in the
absence of fracture zones, by assuming that motions were parallel to the Newfoundland-Gibraltar FZ.
The final results appear in Figure 21, showing a lateral continuity between northern Iberia and
northeastern Flemish Cap bathymetric trends, supporting the hypothesis of IB/NA motions occurring
parallel to the the Newfoundland-Gibraltar FZ.
- GB/IB closure by assuming 105 km of extension between GB and IB during the M11-M22 period
(Murillas et al., 1990, Sibuet et al., 2007b) and a pole of rotation at 90° as the width of the N-S trending
Interior Basin (located between IB and GB) is constant from north to south. Thus, at chron M11, GB is
in its present-day position with respect to IB and at chron M22 in its full closure position.
- the FC/NA angle of rotation has been adjusted to fit the 3000-m isobaths west of GB and southeast of
FC.

Reconstruction at closure (203 Ma)

The fit at closure (203 Ma) have been computed by assuming:
- fit of the NA and IB 3000-m isobaths and a lateral continuity between the northern Iberia and
northeastern Flemish Cap bathymetric trends.
- FC/NA closure as established by Sibuet et al. (2007b)
- GB/IB closure as established above.

The results displayed in Figures 22 and 23 are particularly satisfactory, with an excellent fit of
the 3000-m isobaths of southeastern Flemish Cap and west Galicia Bank and of 1B and NA.

ECMA reconstruction

Salt deposits not only occurred on the Nova Scotia and Morocco margins from Rhaetian to
Sinemurian but also between IB and NA during the same period (Tucholke and Whitmarsh, 2011),
suggesting rifting also occurred between IB and NA from 203 Ma to chron ECMA. Without any further
constraint, we have assumed that IB and MES were moving together during this period, i.e. that we
have a continuity in amount and direction of extension along the whole NA margin from Nova Scotia to
Grand Banks. The FC/NA rotation angle is adapted in order to keep the closure between FC and GB.

BSMA reconstruction
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Locations of IB/NA at chrons ECMA and M22 are so close that the resulting 20 km of
differential motion, almost parallel to the Newfoundland-Gibraltar FZ, can be distributed at any time
between chrons ECMA and M22, possibly just before M22. In this hypothesis, IB, which was attached
to MES prior chron ECMA, became quasi attached to NA from chron ECMA to chron M22. Closure of
GB/IB is complete and the FC/NA rotation angle is adapted to keep the closure between FC and GB.

C34 reconstruction

Parameters of rotation of Klitgord and Shouten (1986) for AF/NA, Srivastava et al. (1990) for
IB/NA and Srivastava et al. (1988) for EU/NA are used for the C34 reconstruction. MES/NA have been
computed in order to keep the same MES/AF position than for chron M0. GB and FC are in their
present-day positions with respect to IB and NA respectively.

Magnetic lineations and fracture zones
MO reconstruction (Late Barremian/Early Aptian, 125 Ma)
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Figure 20: Reconstruction of the central and north Atlantic oceans at chron MO0 (118 Ma). The north
American plate is fixed. Africa, Meseta, Iberia, Galicia Bank and Flemish Cap are respectively in cyan,
blue, red, green and orange. Dotted lines for isobath 200 m and dashed lines for isobaths 1000 to 4000
m. The thick dotted gray line is the Nova-Scotia/Gibraltar fracture zone, while the thin gray lines are
minor fracture zones. Magnetic anomaly identifications are displayed on the right-hand side of the
figure.
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Figure 21: Summary of MES, AF and IB positions with respect to Eurasia for periods spanning from

the fit of the central Atlantic to M0. Same legend and symbols than in Figure 20.
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Figure 22: Kinematic reconstruction at closure (Norian/Rhaetian limit, about 203 Ma)

superposed on the MO reconstruction. Same legend and symbols than in Figure 20.
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Closure, 203 Ma
Figure 23: Detail of the kinematic reconstruction between IB and NA at closure (Norian/Rhaetian limit,

about 203 Ma). Note the quality of the fit of isobaths between the four NA, IB, GB and FC plates. Same
legend and symbols than in Figure 20.

2.3. Paleo-geography of salt deposits at chrons ECMA and BSMA

Figures 24, 25 and 26 show the distribution of salt deposits published in the public literature
between MES-AF and Nova Scotia margins and between 1B and NA on kinematic reconstructions at
chrons ECMA and BSMA, respectively. The late Triassic-early Jurassic salt was deposited during the
rifting episode of the surrounding margins of Nova Scotia, Morocco and Iberia but also in the Grand
Banks, Morocco, Algarve, Lusitanian and Porto intra-continental basins. Detailed origin of the data is
given in annex.

Figure 26 shows the detail of the BSMA salt reconstruction. The dark red polygon on the
Moroccan side corresponds to the area where the autochtonous salt is located seaward of the limit of the
Moroccan thinned continental crust as displayed in Figure 1. This dark red polygon has been arbitrarily
translated on the Nova Scotia margin, where there is an indentation in the autochtonous salt boundary
of Albertz et al. (2010) corresponding to a lack of autochtonous salt. The translated dark red polygon
fits well with the area without autochtonous salt. On seismic profiles shot perpendicularly to the margin
and across the area with a lack of autochtonous salt, ~50 km of thinned continental crust and associated
overlying salt are missing with respect to what is observed on seismic profiles shot outside this area.
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This distance corresponds to the width of the dark red polygon, suggesting that a ~50 km ridge jump

may have occurred in this area at the end of chron ECMA, before mantle exhumation and formation of

volcanics by decompression melting (Figure 27). If these observations are correct, the fit at chron
ECMA must be slightly changed in the future, with a position of MES/NA moved ~100 km to the
southwest.
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Figure 24: Distribution of salt deposits at the end of their deposition (chron ECMA, 190 Ma,

Sinemurian/Pliensbachian limit). On the Grand Banks, south of the Cumberland ridge, which limits the
Orphan Basin to the South, some salt deposits are not shown because the information is not released by

the oil industry.

35



Salt distribution
BSMA reconstruction (Middle Bajocian, 170 Ma)
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Figure 25: Distribution of salt deposits on the BSMA reconstruction (170 Ma, Middle Bajocian), about

20 Ma after the end of salt deposition.

—

Figure 26: Detail of the distribution of salt deposits on the BSMA reconstruction (170 Ma, Middle
Bajocian). The dark red polygon on the Moroccan side corresponds to the area where the autochtonous
salt is located seaward of the thinned Moroccan continental crust and which might have been emplaced
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after a ridge jump occurring at chron ECMA. The dark red polygon translated on the NA side fits well
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Figure 27: Sketch showing the two eastward ridge jumps at 170 and 177 Ma, explaining the presence of
salt features westward of the Moroccan thinned continental crust boundary and the absence of
serpentinized peridotite on the Moroccan side, respectively.

2.4. Kinematic and magnetic maps

Figures 28 to 33 show the resulting kinematic reconstructions from chrons ECMA to C34.
Figures 34 to 40 show the magnetic reconstructions from the fit (203 Ma) to chron C34.
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Figure 28: Kinematic reconstruction at chron ECMA (Sinemurian/Pliensbachian limit, 190 Ma).
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Figure 29: Kinematic reconstruction at chron ECMA (Sinemurian/Pliensbachian limit, 190 Ma).
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Magnetic lineations and fracture zones

M11 reconstruction (Valanginian, 136 Ma)
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Figure 31: Kinematic reconstruction at chron M11 (middle Valanginian, 136 Ma).
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Magnetic lineations and fracture zones
MO reconstruction (Late Barremian/Early Aptian, 125 Ma)
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Figure 32: Kinematic reconstruction at chron MO (late Barremian/early Aptian, 125 Ma).
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Figure 33: Kinematic reconstruction at chron C34 (Santonian, 83.5 Ma).



Magnetic anomalies
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(Norian/Rhaetian limit, about 203 Ma)
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Figure 34: Magnetic anomaly map on kinematic reconstruction at the Norian/Rhaetian limit (203 Ma).
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Figure 35: Magnetic anomaly map on kinematic reconstruction at chron ECMA
(Sinemurian/Pliensbachian limit, 190 Ma).
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Magnetic anomalies
BSMA reconstruction (Middle Bajocian, 170 Ma)
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Figure 36: Magnetic anomaly map on kinematic reconstruction at chron BSMA (middle Bajocian, 170
Ma).
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Figure 37: Magnetic anomaly map on kinematic reconstruction at chron M22 (middle Tithonian, 150
Ma).
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Figure 38: Magnetic anomaly map on kinematic reconstruction at chron M11 (Valanginian, 136 Ma).
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Magnetic anomalies
MO reconstruction (Late Barremian/Early Aptian, 125 Ma)
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Figure 39: Magnetic anomaly map on kinematic reconstruction at chron MO (late Barremian/early
Aptian, 125 Ma).
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Figure 40: Magnetic anomaly map on kinematic reconstruction at chron C34 (Santonian, 83.5 Ma).
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2.5. Paleo-geographic maps

The paleo-geographic maps presented in Figures 41 to 47 are basically constructed from
Gradstein et al. (1990) maps. The main difference between the two sets of maps is the more accurate
kinematics used in our set of maps from Late Triassic to chron MO (see Annex B). For each map, we
will not repeat the paleo-facies detailed descriptions, which appear in Gradstein et al. (1990) and to
which the reader is conveyed.

Figure 41 shows the plates configuration before any extension. The bathymetric contours give
the shape of the present-day edges of continents, not the true depth, which was close to zero at that
time, with the presence of epi-continental seas of a few meters to a few tens of meters deep. One of the
main point coming out from our paleo-geographic maps is that, during the rifting period (late Triassic to
the Sinemurian/Pliensbachian limit, Figure 42), an elongated depression was created between Morocco
and Nova Scotia, with a maximum 3-km water-depth at the end of rifting (if synrift sediments and salt
deposits are removed). Because 1B, MES and AF were moving together in the east-southeast direction
with respect to NA during the rifting (Figure 21), a similar elongated depression was created between
IB and NA, south of the barrier which connected GB and FC plates, but only minor extension took
place along the Newfoundland-Gibraltar FZ (Figure 42). Thus, the two deep elongated depressions
were connected by a very shallow sea (a few tens of meters deep), which followed the Newfoundland-
Gibraltar FZ.

Figure 21 shows, from chrons ECMA to BSMA, the MES motion with respect to NA occurred
in the southeast direction, creating a significant elongated depression along the Newfoundland-
Gibraltar FZ. On chron BSMA paleo-geographic map (Figure 43), such an elongated depression exists
along the whole Newfoundland-Gibraltar FZ, connecting not only the elongated central and north
Atlantic oceans but also the central Atlantic to the ancient Tethys.
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Pre—rift configuration: Late Triassic
(Norian/Rhaetian limit, about 203 Ma)
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Figure 41: Pre-rift late Triassic geologic map on kinematic reconstruction at the Norian/Rhaetian limit
(203 Ma).
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Figure 42: Sinemurian-Toarcian paleo-geographic map on kinematic reconstruction at chron ECMA
(Sinemurian/Pliensbachian limit, 190 Ma).
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Paleogeography of Middle Jurassic (Bajocian—Bathonian)

BSMA reconstruction (Middle Bajocian, 170 Ma)
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Figure 43: Bajocian-Bathonian paleo-geographic map on klnematlc reconstructlon at chron BSMA
(middle Bajocian, 170 Ma).
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Figure 44: Oxfordian-Portlandian paleo-geographic map on kinematic reconstruction at chron M22
(middle Tithonian, 150 Ma).
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Figure 45: Berriasian-Barremian paleo-geographic map on kinematic reconstruction at chron M11
(Valanginian, 136 Ma).
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Paleogeography of Middle Cretaceous (Aptian—Albian)
MO reconstruction (Late Barremian/Early Aptian, 125 Ma)
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Figure 46: Aptian-Albian paleo-geographic map on kinematic reconstruction at chron MO (late
Barremian/early Aptian, 125 Ma).
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Figure 47: Cenomanian-Danian paleo-geographic map on kinematic reconstruction at chron C34
(Santonian, 83.5 Ma).
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3. Conclusions

The SIMARO4 wide-angle and refraction line has been re-interpreted simultaneously with the
coincident and adjacent high-quality MCS lines and the new findings concerning the trends of the
northern prolongation of the ECMA and WACMA. The western limit of the Moroccan thinned
continental crust is located between OBHO09 and 10. Based on the shape of ECMA and WACMA, on
the presence of salt in the domain located between OBH10 and 13 and on the absence of an
autochtonous salt domain of similar shape on the Nova Scotia margin, refraction velocities have been
interpreted as a portion of Nova Scotia thinned continental crust intruded by volcanics and transferred
on the Moroccan side at chron ECMA. The domain located west of OBH13 is interpreted as oceanic
crust abnormally thick due to the vicinity of Coral Patch Seamount. Further south and west of
WACMA, sonobuoy data show that the domain consists in normal oceanic crust. Thus, the absence of
serpentinized mantle on the Moroccan side suggests that, at the end of formation of the 90-km wide
lower crustal high velocity body identified on OETR2009, SMARTO01 and SMARTO02 wide-angle lines,
an eastward ridge jump occurred, leaving the whole high velocity body on the NA side. Consequently,
the dipping reflectors identified in the upper part of the Moroccan oceanic crust are considered as mid-
Jurassic in age and not as SDR’s formed during the synrift period.

From the pre-rift situation to MO, the Labails et al. (2010) MES and AF/NA rotation parameters
have been adopted. The detailed IB/NA kinematic work, including the role of GB and FC has been
undertaken for periods older than chron MO. During the rifting period and early Jurassic, IB was
attached to MES and then attached to NA from chron BSMA to M22. The resulting paleo-geographic
maps shows that salt deposited in two elongated bathymetric depressions formed during the rifting
period (late Triassic to chron ECMA) between Nova Scotia and Morocco and between IB and NA south
of the GB-FC continental dam. Central Atlantic and north Atlantic waters were connected by a shallow
sea located along the Newfoundland-Gibraltar FZ. After the end of salt deposition, this narrow
bathymetric depression became deeper from chrons ECMA to BSMA, connecting the central and north
Atlantic deep basins not only together but also with the ancient Tethys ocean.

Acknowledgments: Sonya Delher provided updated magnetic grids off Nova Scotia with
integrated FUGRO data and off Morocco as well as the results of forward magnetic anomalies
of ECMA along the four Nova Scotia refraction lines. Bernard Colletta from Beicip showed us
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Nova Scotia offshore. Dave Brown gave us access to the tremendous number of publications
available on the Nova Scotia margin. Dave Roberts and Matt Luheshi always stimulated
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Annex: Methodology used for the construction of kinematic, salt
distribution, magnetic and paleo-geographic maps

A Origin of the data

The 200, 1000 to 4000 m isobaths are extracted from the ETOPOS5, 5-minutes-gridded dataset
(http://www.ngdc.noaa.gov/mgg/global/relief/ETOPOS5/). The coastline itself comes from the
"intermediate resolution" coastline (World Vector Shoreline) provided by the GMT package (Wessel
and Smith, 1998).

The magnetic picks are digitized from different documents. Chron C34 picks are extracted
from the Structural Map of the North Atlantic (2008). The outlines of ECMA and WACMA, BSMA
and its African equivalent, as well as the M25-MO sequence in the central Atlantic ocean are taken from
Labails et al. (2010). Chrons M21 to MO between Iberia and Grand Banks and chrons MO between
Iberia and Europe are from Sibuet et al. (2007a).

The fracture zones in the central Atlantic ocean are digitized from Labails et al. (2010). The
location of the Newfoundland-Azores-Gibraltar fracture zone (thick light-gray dotted line) takes
account of the northward continuation of the ECMA / WACMA.

The maps of magnetic anomalies are built using:

- the 1-minute grid of Verhoef et al. (1996) for most of the Atlantic ocean (default filling).

- the 2-minute EMAG2 grid of Maus et al. (2009) for the whole African plate and the onshore Meseta
plate.

- the FUGRO grid provided by S. Dehler (personal communication, 2010) ranges from longitudes -67°
to -54° and latitudes 40° to 47° and locally masks Verhoef's grid.

- an updated grid provided by S. Dehler off Morocco (personal communication, 2010) covers the
offshore part of the Meseta plate.

The distribution of salt along the margins is a compilation of:

- Nova Scotia margin: Albertz et al. (2010), Wade and McLean (1990), Sahabi et al. (2004), Labails et
al. (2010) and B. Colletta (personal communication, 2010).

- Grand Banks: Wade and McLean (1990), Edwards et al. (2000), Sahabi et al. (2004) and Labails et al.
(2010).
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- Moroccan margin: Tari and Molnar (2005), Hafid et al. (2008), Maillard et al. (2006), Sahabi et al.
(2004), Labails et al. (2010) and Nemrock et al. (2005).
- Iberian margins : Davison and Dailly (2010) and Matias et al. (2000).

The paleo-oceanography and paleo-facies at chrons ECMA, BSMA, M22, M11, M0 and C34
are digitized from figure 8.3 of Gradstein et al. (1990).

The geological maps covering the onshore plates are digitized from:
- the Geological Map of North America (2005) for the North America plate.
- the 1:5 Million International geological map of Europe and adjacent areas (2005) for the Iberia,
Meseta and Africa plates.

B Making of the kinematic reconstruction maps

The GMT package (Wessel and Smith, 1998) has been used throughout this study to plot the
different maps.

The Mercator projection is used for all the maps.

The rotation of the geological objects is performed using the program rot_xyz (Royer et al.,
1992), modified to deal with geodetic latitudes.

To preserve the accuracy of reconstructions, the paleo-facies digitized from the Gradstein et al.
(1990) plates have been first rotated back to present position using ad hoc rotation parameters, before to
be rotated with the specific parameters for the desired reconstruction. Eventually, minor editings have
been performed to insure the continuity of structures and facies.

To facilitate the reading of the maps, Figure 48 presents the whole set of symbols and color
codes used to represent the geology, paleo-facies, salt distribution and magnetic anomalies.
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Figure 48: Symbols used in the kinematic, magnetic, salt distribution and paleo-geographic maps.
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